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ON THE INTERACTION OF AN ULTRASHORT LIGHT PULSE
WITH A THIN RESONANT MEDIUM

By
M. G. BENEDICT and I. GYEMANT
Institute of Theoretical Physics, Attila J6zsef University, Szeged

( Received May 20, 1984)

An optically thin, two level atomic system interacts with a pulse of resonant electromagnetic
field. The transmitted and reflected waves are investigated for the case of exact resonance. The
amplitudes and'the phases of the secondary fields strongly depend on the area and on the width of
the exciting pulse. .

-The resonant interaction of an ultrashort light pulse with a two level atomic
system gives rise to several interesting pheomena [1]. Among them, however, only
little attention has been paid to the reflected wave.

If the pulse is ultrashort and relaxation effects can be ignored, then the in*erac-
tion of the two level system with the light field can be descrited by the optical Bloch
equations. Using the rotating wave approximation one has [1]

r p= -2
ha, W= hED' 1)

Here u, v and w are the compoﬁents of the Bloch vector, E is the slowly varying ampli-
tude of the field acting on the atoms, p is the transition dipole moment beeing paral-
lel to the lmearly polarized field, and 4 is the detuning of the resonance frequency
from the carrier frequency of the field.

If the medium is optically thin, then system (1) is usually so]ved for u, v and w
regarding E as a given function of time, namely the incoming field. The effective field
strength however consists of'two parts. One is the external exciting field and the other
is the field originating from the radiating dipoles themselves. The effects of this second
field has been investigated in [2] and [3] for the case of superradiation when there is no
external excitation but the system is in the upper unstable state.

We restrict our considerations to the case of exact resonance 4=0. In this case
the effective field is:

U=—4v, o= Adu+

27rnco0 P,

- @

E=E.+

where E,, is the external excitation and the second term is the secondary field origi-
nating from the thin medium with a surface dipole density n. Substituting this expres-
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sion into (1) with 4=0, and going over to a time scale g =/ic/2rw, p?n we have
o= (E+)w, w=—(+v)v 3)

where €=£ E, tx is the dimensionless amplitude of the external field.
Introducing the Bloch angle with v = —sin 8, w= — cos § we get the single equation

O+sinf=¢& 4

which has been obtained in [4] in another way. We note that tj is the superfluores-
cence time [3] and in the case of a solid material it falls into the nanosecond range.

The reflected wave is proportional to v= —sin 8 while the transmitted wave is
the sum of the incoming and the forward scattered wave &+v=40, which is identical
with the effective field. Eq. (4) has been solved analytically in [4] for a square pulse,
and approximate considerations were made for exciting pulses of smooth envelope.

Here we shall present the results of numerical solutions of eq. (4) for smooth
pulses of the form

t—t, Y
T &y = —,

& = &,sech

where A is the pulse area. We have performed calculations for Gaussian and Lorent-
zian pulses as well but except for one special case, which will be discussed below, there
are no qualitative differences in the
evolution of the process.

In Figs. 1-8 are shown the time
dependence of the inversion (w) and
of the exciting (e), transmitted (¢)
and reflected (r) waves.

The scales are fixed by the
maximum of the exciting pulse,
namely its position is at f,=35.57,
its height is &,, while for the inver-
sion the vertical scale goes from
—1 to +1. Initially the two level
system is in its ground state, 8=0,
w=—1. It is seen in all cases, that
at the beginning of the excitation 6
is increasing in time, the transmitted
wave is positive, which means that
it is in same phase as the incoming
field. At the same time —sin 0 is
negative, i.e. the reflected wave is in
the opposite phase. The subsequent
evolution of the process however
depends on both the area of the in-
coming pulse and its steepness.

- When the area is small, e.g.
Fig. 2. A=2n, t=4 for a n/2 pulse, and the pulse width

Fig. 1. A=n/f2, 1=4
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is large, e.g. t=4, 0 increases only
slowly, 6 remains small, so that
sin #=¢&, and the reflected wave
will be nearly equal to the exciting
wave (Fig. 1). The transmission of
the medium turns to be small, the
reflexion will dominate. The weak
transmitted wave exhibits two small
peaks at symmetric positions to the
maximum of the exciting pulse. Be-
tween these peaks the transmitted
wave changes its phase though the
system remains close to its ground
state, wa —1 during the whole
process. Figs. 2 and 3 show the effects
of 2r and 4n secant hyperbolic
pulses with t=4, respectively. In
these cases the evolving of the fields
is similar to that of 7n/2 pulses but
with a more pronounced increase in
the inversion. Note however that the
behaviour of the Bloch angle is far
. from what is expected when neglect-
ing the self field.

A 7/2 pulse of a much smaller
width, t=0.25 shows a somewhat
different character: the solution be-
comes asymmetric. The first peak of
the transmitted amplitude is stronger
and gets closer to the maximum of
the exciting pulse, while the second
peak in the opposite phase becomes
smaller. The reflected wave is getting
weaker too and its maximum is de-
layed (Fig. 4).

Now if we have a short pulse
of area = the picture is changing
further (Fig. 5). The maximum of
the amplitude of the transmitted
wave takes place at the centre of
the excitation, the reflected wave has
a long smooth tail of small amplitude

Fig. 3. A=4n, 1=4

W

~r

Fig. 4. A=n/2, ©t=0.25

Fig. 5. A=n, t=0.25

and after the decay of the incoming pulse the transmitted wave goes over into the
same form as the reflected wave. This part of the transmission can be regarded as a
forward scattered wave, which has to be the same as the backward wave. The in-
version grows over zero, and the pulse evolving after the excitation can be regarded
as superradiation from a not fully inverted state. This process is strengthened by

the tail of the excitation.
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Fig. 6. A=2n, 1=025

r t,r

Fig.7. A=15z 1=0.5

Fig. 8. A=4n 1=2

GYEMANT

For short 2rn pulses the situat-
ion will be the opposite to the weak
and long excitation case. Now the
transmitted wave will be in the same
phase during the whole process, and
its single maximum will somewhat
delayed. The weak reflected wave is
double peaked and changes its-
phase at the centre of the incoming
pulse, while the inversion behaves
as usual, the Bloch vector is turned
around by 2x. (Fig. 6).

There is an interesting limiting
case, when an analytical solution for

Eq. (4) can be obtained. If &= (el

t_to

sech then =2 arctg e(—*)/*

is a solution which corresponds -
to the initial condition 6(0)=
=2arctge~™/*. The numerical
results show however that essentially
the same solution can be obtained
if 8(0)=0 (Fig. 7). In the numerical
procedure the exciting pulse was set
up with #,=5.5t. In this case 0
tends to n as the excitation decays
(with other forms of excitations this
could be achieved only by cutting
them off when 6 gets equal to n).
The area of the exciting pulse is
(t+ Dn which shows that in order to
reach complete inversion one must
have a pulse area larger than n, and
this is the more so, the wider is the
incoming pulse. The reflected and
the transmitted waves are in opposite
phase both of them having the same
form as the exciting pulse, and the
ratio of their amplitudes turns to be
1, i.e. independent of time.

Of course the §=n value is not stable, the system will radiate spontaneously
according to the sech (r—t,) law in both directions after a small perturbation. The
characteristic time of this superradiating pulse is 7z not depending on the excitation.

For pulses of area larger than 2x also a different behaviour can be obtained for
different widths. For a 4x pulse and t=4 see Fig. 3. For 1=2 however the inversion
may increase once again after having decayed to —1. Accordingly the reflected wave
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exhibits further oscillations. What is more interesting the transmitted pulse may be
higher than the excitation, while it is narrower than the incoming pulse, thus showing
up the effect of pulse compression (Fig. 8.)

For still shorter pulses the situation will be close to the case when the self field
is neglected, though in all cases this self field turns back the system into its ground
state.

These examples clearly show that the behaviour of the transmitted and reflected
waves are very different for wide and short pulses of the same area. Beside the varia-
tions of the amplitudes of the secondary waves the changes in the phases also deserve
attention. We note that measurements of similar phase jumps for choherent ampli-
fication, predicted at first time in [5] have been reported only very recently [6]. The
results of our calculations show, at least in principle, the possibility to control the
amplitude and phase of a coherent llght pulse.

References

[1]1 Allen L., J. H. Eberly: Optical Resonance and Two-Level Atoms, Wiley, New York (1975).

[2] de Costa L. C. T., G. A. P. Munguia: Phys. Rev. A14, 1745 (1976).

[3} Tpugponoe E. 1., A. H. 3aiyes, P. ®. Maruxos: KITD 76, 65 (1979).

[4] Pynacos B. H., B. H. FOdcon: KpaHr. 3nekT. 9, 2179 (1982).

[5] Burnham D. E., R. Y. Chiao: Phys. Rev. 188, 667 (1969).

[6) Varnavsky, O. P., A. N. Kirkin, A. M. Leontovich, A. M. Mozharovsky: Opt. Comm. 49, 71
(1984).

O B3AMMOIENCTBUM VJIBTPAKOPOTKOI'O CBETOBOI'O
UMITVJIBCA C TOHKHUM PE3OHAHCHBIM CJIOEM

M. I'. Beneouxm, u H. Jemanm

OnTHYecKd TOHKAs IBYXyPOBHEBasS AaTOMHASA CHCTEMA B3aHMOIENCTBYET C DPEe3OHAHCHBIM
3NMEXTPOMArHATHHIM MMITYJIbcOM. MCCNEemyloTca MponyuUIEHHAs H OTPaXXeHHasi BOJHBL B Cliyyae
TOYHOTO PE30HAHCAa, AMIUIMTYAsl B $)a3bl BO BTOPHYHBIX MOJIAX CHILHO 3aBHCAT OT ILIOLIAJA
M IIMPHHBI BO30YyXIAOLIEr0 AMITYJIbCA.






SPECIAL POINTS AND IDEAL-VACANCY-INDUCED DEEP LEVEL
IN Si AND SOME III—V SEMICONDUCTORS

By
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Department of Theoretical Physics, Attila Jozsef University, Szeged

F. BELEZNAY
Research Institute for Technical Physics, Budapest

( Received July 3, 1984)

We show that the special points average technique is a suitable computational scheme to calcu-
late the Green’s function in the gap and we give a tight binding parameter set for Si.

Introduction

Vacancy induced localized defects in semiconductors have been the subjects of
experimental and theoretical investigations for over two decades. Though not unam-
biguously identified experimentally, this simple lattice defect has attracted significant
theoretical interest, mainly because of its conceptual simplicity as a prototype system
to study localized defects. The knowledge of the deep level in the gap caused by local-
ized defects in semiconductors is important in the understanding of many properties
of a class of materials of major importance in most fields of pure and applied semi-
conductor physics.

To study the ideal vacancy induced levels in Si and in IIT—V compound semi-
conductors we have used an empirical tight binding scheme with linear combination of
atomic orbitals in conjunction with the Green’s-function technique [1]. As it was
shown in [2], the levels caused by the vacancy in the gap, calculated by this method,
are sensitive to the choice of the tight binding parameters. With different sets of para-
meters all of which give comparably good fits to the bulk band energies, the levels can
vary through the whole range of the band gap. Clearly then, additional constraints
on the fitting procedure are required to reduce ambiguity of the choice of the tight
binding parameters.

A possibility to find a unique set of tight binding parameters [2] relied upon the
established correlation between photothreshold and ionicity of the III—V compound
semiconductors. The levels, obtained by these parameters provide trends as one goes
from one material to another.

However the tight binding method with Green’s function technique can be
applied not only to vacancy induced deep levels in the gap but also to determining
the surface and interface states [3] and in these cases finding a unique set of tight-
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binding parameters is very important as well. In addition for the unrelaxed vacancy
in some semiconductors there exist self-consistent Green’s function calculations also
[4], so it is natural to fit the TB parameters to these best results.

This fact, i.e. the knowledge of the “best” level would te a criterion to determine
the tight-binding parameter system which might te useful for other calculation. But
the calculation of the level induced by vacancy is rather cumbersome because of the
time consuming integration over the Brillouin zone.

In this paper we will show that this integration can be reduced with the so-called
special points average technique [5]. With this reduction we are able to determine a
tight-binding parameter set which satisfies the requirement that the resulting level
should agree with the level obtained from a self-consistent calculation and reproduce
the bulk band structure.

1. The method for calculation of vacancy states

The basis of the Green’s function method is the early work of KOSTER and
SLATER [6], who showed that the electronic energy levels introduced in the band gap
by a localized perturbation could be calculated from the knowledge of the Green’s
function for the perfect crystal and the matrix elements of the potential, both calcula-
ted in the Wannier representation.

LANOO and LENGLART [7] observed that the Green’s function method is not
limited to employing Wannier functions as a basis, but can be applied using a set
of atomic orbitals and performing an LCAQO band structure calculation. With this
observation BERNHOLC and PANTELIDES [1] extended the method and showed that in
an arbitrary localized representatlon the gap states introduced by the vacancy are
given by the solution of

det G%,(E) =

where the matrix elements of the perfect-crystal Green’s function are given by

0 {ajnk) (nk|a")
Gaa'(E) Z F— EO(n, E)

where |nk) are the Bloch states of the perfect crystal and E°(n, k)—s are the corre-
sponding energy bands and the {¢,) is the set of orbitals which are localized about the
site of the atom to be removed.

If the bulk solid electronic structure is sought within the LCAO approximation
with s and p atomic basis set then the condition for the existence of a bound state can
be rewritten as .

5 e B _
i E—E°n, k)

where {c,;} are the coefficients of the expansion of the perfect crystal wave function,
a, j refer to the ath-type (s, px, Py, p.) orbital located on the jth atom, n is the band
index and E°(n, k) is the nth band energy at the wave vector k.

The integration over k is carried out over the Brillouin zone of the material and
the sum over n over all bands.
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11. Average over Brillouin zone and results

As we have seen in Sec. I. the calculation of the vacancy-induced level in the gap
requires an integration over Brillouin-zone. One of the most widespread methods is
the so-called GILAT—RAUBENHEIMER [8] method, were used at first to calculate the
frequency-distribution function in solids.

At this method we have to solve for the energy eigenvalues at evenly spaced points
in reciprocal space and then to find other solutions in between by means of a TAYLOR
expansion about each such point for each eigenvalue. By choosing the points for
diagonalization sufficiently close together, all of the eigenvalues can be reached by
linear extrapolation. In the application of the extrapolation method, the irreducible
section_of the first Brillouin zone is divided into a uniform simple cubic mesh of
points k, separated by a distance. Every k is at the center of a small cube throughout
which extrapolation is carried out. In order to reach a reasonable result with this
method a number of k is needed.

As it was shown in [9], a considerable simplification can be reached by introduc-
ing the mean value point or some special points [4], which are dictated by crystal
symmetry, to calculate the approximate average values over Brillouin zone. The
coordinates of these points were given for some lattices and possible applications of
the method were suggested in the calculation of the electronic valence charge density
and of the average one-electron valence-tand energy [9]. The mean value point tech-
nique was also useful in evaluating the element of the dielectric matrix [10].

In this paper we have studied the possibility of the application of the method
mentioned later to calculate the levels caused by the ideal vacancy in Si and some
III—V semiconductor.

Since the question in this part is the applicability of the method therefore we
have tested on the wellknown Si vacancy. We accepted for the tight binding para-
meter system given by PANDEY and PHILLIPS [11] which retains first and second
nearest-neighbour interactions. Fig. 1 shows the function G%(E), calculated with
the mean value point and the two,- and ten special points. The zeros of G4(E) in the
regions of the band gap correspond to bound states of 4, symmetry. As it can be
seen there is no bound state in agreement with the calculation of Bernholc and Pan-
telides [1]. The Fig. 2 shows the function G%,(E) similar to G%(E). Thezeros of G ,(E)
in the regions of the band gap correspond to bound states of T, symmetry. From this
figure we can see that the G%,(E), obtained by ten points average becomes zero at
E=0.31 eV (compared with 0.27 eV of [1]) and the other two do not give bound state.
We have repeated this calculations using the parameters proposed by KAUFFER et al.
[12). We have obtained the same results, i.e. bound state is only in T, state
(E=0.25 eV) with the help of ten representative points.

In Table I. the results of calculations for some III—V semiconductors are shown.
The tight binding parameters are the same as in [2], and we compare the position of
the levels in the fundamental gap region to the same levels- previously calculated by
hundred k point integration [2]. All energies are in €V and measured from the valence-
band edge.

From the results we can establish that the one point and the two points average
is not suitable, the ten point average agrees very well with the test data.

In particulary in the case of Ga series using the ten points good approximation
can be reached. In the case of In series the gaps are so narrow for InSb and InAs
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(0.24 eV and 0.38 eV, respectively) that there is no level in the gap, therefore the results
are not informative, but for InP the agreement is suitable. Since from the calculations
it was turmed out that the ten points average over Brillouin zone is a succesful com-
putational tool to determine the level caused by vacancy in the gap we tried to use
this fact.

Knowing the position of the levels from other calculation (self-consistent calcu-
lations), we were able to determine the tight-binding parameters which gave a good
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Fig. 1. The function of G2, (E), Fig. 2. The function of G%, (E)
calculated by one point (dotted line), similar to Fig. 1

two points (dashed line), ten points
(dashed dotted line) for Si.

Table 1

A, and T, levels in the gap for anion vacancies (the erergy zero is at the top
of the valence band) as obtained with different calculations. A: mean value point;
B: two points; C: ten points; D: from Ref. [2]. Energy in eV

Ay T:
A B c D A B c D
GaSb — 0.67 0.49 0.56 — 0.39 0.59 0.76
GaAs — 1.50 1.22 1.3 0.58 1.28 1.54 1.53
GaP 2.02 1.96 1.84 1.75 0.87 1.49 1.93 1.93
InSb — — — — — 0.05 - —
InAs — — — — — — — —
InP — - 1.29 1.35. 0.33 1.06 1.37 1.47
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Table 11

Tight binding parameters for Si and the energies
in the symmetry points. ( The energies are in eV)

125

Ess(0, 0, 0)

—4.24 —12.56
Fop (0,0, 0) 0.39 0.0
Ess [l s —1— s l) —2.08 3.59
2 2 2
Eoex (%, %, %] 0.428 3.92
1 1 1
Ery (7, > -E-] 0.95 —-8.11
RN
s(1,1,0) .0.00 2.54
KE,‘,(I, 1,0) 0.19 4.54
F.y(1, 1, 0) 0.34 -10.22
| «(1,1,0) 0.00 —-1.79
;,(0, L, 1 —0.05 -1.0
| 2.37
2.50
N 4.30

vand structure and the energy level in the -gap agrees with the level of self-consistent

alculation [4].

~ We have generated such a parameter set for Si, shown in Table II., where the
nergies in symmetry points are also shown. This parameter system may be useful to

idlve other (for example vacancy system) problems.

III. Summary

In this paper using a linear combination of atomic orbitals description of the
lectronic structure of the perfect solid in conjunction with the Green’s function
echnique we have shown that the ten points average over the Brillouin zone is a good
\pproximation to determine the vacancy induced levels in semiconductors. Further-

more using this fact we have given a tight binding parameter set for Si.
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CNMEUUAJIBHBIE TOYKH U TNTYBOKHUE YPOBHH
HABEAEHHBIE BAKAHCHUAMMU B Si i B HEKOTOPBIX
TIOJIVIIPOBOAHUKAX THUIIA III—V.

I. ITann u @. Beaesnau

IToka3aHO, 4TO TEXHMKA YCPEOHCHHS B CHEUHANBLHBIX TOYKAX ABJIAETCA MOOXOOAIMM Me
TONOM 1A Bhramcenns ¢yHkunn ['pAna B 3anpemeHHON 30HE, W 3a4a€TCA MHOXECTBO NAPaMETPOl
CHJILHOM cBA3M 1A Si.



DESIGN OF N, LASER PUMPED TUNABLE DISTRIBUTED
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By
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Institute of Experimental Physics, Attila Jozsef University, Szeged, Hungary

( Received 16th May, 1984)

The range in which N, laser pumped distributed feedback dye lasers can be tuned by turning
mirrors is limited by the shift of the pump beams along the surface of the dye cell. In this article the
pivot axis of the mirrors is determined for which the shift of the pump beams is minimized.

N, laser pumped distributed feedback dye lasers (DFDL-s) [1] are inexpensive
and simple instruments capable of generating 6—40 ps long [2, 3], transform limited
light pulses. Fig. 1 shows the scheme of a DFDL. The pump beam is diffracted by
the grating and the DFDL structure is produced by the interference of the two diffrac-
ted beams. The period of the interference pattern is

d
A== 1)

where d is the period of the holographic grating. The wavelength of the DFDL is
}y; = 2 *Nge 4 (2)

where n, is the refractive index of the dye solution. According to equations (1) and
(2) the wavelength of the DFDL does not depend on the wavelength of the pump
beam, i.e. the pumping arrangement is achromatic. If the arrangement satisfies the

x d )2 ]1/2

= =||—] -1 3

y [( Ap . @)
geometrical condition — where 4, is the wavelength of the pump beam —, then to
each point of the dye cell the interfering beams are diffracted from the same point
of the grating. This means that one can use pumping beams with poor spatial coher-

ence. The DFDL can be tuned comfortably by turning the mirrors. The wavelength
of the DFDL can be calculated from the equation

— 2,
Ao = sin (& — 25) @)
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where a=arcsin (1,/d) is the angle of diffraction. The meaning of the angle ¢ is
shown in Fig. 1. However, the DFDL wavelength now becomes dependent not only
on 6, but also on 4, i.e. this arrangement is chromatic. This problem was investigated
in [4], and it was shown that the chromatism is negligible in a tuning range of about
20 nm.

There is another problem, namely, with the turning of the mirrors the incidence
points of the two diffracted teams with the surface of the dye solution shift in oppo-
site directions. This can lead to significantly decreasing visibility of the interference
pattern since the spatial coherence length of an N, laser beam is generally smaller
than about 0.5 mm. The decreasing visitility may prevent lasing. This can be compen-
sated by moving the grating or the dye cell during tuning, but then the whole set-up
becomes too complicated. There is an alternative compensation utilizing the fact that
the relative shift of the incidence point depends on the pivot axes of the mirrors.

Let us determine this dependence with reference to Fig. 2 (which shows only the
right side of the DFDL). In the first case the pivot axis is located in the intersecting
point (A) of the pump beam and the mirror. Turning the mirror between positions 1
and 2 causes a shift b of the incidence point. According to sine law

_ sin(d)
= Cos (x—26) ©)

where a=AB. If the pivot axis is located in point 0 (the sign of mirror position and
ray path are denoted by 3) then the distance b’ can be calculated from the equation

sin & cos (« — )

bV =2f———M—~__ 7 6
f cos (o — 26) ©
O
5
y
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Fig. 1. Pumping arrangement of the DFDL Fig. 2. Change of the ray path during

mirror turning
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where f=AO the arm length of the mirror. Finally the shift of the incidence point is
Ab=b"—b @)

when the mirror is turned about point 0 with an angle §. Fig. 3 shows 4b as a function
of & with different arm lengths. The values of fare given in mm. As seen from Fig. 3
the mirror can be turned over a 50 mrad range while |4b| is smaller than 0.05 mm,
which is one tenth of the spatial coherence length of the pump beam. Hence with such
turning range the shift of the incidence points does not influence significantly the
working condition of the DFDL. The curves shown in Fig. 3 were calculated using
a=40 mm. In the case of f=68.02 mm the OB line is perpendicular to the 4B line
(see Fig. 2). The Ab—§& curves can be compressed vertically using smaller a and
proportionally smaller f. ‘

Fig. 3. The dependence of the incidence point shifting
on the mirror rotating angle & with four different arm lengths

According to the calculations for the chromatism [4] and the shift of the incidence
point the DFDL is tunable simply by turning the mirrors in a range of few ten nm.
This possibility was investigated experimentally. In the experiments a slightly differ-
ent arrangement [5] as compared to the one shown in Fig. 1 was used (see inset of
Fig. 4). The characteristic values of the DFDL were ;=50 mm, a,=20mm,
£1=83.8 mm and f,=33.5 mm. The active medium was a 61073 mol/¢ solution of
Rhodamine 6 G, dissolved in a 1:1 mixture of ethanol and DMSO. A 24C0 £/mm
holographic grating was used. The pump source was a N, laser oscillator-amplifier
system [6]. The pump beam was focussed onto the dye cell by a cylindrical lens having
a focal length of 320 mm. In Fig. 4 the full line shows the calculated (from Egs. (3))
and (4)) and the crosses (x) the measured value of the lasing wavelength as a function
of rotation angle §. The tuning range was 35 nm. In this range the difference between
the measured and calculated wavelength was smaller than the accuracy of measurem-
ent. The threshold pump power was also measured during tuning. It was found that
the change of the threshold was smaler than 4+ 5% in a 9 nm tuning range. This range
was probably limited by the chromatism of the pumping since in the case of chroma-
tically compensated pumping arrangement this tuning range was 25 nm [4].

In [4] a quartz prism was attached to the dye cell.for chromatic compensation as
shown in Fig. 5. (This figure displays only the right side of the symmetrical DFDL.)

2
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Fig. 4. Calculated (full line) and measured (x) lasing wavelength as a function of angle &
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In this case the shift of the pump beam on the surface of the dye durmg tuning is de-
termined by the equation

_ cosy’ : ‘
4b = s " ‘ ®)
[ +i sin(2e—2¢) “sin 24 ( ., cos{p+a) ]]—b
ev? cos(x—2e—¢) cos(a—¢—2e—20) cos(x—2e—¢o)
where
y—o+er3)
cos |y — a+s+2
i =2fsin [2] sin(a—g—06) ©)
cos @ ‘ .
= cosy ’ : (10?
¥ =arcsin[sm((p—a+28+2¢5) an
np
')’ ="arc¢ sin (M) (12)
np
@ =¢p—y and @=9¢~y. - (13)—(16) -

The meanings of the symbols are defined in Fig. 5. n,, is the refractive index of the
quartz prism. ¢ is the mltlal angle to which 4b=0. Fig. 6 shows thc 4b—4 functions

|

: I ab
y=x-I 0 lmml . *2 a2{ {mm) :
-01 o ~o1 =Y / \{& 8 [rad)
L Q2 )
190 ki T - o .
. y=175 126 127 128 29

. . | Ab. . F &b
¥=0 a2t immj [mm)
-01 // \\ o1

Ab v=185 b
0.2 [mmj

/.
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Fig. 6. Serxies of 4b vs 8 curves (for six different y’s) from which the
optimal arm lengths can be selected and the values of 8 (shown
only for y=1.75 rad) are obtained

Y=< a2

2
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calculated with £=0.3299 rad, b=11.8mm, a=40mm, ¢=1.1406rad, np=
=1.4795, d'=2442 mm™!, 2,=337.1 nm and different y and f values. &0 was
choosen because this arrangement is achromatic when &0 opposite to the case
which is shown in Fig. 2. In Fig. 5 the values of ¥ and f are given in rad and nm,
respectively. For each  we can select an optimal arm length, for which f is maximum.
B is the mirror rotation angle range where (44| is smaller than 0.1 mm (see Fig. 6).
Fig. 7 shows the optimal arm lengths and the corresponding f as a function of . Fig. 7
also shows the results of calculations, which were made using b=5.9 mm instead of
b=11.8 mm. According to Figs. 6 and 7 with increasing y the value of § also increa-
ses, but the shape of the 4b—§ function becomes sensitive to the arm length. The
optimal arm length have a minimum at § ~0.6 rad. If  is large fis significantly larger
than its minimal value. This is disadvantageous because of increased demands on
the mechanical stability of the mirror holding. In addition if ¥ >1.75 rad during the
turning the mirrors may touch the grating. Therefore, if large mirror tuning range is
needed we must choose the pivot axis such that ¥ $1.75rad is valid. It is advan-
tageous to use a smaller quartz prism because in this case f is larger and fis smaller.

0 g0 YOI 30 4
T 1] ¥ .

A
o5} 3 - 150

{rad] [mm}

{s0

01

T

e sns avmvmas

-0s 0 05 10
¥ [rad]

Fig. 7. Optimal arm length and 8 os  with b=11.8 mm
(broken lines) and b=5.9 mm (full lines)

In [4] a DFDL with the arrangement shown in Fig. 5 was investigated. The data
were the same as in this article. Since the aim of that experiment was to cover the
tuning range of a dye choosing ¢ =0 rad proved to be satisfactory.

The turning range of a given arrangement can significantly be extended simply by
reducing the sizes of the DFDL. From this and the fact that the limit of the chroma-
tism is defined somewhat arbitrarily we can conclude that a tuning range of about
200 nm can be achieved without changing the refractive index of the dye solutions.

*
* *
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THE INFLUENCE OF DETERGENTS ON THE LUMINESCENCE
PROPERTIES OF RHODAMINE B AND 6 G IN AQUEOUS
SOLUTION

By
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Institute of Experimental Physics University of Gdansk, Gdansk, Poland
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The influence of detergents on the quantum yield of fluorescence and on the dimerization process
in lasing dyes e.g. Rhodamine B and 6 G in aqueous solution, has been determined. The effect of
the concentration quenching of the fluorescence by energy migration versus the concentration of the
detergent have been studied. The optimal detergent concentration for the laser generation is given.

Introduction

For a complete understanding of dye lasers, a knowledge of the absorption and
emission properties of dyes in solvent is very helpful. Water, which has a high heat
capacity, is a highly desirable solvent for laser dyes. It is known that organic dyes in
aqueous solution have a tendency to form dimers [1-3]. The equilibrium between
monomers and dimers in the solution shifts towards the latter with increasing dye
concentration. The dimerization of dyes like Rhodamine B and 6 G at ambient tem-
perature and concentration of 10~% M is enough to prevent laser action. The non-
fluorescent dimers absorb the pump light and increase the cavity losses. The cavity
losses are due to their long-wave absorption band which overlaps the fluorescence
spectrum of the monomers.

The detergents are added to the lasing dye solution to prevent the dye molecules
to form dimers and increase the efficiency of laser generation.

Thé present work deals with the fluorescence quantumyield and degrees of dimeri-
zation of the Rhodamine B and 6 G in aqueous solution containing various amounts
of the following detergents: '

1. Hostapon C,:H,;SO,Na
2. Sulfapol C2Hy;CeH,SO;Na
3. Triton X-100 CyH,,—C¢H,— O(OCH,CH),,H

Address: Instytut Fizyki Doswiadczalnej, Uniwersytet Gdanski, ul. Wita Stwosza 57, 80—952
Gdansk.
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Experimental

The quantum yield # of Rhodamine B and 6 G at 2-10~° M concentration in
aqueous solution with various concentrations of the above detergents was measured
using the apparatus described earlier [4]. The results are illustrated in Fig. 1. It can
be seen in Fig. 1 that in the solution for which the concentration of detergents is below
the critical micelle concentration (c.m.c.) the quantum yield is smaller than for pure
water solution. If the detergent concentration is increased above the c.m.c., the quan-
tum yield is larger than for the pure solution.

7 HOSTAPON . SULFAPOL
080 - . 2 080
L A
060+ - 060
0401 ’ x/ - 040
x-_q__x/"/
020 020
~oo -4 -3 -2 -] s B T

log C[M] log EMJ

‘Fig. 1. The quantum yield of Rhodamine 6 G and Rhodamine B o
in aqueous solution versus the concentration of detergent
The dye concentration is ¢=2-10"%M

This effect was used for the determination of critical micelle concentration. The
value of c.m.c. is about 3-10~* mol/1 for Triton X-100 and 10~3and 2 - 103 mol/]
for Hostapon and Sulfapol, respectively.

- The quantum yield for solution at high dye concentration (2 -107%—2.10"3 M)
of Rhodamine B and 6 G was measured using a thin cuvette, in order to prevent re-
absorption.

The fluorescence lifetime measurements for dye detergent solution were made by
means of a phase shift fluoremeter [5].

The degree of dimerization of Rhodamine B and 6 G of this solution was calcu-
lated by means of the measured absorption spectrum [7-9].

The absorption spectra were recorded on a Zeiss-Jena type spectrophotometer
using a quartz absorption cell with 0.01, 0.02, 1.0 cm path lengths. Fig. 2 shows the
absorption spectra of Rhodamine B and 6 G in aqueous solution for 2-1073 M dye
concentration at various concentrations of Triton X-100. It is noticable that 5% of
Triton X-~100 is enough to prevent Rhodamine dimerization.

Since the investigated solutions can be active media of dye lasers, it is useful to
determine the lasing threshold. This was measured focusing the radiation from a ni-
trogen laser on a 1.0 cm cell containing the solution.
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The results of the measurements as to the degree of dimerization (d), the relative
value of the integrated intensity (f), and relative value of the lasing threshold (p)
are illustrated in Fig. 3. As it can be seen from Fig. 3, if the detergent concentration
increases, the degree of dimerization and the lasing threshold decreases but the fluo-
rescence intensity increases. For both dyes, a volume concentration of 5% detergent
increases the laser efficiency thus proving that this solution is a good laser medium.

a

v em g3

b .

20 19 8 14
v emta107?

Fig. 2. Absorption spectra of Rhodamine B and 6 G in aqueous solution with various
Triton X-100 concentration. Dye concentration is¢c=2-10"3M
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Fig. 3. The degree of dimerization d, relative value of the integrated
lintensity f and lasing threshold p versus the detergent concentration.
The concentration of Rhodamine B and 6 G was ¢=2-10"* M
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Interpretation

In the region of critical detergent concentration the molecules of the dyes show
the minimum quantum yield. This is due to the presence of insoluble dye-detergent
complex salts in water. )

The increase of quantum yield above the c.m.c. is due to the solubilization of the
detergent complex salts [14].

The fact that the quantum yield of Rhodamine 6 G for aqueous solution without
and with detergents increases from 0.71 to 0.80 is probably due to the solubilization of
the dye dimers [7].

The quantum yield of Rhodamine 6 G in detergent solution increases almost by
a factor of two. This increase cannot be explained in the same way as for the Rhoda-
mine 6 G solution because the degree of dimerization of Rhodamine Bat 2- 105 M
dye concentration in aqueous solution is small.

The most important internal quenching mechanism for these dye molecules is
connected with the mobility of the chromophore. In some xanthene dyes like Rhoda-
mine B and Pyronine, potential mobility is connected with the mobility of the amino
groups. The fluorescence efficiency of these dyes is reduced in most solvents (e.g.
ethanol, water). The quantum yield can be increased considerably through the use
of a solvent with strong molecular dipole moments which provide a microrigidity
around the dye molecules [8].

The dye molecules introduced into the detergent solution are incorporated into

micelles. The micelles strongly limit the mobility of the N<ﬁee groups in Rhoda-

mine B which provide an increase in the quantum yield of these dyes.
The probability of nonradiative processes in Rhodamine B can be determined

using the formula
Ws,so+ kst = (1-)n/t, ¢))

where W, s, and kgy are the internal conversion rate and inter-system crossing rate
respectively, 7, is the mean lifetime of fluorescence.
Using the definition of the radiative transition probability given by the formula

As,so = n/ Ty (@)

the influence of the detergent on the radiative processes As, s, can be estimated. The
results of the measurements and values of the estimated nonradiative and radiative
transition rates of Rhodamine B in aqueous solution with various concentrations of
Hostapon and Sulfapol are given in Table I.

It follows from Table I that the detergents prevent the nonradiative processes in
Rhodamine B. For example, Sulfapol lowers the rate of the nonradiative processes by
a factor of almost three.

Fig. 4 shows the dependence of the relative quantum yield and degree of mono-
merization of Rhodamine 6 G at 2.-10"* M in aqueous solution with various con-
centration of Triton X-100. Knowing the molar absorption coefficient of the mono-
mer &,,(4) and dimer g;(4) for Rhodamine 6 G in aqueous solutions at excitation
wavelength 1 and the degree of monomerization X, one can determine the relative
rate for “‘active” absorption.
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“Active” absorption is defined as the ratio
of the monomer absorption to the total absorp-
tion of the monomers and dimers as given by the
following equation

x = en X/{ey+ep(1— X)/2} 3)

Fig. 4 shows the dependence of x versus the con-
centration of the detergents calculated using the
formula (3). It follows from Fig. 4 that the x
curve does not fit to the curve of the relative
quantum yield 5/n,. This can be explained by
the effect of the concentration quenching of the
fluorescence by energy migration.

This process is very effective for low
detergent concentrations, since then, many dye
molecules are incorporated into the same micelle.
For solutions, where no concentration quenching
processes appear, the relative quantum yield is
equal to the “active” absorption. If the fluo-
rescence is quenched by some processes then
the dependence of n/n, versus yx is given by

equation
nine=x-® @

where @ describes the influence of all concentra-
tion quenching processes on the fluorescence

o

a8t X
X
X

a6 - 7,
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Fig. 4. The dependence of the relative
value of quantum yield »/n,, degree of
monomerization X and the ratio of the
monomer absorption to the total ab-
sorption of the monomer and dimer y
versus the Triton X-100 concentration.
The concentration of Rhodamine 6 G
is ¢=2-10"¢M

quantum yield.”If the quantum yield depends only on ‘‘active” absorption, the
coefficient & is unity. From Fig. 4 it follows that the n/n, and y curves differ and
the differences are larger for higher detergent concentrations. As it can be seen from
Fig. 4 the determined relative value of the quantum yield is three times smaller than

the values of y.

Table 1

The ty and Ws, s, +kst values of Rhodamine B (2-10~

5 M aqueous solutions) versus different

detergents concentration

Detergent c n t!'l()" s (Wslso+ks1-)~1035"
%

1. Without

detergent — 0.25 2.1 3.6
2. Hostapon 2 0.34 3.45 1.9
3. Hostapon -5 0.41 3.55 1.6
4, Hostapon 10 0.40 3.75 1.6
5. Sufapol 2 0.43 39 1.4
6. Sufapol 5 0.45 4.2 1.3
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Summary

It has been shown that the quantum yield of Rhodanine B and 6 G depends on
detergent concentration. Solutions with a detergent concentration below a critical
value have a smaller quantum yield than pure aqueous solutions. This is due to the
presence of insoluble dye-detergent complex salts. If the detergent concentration
increases above the c.m.c., the quantum yield increases also and reaches saturation for
a detergent concentration of 1072 M to 107! M.

The quantum yield for Rhodamine 6 G increases from 0.71 for pure aqueous
solution to 0.80 for solution with detergent. The noted increase of n is due to the solu-
blization of dye dimers. The quantum yield of Rhodamine B increases because the

micelles strongly limit the mobility of the N<M: groups in Rhodamine B. The

detergents prevent the nonradiative processes in Rhodamine B almost by a factor of
three.

Solution with high dye concentration and lower concentration of the detergent
have a smaller quantum yield due to the concentration quenching of fluorescence by
energy migration. From the performed investigations of the lasing threshold of Rho-
damine Band 6 G at 2- 10~2 M in aqueous solution it follows that for both dyes a con-
centration of 5% detergent increases the laser efficiency thus proving that this solu-
tion is a good laser medium.
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BJIUSAHHWE JETEPTEHTOB HA JIFOMUHECLIEHTHBIE
XAPAKTEPUCTUKU POJAMUHA B U 6 K B BOOHOM PACTBOPE

3. Kouegpaa

Uccnenosanocs BIHAHWE HETEPreHTOB HAa BBIXOJ (IIIOOPECUECHUMHE M Ha MPOLECC ITAMEPH-
3aIMA B NAa3epHBIX KPACTasUiaX Taknx kak Pogamun b 1 6 JK B BOAHOM pacTBOpE.

Onpenenen 3¢G¢ekT KOHUEHTPALUMOHHOTO TyImeHus ¢IIoopecleHuMH KaK (GyHKIHHM KOHIEHT-
palMe JeTEprenTa.

YcTraHoBieHs! ONTHMATbHbIE KOHUERTNALWH JeTEPreHTOB IUTA JIa3epHOil reHepaLHHn.
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Recently many articles were published on the structure of cerium(1II)-nitrate and yttrium(III)-
-nitrate supplied by Merck. Some of the investigations proved that the bound water is the same in
these compounds. Our investigations support the bound water differences indicated by Merck, as
well as the first bound water release temperature, which had been found to be (341—343) K ceri-
um(I1I)-nitrate and (331—333) K in the case of yttrium(III)-nitrate.

Introduction

During our experiments regarding the dielectric behaviour of these substances,
we have examined the relative permittivity change of cerium(IIl)-nitrate and yttri-
um(IIl)-nitrate. The temperature range was between 193—353K at w=10*1/s
constant angular frequency. Both substances are known to contain bound water, al-
though this amount of water varies, depending on temperature.

We tried to find discrete temperatures at which an unambiguous phase transition
or change in structure could be detected, due to change in the amount of absorbed
water. For this purpose, we have examined the relative permittivity temperature de-
pendence. of the above mentioned substances, assuming that the changes in structure
are followed by a sudden change of permittivity.

We have kept the tested, highly hygroscopic substances at 40 °C for few days,
then they were dried in a desiccator at ambient temperature for two months. The
conductivity of the substances prepared in such a manner was an order of nS, while
their conductivity was an order of mS prior to drying.

. The tested substances have not been purified. According to the data of the pro-
ducer (Merck) the quality of yttrium(III)-nitrate was laboratory pure, while the
cerium(II)-nitrate contained 1.5% of other rare-earth metals.

Measuring equipment

We determined the permittivity by measuring the capacitance of a measuring
condenser (Fig. 1). This capacitance was measured by means of an a.c. bridge. As a
basic instrument we used a w~10* 1/s angular frequency (1591.5 Hz) bridge, type
R13] MK from WAYNE KERR, while a signal generator type 3310 A from HEW-
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Fig. 1. 1 — copper wire, 2 — teflon
insulation, 3 — shielding, 4 — sample,
5 and 8 — coupling bolt holes, 6 — in-
sulation material, 7 and 9 — shielding

harness and measuring armature

LETT PACKARD served as an external source.
As a signal detector we used an ORTHOLOC
SC™--9505 TWO PHASE LOCK-IN ANA-
LYSER from EGG BODKREAL. Its output
signal was transmitted to a HP 7046 A X—Y
recorder.

In such a manner we obtained the plot of
the capacitance of the measuring condenser and
the thermo-voltage on the output. At the same
time we could also measure the conductivity
using the equipment (Fig. 2). The measuring
condenser together with the thermostat was
placed in the internal part of a VOTSCH VMT II
test chamber, where the temperature could be
varied continuously between 193—353 K.

We measured the temperature with a ther-
mocouple and its hot spot was directly at the
measuring condenser while its cold juntion was

at water freezing point. From the capacitance of the measuring condenser, filled with
the substance to be tested, the permittivity can te determined by means of a calib-
ration curve. For recording the calibration curve a substance of known permittivity
was placed in the measuring condenser.

3 .
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Fig. 2. 1 — WK, 2— test chamber, 3 — thermostat, 4 — thermocouple, 5 — cold
junction, 6 — multimeter, 7 — lock-in analyser, 8 — multimeter, 9 — signal generator,
10 — fequency meter, 11 — X—Y recorder .
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The curve obtained in such a manner properly agreed with the curve, which was
drawn on the basis of a theoretically derived formula [1,2] for this type of conden-
ser. The difference was below 1%.

For the substance tested, pellets have teen pressed under 15 MPa pressure. The
results of the measurements have been affected by the parallelism of the sample sur-
faces, their roughness and changes in the solidily by each specimen. If the sample
surfaces were not parallel and the circumference of the surfaces was rough an air gap
could appear between the measuring condenser and the circumference of the sample.
The existence of such an air gap could be an important source of errors during the
permittivity measurements, so we made measurements for the evaluation of errors.
The known permittivity for the pellet dispersion of substances having various
thicknesses was 1.5% at 95% reliability.

Results of measurements

The results of the tested substances are shown in Fig. 3. For the temperature
dependence of the relative permittivity of cerium(IIl)-nitrate we have shown two

Er
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Fig. 3.
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curves heated in two different ways. In the case of curve 1 the temperature change was
about 1 °K /min., while in the case of curve 2 the the temperature change was so
slow, that the reading has practically happened at a complete thermal equilibrium.
In the case of yttrium(III)-nitrate the heating rate was the same as at curve 1 of the
previous sample.

Analysis c¢f results

The relative permeability of yttrium(II1)- and cerium(1II)-nitrates shows a slight
change in the low temperature range which proves that there is a dominant induced
polarization.

The relative permittivity of cerium(IIl)-nitrate at such temperatures is higher at
about 20% than that of yttrium(III)-nitrate. This difference is due to the fact, that
there are more water molecules near the cerium ion than near the yttrium ion. This
assumption is supported by the sample-structure test results [3, 4].

The relative permittivity of yttrium(IIl)-nitrate shows a jump at about 323 K
which is followed by a sudden increase in conductivity. The same phenomenon
happens in the case of cerium(III)-nitrate at about 333 K. The increase of permittivity
can be explained by the orientation polarization of the releasing water molecules.
Neither does this method provide any information regarding the release of water
quantity nor does it give details of the occuring change in structure. The structural
change of the cerium(III)-nitrate is supported by the crystallographic tests [5] while
there is no indication in literature about the structural changes of yttrium(III)-nitrate
at 333 K. Another change of structure at higher temperature (361 K) has already
been reported [6].
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VBMHEHMS JUDJEKTPUYECKON MTPOHULIAEMOCTUA
B Ce(NO;);-6 H,O U Y(NO,),-6 H,O B UHTEPBAJIE
TEMIIEPATYP 133—353 K

&, Koyo, H. Jyauq u JI. Xopeam

M3mepers! u3MeReHAs IUINEKTPHYecKoi mpoHnaeMocT B Ce(NO,); -6 H;O 1 V(NOy);-6 H,O
B mHTepBane Temnepatyp 193—353 K. ITony4enHble pe3yibTaThl NOATBEPKAAOT Pa3NUIHOE KOJH-
9eCTBO W Pa3/iHiHe B XapaKTepe CBA3LIBAHHA xpncrammaalmomioﬁ BO[BI, NIPEATNIOIOKEHHOE GHp-
Mol M3roTOBATENEM Ipenapatos (Mepk). .



INHIBITORY EFFECTS OF SOME HETEROCYCLIC
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A quasipotentiostatic polarization method has been applied for study of the inhibitory effects
of some heterocyclic dervatives of mercaptans on the corrosion behaviour of pure copper in deaera-
ted solutions containing chloride ions. This study showed the inhibitory effectiveness to be a function
of the acidity of the inhibitor, expressed as a proton level, J.

Introduction

The corrosion of copper is a common problem; it is frequently encountered in
cooling systems that use hard water containing soluble chlorides. The inhibition of
copper corrosion in similar media has been investigated with the use of some organic
inhibitors [1—3]. Among the organic inhibitors applied for the inhibition of copper
corrosion in acetic and chloroacetic acid solutions, 2-Mercaptobenzothiazole
(2-MBt) proved to be an excellent inhibitor [4]. In connection with the inhibition of
the corrosion of pure copper in neutral solutions containing chloride ions, our aim
was to study the relative inhibitory effects of some heterocyclic derivatives of mer-
captans by means of a quasipotentiostatic polarization method, and also to examine
whether the relative inhibitory effects of the investigated inhibitors were related to
their acidity.

Experimental

Cylindrical copper electrodes, made from high-purity copper rods supplied by
Johnson Matthey Ltd., were used for the electrochemical investigations. The elec-
trodes were abraded with 600 emery paper, degreased with acetone, washed with a
jet of tap water, and finally rinsed with distilled water. The inhibitors investigated
were selected from those previously applied for the inhibition of the corrosion of
316 L stainless steel [5].

The selected inhibitors were 2-mercaptobenzimidazole (2-MBi), 2-mercaptoben-
zothiazole (2-MBt), and 2-mercaptobenzoxazole (2-MBo). These were chosen because
of the similarity of their chemical structures, which are shown in Table I.

3
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Table 1

Chemical structures of the investigated inhibitors

@f\/c—s—ﬂ @[:>c——s——n

Z-Mercaptobenzothiazale 2-Mercaptobenzoxazole

O :
{

2-Mercaptobenzimidazole

The inhibitory effectiveness was determined at a constant concentration of 10~3
mol dm ™2 in deaerated solution containing 0.10 mo! dm~3 of Cl~ ions. The chosen
inhibitor was dissolved in methanol so that 50 cm?® of the prepared solution gave the
desired concentration, when diluted to 1 dm?. The neutral chloride solution without
inhibitor contained the same amount of methanol. .

In the case of 2-MBt the inhibitory effects was also de*ermined in a slightly acidic
solution (pH=4). The experiments were conducted in the same electrolytic cell as,
used in our previous investigations. [5]. Prior to the electrochemical measurements,
deaeration was accomplished by bubbling highly-purified nitrogen gas through the
solution. A nitrogen atmosphere was maintained during the measurements by pass-
ing nitrogen gas above the solution. The measurements were made at 25+1°C. The
polarization experiments were performed with a PRT—100—1X Tacussel Poten-
tiostat. The electrodes were polarized from the stationary potentials in the noble di-
rection at a scanning rate of 25 mV/5 min (0.30 V/hr). Though the electrode poten-
tials were measured with respect to the saturated calomel electrode, here they are
given with respect to the normal hydrogen electrode.

Results and discussion

In the absence of inhibitors, both in slightly acidic (pH=4) and in neutral
(pH=17) chloride solutions, copper was found to exhibit only general corrosion. No
pitting corrosion was observed, up to 500 mV. This was also checked after the com-
pletion of the electrochemical measurements under a magnifying microscope. Copper
exhibited active anodic dissolution at low electrode potentials, in agreement with the
results found by TAYLOR ET AL [6]. The Tafel slope established in the active domain
was found to be equal to 60 mV, a value close to that found by Kiss et AL [7]. Copper
initially dissolves in chloride solutions as monovalent copper [8—11}. Figure 1 shows
the quasipotentiostatic polarization curves of pure copper in slightly acidic chloride
solutions in the absence and in the presence of 2-MBt.

Similarly, in slightly acidic (pH=4) chloride solutions in the presence of 2-MBt,
copper was found to exhibit only general corrosion. This was checked after the com-
ple ion of the electrochemical measurements, using the magnifying microscope. The
electrodes were found to be unpitted. In the presence of 2-MBt, as it can be seen from
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Fig. 1, the anodic dissolution of copper was significantly depressed. The anodic Tafel
slope in the presence of 2-MBt was found to be equal to 75 mV.

The inhibitory effect of 2-MBt proved to be better-at pH=7 than at pH=4.
As can be seen from Fig. 2, in neutral chloride solutions in the presence of 2-MBt,
the active domain of copper was completely depressed. However, at electrode poten-
tials more noble than 475 mV, pitting corrosion occured. After the completion of the
electrochemical measurements, a few small pits Wwere detected in the electrodes under
the magnifying microscope.
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Fig. 1. Quasipotentionstatic' anodic polarization curves of pure
copper in the absence and in the presence of 2-MBt, at pH=4.
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Fig. 2. Quasipotentiostatic anodic polarization curves of pure
copper in the absence and in the presence of 2-MBt, at pH= 7.
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The investigated inhibitors have a common functional group (—SH) in addi-
tion to two donor atoms bonded to the carbon atom to which the —SH group is
bonded. Since 2-MBt proved to be more effective at pH =7 than at pH=4, the inhi-
bitory effects of the investigated inhibitors were determined at pH=17.
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X 2-MBi
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4§ 2-MBo
-7 -6 -5 -4 “3i0g Jtacm™2

Fig. 3. Quasipotentiostatic anodic polarization curves of pure copper
in the absence and in t_he presence of the investigated inhibitors

Fig. 3 shows the anodic polarization curves of pure copper in the absence and
in the presence of the investigated inhibitors. As can be seen from Fig. 3, in the pres-
ence of the investigated inhibitors the active anodic dissolution of copper was signif-
icantly depressed, especially in the case of 2-MBo. In the presence of the investiga-
ted inhibitors, copper was found to exhibit passivation and pitting corrosion. After
the electrochemical measurements, a number of small pits were found in the elec-
trodes. :

Table I1. shows the corrosion data, reflecting the relative inhibitory effects of the
investigated inhibitors. As can be seen from Table II, the average current densities,

ip, established in the passivation domain

in the presence of the investigated in-

Table 11 hibitors, lay in the following sequence:

Corrosion data reflecting the relative inhibitory jp (2-MBo) < jp (2-MBt) < .ip (2-MBi).

effects of the investigated inhibitors in solution

containing 0.10 mol dm=2 C1~ fons at pH=17 It seems reasonable that the lower
r the current density in the passive state,
Inbibitor | EcoredV | 07 e Ey v the higher the stability of the passive

films, i.e. the more noble the break-

— —0.05 — — down potential is expected to be. This
%—Mgi 8.}(7)5 88; 8.332 assumption seems to fit in with our
-MBt -0. . . ;
2 MBo 015 0,012 0.523 results. Thus from Table II, Fig 3. and

the above comparisons, it can be seen
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that the relative effectiveness of the investigated inhibitors displayed the following
sequence- 2-MBi < 2-MBt < 2-MBo.

Using the weight loss method, PRAPAJATI ET AL [4] found 2-MBt to be an excel-
lent inhibitor of the corrosion of copper in acetic and chloroacetic acid solutions.
They attributed the effectiveness of 2-MBt to the very high stability of the copper-
-2-MBt complex. Further, they also reported [12] that the ionic species of 2-MBt form
an insoluble complex salt [Cu (2-MBt),] with copper cations. This acts as a protective
coating on the metal surface.

Similarly, the potentiodynamic method showed that 2-MBt is effective in inhibit-
ing the anodic dissolution of copper in 0.10 M NaCl. According to TRABANELLI ET AL
[13], the inhibitory effect is due to an adherent and protective film formed by the
binding between 2-MBt and copper cations through the sulphur atom of the —SH
group and by means of bonds coordinated with the electron pairs of the other sulphur
atom or of the nitrogen atom. However, the IR data suggested that the bonding oc-
cured only the sulphur atom [14].

Because of their common features and their similar chemical structures, 2-MBi,
2-MBt and 2-MBo were expected to exhibit similar inhibition mechanisms. This
accounts for the fact that in their presence only pitting corrosion was observed to take
place at more noble potentials. Thus, the inhibitory effects of each of them may be
attributed to the interaction of the ionic species of the inhibitor with the copper cations
in the metallic substrate, leading to the formation of an insoluble protective film. The
bonding is achieved mainly between the negatively charged sulphur atom of the
—SH group and the copper cations. This would explain the better effectiveness of
2-MBt at pH=7 than at pH=4, for the ionic concentration of 2-MBt is greater at
pH=7 than at pH=4, and as a result the protective film is more stable at pH=7
than at pH=4. That the protective film is more stable at pH=7 than at pH=4
can also be inferred from a comparison of the anodic polarization curves of pure cop-
per in the presence of 2-MBt at pH=4 and pH=7.

At pH=7 and at a constant inhibitor concentration of 10~3 mol dm—3 in our
case, the concentration of any of the ionic species is expected to be higher if the acidity
is greater, probably leading to the formation of 4 more stable passive film and con-
sequently to a more noble break-down potential. To check this assumption, the break-
down potentials recorded in the presence of the investigated inhibitors were compared
with their acidity expressed as a proton level, J, given by the VERMILYEA equa-
tion [15].

VERMILYEA ET AL [15] reported that the inhibitory effectiveness is a function of the
acidity of the inhibitor, expressed as a proton

level, J:
' —J =0.059(1.744 - log K,) Table 111
where K, is the acid dissociation constant of PK, and J data on the investigated
inhibitors

the inhibitor. Since —log K,=pK,, the above

equation may also be written in the following Inbibitor o ;
form: =
~J= 0.059 (1 744 +PK,,). 2-MBi 9.2 —0.65
Table III shows the pK, and the caculated ~ 2-MBt 7.2 —0.53
J values. The pK, values of the investi- 2-MBo 6.6 —0.49
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gated inhibitors have been quoted
from [4].

Fig. 4 shows the dependence of the
break-down potentials on the acidity of
the investigated inhibitors, expressed
as a proton level, J.

As can be seen from this Figure,
the coordinates (J, E;) of the investi-
gated inhibitors fall on a straight line,
2 oM Bi indicating that these inhibitors have a
030 proton level , § common inhibition mechanism. The
—>  break-down potential tecomes linearly
more noble as the acidity of the inhibitor
increases. This result illustrates the im-

0.55 1 2-M Bo

—T

-0.65 -0.60 ~055 -0.5'0

Fig. 4. Depend:nce of the break-down potentials

of copper on the acidity of the investigated portance of the agldl‘fy_qf the inhibitors
inhibitors, expressed as a proton level, J in the corrosion inhibition mechanism
Conclusions

The investigated heterocyclic derivatives of mercaptans appreciably inhibited the
corrosion of pure copper in deaerated neutral solutions containing chloride ions.
The active anodic dissolution ‘of copper in such agressive media was significantly
depressed in their presence, especially in the case of 2-MBo. The inhibitory effect of
each of them is propably due to the formation of an insoluble protective surface film.
A simple relation correlating the effectiveness of these inhibitors has been obtained,
based on the break-down potentials. The higher the acidity of the inhibitor, expressed
as a proton level, J, the more effective the inhibitor proved to te. This result illus-
trates the importance of the acidity of theinhititors in the corrosion inhibition mech-
anisms. Of the investigated inhibitors, 2-MBt and 2-MBo proved to be very effec-
tive for inhibition of the corrosion of copper in neutral chloride solutions.
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WHTUBUPVIOMNN 3®®EKT HEKOTOPBIX I'ETEPOLIMKJIMUYECKUX
TTPOU3BOOHBIX MEPKAIITAHOB B COI'IOCTABHEHI/II/I
C X KHUCIOTHOCTBIO

Xuzaz Haodep Aau

C npuMeHEHHEM KBa3HITOTEHLIMOCTaTHIECKOTO METOAA OBINO0 H3yYeHO MHTHOHpYIOLee NeHCTBHE
HEKOTODHIX TETEPOLMKITHYECKHX IPOU3BONHBIX MEPKANTAHOB Ha KOPPO3UIO YUCTOM MEIH B PacTBO-
pax, COIEpKAIUMX MOCTOSHHBIE KOHLEHTPALMH XJIOPHIOB. Pe3ynbraThl paGoTh! OKa3bIBAKOT, YTO
3 (HEKTHBROCTL HHTHOUTOPOB ABIAETCS (YHKLUMEH HX KUCIOTHOCTH.






UBER PEPTISIERUNG UND OBERFLACHENMODIFIZIERUNG
VON ILLIT AUS FUZERRADVANY

Von

A. PATZKO, F. SZANTO
Institut fiir Kolloidchemie der Attila Jozsef-Universitit, Szeged

(Eingegangen am 23 Mai 1984)

Es wurde die Adsorption von CPCI an lllit-Fraktionen aus Fiizérradvany geprift. Die Frak-
tionierung des Tones wurde unter Zuhilfenahme der Peptisation mit Natriumkarbonat durchgefiithrt.
Die Adsorptionsisothermen weisen auf chemische und physikalische Adsorption hin. Aus den Iso-
thermen wurden die Werte der organischen Kationenaustausch und der spezifischen Oberfliche
berechnet. Die Sedimentvolumina und die relative Viskositit der Suspensionen der Organokomplexe
wurden in Benzo! gemessen und festgestellt, dass diese sich mit der Adsorptionsmenge einer Maxi-
mum-Kurve entsprechend dndern. Diese mit der zunehmenden Organophilitit des Illits parallel
eintretende Anderung kann mit der Benetzung, Quellung und der Desaggregation der Organokomplexe
erklart werden.

Einleitung

Seit Jahrzehnten befasst man sich mit der Adsorption von Stoffen verschiedener
Molekiilstruktur an Tonmineralien. Aus der Literatur ist bekannt, dass die Adsorp-
tionskapazitit in der Reihe Montmorillinit, Illit, Kaolinit abnimmt [1—6].

Aus Tonmineralien kénnen mit kationaktiven Stoffen in organischen Fliissigkei-
ten gut benetzende organophile Produkte hergestellt werden. Die Modifizierung der
Oberfliche ist bei Illit nur an den dusseren Oberflichen méglich, bei Montmorillonit
aber konnen die Molekiile des kationaktiven Stoffes zwischen die Basisoberflichen
eindringen [7—9]. Das Verhalten des organophilen Illits in organischen Fliissigkeiten
wird durch die Benetzung, im Falle des organophilen Montmorillonits aber in erster
Reihe durch die Quellung und Desaggregation beeinflusst. Dies alles wird durch die
Eigenschaften des organophilen Stoffes, sowie durch die Polaritit und Zusammen-
setzung des Dispersionsmittels bestimmt [10].

Unsere fritheren Untersuchungen [11] haben wir jetzt mit Illiten fortgesetzt.
Unser Ziel war, es einen Zusammenhang zwischen den Eigenschaften der organo-
philen Ilitsuspensionen und Adsorption des kationaktiven Stoffes zu finden.

Versuchsmaterialen und Methoden

Als Modellsubstanz wurden drei lllite aus Fiizérradvany verwendet. Um die
groben Tonminerale und ihre Beimineralien trennen zu konnen, bendtigen wir zur
Peptisierung und Desaggregierung des 1Hits Natriumkarbonat in optimalen Mengen.
Die Natriumkarbonatmenge wurde so gewahlt, dass sie auf das 1llit berechnet zwi-
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schen | und 1,5 Gev.-Prozent lag. Zu den konzentrierten, wissrigen Suspensionen
wurde das Natriumkarbonat in Form einer wissrigen Lésung (50 g pro dm?) hin-
zugegeben. Die zu Gelen erstarrten Systeme wurden mehrmals umgeriihrt und einen
Tag lang stehen gelassen. Die 2-prczentigen wissrigen Suspensionen wurden nach
eintitigemn Stehenlassen in grossen Flaschen sedimentiert. Diese Sedimente setzen
sich iiberwiegend aus Teilchen mit einem Aquivalentradius von grosser als 1 pm
Zusammen.

Die weitere Zerlegung der iitergeblietenen Suspensionen wurde mit der Labora-
toriumszentrifuge mit 10 600 Umdrehungen pro Min. 15 Minuten lang durchgefiihrt.
Der sich in der Zentrifuge absetzende relative grobdisperse Anteil wird ,,mittlere
Fraktion‘, die hochdisperse Fraktion ,,kolloide Fraktion‘ genannt.

Die réntgenographische Untersuchung der einzelnen Fraktionen* hat gezeigt,
dass die kolloide Fraktion von Illit 1. zwischenschichtliche Illit-Montmorillonit
enthielt. Im Illit 2. lassen sich neben der Basisreflexion von Illit, mit kleinerer Inten-
sitit auch Montmorillonit-Reflexionen erkennen. Im Illit 3. ist nur die Basisreflexion
des Illits erkennbar. In den mittleren Fraktionen kénnen Kaolinit und Quartz nach-
gewiesen werden.

Die Adsorptionsversuche mit Cetylpyridiniumchlorid (CPCI) fiihrten wir auf
folgende Weise durch: Es wurde die 10 g pro dm?® wissrige CPCl-Lésung zu Illit-
suspensionen bekannter Konzentration (5 g pro dm®) zugegeten. Dies 16ste die Ko-
agulation der Systeme aus. Der voluminose Niederschlag wurde getrocknet, gemahlen
und durch ein Sieb von €0 um Lochbreite durchgelassen. Die Konzentration des
kationaktiven Stcffes wurde durch die sog. Zweiphasen-Titrierung bestimmt, vor und
nach der Adsorption [13]. Die Berechnung der adsorbierten Menge geschah nach
der Formel:

|4
n’® = m (co—¢y)

wo V das Losungsvolumen, ¢, die Anfengs-, ¢, die Gleichgewichtskonzentration des
Adsorptivs und m die Menge des Adsortens tedeuten.

Das Sedimentvolumen des organophilen Illites wurde in 10 cm® Proberohren
mit je 0,1 cm Einteilungen bei Zimmertemperatur in Benzol durchgefiihrt. Die Aus-
flusszeit der Suspensionen wurde nach zwei Wochen unter Zuhilfenahme eines Ost-
waldschen Viskosimeters gemessen. Das Suspendieren und die Sedimentation wurde
mehrmals wiederhoit.

Versuchsergebnisse

Die Adsorptionsisothermen (siche Abb. 1) wurden an den mittleren und kolloi-
den Fraktionen der Illit-Proten aufgenommen. Diese zeigen, dass bis gewissenen
zugegebenen Mengen von CPCl die ganze Menge irreversibel quantitativ adsorbiert
wird, bis ein kritischer Wert erreicht ist. CP*-Ionen werden als Kationen eingetauscht,
im Austausch gegen die austauschfihigen Kationen des Illits. Das organische Katio-
nenaustausch-Vermdogen an verschiedenen Fraktionen zeigt Tabelle 1.

* Die Réntgenpriifungen wurden an dem Lehrstuhl fiir Mineralogie, Geochemie und Gesteins-
kunde der Attila Jozsef-Universitit und an dem Lehrstuhl fir Mineralogie der Universitdt fur Che-
‘mische Industrie Veszprém ermittelt, wofiir wir unseren Dank ausdriicken.
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Tabelle 1

Die Werte der Adsorptionsisothermen

Organische Spezifische zu V... gehorende Werte
Adsorbens Akl;s;::isg:- Oberfliche, a, ) a,
miqu./100 g m?fg . miqu./100 g m?/g
Kolloide Fraktion
CP-Illit 1. 14,5 269 550 30 218
CP-1llit 2. 12,5 219 405 23 167
CP-Illit 3. 4,0 182 — 12 79
Mittlere Fraktion
CP-1llit 1. 6,0 8 58
CP-1llit 2. 5,5 97,5 — 8 58
CP-1llit 3. 2,5 — —

Bei hoheren CPCl-Konzentrationen nimmt die Adsorption eigenartigerweise
weiter zu. Diesen Isothermen-Ast schreiben wir einer physikalischen Adsorption zu.
Die Isothermen der kolloiden Fraktionen von Illit 1. und 2., die auch quellfihige
Gitter enthalten, steigen am hochsten an. Das Mass der physikalischen Adsorption
hingt von der Struktur des Adsorbens ab.

Die Adsorptionsisothermen wurden auch in linearisierter Form dargestellt.
In Abb. 2. geben wir als Beispiel die auf die einzelnen Fraktionen beziiglichen Daten
an. Die Werte 1/n°") nehmen fiir die mittleren Fraktionen und die Kolloid-Fraktion
ohne Montmorillonit im untersuchten Bereich mit der Menge 1/c, praktisch linear zu.
Bei den iibrigen kolloiden Fraktionen sind zwei Stufen zu erkennen. Aus dem Schnitt-
punkt der Ordinatenachse wurde die Oberfliche nach PHAM und BRINDLEY [13] be-
stimmt. Fiir dem Oberflichenbedarf eines CPCl-Molekiils wurde der Wert 1,21 nm?
verwendet. Die erhaltenen Daten sind in Tabelle I. zusammengefasst. Aus den Daten
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Abb. 1, Die Adsorptionsisothermen von
Iilit-Fraktionen aus Flizérradviny
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Abb. 3. Anderung des Sedimentvolumens der
organophilen Illite in Benzol
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Abb 4. Anderung der relativen Viskositit
der organophilen Illite in Benzol

ist ersichtlich, dass sich auf den
ersten monomolekularen Adsorp-
tionsschicht mdoglicherweise noch
eine zweite mit umgekehrter Orien-
tierung aufbaut.

Abb.-en 3—4. zeigen die
charakteristische  Anderung des
Sedimentvolumens und der relativen
Viskositit in Benzol mit zunehmen-
der Menge des kationaktiven Stoffes.
Die Kurven steigen zuerst langsam,
dann steiler an, um nach einem
Maximum zu fallen. Wenn die ad-
sorbierte Menge so gross ist, dass
sich auf die erste Adsorptionsschicht
noch eine zweite mit umgekehrter
Orientierung aufbaut, wird die Ober-
fliche wieder weniger hydrophob,
dementsprechend nimmt das Sedi-
mentvolumen ab. Die Quellung, das
heisst, die Lage und Hohe des Maxi-
mums sind praktisch von der Ad-
sorptionsfahigkeit abhéngig. Die
Lage des Maximums wurde mit
Pfeil an der Adsorptionsisothermen
(in Abb. 1.) gekennzeichnet. Es er-
leuchtet; dass das maximale Sedi-
mentvolumen bei beginnender physi-
kalischen Adsorption gefunden wer-
den kann. Aus der dem V-Maximum
entsprechenden adsorbierten Menge
wurden auch die spezifischen Ober-
flichen der Illit-Fraktionen be-
stimmt. Die so berechneten Werte
sind Kleiner als die aus dem Schnitt-
punkt der Ordinatenachse erhalte-
nen Werte siche (Tabelle 1.).

Die Anderung des Sedimentvo-
lumens l4uft parallel mit der in
Benzol gemessenen relativen Viskosi-
tit. Die Benetzung der Iilit-Frak-
tionen in Benzol wird- mit zuneh-
mender Organophilitdt immer be-
sser, da die Moglichkeit der Quel-
lung und der Desaggregation in der
Suspension zunimmt. Ein dhnliches
Verhalten lasst sich auch beim Sedi-
mentvolumen und bei der relativen
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Viskositidt erkennen. Nach Durchlaufen des Maximums wird die Benetzung immer
schlechter, gleicher Weise nimmt die Quellung und die Desaggregation ab (Abb.
3—4).

Die aus der mittleren Fraktion des Illits 3. hergestellten organophilen Stoffe
verhalten sich in Benzol so, wie die Systeme aus kompakten, ungeqollenen Teilchen.
Das Sedimentvolumen und die relative Viskositdt nimmt mit zunchmender Organo-
philitit ab, weil mit etwas besserer Benetzung die organophilen Illitteilchen sich einan-
der nihern. Zugleich wird das Volumen des Sediments kleiner und auch die Viskosi-
tiat nimmt ab (Abb. 3—4). .

Aus den Untersuchungen ergibt sich, dass die Eigenschaften der Suspension von
organophilen Illiten sich mit der Adsorptionskapazitit parallel d4ndern, und dies
wird von der mineralischen Zusammensetzung beeinflusst, wobei die relative Menge
der quellenden Schichten eine entscheidende Rolle spielt.
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MOOUPHUKALUA MOBEPXHOCTU U MENTU3ALIMA NIJINTA
MECTOPOXJEHUA PHO3EPPAIBAHDb

A. Hayxo u @. Canmo

Wayvena ancopbumg UETHI-IMPHARHAN-XNOPHIA Ha TpeX GpaKkUMAX WLIATA MECTOPOXACHUS
Pro3eppanpanb. COMyTCTBYIOWME MMOPOABI yAANIEHb! PPaKLMOHHPOBAHHEM, IIPOBEJSHHBIMHA IOCITIE
nenTu3aumi ¢ Na,CO,. HaiineHo, 4To Ha m30TepMax aACOPOLMH MOXHO OTHENHTh YYACTKH XHMH-
vyeckol u ¢puinveckoit ancopOumu, Ha ocHOoBaHMH M30TepM ancopOLUMH OmpenesieHkl HOHOOOMeHHas
€MKOCTb C OPTraHM4EeCKMMM KATHOHAMH H BeJIHYMHBI YAEIbHON TIOBEPXHOCTH,

H3mepeHs! 06beMBl 0CAIKOB H BA3KOCTH CYCHEH3WH OpraHOKOMILIEKCOB B OeH30iTe, KOTOpLIE
MMEIOT 3aBUCHUMOCTD OT CTENEHH IOKPLITHA NNOBEPXHOCTH, IPOXOAALIMIA Yepe3 MAKCUMYM. IT0 06b-
SICHAETCSl TPOMCXOMIIHMHH H3MEHEHHAMH SABJICHMH CMAavyMBaHUA, HaOyXaHuMs M Je€3arperagdd
WIUTATA HaPsiAy C MOBBLIIEEMEM €r0 OPraHO(PHIBHOCTH.
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By exchange of the cations of humate extracted from brown coal with an equivalent quantity
of long-chain organic cations, the following organophilic humate samples were prepared: n-decyl,
n-dodecyl, n-tetradecyl, n-hexadecyl and n-octadecyl-ammonium humate. X-ray diffraction examina-
tion of the humic acid and the alkylammonium humates revealed behaviour similar to that of smec-
tite-type clay minerals. The results clearly support the theory of the layer structure of humic acid.
Calculations on the basis of the Brindley model indicate that the humate layers are 4.65 A thick and
that the double layer of the alkylammonium cations bound to the carboxyl and phenolic hydroxyl
groups in the interlayer space is oriented at 53.25° relative to the planes.

Introduction

Humic substances are of natural origin. They are dark brown, hydrophilic,
acidic, high molar mass, polydisperse substances. They contain acidic functional
groups, such as carboxyl and phenolic hydroxyl, which dissociate to varying degrees
depending on the pH of the solution and the concentration of the electrolyte. As
concerns physical-chemical characteristics, they display features of both polyelectroly-
tes [1], and association colloids [2].

Several research workers [3] have examined the chemical structures of humic
substances with different methods for a long time. No exact structure can be given,
as a result of the chemical complexity of humic substances. Various conceptions have
been put forward. BURGES ET AL. [4] consider that their structure is similar to that of
other natural macromolecules and they are polycondensates of a random collection
of phenolic units. HAWORTH [5] thinks that the basis of their structure is a complex
aromatic nucleus, to which polysaccharides, proteins, simple phenols and metals are
attached physically or chemically. According to SCHNITZER [3], fulvic acids (a group
of humic substances) are built up from aromatic oxycarboxylic acids. These “build-
ing blocks™ are attached to each other through hydrogen-bonds.

The steric structure of the particles of humic substances is questionable. Are they
linear, flexible chains which, depending on the dissociation of the functional groups,
roll up to various extents? Do they form a statistical coil? Or are they planar aroma-
tic ring systems which can arrange themselves in certain circumstances?

From their examinations of humic acids by ultracentrifugation, FLAIG and
BEUTELSPACHER [6] came to the conclusion that they are spherical colloids. On the
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basis of small angle X-ray scattering, WERSHAW ET AL. [7] propose that larger particles
of humic acid are elliptical, while smaller ones are spherical. Humic substances have
been examined by means of viscosity measurements by several authors [3]. The sub-
stances uniformly showed polyelectrolyte characteristics. The polyanions of humic
substances are linear chains and/or spherical colloids.

X-ray diffraction examination of solid humic substances of natural origin demon-
strated that they are not crystalline [3). In the X-ray diffraction pattern of a powder
specimen of fulvic acid, KopAMA and ScHNITZER [8] found a diffuse band at 4.1 A,
accompanied by a few minor humps. These humps were similar to those given by
carbon black, which contains graphite-like layers. With respect to the carbon skeleton
of fulvic acid, they stated that it was a network of poorly condensed aromatic rings.
From X-ray examinations KASATOCHKIN ET AL. [9] concluded that humic substances
contain a flat condensed aromatic network, to which side-chains and functional groups
are attached.

The X-ray examinations reported in the literature, which could indicate the
steric structure, the globular or lamellar shape of the molecules of humic substances,
or the planar structure of the condensed aromatic ring system, are not convincing.
The result usually is that very uncharacteristic, diffuse diffraction patterns are for-
med, since the flakes, even if they existed in a dissolved state, are not satisfactorily
arranged in the solid sample. PFIRRMANN and WEisS [10, 11] made an X-ray diffrac-
tion study of humates organophilized by long alkyl-chain cation-active compounds.
They obtained sharp refiexions at angles depending on the length of the alkyl chain.

Though the crystal structure of montmorillonite is that of a layer silicate built up
from two SiO, tetrahedral sheets and one AlO, octahedral sheet, the basal spacing
~(d001) X-ray diffraction peak is diffuse [12]. Sharp peaks are found however, if the
cations in exchan geable positions are exchanged for long-chain orgamc cations, since
as a result of the interaction between the alkyl chains the flakes lie in order on top of
each other [13].

Our starting point was that by reacting the negatively charged functional groups
of humates with long-chain organic cations, we should observe behaviour similar
to that of montmorillonite organocomplexes if the humate particles were originally
planar in structure.

Experimental

The humic acid sample examined was extracted from Hungarian brown coal
(Tatabanya) with 0.1 mol dm 2 potassium hydroxide. Purification of the crude humic
acid was carried out in the usual way, as described by ScHNITZER and KHAN [3]. The
elementary composition of the humic acid was C: 54.01%, H: 4.32%, O: 34.86%,
N: 3.08%, its ash-content was 3.72%, and its cation exchange capacity was 4.1 meq
g 1. By means of membrane osmometry and extrapolation as applied in the measure-
ment of the molar mass of polyelectrolytes [14], the number-average molecular
weight of the sample was found to be M,=10 600.
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Preparation of n-alkylammonium organocomplexes

Humic acid was dissolved in an equivalent quantity of sodium hydroxide to
give-a 1 g/100 cm® sodium humate solution. The alkylammonium chlorides were
made by dissolution of alkylamines in an equivalent quantity of HCl. With increase
of the length of the alkyl chain, the alkylammonium become less soluble in water,
so the solution were made at 60°C. 0.1 mol dm~2 n-decyl, n-dodecyl and n-tetra-
decylammonium chloride, 0.05 mol dm~2 n-hexadecylammonium chloride and 0.03
mol dm~2 n-octadecylammonium chloride solutions were made. The organocom-
plexes were also made at 60 °C, equivalent quantities of alkylammonium salts being
added to sodium humate solution. The suspensions were kept at 60 °C for one day,
then filtered and washed chloride-free with approx. 60 °C distilled water. The sub-
stances were dried under infrared light and then ground. The powder samples were
examined by X-ray diffraction with a DRON-3 Soviet-made diffractometer.

Results

Diffractograms of humic acid and the various alkylammonium humates (2—12°
angle range) can be seen in Fig. 1. The alkylammonium humates, especially with
those with longer alkyl chains, give high-intensity sharp peaks, in contrast with the
diffuse, uncharacteristic diffraction pattern of humic acid. With increase of the length
of the alkyl chain, the reflexions shift towards lower 20 values and become sharper.
The distances between the humate flakes were
calculated from the reflexion values via the Bragg
equation, supposing clay mineral analogy and
regarding the peaks as dy, distances:

Intensity

A1

017 2 sinf

where g—=0.77092 (CuKa).

The results are given in Table I.

When the distance between the humate flakes
was plotted as a function of the length of the alkyl
chain in the alkylammonium cations (see Fig. 2), a
linear connection was found, similarly to those for
the alkylammonium intercalation complexes of
montmotillonite and vermiculite [13].

With regard to the analogous behaviour, the
results were evaluated on the basis of the Brindley
model [15] for the primary alkylammonium comp-
lexes of montmorillonite and vermiculite. The
model considers the geometry (the orientation ‘
relative to the flakes) of the straight-chain alkyl- . . .

. . N Fig. 1. X-ray diffraction patterns of
ammonium cations in the space between the clay " rin /" aikylammonium humates
mineral layers from the distances (dy,,) between the and humic acid

4
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Table 1
S for 2| e
i ° ative
Sample ancl$?:x:: " 20, experimen- intensity
% tal calculated
Humic acid (HA) 0 4 — — 0.06
n-Decylammonium humate (DAmH) 50.8 3.200 27.61 27.59 0.42
n-Dodecylammonium humate (DDAmH) 54.8 2.800 31.55 31.67 0.53
n-Tetradecylammonium humate
(TDAmH) 58.3 2.485 35.55 35.74 0.88
n-Hexadecylammonium humate
(HDAmH) 61.2 2.125 41.58 39.81 1
n-Octadecylammonium humate
(ODAmH) 63.8 2.075 42.57 43.88 0.98

layers, determined as a function of the chain length. In the Brindley model the
slope of the function dyy,=f(nc) is a projected distance-increase related to the
increase in chain length. Its value for an alkyl chain orientation perpendicular to the
flakes, and taking into consideration the valence angle of 109°28’ between the carbon
atoms, is 1.27 A. At smaller inclination angles the values can only be smaller.
However, if the experimental Adyg,/Anc is higher than above, the alkylammonium
cations form a double layer in the space between the flakes. The slope of the line
in Fig. 2 is 2.035 A, so a double layer is formed, i.e. the increase in the two alkyl
chains occurs additively. The inclinaticn angle of the humate flakes and the alkyl
chains (¢) can be calculated from simple geometrical reasoning. dy, is the per-
pendicular distance between the flakes. The perpendicular projected length of two
C—C distances is 2.54 A. The experimentally determined 2.035 A is also two

g
o

Basal spacing A
8

(28]
o

10

Number of carbon atoms in alkyl chain, ne

2 6 10 % 18

v

Fig. 2. Variation in basal spacing with length of alkyl
chain in primary alkylammonium humates
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C—C distances, viz. a perpendicular
projection of the prOJected C—C dis-
tance of 2.54 A for a given alkyl chain
orientation (see Fig. 3). In the present
case the angle of inclination of the alkyl
chain and humate flakes is as follows:

. . Adey/dng 2035
/4) - SN¢ =" T 25:°

ie. ¢ =53.24°

humate layer

humate tayer

Fig. 3. Scheme of intercalated alkylammonium On the basis of the model, the most

humate complex likely angle of inclination of the alkyl

chains, taking into consideration the

valence angles, is 55°. There is good agreement between the two values. With a
similar method, the value for montmorillonite complexes was 65° [15].

With the hm dyoy extrapolation, the thickness of the humate flakes can be

calculated. Tw1ce the distance tetween the imaginary plene of the humate flakes and
the N atom of the ammonium cation (which the Erirdley mcdel gives as 1.3 A) must be
subtracted from the extrapolated value (7.25 A). On this basis, the thickness of the
humate flakes is 4.65 A. The scheme tased on the model can te seen in Fig. 3. The
dyg, distances calculated in the case of alkyl chain orientaticn for the alkylammonium
humate intercalation complexes in terms cf the Brindley model are given in Table L
Comparison of the experimental and calculated values demonstrates very good agree-
ment.

Conclusions

The experimental results and the useful applicaticn of the Brindley model for
lamellar-structure clay minerals seem to indicate clearly that the examined humic
acid has a layer structure. If originally there had not teen lamellae, tut spheres or
statistical colls in the humate solution, then the icn-excange of the alkylammonium
cations would not have resulted in a change like this in the X-ray diffractograms. The
reason why the diffraction pattern of the humic acid is so diffuse (see Fig. 1) is that
there are not enough parallelly arranged lamellae in the powder samples to result in
X-ray interference of satisfactory intensity. In the alkylammonium humates, however
as a result of the van der Waals interaction tetween alkyl chains longer than 8 carbon
atoms the lamellae become arranged in parallel The fact that the X-ray reflections be-
come more and more intense and sharp with increase of the alky! chain length indi-
cates the formation of more ordered structures.

The thickness of the humate layers can be calculated by extrapolation, but also
from the experimental results which can be evaluated subsequently. The value 4.65 A
is realistic and corresponds to the structure conceived by HAwWORTH [5] and SCHNIT-
ZER [3] (a polycondensed aromatic ring system bound by hydrogen-tonds).
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PEHTTEHOI'PA®UYECKOE M3VUYEHUE UHTEPKAJISAHMOHHBIX
KOMITJIEKCOB AJIKUJJAMMOHHBIX-IT'YMATOB

3. Tombay, H. Jexans u A. Iayxo

3aMEHWTA TYMAaTHBIE KATHOHBI 3KBHBAICHTHHIMH KOJMYECTBAMH ANKAIaMMOHHEBBIX KaTHO-
HOB C JUTHHOMN Uemd aNKuibHOro pamukana C,c—C,;. PeHTreHOrpadmdeckoe HcCTeNOBaHAE OO~
YYEHHBIX 00pa3loB [0Ka3a0, YTO 00pa3yroniMecs CTPYKTYPhI aHANOFHYHLI MHHEPAIAM CMEKTUT-
HOro THNa. PacCYuTaHe! paccTOAHMS MEXIY CI0AME I'YMaTOB H ONPEae/IeHbI YT/l HAKIIOHA aJIKATb=
HBIX Hemell K IWIOCKOCTAM CTPYKTYPBL
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Na-salicylate and Na-fulvate in small quantities adsorb on the edges of Na-montmorillonite
particles (adsorption capacities: 20 and 14.5 peq g™?).

The negative zeta potentials (determined by microelectrophoresis) and the critical coagulation
concentrations increase with increase in the quantity of the organic anions. These anions interact
with the octahedral aluminium ions on the edges of the montmorillonite particles, the charge of the
edges thereby being reversed, and the negative charge of the particles increases. The experimental
results are supported by calculations made according to the DLVO theory and Stern’s theory.

In the presence of organic anions, the neutralization of the edge charge means that only face-to-
face aggregation and no edge-to-face aggregation can be formed. These various structures are shown
in scanning electronmicroscopic pictures.

The changes in the structure of the suspensions are proved by rheological measurements. As an
effect of the small quantity of organic anions, the Bingham yield stress of the suspensions decreases
significantly. '

Introduction

The peptizing effects of various anions, mainly phosphate, polymetaphosphate
and carbonate, which influence the stability and rheological properties of clay mineral
suspensions, have been examined mainly from a practical point of view. Relatively
few systematic studies have been carried out on the effects of organic anions, although
many polyanions of natural origin are used to increase the suspension stability and to
modify the flow properties.

The questions arise as to whether organic anions are bound to certain surface
parts of clay mineral particles in a similar way to inorganic anions and have a similar
effect as a result of this, and whether a more negative charge, i.e. the complete disso-
ciation of more functional groups of the molecule, is needed for the above effects to
occur.

There are extreme opinions in the technical literature about the interactions be-
tween clay minerals, mainly montmorillonite, and organic acids and their salts. Cer-
tain authors [1, 2] question the occurrence of adsorption altogether or regard it as
very slight, while others [3, 4], who have examined mainly humic substances of natu-
ral origin, describe significant adsorption. The problem is that, as a result of isomor-
phous substitution in their crystal lattice, the clay mineral particles have a negative
charge and thus repel organic anions.
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However, interaction may occur in the case of a highly retarded dissociation
state (e.g. in the case of a weak acid at low pH) [3]. Further, if the lattice charge is
compensated by multivalent cations, then interaction may also occur through these
[4] and with the broken bonds on the edges of the particles, which (depending on the
circumstances) can be in a given hydrated and charged state [S, 6, 14).

Depending mainly on the pH, but to a smaller- extent on the electrolytes [7],
phosphate anions bind to the aluminium ions on the edges of clay particles [6, 7].
They reverse the positive charge of the edges and may increase their negative charge,
thereby impeding the formation of edge-to-face aggregation [8]. In the presence of
multivalent anions (e.g. diphosphate anions), the stakbility of clay suspensions increa-
ses considerably, since only a face-to-face aggregated structure can be formed and
this needs a considerably greater quantity of coagulating electrolytes [8].

The flow improving effects of various supplementary anionic materials on cera-

mic mashes were examined by WEIAND [9] from a practical aspect.
. The present paper considers the interactions between Na-montmorillonite and
the Na-salts of salicylic acid (as a simple aromatic oxycarboxylic acid) and synthetic
fulvic acid (as a model of natural humic substances), as well as their effects on the
stability and rheological properties of a Na-montmorillonite suspension.

Experimental materials and methods

Montmorillonite was obtained from Kuzmice bentonite by fractionation follow-
ing Na,CO, peptization. From this, H-montmorillonite was produced with the Bars-
had method [10], and the monocationic Na-montmorillonite: was made by neutraliza-
tion with an equivalent quantity of NaOH. Particle size: d=1 um, cation exchange
capacity: 800 peq g—* '

For the experiments Na-salicylate of analytical purity was used. The fulvic acid
was made from gallic acid in the presence of Ca-montmorillonite as heterogeneous
catalyst [11]. The numter-average molar mass of the product was 840, calcula-
ted by means of vapour pressure osmometry with the pH correction method of
Hansen and ScHNITZER [12]. The total acidity of the fulvic acid was 10.1 meq g~2;
this is the quantity of negatively charged functicnal groups in the material. From these
data it can be seen that an average of 8.5 acidically dissociating functional groups are
to be found on the molecules of fulvic acid.

Adsorption isotherms were determined under the following conditions:

Na-montmorillonite concentration: 5 g dm~3

Adsorption time: 2 days at room temperature

Initial concentration of adsorptives: 0.1-—1.0 meq dm 3.

So that the results could be compared, we calculated in terms of concentration
units (given in equivalents) referred to negative charges, and not in terms of molar
concentrations. The two different concentration units are the same for Na-salicylate
since the dissociation of Na-salicylate gives one negative charge per molecule if the
pH of the medium is not too high (dissociation constants of salicylic acid: K,;=
=1.06-10"3, K,=3.6 1071).

The equilibrium concentrations were determined spectrophotometrically follow-
ing sedimentation of the montmorillonite particles in a preparative ultracentrifuge
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(20 000 RPM, 30 minutes). The Fe(III) salicylate complex was measured at 525 nm,
and Na-fulvate at 450 nm.

The zeta potentials of 1 gdm™2 Na-montmorillonite suspensions containing
Na-salicylate or Na-fulvate in increasing quantities were measured with a Japanese-
made Laser Zee Meter microelectrophoresis apparatus. In parallel with this, the
critical coagulating concentrations ('c.c.c.) of suspensions of the same type were deter-
mined by observing coagulation series with increasing NaCl concentrations. The re-
sults were measured on materials after a 96-hour standing. This differs from the cus-
tomary 24 hours in the literature [6, 8]. The reason is that after a 24-hour standing the
examined structures were not close to the equilibrium state, whereas after 96 hours
the observations did not change quantitatively compared to those throughout the
total observation period of 240 hours.

The edge-to-face or face-to-face aggregated structures formed by coagulation of
the suspensions were examined with a scanning electronmicroscope (JEOL, Japan).
The samples were made from 5 g dm~—3 Na-montmorillonite suspensions which con-
tained O or 1 meq dm—3 Na-salicylate or Na-fulvate, as well as 200 mmol dm~3 NaCl,
wi*h the freeze-drying technique proposed by O’BRIEN ET AL. [13]. The suspension-
film on the disc was dipped into isopentane cooled with liquid-air to approx. — 140 °C,
and the water was then sublimed in a freeze-drying instrument. With this method the
suspension structure can be preserved even in the solid state.

Rheological examinations were carried out with a Rheotest-2 (GDR) rotational
viscometer. To 7.4 g/100 g Na-montmorillonite suspensions, 0, 16, 33 or 66 peq g—*
Na-salicylate or Na-fulvate was added. The flow curves were measured after a 2-day
standing.

Results and discussion

The adsorption isotherms in Fig. | show the quantitative relationships of the
interactions of Na-salicylate and Na-fulvate with Na-montmorillonite. Figure 1.also
gives the equilibrium pH values, which do not display a monotonous change with
increasing concentration of the adsorptives; they are about pH=7. In the case of
Na-salicylate the isotherms is of regular Langmuir-type, while it is a little different for
Na-fulvate. The linear regression data and the adsorption capacity values calculated
from the linearized form of the Langmuir isotherms equation are listed in Table I.

1

20 k-
o
% o e pH =6.7.. 71

e Na-salicylate

< :

10 pH=72..73

Na-fulvate
Q2 04 06 Ce ( Meq dmi 3

Fig. 1. Isotherms for the adsorption of Na-salicylate and
Na-fulvate by Na-montmorillonite at room temperature
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Table I
PN Adsorp_tion .
Adsorption system Equilibrium capacity re;-;e“;‘i‘;n
pH peqg~!
Na-montmorillonite
+ Na-salicylate 6.7—17.1 20.0 0.989
Na-montmorillonite
+ Na-fulvate 72—1.3 14.5 0.951

The degree of adsorption is small; it is only a few per cent of the quantity of
adsorbed organic cations. GREENLAND and MoTT {14] describe the amounts of posi-
tive and negative charge on various clay minerals and oxides in their review. In the
case of montmorillonite prepared from Wyoming bentonite, the quantity of negative
charge was 980 peq g—1. The pH-dependent positive charge at pH=7 was 2 peq g™},
and at pH=3 was 12.5 peq g*. These data suggest that the very low adsorption
capacities we calculated are realistic. We made calculations of whether, on purely
quantitative considerations, bonds on the edges are possible. The approximate quan-
tity of octahedral Al ions on the edges of 500—100 nm montmorillonite particles is
3.12—31.3 pmol g~1. The magnitude of the calculated adsorption capacity (see
Table I) is the same. Thus, the salicylate anions are most likely to be bound to the Al
ions on the edges (as we descrited in detail in our previous study [15]), probably by
complex bonds. Since fulvic acid is a polycondensed aromatic oxycarboxylic acid,
fulvate is bound to the surface in a similar way to salicylate.

We confirmed the bonding of salicylate and fulvate anions on the edges of mont-
morillonite particles by various examinations and calculations. Depending on their
' nature and quanti'y, the adsorbed
anicns change the stability of the
montmorillor.i‘e suspencion. In connec-
tion with this, the change in the struc-
ture of the electric double layer can be
followed macroscopically by measure-
ment of the zeta potential.

The measured zeta potentials are
presented in Fig. 2 as functions of the
concentration of salicylate and fulvate.
It can be seen that both anions increase

N the negative zeta potential to a small
. s"“" B 'D_";m‘:;r::," extent (about 1.15—1.20 of the origi-
30 suspension =1 9 nal). In our estimations the effect of
Na-fulvate is higher. Because of the
several (8.5) negatively charged func-
tional groups, only a few can bind by

02 0 05 Coprion 1MEG AT ?

Fig. 2. The zeta potential of montmorillonite

suspensions as a function of Na-salicylate and
Na-fulvate concentration

adsorption (steric block); the others
increase the negative charge of the
particle. In the case of salicylate, even
if only the coverage of the positive
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charge of the edges is assumed, the small increase in the gross charge of the particle,
and macroscopically the increase in the zeta potential, become understandable. If the
negative surface or Stern potentials are calculated from the original surface charge
density of the montmorillonite and from the increased charge density, taking into
consideration the adsorption data, the difference will be similar to the experimental
zeta potential increase. In the case of Na-hexadecyl-sulphate kaolin systems,
similar results (the increase of thé electrophoretic mobility of the particles) were
reported by FLEGMANN and OTTEWILL [16].

Na-fulvate

e

E

é Causpansiony= 19 drrT®

i t =% hours

g

70
Nasalicylate

50 L
30

10

1 2 3

Conien | Megqdm™®

Fig. 3. The critical coagulation concentration of montmorillonite
suspensions as a function of Na-salicylate and Na-fulvate
concentration

The c.c.c. values (see Fig. 3) show the increased stability of montmorillonite
suspensions following treatment with salicylate and fulvate. The stabilizing effect of
salicylate was much smaller than that of fulvate. This contradicts VAN OLPHEN’S [6]
results. Van Olphen considers that there must be at least 3 phenolic hidroxyl groups
in the aromatic molecule for it to have a stabilizing effect. FREY and LAGALY [8] deter-
mined a c.c.c. of 200 mmoldm™2 for montmorillonite suspensions stabilized by
diphosphate. This value is roughly 1.5 times the c.c.c. of a suspension stabilized by
Na-fulvate.

Taking into consideration the results of adsorption measurements on the basis
of the zeta potential and the coagulation data, the stabilizing effects of Na-salicylate
and Na-fulvate can be explained analogously to that of multivalent phosphate
anions [8].

The organic anions bound on the edges of the particles modify their charge. The
Stern potential of mcntmorillonite (y3;), which is characteristic of a double layer of
the platelets, was calculated at various electrolyte concentrations on the basis of
the Stern model by means of the following equations referring to a flat double layer
[6). The surface charge density (o) is the sum of the charge densities of the Stern layer
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(o,) and the diffuse layer (o,):
G = 0,10,

g = (8,/ 4 ”5St) (‘//0 —¥s0)

where 85, =35 A (the thickness of the Stern layer)
¢’ =dielectric constant of the medium in the field of the molecular conden-
ser
Yo =surface potential
¥s, =Stern potential

o = N, ve
1T 14+ (Na/Mn) exp (—(veyss, + )/kT)
where
N,; = 10%/cm?, the number of adsorption sites on 1 cm? of the wall,
¢ = specific adsorption potential of the counter-ions (with our calculations ¢ =0)
e = elementary charge (e=4.77 10~° esu)

v valency of the ion
N, = Avogadronumber
M = molecular weight of the solvent

= (2enkT/n)*? sinh (veyrs,/2kT)

¢ = dielectric constant of the medium
k = Boltzmann constant
T = temperature
n = ion concentration in number of ions/cm?

The average surface charge density of montmorillonite was calculated from the
cation exchange capacity (c.e.c.=8C0 peq g7!) and the dimensions of the unit cell
(surface: F=46.5. 1016 cm?, relative weight: M =720):

G = Mc.e.c.10~%¢/2F = 2,954 10* esu/cm?

_ The condition of coagulation at the c.c.c. is the equality of the differential quo-
tients of the attractive and repulsive potentials with respect to distance [17]:

dVg _ d(=V,) _
34 = ad and Vg =-V,
where
V, = 64nkT fle—txd
V,= —‘V—A (in the case of plates o thick)
AT T30t of pia
where

§=6.6 A (the thickness of montmorillonite plates) in the case of xd=2 condition it
can be deduced [18].

ccc.=4.1.10-%

3

W (mmol dm~3)
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A = Hamaker constant (1072 or 2- 1072 erg)

_ exp(z/2)—1 ey,
= apeD)il ™ =37

The Stern potential (Y¢;*) which can be calculated from the experimental c.c.c. data
using the above equations shows the realistic behaviour of the systems. The c.c.c.
values determined at 3.2 meq dm~2 anion concentrations, the Stern potentials (¥/3")
calculated from the c.c.c. values, and the potentials (3, calculated on the basis of
Stern’s theory at the same electrolyte concentrations, are given in Table II.

Table 11
* v, mvV
System ¢.C.C. Vse St
mmol dm -3 mV A=10""erg | A=2-10"2¢rg

Na-montmorillonite 15 —-109 -8.4 -11.9
Na-montmorillonite

+ Na-salicylate 50 -80.3 -20.9 -30.1
Na-montmorillonite

+ Na-fulvate 130 - 56.5 —45.1 —68.9

A comparison of the data in Table II; clearly reveals the differences. The mont-
morillonite particles can be aggregated by edge-to-face (low c.c.c.) and face-to-face
(high c.c.c.) interactions [8, 18], depending on the electrolyte concentration and the
charge of the edges. In the case of montmorillonite, from the high Stern potential
(Y$,=109 mV) characteristic of a
double layer of the plates a signifi-
cantly greater stability could be
expected. The difference in magni-
tude of ¥& and ¥&* (the latter can
be calculated from the c.c.c.) is a
contradiction which can only be
solved by assuming formation of the
edge-to-face heterocoagulation
structure. Edge-to-face aggregation
is blocked in the presence of mate-
rials which adsorb on the edges and
recharge them [6, 8]. It can be
supposed that in the case of salicyl-
ate this occurs partially, but with
fulvate the edges become negative
and hydrated completely due to the
non-bound, ionized and therefore Fig. 4. Scanning electronmicrograph of house-of-

: : cards structure in montmorillonite suspension
negatively charged functlona} (uncompressed, freeze-dried sample of
groups. Thus, in the presence o montmorillonite suspension coagulated with

fulvate, only a face-to-face aggre- 200 mmol dm~2 NaCl)
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Fig. 5. Scanning electronmicrograph of
montmorillonite suspension in the presence of
Na-salicylate (uncompressed, freeze-dried sample of
montmorillonite suspension containing 1 meq dm~—?
Na-salicylate, coagulated with 200 mmol dm~2 NaCl)

Fig. 6. Scanning electronmicrograph of
montmorillonite suspension in the presence of
Na-fulvate (uncompressed, freeze-dried sample of
montmorillonite suspension containing 1 meq dm~32
Na-fulvate, coagulated with 200 mmol dm~2 NaCl)

gated structure can be formed and
therefore the /¢, value characterizing
the double layer of the plates is quite
near the Y3~ values characterizing
the real stability of the system.
Similar results were given in the case
of Na-gallate and Na-humate in
earlier examinations [19].

Marked evidence for the for-
mation of structures aggregated in
different ways is provided by the
electronmicroscopic  photographs
shown in Figures 4—6. The house-
of-cards structure formed by an
edge-to-face connection can be seen
very well in the sample which does
not contain any organic material.
On the other hand, the picture of
the sample containing salicylate and
fulvate is rather indistinctive and
furry; one can only guess that the
plates have slid on top of each other.

We examined the effects of
Na-salicylate and Na-fulvate on the
rheological properties of a mont-
morillonite suspension. The flow
curves of suspensions containing
different specific quantities of
organic anions are shown in Figures
7—38.

The shearing stress (t) plotted
as a function of the rate of shear (D)
is the highest for suspensions which
do not contain organic anions. At
higher velocity gradients (D) the
flow curves become linear and run
almost parallel with each other. By
extrapolation of these straight lines
the Bingham yield stress (tg) can be
obtained. 7 is shown in the a—t
plane of spatial Figures 7 and 8 as
a function of the specific amount of
organic material (a, peq g—1). It can
be seen that with increasing amount

of organic material 1y first decreases significantly, then reaches a minimum and
subsequently increases slightly. The yield-stress minima exhibited quite good agree-
ment with the adsorption capacities (for. Na-salicylate: approx. 20 peq g~*; for
Na-fulvate: lower than 20 peq g~'). These materials also cause a reduction of the
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Bingham yield stress, similarly to inorganic and some natural organic compounds
used in the ceramics industry [9]. This effect is a result of the bonding of the
anions on the edges. The completely negatively charged particles repel each other,
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Fig. 7. Flow curves of Na-montmorillonite suspensions
with different Na-salicylate contents, and the Bingham
yield stress as a function of the specific amount of
added Na-salicylate
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Fig. 8. Flow curves of Na-montmorillonite suspensions
with different Na-fulvate contents, and the Bingham
yield stress as a function of the specific amount of
added Na-fulvate
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and therefore an edge-to-face house-of-cards structure cannot be formed; thus, a
smaller shearing force is enough to form independent flow units.

To summarize, it can be stated that a uniform interpretation of results obtained
from different experimental methods is possible if adsorption on the edges is assu-
med, similarly as for inorganic anions. ‘
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BIIVUAHUE CAJIMIINJIATA U OVJIBBATA HATPUA HA
CTABMJILHOCTb W PEOJIOTUYECKUE CBOVICTBA
HATPUEBOI'O MOHTMOPUJLJIOHHUTA

3. Tombay, M. Turede u d. Canmo

3HaueHNa 3€Ta MOTEHLHATOB M KPHTHYECKAX KOHLUEHTPAIMit KOATYALMH BO3POCAIOT C YBEIH-
YeHHEM ancopOHPOBAHHOrO KOJIMYECTBA HA3BAHHBIX COCOMHEHMI. DKCIEPHMEHTA/IbHBbIE AAHHBIE
NOATBEPXACHb! paccYyeTaMH MPOH3BEACHHBIMM HA OCHOBaHMH Mogaens Iltepna m Teopurm JIBO.
IMpencraBiieHbl CKIHAHT 371€KTPOHHO-MHKDOCKOMMYECKAE CHAMKH MONy4YeHHBIX ob6pasuoB. Peosord-
vYecKHe CBOUCTBA CYCHEH3HI HOATBEPXKAAIOT npemlonaraemue CTPYKTYpHBblE H3MCHEHHS B CyC-
TeH3HAX.



BJUSIHWE I'MAPOAUHAMMNYECKUX YCJOBUN HA KUHETHUKY
JUCNEPCUOHHON ITOJIMMEPU3ALIMMA Y COITOJIMMEPU3AIIUN
METNJIMETAKPUJIATA

n. A. AHOAOP u . JPEBEHU

Kad)e):lpa ofne# 1 GH3MIECKOH XHMHM YHUBEPCHTETA HM.
. Artuner Moxeda, Ceren .

(Hocmynuao ¢ pedarkyuio 17 anpeas 1984 2.)

M3yyeHo BIHsAHHE WHTEHCHBHOCTH MEPEMELIMBAHKA Ha KMHETHKY 6€33MyNbLraTOpPHOR JHCIIEp-
CHOHHO# NONMMEDPH3ALAA METHIIMETAKDHIATa M €r0 COMNOIMMEPHM3ALNH C OyTHIMETAKPHIATOM
1 cruponoM. OB6CyXaeHs! IPHIMHBI HAGMONABIIMXCA ABJIEHHH M IPEIIOXEH MEXaHH3M oOpa3o-
BaHUS I0/MMEPZ M HOSMMEPHBIX YacTHL NPH HHULMAPOBAHAM PEAKUMM MNepCyNbaToM Kasus,

B HacTofiliee BpeMs CPelH CIOCOOOB MPOMBILITEHHOTO KPYNHOTOHHAXHOIO
OPOU3BCACTBA PAJa BBICOKOMOJIEKYJIAPHBIX TEXHHUYECKMX MATEPHAJIOB, HOMHHU-
PYIOIMM SBJISIETCSL TeTEPOreHHast, MPOBOAMMAs B BOAHOM Cpelie HMCIEPCHOHHAS
noiarM:z2puzals. [IpH ee HCIOJIL30BAaHWH OTKPHIBAIOTCS IUMPOKHE BO3MOXHOCTH
B pETyIMPOBAHHM Npolecca ICIUMEPU3ALUH MO CKOPOCTH W IO KaYeCTBY MOJY-
YaeMEIX NpoAykToB. O MPOACIKAIOWEMCH M B NOCHAEIHHE TOABI HHTEpECe HCCIe-
JOBaTeNieil ¥ MPOU3BOACTBEHHHKOB K BONPOCAM TEOPHH IMCICPCHOHHOM MOJHMEPH-
3al[iM, CBHAETEILCTBYET HeJaBHee M3JaHHE MOHOrpaduH Mo SMYJILCHOHHOH MOJIH-
MepHU3allid M €€ NPEMEHEHMH B npoMmsiiteHHoctd [1]. HecMmoTps Ha To, yTO Ha-
VUHBIX NMyGJAKaLyif 1O pasHbIM BHAAM OHCIECPCHOHHOM IOJHMEPH3alUH OYEHBb
MHOTO [2—4], psia BaXXHEIX BONPOCOB KHHETHKH M TONOXHMHH IOJHMEPH3AHOHHOTO
nporecca B IeTEPOrEHHBIX ¥ MMKPOTeTepOTeHHBIX CHCTEMAX OCTAeTCH elie wHe-
BBIICHEHHBIM.

O BIIUSHHHA WHTEHCUBHOCTH NepeMELIMBAHUA Ha KHHETUKY reTepOTeHHOM 1oJH-
MepH3anuy prepsbie coobumny eme B 1953 r. [5]. Bonpoc o MexaHu3Me Bo3neHicTBus
THOPOAHHAMHYECKHX YCHOBUH TNPOBEACHHS HA IJUCICPCHOHHYIO NOJHUMEPH3ALHIO
Pa3JMYHBIX MOHOMEPOB, TOJ JEHCTBHEM BOJOPACTBOPHMBIX HHHIIHATOPOB, HE
paccMaTpUBaNCs MHTCHCHBHO HCCIE/OBATENSMH H B JHUTEPaType OTHOCHTEJLHO
MaJIO JaHHbIX, KaCaIoLMXCs 3TOTO BOMpOca [6—38].

HeKkoTophle TEXHONOTHYECKHE M KOHOMHHYECKHe NpeHMyILecTBa crocoba Ge3-
SMYJILTATOPHON 3MYJILCHOHHON HOJHMEPH3alMH W €€ NPUICOHOCTB IUIS MCIONb-
30BAHMSA B KAYECTBS MOJSJIS, BCJIEACTBHE OTHOCHTENHHOM MPOCTOTHI CHCTEMBI, LTS
H3y9YeHHs BJIUSHUS PazJIMYHBIX (AaKTOPOB HAa KHHETHKY AWCIEPCHOHHBIX MOJ¥M.pH-
3aUHOHHBIX MPOILECCOB, NOGYMHIM HAC K MPOJOJDKEHHIO HAalUMX paGoT, omybiHKo-
BaHHBIX pauee [9—11).
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3agava JaHHOTO HUCCIIe JOBAHNS COCTOANA B BEISICHEHHAN BIAAHNA HHTEHCHBHOCTH
NEPEMELIMBAHKMA Ha HAYa/IbHYIO CKOPOCTh MNOJUMCPH3aUHH Ma]lOpaCTBOPHMOI'O
B BOJIE MOHOMEPA H €r'0 CONOAMEPH3AIHH C HEPACTBOPHMBIMH B BOAE MOHOMEPAMK
B OPUCYTCTBHH OepCyubGaTHOTO HHULIHATOPA.

Obvekmbl U Memoodbl UCCACO08AHUA

TexHUYeCKHE MOHOMEPBI OMMILAIIACHL OT MHIHOMTOpa (rWApoxwHOHa) OObIu-
HBIMH METOJEMH, aH2JJOTMYHO ONMUCAHHOMY B IpeAbiAyiieM cooOwenuu [11]. Ons
OonbITOB OBLIM NPHMEHEHBI MOHOMEDBI: METUJIOBBIH 3()Hp METAKPYJIOBOH KHCIIOTHI
(MMA), u-6yTusncBbI 3¢pUp MeTakpuiicBod kucaoThl (BMA) U ctupon. Ounilen-
Hble MOHOMEPBI HM¢JIY 10Ka3aTeslb TIOTHOCTH, KO3(DpHIUHEHT NPCJIOMIICHUS U TeM-
nepaTypy KMIEHHA, COOTBETCTB) IOLUHE JIUTEPATYPEBLIM AaHEBIM.

B kayecTBe HHMOUATOpPa NpHMeHUICA nepcyirdar kKanud — K,S,0, (IICK)
¢ unctoToit 99.8%, onpenencuHoli womomerpudyeckd. Kouuentpauust IICK (C,,,
mol dm™3) paccUUTBIBANACL OTHOCHTENBHO BOAHOM a3kl

B KadecTBe ONpeACHAIOLIEro I'¥APCAUHAMHYECKOrO NapsMeTpa CHCTEMEBI, NTPH
IPOYHX PABHBIX YCIOBMAX, ObUTA MPHHATA HHTEHCUBHOCTDb IIEPEMEILIYBAHNS, XapaK-
TEPH3yeMas YMCIOM 0GOPOTOB MeLaJIKi 1, (s~1). 32 KMHETHKOH MOJMMEPH3aLMH
B HAYaJIbHBIX CTaJWAX CJIeQVIIH JUIATOMETPUYECKH C NMPUMEHEHHWEM MArHHTHOTO
mepeMelBaHuA. IlocToAHCTBO TeMmepaTyphl HOAACPKUBaJIOCh BOOSHBIM YJIbTPa-
TepmoctatoM (333.15K 10.1). CooTHoluenHe MOHOMepHO#l M BomHO# (a3 mo
Macce cocTaBisio 1:4.

Ilepea nonuMepH3aIMOHEBIME ONIBITaMH 06€e ¢a3bl 0CBOOOKAAIACH OT PacTBO-
PEHHOIO B HMX KUCJIOPOJa BaKyyMHpOBaHUEM H 6apOOTHPOBaHHEM a30Ta BLICOKOM
YUCTOTHI, MPOMYLIEHHOTO uepe3 katamm3atop BTS (Flika). Bocnpon3sBoAauMOCTh
KHHETHYECKHX ONBITOB IO CKOPOCTH NOMMMepu3amuu Gsu1a B mpefenax =+5%.

OTHOCHTENbHYIO MOJIEKYJISPHYIO Maccy NOJIy4eHHOTO TIOJIMMETHIIMETaKpHIIATA
oTnpefeTA BUCKO3MMETPHIECKA IO xapax’repncmqecxon BA3KOCTH OGEH30/IbHBIX
pacTBOpOB.

JxcnepumeHmanvhblé OaHHble

Jis BHIACHEHHS BIHAHHUA CKOPOCTH NEPeMEIUHBAaHAA CHCTEMBI Ha KOHBEPCHIO
MMA B nosuMep, HaMH OBUIH MPOBEJEHBL NOJIMMEPU3ANMA B 3aKPBITHIX JHJIATO-
meTpax. Ilpx cTporom cob.iioJeHEH HOCTOSIHCTBA BCeX YCA0BHiA (B TOM uHcie POPMEY
" 00BeMa ANIATOMETPCB) MBI H3MEHSIIH TOJIBKO 9HCHO 060pPOTOB MEIAJIKH B €MH-
HHIY BPEMEHH H IO COKDAILEHAIO 06beéMa CHCTEMBI PaCCYATHLIBAJIH KOHBEPCHIO B 3a-
IaHHbI MOMeHT BpemeHH. IlonyyeHHbIe pe3ysbTaThl HNpeAcTaBiieHs! Ha puc. 1. U3
AaHHBIX PHCYHKA CJICAYET, YTO IPH HU3KHX CTENEHAX KOHBEpCHH (5—15%) 3aBucH-
MOCTb HOCHeAHEHR OT BpeMEHH, NPH HMCCIEAOBAHHBIX CKOPOCTAX NEepeMeIIWBaHUSA,
HOCHT NPSAMOAMHEHHBIE XapakTep. I103ToMy Ha OCHCBAHMM ITOJIYYEHHBIX aHAJIOTHY-
HBIX JAaHHBIX, IO TAHIEHCY YIja HaKjJOHA MOXHO OBIJIO paccYMTaTh HavallbHble
CKOPOCTH IOJIEMEPH3aNMii B NPUMEHAeMBIX HAMH YCJIOBHSAX.

Ha puc. 2. npeacTaBneHbl PACCYXTAHHBIE HAYaJIbHBIE CKOPOCTH NMOJAMEPH3ALHA
MMA npy pa3sbx uiciaax o6poTos Meluaiiku. Kak BHAHO W3 JaHHBIX puc. 2. CKo-
pPOCTb TOJMMEPH3ANHHM C YBEJIWYCHHEM UKMCNAa OGOPOTOB MelUaJiKM CHavaja BoO3-
_ POCTaeT, 3aTeM, JAOCTHTHYB MaKCHMyMa NpH n=6, .MoCTONeHHO cHmkaeTcst. Ilpu
nmavuoit koumentpanud IICK (C;,=0.05 moldm—3) wabmogaeTcs BO3POCTAHME
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HaYajbHOH CKOPOCTH NOJHMEpPH3ANUH C NMOBBHIIIEHHEM HHTCHCHBHOCTH Iepe¢MeNIy-
BaHHMA, IPUMEPHO B 5 pas.

IpencraBist MHTEpeC H3YYHUTh BIMSIHME KOHLICHTPAMA WHHOHMATOpA HA Ha-
YaJIbHYXO CKOPOCTH HNoJiMepusaiun MMA 1ipy nocrossHO#, onTHMaibHOM No npe-
ABLAYIIUM AaHHBIM, CKOPOCTH IE€peMEUIMBaHUA PeaKIHOHHOH cucTeMbl. Kax BHIHO
M3 IPEACTABJICHHBIX Ha puc. 3 JAaHHPBIX, HAYaJIbHaA CKOPOCTh MOJIHMEPH3AIMH PE3KO
yBEJIMYHBAETCA C IMOBBLUIIEHHEM KOHIEHTpPalMH HHMIOHATOPA TOJBKO OO ONpeje-
nenHoro npexeda (Cy,=0.005 moldm~—2), 3aTeM HabiroJaeTCs SKCHOHEHIHAJILHOE
CHIDKEHMe CKOpOCTH mojuMepu3anuu npu Gosee Bbicoxux xoupentpammsx [1CK.

Bsuay Toro, 4To 3aBHCHMOCTH HA4YaJIbLHOW CKOPOCTU IojamMepu3augn MMA
TIPOXOAMT Yepe3 MAaKCHMYM, KaK OT CKOPOCTH NEPEMEIIWBAHAS, TaK ¥ OT KOHIEHT-
paluy HHUIHATOPA, MBI M3YYHJIH COBMECTHOE BiasHHe 060ux (pakropos. [ToayueH-
HBle pe3yJIbTATHI BUAHEL HA puc. 4, U3 KOTOPBIX CIEAYET, YTO IPH ONTHMATH3AINH
H3YYa€MBIX IIapaMeTPOB, CKOPOCTE MMOTHMEPH3AINHN MOKET IPEBOCXOAUTE CKOPOCTh
JUPy3HOHHOrO reTeporeHHOro Impollecca, T. €. HPOXOIMAIIEro 0e3 MepeMellMBaHuA
CHCTEMBI, NpMepHO Ha 1.5 mopsaxa.

Habmopaemere Hamu sBieHMs B nporecce o6pa3oBaHMA IIONMMETH/IMETA-
xpanata (JIMMA) B npucyterBun ITCK, MOTYT OGBACHATHCS GO M3MEHEHUAMH
YCIIOBHH PACTBOPEHHUS M TPAaHCHOPTA MOHOMEPA K MeCTaM HHUIWHPOBAHUA H POCTA
ueneif, 160 U3MeHEHHEM MECTA 3JIEMEHTAPHBIX aKTOB HOJMMEPU3AUMH B MHKDO-
F¢TEPOreHHON OUCHEpPCHOM cHcTeMe. BRIACHEHMIO 3THX BONPOCOB MOXET OKa3aTh
60JIBLIYIO IIOMOLIbL H3YYCHWE BJIMSHHA MHTEHCHBHOCTH IE€PEMELIHBAHUA HA HAYajlb-
HBIE CKOPOCTH comoJmMepH3auud MMA ¢ TakdMH HEpacTBODHMBIMH B BOJE, HO
OTIHYAIOIAMHCS JPYT OT ApPYyra 1o NpHpoAe MOHOMEpPaMH, Kak 6yTHIMETaKpuiaT
U CTHPOJ. DKCIEPHMEHTAbHbIE JaHHbIE, TIOJIyYeHHBIE IIPH INPOBEAECHHBIX COHOJIH-
MepH3anuaX NpeacTaBieHsl Ha puc. 5 4 6. B ciay4ae cononnmepunsanuu MMA ¢ o6o-

T

Ir

15 1

W-10* , mot dm3 §1

12 '32'.4_ R 0 L S 6
Ho.,s n,s

Puyc. 1. 3aBucuMocts kOHBepcHn MMA (p) ot Puc. 2. 3aBECEMOCTb HaYaJIbHOHK

BpEMEHH (?) IIPH Pa3HBIX HHTEHCUBHOCTSIX nosmMepr3aman (W) MMA
nepeMenInBaHAA PEaKLMOHHON CHCTEMEL OT HHTCHCABHOCTH TiepeMeruBanus (1)
{oBopoTsl Memankw — n, s~1): 1 —0, 11 —2, upu C,,,=0,05 mol dm=3.

nr—6, 1V — 18 (C,,=0,05 mol dm=3).
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Puc, 3. 33aBECAMOCTH HaYaAbHOM CKOPOCTH Puyc. 4. 3aBUCEMOCTD HAYAJBHON CKOPOCTH
noymmepusamvm (W) MMA nommepusaunn (W) MMA OT WHTEHCHBHOCTH
ot xkoHueRTpaumn wHuumaropa (IICK) nepeMenIuBanus (1) P Pa3HbIX
npe n==6. xoruenTpaumsx pAuuAaTopa (ICK),
moldm=3:1—1-10"3 11 —5.1073,
m—1.10-2, 1V —5-10-2,

9 1
25
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Y ' LY
15 o
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E1p €
mg ,.,C; 3
z 3
0.51 )3
3
¥
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Puc. 5. 3aBHECHMOCTD HAYAJILHON CKOPOCTH

Puc. 6. 3aBrCHMOCT HAYABHON CKOPOCTH
conomamepun3auad (W) MMA ¢ BMA ot

conosmMepmsamad (W) MMA co craposom
HAHTCRCHBHOCTH HepeMemnBaHua (#) opu OT HHTEHCABHOCTH nepeMernusaHns (1)
Pa3HbIX cofiepaHuax BMA (Mmacc. %): MpH Pa3HbIX COAePXkaHUAX CTUpona (Macc. %)
I—0,1I—10, II—30, IV—50 I—25,11—50, 01— 75,1V — 100
(Ci,=0.01 moldm=3).

(C,=0.004 mol dm~3, T=348 K).
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¥IMH COMOHOMepaMH, HaONMIOOAaI0oTCsA aHAJIOTHYHBIE 3aKOHOMEPHOCTH, HalJeHHBIM
apu romononuMepusanuy MMA, oHaKo, C yBeIWUEHUEM J0H I'MApohoOHBIX Mo-
HOMEPCE B IIOJHMEPHU3) IOLK HCA CMECH, NMPOMCXOAUT ITOCTENEHHBIA NEPEeXod K 3a-
BUCHMOCTSIM, XapaKTEePHBIM A5 AUCTICPCHOHHON MOJIMMEPH3alMU NOCICAHHX.

ObcyacoeHue HoAYUEHHBIX. Pe3yAbmamos

BuiacHenune BIUgHAS THAPOJHHAMHUYECCKUAX YCNOBUI NMPOBEJICHUS HAa KWHETHKY
JUCNEPCHOHHON  0e33MyNbraTOpHOM MOAMMEPH3ALUH  Pa3JIMMHBIX MOHOMEPOB
U YCTAHOBJIEHHE MeXaHW3Ma NPOUCXOMIUMX IIPH 3TOM SABJICHHIi, OCTaBajHCh 3a
MpeficTaM¥ BHMMAaHus OGONBIIMHCIBA MCCieAoBaTeNeil. DTO MOXET OOBSCHATHCA,
npexJe BCero, HeCpaBHEHHO OOJIBIIMM NPOMBILUJCHHBIM 3HAYEHUEM MULIEIISPHOM
¥ I'paHyJAbHOM MOJUMEpPH3anuii, B KOTOPHIX THAPOIMHAMMYECKHIE YCJIOBUSI BOBCE HE
MMEIOT, HJU UMEIOT TOJIbKO BTOPOCTEIIEHHOE 3HAYEHHE, a TAKXKE M TeM; YTO THApo-
JUHAMMWYECKHE YCIOBHS MPOBECHUS MPONECCa SBIAIOTCH NOUYTH HEBOCTPOU3IBOJM-
MBIMH 3a IpefesiamMu ogHoi jJabopaTopud. Taxum o6pa3oM, NOJyYEHHbIE AAHHbBIE
MOTYT HOCHTb TOJIBKO OTHOCHTEJILHBIA XapakTep, UTO 3aTPYOHSET TEOPETHUYCCKOE
0000HIicHNEe SKCIEPMMEHTAJNBHBIX AaHHbIX. OHAKO, HEKOTODBIE SBJICHUS, NMPOMC-
XOIALIME BO BCEX MUCIEPCHOHHBIX MOJMMEPHU3ALMOHHBIX IIPOLECCAX, MOTYT ObIT
o0HapyXeHBL U BHLACHEHBI HMEHHO B §0Jice MPOCThIX O€33MYJIbraTOPHBIX CHCTEMAX.

ABTOpHL [6, 7], uccnenoBaBlLike BIUSHUE WHTEHCHBHOCTH NMEPCMEIUHBAHUS HA
CKOPOCTh MOJIMMEPU3AMM XOPOILO PACTBOUMOLO B BOAE MOHOMEPA AKPUIOHKTPUIIA
(~ 1.4 mol dm~3 mpu 303 K) moka3aiu, 4TO ¢ NOBBILIEHHEM CKOPOCTH BpallleHUs
MeLIaJIK¥ MPOACXOAUT YMEHbILUEHUE CKODOCTH HoJuMmepusauu. B paborax [5, 8]
Taxxke Obino HaljeHo, yro mojsvM pusamus MMA (pactsopiMocts B Boae ~ 0.6
mol dm~3 npu 303 K) 3aM:aseTCs ¢ MOBBILLUEHAEM HHTEHCHBHOCTH MEPEMELLIBAHNAA.
Hamu [11] 65U10 moOKa3aHo paHee, YTO KaK HadallbHast, TAaK M CTALHOHAPHAS CKO-
pocTH . Be3: M,/ ILFATOPHON AUCNIEPCHOHHOM IOAMMEPH3ALMHA CTHpOJA (PacTBOPH-
MocTh B Bojie ~ 0.04 mo! dm~2 npu 303 K) B npucyrcisuu [1CK cHadana Bo3pocTaroT
C YBeJMYECHHEM YHcTa 000POTOB MELIAJIKH B €JUHHAILY Bpemelm 3aTeM, Bblllie OIpe-
JEJIEHHOTO YHCJIa, OCTAFOTCS TIOCTOSHHBIMH,

Bonpoc o HpWuYMHAX CHUIKEHHS CKOPOCTH Jmcnepcnonnon nosr M- pu3anyuu
aKPUJIOHUTPUJIA HOCHT 0COGBIH XapaKTep, HOCKOJIbKY IPH 3TOM Pa3Myue OT HALUKWX
cHCTEM HaOJII0JaeTCs HE TOJBKO B CTENIEHH BOAOPACTBOPYMOCTH MOHCMZpa, HO U
B IIOJIHCM OTCYTCTBUM PACTBJPEHHS HOJIEM . Pa B CBOEM MOHOMeEPE.

IMpencrzB 10 HHTEPEC MPOBEICHUE W3YUCHUS BANSIHAS WHTEHCUBHOCTHA TiepeMe-
LMBAHUA HA HAYAJBHYH) CKOPOCTb MOJIEM pu3auud MMA' B ycioBHfX, obecrnieun-
BalolHX 02nee TOHKOE PETyNHPOBaHWe CKOPOCTEH COBUTA B CUCTEME, YeM B paboTe
[8].- 310 mocTHrajgocr MalbIMM pa3MepaMM TiepeMellrBalOLmIero MarHuTa M OT-
CYTCTBHEM B OUJIATOMETPE OTpakaloOlMX BLICTYNOB. M3 maHuBbIX puc. I cienyer,
4TO NIPH NPHHATBIX HAMH IPEAOCTOPOXXHOCTAX NOATOTOBKM HOJIEM:PH3ALHOHHBIX
CHCTEM, B Apoliecce He HabJIroAaeTCst BbIpaXKeHHbIH HHAYKUMOHHbIN nepHoa (3KcTpa-
TMOJISIUMS MPSAMBIX KOHBEPCHH NPUBOAUT K HAYaJy KOOPAMHAT). AHAJIOTHYHBIE TIPs-
Mble OBLITH ITOJTyYEHBI BO BCEX MCHBITYEMBIX HAMH CHCTEMaX M PACXOXJEHHS B pac-
CUHTAHHBIX CKOPOCTSIX TNONHMEPU3ALYH B nosropnmx oNbITax He NPEBbILATIH

10%-08.
IlpencraBiieHHas Ha puc. 2 3aBACHMOCTb PACCYATAHHBIX HAYaJIbHBIX CKOpOCTeit

5
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noymMepusanEpd MMA oT 9rcia 060poTOB MeEIIalku B €AMHALYY BPEMEHM, OTJIH-
94aeTCH OT AAHHEBIX paboThl [8] TeM, 4TO NpH HCHONMbL30BAHHBIX HAMH MaJIbIX WHTEH-
CHBHOCTSAX INEpeMEIIMBAaHUA, HAWOEHO BO3POCTAHME CKOPOCTH NOJIMMEPH3aliHH.
HabmomaeMoe yBeJIWdEHWE HAYaNLHOM CKOPOCTH IOJIMMEPH3ANMH  SBASETCH
ClleICTBHEM YBENHYEeHMA CKOPOCTH TPAHCNIOPTAa MOHOMEpPa B BOAHYIO a3y, 4To, KaK
H3BECTHO, ABAAETCA NPAMOi QyHKUMeH CTeneHH JUCNepCHOCTH Kanenb. ITockonbky
cBo6OHbBIe paHKajbl HHHLATOPa HAXOAATCA B BOAC, IEPBOHAYAIBLHO aKT WHHIUK-
POBaHHUA NIPOMCXOJUT B MOJIEKYASPHOM BOJHOM PacTBOpe MOHOMepa. TaM e npo-
HCXOAMT CHavana pocT memei, 3aTeM ¢ o0pa3loBaHHeM NOJHMEPHbIX YaCTHI[ H al-
copbupoBaHieM HMH MOHOMEpPa, 00pa3yroTCA MOJMMEPHO-MOHOMEPHBIE YaCTHIbL
B KOTOPBIX OIPOAODKAETCA NPOUECC TOJHMEPH3ANHUH C Hanbosee BEPOATHBIM HHHIIHH-
poBaHMEM U OOpHIBOM Iieneil B UX NMOBEPXHOCTHOM cjoe. Takod MexanusM ObLi
TpeAsIoXeH HaMU, B COTJIACHH C JIATEPATYPHBIMH HPEACTABACHUAMH, H Ha OCHOBAHHH
JAHHBIX OOJNYYSHHEIX I'py 0e33MYNbIraTOPHOH HNUCTIEPCHOHHOH IOJMMepU3aluu
ctuposa mHunpuposaHHoii IICK [11). OueBranO, B ciydae monuMepHianmn MMA,
IIpH OTHOCHTEJILHO MajbiX WHTEHCHBHOLTAX IEPEMELIMBaHUSA, MEXAHU3M Hpoliecca
HE OTJIHYAETCH OT H3JIOKECHHOIO. '

OnaHako, €O 3HAYUTEALHBIM YBEJIHYEHHEM CABUTOBBIX HANPSDKEHHUN, BCIEICTBHE
MeHblleH BS3KOCTH M MEHbIero NMOrpaHuvHOro Hatsokenus MMA ¢ Bopoit, uem
y CTHpOJia, B cuCTeMe 0oJjiee HHTEHCHBHO MPOHCXOAUT nedopManus u npobicHue
Kamejib MOHOMEpa H YBCIHIHBAETCA YHCIO MHKpPOKamesab (OCKOJKH IpoOieHns
Makpokanesb). Pe3ko BoO3pocilas OWCNHEPCHOCTh MOHOMEpAZ NPHBOAMT K YBEJIM-~
9eHMIO BePOATHOCTH 3aXBaTa KAIUIAMH ¥ MHKPOKAIUIAMH IOJHMEPHO-MOHOMEPHBIX
9acTHL. B 9THX YyCNOBHAX, BO-NIEPBbIX, MOXET YBEJIHYUBATHLCH CKOPOCTH OOpHIBA
pacTyILUHX NOAMM:PHBIX Lefedl BCIEACTBHE YBEJHYECHHUS BePOSATHOCTH IONaJaHMs
OJHOBPEMEHHO OOJBILErO YHCIA PAaJWKAJIOB B KallJlM, M, BO-BTOPHIX, HE NPOABJIA-
€TCs CTOMb XapaKTepHBUA Ans noauMepudanuu MMA «renb addexT». B pelicTBu-
TEJILHOCTH, TPH CKOPOCTAX O0OOPOTOB MeUIAJK¥, HMPEBBILIAIOMIAX ONpeRcHeHHOE
3Hayenue (6 060pOTOR B CEKYHIy B HalllUX YCJIOBHsAX), Habjaromaercs NOCTENEHHOE
YMeHbUICHHE HAa4alibHOH CKOpOCTH moaumepusanuy MMA, 9T0 BHAHO M3 AaHHBIX
puc. 2.

Ecma npemmokeHHBIA BBHIIE MEXAHW3M MOPOHCXOASIHX SBJCHHH COOTBET-
CTBYET HeMCTBHTEILHOCTH, TO MOJNEKYJADHAA Macca IOMHMEPOB JOJUKHA YMEHb-
IIATECS HE TOJILKO C yBEAHYeHHWEM CKOPOCTH MOJIMMEPH3alMH, HO U TpH €e Jajib-
HeMllleM CHHKCHHM C BO3POCTAHHEM HHTCHCHBHOCTH nepeMemmmBanusg. C 1eibio
OpOBepKA 3TOr0 MOJOXEHHA, OBUIO NpPOBEHNEHO BbIAcJeHHE OOPa30BaBLIErocs
IIMMA n onpeneneHbl OTHOCHTENbHBIE MONEKYJIIPHBIE MAacChl HOJAMEPOB, NpH-
TOTOBJICHHBIX NPH PA3HBIX HHTCHCHUBHOCTAX NEPCMEIUUBAHNA - CUCTEMEL. HOH)"lCHHbIe
Jaunble (NpuB2AeHI B Tabauye) HOATBSPHAAIOT U3I0XEHHbIE, HA OCHOBAHAM JAHHEIX
puc. 2, IPeACTABICHAR O MPHIMHAX HOSBJACHHS MaKCHM)Ma B CKODOCTH HOJMMEPH-
3aliMy B 3aBHCHAMOCTH OT HHTEHCHBHOCTH I€PEMELIMBAHUS.

B npenpipyweit Hameit paGote [11] MBI oTMeTUsH, 4TO NpH NOAKPAINIHBAHHA
oJleopacTBOpUMBIM KpacuTejeM «Cynanom III» MoHOMepa cTHposa, mocsie Opo-
BeacHHs Ge3amysipratopHod nosamMepusamyy B npucyrcrBud IICK, mucmepens
noaucTupona Gputa GecnpeTHO# M UL 5—10% MO Macce mogAMepa GbLna okpa-
LIEHOH ¥ HAXOAHJIaCh B ArPerHPOBaHHOM cocTosHud. U3 3toro mebntomenus Gecc-
TIOPHO CJIe[I0BAJIO RATHIME MEXaHA3MA C IEPEXOIOM MOHOMEPA M3 KalleJIb B pacTyIuHe
HOJHMEPHO-MOHOMepPHBIE YacTHIEL C 3T0# ke HeAblo ObUIO IPOB2AEHO B JAHHOM |
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Tab6auya

Cxopocms noaumepuzayuu MMA (W) u omnocumensnan
MOAeKyAApHAR macca noaumepos (M,), noayuennvix npu paznsix
UHMEHCUBHOCMAX nepeMeluusanus (o6opomst meuaiki — n)*

MuTencns. nepement. Crop 0;,1:1; (';‘om' Monekyx. Macca
n,s-1 mol dm~3s~1 M,-10-8
0 179 2.2
2 4.78 1.4
4 14.7 1.2
6 240 1.1
10 18.8 0.95
14 11.5 0.85
18 4.01 0.80

* T=1333.15 K, C1,=0.01 mol dm=>

pa6ote noaxpamyBasne MoHoMepa MMA «Cyzaarnom I1I» u npopesensr momuMepu-
3aLMK TIPU Pa3HBIX CKOPOCTAX nepeMelBaHus cucTeM. O6pa3oBaBIlnecs QUCTIEPCHH
MMMMA 651 pO30BaTOro IB2Ta, HAPSAAY ¢ HECONBIIEM KojudecTB:M (10—15%
1o Maicce) ©oJiee KPYIHBIX KPAaCHBIX YacTHL. YCTaHCBHThH KCJIHYECTBEHHYIO 3aBHCH-
MOCTE M2y CKOPOCTHIO EPCM2UIKBAHNSA ¥ PACTpeesIeHHCM KPACKH B JUCIIEPCHH
IMTMMA uaM ne yaziock. OCHOBHAas MPHYHMHA 3TOrO COCTOSUIA B TOM, 4TO JUCIEp-
CHBIE YacTHLBI OBUIM CITHIIILINECS H HEOOHOPOAHBL B nenoM, HaOGmroJacMele HAMHU
ABJICHHS NPH TOJTUMEPH3ALMAX C OKpalleHHbIMA MOHCM:2P2MH, HAXOMATCSL B COOT-
BETCTBHM C OIHCRHHEIM MEXaHH2MOM cOpa3oBanus vactull B pabote [1, cT. 96] nus
HETIONIFPHEIX U TIOJAPHBEIX MOHOMepoB. TakuM cOpa3cM, NOJTyYeHHBIE HAMH pe-
3yJLTATH IO OMBITAM ¢ MOAKPANIMBAHKMEM MOHOMEDA, TakXe TOATBSPXIAIOT pas-
BUTBIE BBbIIlIE NPEACTABICHUA O MeXaHH3Me NMPOUCXOASUMX SBICHUN B NOJUMEpH-
3YIOLMXCS CHCTEMAX MO, AcHCTBHEM Nep¢ MELUMBAHHUSL.

H3yuenne BausHus xoHneHTpanuy wHunmaTopa IICK Ha HayaJlbHYHO CKOPOCTh
6:233MynbraTopHOM nmoguMepusanuy MMA, TIpHBesIO K HECKOJBKO HEOXHAAHHOMY
pesyabraty. B 6onee mmpokeMm wHTepBajie koHuenTpauuit IICK, c6HapyxeH Mak-
CUMYM Ha KPHBOI 3aBUCHMMOCTH CKOPOCTH IOJHMEPH3ANNM OT KOHIEHTPALMH HHU-
nuatopa (puc. 3). OnHaKO, CHIKCHHE CKOPOCTH NOMWMEPH3ANUY NIPH TTOBLILIEHHBIX
KOHIIEHTPAUMAX HHUOHATOPA MOXHO OOBACHHUTD BhicasiuBarolmM aeiicteueM TICK,
YTO OPHBOAMT K YMZHBIICHHIO DPACTBOPHMOCTH MOHOMEpAa M 3aMeJUIEHHIO €ro
TPAHCIIOPTA K MECTaM INONUMEPH3AINH.

W3 croxrON 3aBHCHMOCTH HAaYaJIbHOH CKOPOCTH IOJIMMEPH3alHA OT CKOPOCTH
TepeMeniBanus ¥ KoHueHTpauuu IICK, monyvaerca obwas 3aBHCHMOCTb, Hpel-
cTapiieHHas Ha puc. 4. VI3 HaHHBIX 3TOro PHCYHKA ClefyeT BO3MOXXHOCTH ONTHMa-
JH3aUMH Ge33MYJIbraTOPHBIX HPOLECCOB ITOJIHMEPH3AIUH, NIPH 3HAHMM 3aKOHOMEp-
HOCTe# BJIMAHUA HA3BaHHBIX ()aKTOPOB Ha CKOPOCTDb peaKUUH.

BBray GoyplIOro 3HAYEHHS CTENEHH BOJOPAaCTBOPHOCTH MOHOMepa Ha Ges-
3MYNBraTOPHBI IPoNecC NOJHMEPH3ALNH, IPEACTABIIANI HHTEPEC U3YYHTh BIIHSIHHE
HMATCHCABHOCTH TIEPEMEIIMBAHUSA Ha KHHETHKY conojmMepmu3anmu MMA ¢ Ttaxumu
MOHOMEPaMH, KOTOPBIE MMEIOT OYeHb MaJIyl0 PacTBOPUMOCTb B BOZE, KaK, HAIIPH-
mep, cTupoll (~0.04 mol dm=3) @ BMA. (~ 0.005 moldm~3). YcnoBus uposesenns
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NOJIMMePH3aLMif, pasyibTaTsl KOTOPHIX NpeACTaBieHsl HA puc. 5 U 6, 6bUM Noxo-
6paHBl TakuM o0O6pa3oM, 4TOOGB! HavajbHBIE CKOPOCTH COHOJHMEpH3auyii ObuIH
OPAMEPHO ORHOro nopaaka. VI3 AaHHBIX NPHBCIASHHBIX HAa STHX PUCYHKaX CleayeT,
9TO C YBEJIHUEHHEM JIOJIA McHee rHAPO(AALHBIX MOHCM2POB B NOJNMMEpH3YIOLIeiics
CMeECH, XapaKkTepHas, NPOXOAALIASL Yepe3 MaKCHMYM, 3aBUCHMOCTb CKOPOCTH NOJiH-
mepusaiyn MMA OT WHTEHCHBHOCYTH INepeMelIMBAHHUA, NOCTENEHHO NEPEeXOAUT
B BHA C NOCTHXEHHEM TpPEJEesbHON CKOPOCTH, HABEHHOTO paHee I cTHpoa [11].
3amedaTeNbHBIM ABJSIETCA TO OOCTOATENLCTBO, YTO, B COOTBETCTBHH C MEHBLILEH
pacrBopuMocThi0 BMA B Boze, yxe npu 50%-HOM COOEPXaHUA €T0 B NOJIMMEPH-
3y1ouiedics cMecH, HabJ IoAaeTca 3aBUCHMOCTh CKOPOCTH TIOJIMMEPH3AUMH OT WHTEH-
CMBHOCTM TepeMellINBAHKA NOJHOCTHIO COOTBETCTBYIOILAS XAPEGKTepHOH INA He-
TOASPHBIX M)H(M pPOB. B NpOTHBONOJIOXHOCTE 3TOMY, Aaxe NpH 75%-HOM comep-
KaHUU cTUpoyia B cMecH ¢ MMA, Bce ellue oOHapyxuBaeTCs MAKCUMYM CKOPOCTH
TIOJI¥ M "PU3ALFHA OT MHTEHCABHOCTH NEP( M 'IIFBAHUS CUCT( MBbL.

Takum ¢ 6)a30M, TOOBITOXHBAS M3JIOXKEHHBIC BBIIE PE3YABTATEL, MOXHO
NPUATA K BbIBOAY, YTO B 0233MYILraTOPHBIX JUCHEPCHOHHBIX NONUMEPH3ALMUSX,
ocyecTiasteMbIx B npucyrcTBuu IICK, ruapoavHaMHYecKie YCIOBHS NPOBEACHUS
mporecca B 3HAYUTENLHOH Mepe BIIMSIOT HA CKOPOCTh 0Opa3oBaHus U MOJEKyJap-
HYIO Maccy TOJNy4aeMBIX MomuMepoB. OdeBUAHO, YTO HarboJibllice 3HAYEHWE U3
($u3MIeCKUX CBOJICTB MOHOMEPOB MMeeT WX BOAOPACTBOPUMCECTb, B ONpeAcHCHUH
XapaxTepa BJIWAHUS THAPOAMHAMMYECKHX YCIOBLH NpOBeNEHUS NpOLECCA HA KHHE-
THKY ¥ TONOXWMWIO TPOXOXIEHUS NOJNEM:pU3aUnH MAU cononzmepnaaupm JNs
. PacCTBOPSIOWIMX CBO# MOJIMMEDP MOHOMEPOB.

ABsTOpHI BBIpPAXAaKT CBOIO OGnaropapunocte T. I1. Hanonon u JI. A. KopsitHoit
3a y4acTHe B BbIMOJIHEHWH 3KCIIEPHMEHTAJIBLHOM YacTH paboTer
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EFFECT OF HYDRODYNAMIC PARAMETERS IN THE DISPERSiON POLYMERIZATION
AND COPOLYMERIZATION OF METHYLMETHACRYLATE

J. A. Andor and I. Dreveni

The effact of stirring intensity was studied in the polymerization of methyimethacrylate without
emulsifizr, and in the copolym:rization of mzthylmethacrylate with buthylmethacrylate and styrene.
Th: expzrimzntal results are interpreted and a mechanism is described for the formation of polymer
and of polymar particles, in the reaction, initiated by K;8,04.
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The investigations were focussed on the determination of the stability and rheological proper-
ties of emulsions prepared from natural crude oil and its fractions, using ion-free water and aqueous
tenside solutions. The effects of temperature on the stability and rheological properties of the emul-
sions were tested in the presence of tensides and in surfactant-free systems.

The experimental results permit the conclusion that with increasing temperature the originally
plastic emulsion first assumes pseudoplastic properties, and later Newtonian flow behaviour. The
change in the rheological properties is attributed to the paraffin crystals present at low temperature
in Algy6-2 crude oil, which also stabilize the emulsion structure. In the presence of non-ionic tensides,
the oil external emulsions have a complex nature [O/W/O typel, and demulsify readily at elevated
temperatures.

The emulsification of the crude oil fractions indicates that asphaltenes not only stablhze the
tenside-free emulsions, but play a decisive role in shaping the rheological properties as well. No
clear-cut relation was found between the interfacial tension and the stability of the emulsions, whereas
it is probable that the interfacial rheological properties (viscosity, elasticity, film-forming ability) can
be correlated with the spontaneous demulsification.

Introduction

In part I [1], the emulsion-forming abilities of surfactants to be applied in en-
hanced oil recovery were investigated at constant temperature (363 K). However, in
order to clarify the properties of emulsions that may be formed under reservoir con-
ditions, it was necessary to study how the stabilities and viscosities of emulsions
change when the temperature is increased. The effect of temperature is also important
when the crude oil is brought to the surface in the form of an emulsion, and the latter
has to be demulsified. Moreover, from the experimental findings outlined in the first
paper, it seemed unavoidable to determine which of the crude oil components, pre-
sumably the natural surfactant basically shapes the rheological properties of the
emulsions.

* Department of Colloid Chemistry, Attila Jozsef University, Szeged, Hungary
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Experimental

The crude oil and surfactants used in the experiments were the same as described
earlier [1]. Separation of the crude oil into its fractions was carried out as follows:
After distillation up to 473 K under atmospheric conditions, the atmospheric resi-
due was subjected to vacuum distillation at 53.32 Pa and 523 K. These two fractions
together represented the oil phase designated T. Addition of #-pentane resulted in the
precipitation of the asphaltenes from the vacuum residue. The n-pentane-free mal-
thene was then adsorbed on a Kieselgel, from which the resins and the residual frac-
tions were extracted with benzene and methanol.

In the fractions obtained, the following phases maintained the concentrations of
the different components at the same level as in the original crude oil.

phase a: T+0.3 w.% resin,

phase b: T+3.5 w.% asphaltene,

phase ¢:  T+0.3w.% resin+ 3.5 w.% asphaltene,

phase d: T+ 10.7 w.% asphaltene-free and resin-free residue,

phase e: T +resin-free fraction (3.5 w.% asphaltene +10.7 w. % asphaltene-
free and resin-free residue),

phase f:  synthetic (reconstituted) crude oil.

The interfacial tension between the oil and distilled water was determined by the
pendent drop method. A Contraves Low Shear 30 viscometer was used to study the
interfacial rheological properties of the two-phase system [2].

Results and discussion

1. Effects of temperature on stabilities and rheological properties
of emulsions in tenside-free systems

In this test series, the emulsions contained equal phase volumes of crude oil and
ion-free water. The dispersed systems were prepared at a given temperature and main-
tained under these circumstances for 24 hours.

It was observed that all emulsions were of W/O type, independently of tempera-
ture, and their thermal treatment did not lead to any phase separation. Notwith-
standing this, the emulsions cannot be regarded unequivocally as stable ones. At room
temperature, the significant difference in viscosity between the two liquid phases tends
to prevent the disperse portion from separating from the system. The emulsified
drops are stabilized by the natural emulsifiers present in the crude oil, and the emul-
sion structure is stabilized by crystals of the high molecular weight paraffins still in
solid form at 298 K. As the temperature was elevated to 323, 348 and 363 K, the
increase in the drop size and their settling could be observed visually. The reduction
in oil viscosity with increasing temperature made it possible for the drops to settle,
resulting in a lower distribution stability of the system. As the temperature rises, the
solid paraffin particles melt, and they ceases to have any role whatever in the apparent
stabilization of the emulsion.

The flow curves measured at constant temperature after thermal treatment are
illustrated in Fig. 1. It is clear that any shift in temperature leads to a change in the
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flow behaviour of the emulsions. The dispersed system, that exhibits plastic proper-
ties at room temperature, becomes pseudoplastic at 323 and 348 K, and behaves
escentially as a Newtonian liquid at 363 K. At the same time, a considerable change
also takes place in the plastic viscosity and the Bingham yield value, as shown in
Fig. 2.

100F :

) 200 300 600
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Fig. 1. Ascending legs of flow curves at 298, 323, 348 and 364 K,
for emulsions containing 50 vol. % crude oil and 50 vol. %
distilled water
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.Fig. 2. Bingham yield value (tp) and plastic
viscosity (17,,1) vs. temperature for emulsions of 50 vol. %
crude oil and 50 vol. % distilled water
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From Fig. 2, it may be stated that the greatest change in the emulsion viscosity
is caused by raising the temperature from 298 K 323 K. It is presumably, in this range
that a large proportion of the long-chain paraffins melt and dissolve in the dispersion
medium.

2. Effects of temperature on stabilities and rheological properties
of emulsions containing tenside

Tensides containing 8 or 20 ethylene oxide groups were chosen as model com-
pounds. The concentration of surfactant was selected so that an oil external emulsion
formed in one case and a water external emulsion formed in the other when equal
volumes of oil and water were mixed at 298 K [1]. Tenside solutions of 0.5 gdm~32 and
40 g dm 3, from surfactants NPE; and NPE,,, respectively, were therefore used to
produce an O/W emulsion at rcom temperature. The emulsions were prepared at the
given temperature and allowed to stand for 24 hours under thermostated conditions,
after which the flow curves were measured. The apparent viscosities obtained at
different temperatures are shown in Figs 3 and 4.
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w 20 . 20k i
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273 293 313T 333 353 273 293 313 333 353
. K T, x
Fig. 3. Temperature-dependence of emulsions Fig. 4. Temperature-dependence of emulsions
stabilized with tenside NPE,. stabilized with tenside NPE,,

It is obvious from Fig. 3 that on increase of the temperature by 25 K the viscosity
decreased from 33 mPas to 17 mPas. On the other hand, the emulsions obtained at
348 and 363 K underwent full demulsification after 24 hours and they separated, in
accordance with their 1n1t1al composition, into 50 vol. % oil and 50 vol. % aqueous
phase.

When the emulsions were prepared with a solution having a tenside concentra-
tion of 20 gdm™3, each of them proved to be of the O/W type. It is apparent from
Fig. 3 that the viscosity of the emulsion is already below 10 mPas at 298 K, and it
diminishes to 2 mPas if the temperature is increased to 348 K. After thermal treat-
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ment for 24 hours, separation of neither the dispersed portion nor the dispersion me-
dium could be observed up to 348 K. On the other hand, at 363 K (the highest tem-
perature used) the emulsion demulsified into 3 phases, with formation of an O/W
emulsion in the middle zone. Its volume comprised 23% of that of the initial emul-
sion.

SHiNoDA and ARral [3] have studied in detail the relationship between the cloud
point and the phase inversion temperature. On the basis of their experimental results
it can be stated that for a given tenside the phase inversion temperature depends to a
large extent on the composition of the oil phase. It also depends on the oil phase
whether the phase inversion temperature is lower or higher than the cloud point. For
an oil phase abundant in aromatic compounds, the phase inversion temperature is
usually lower than the cloud point, while it tends to exceed the latter in the cases of
normal and cycloparaffins. For a given tenside (for a given cloud point), the phase
inversion temperature increases if a compound containing a longer hydrocarbon
chain is present in the oil phase. This may explain why a water external emulsion
occurs well above the cloud point (318 K) when NPE; is used, while the O/W emul-
sion becomes unstable at 348 K.

According to SHINODA and SAGITANI [4], the stability of the O/W emulsion drops
against coalescence is greatest if the storage temperature is 20 to 55 degrees lower
than the inversion temperature. Thus, the value of 363 K may be-near the phase
inversion temperature above which a W/O emulsion may already occur.

The emulsions prepared with 10 g dm~3 NPE,, solution (Fig. 4) are of W/O
type at room temperature and 323 K, and of O/W type at 348 and 363 K. The visco-
siy of an emulsion stored at 298 K for 24 hours does not differ significantly from
that of an emulsion prepared with 0.5 g dm~3 NPE;, (Fig. 3). At higher temperatures,
the viscosity of water external emulsions is small, amounting to merely a few mPas.

After thermal treatment at 323 K, the originally W/O emulsions separated into
3 phases. The amount of the O/W emulsion between the boundaries of the oil and
aqueous phases is about 5% of the initial volume. This water external emulsion can
only be a result of the demulsification of the initially complex O/W/O type system.

After 24 hours, the O/W emulsions thermally treated at 348 and 363 K showed
diffuse opalescence. The emulsions prepared with 40 gdm~—3 NPE,, were of the
O/W type at any temperature. At room temperature, the viscosity level was about 10
mPas, and it decreased only slightly as the temperature increased. It could also be
stated that, on standing at a given temperature, the stability of the emulsified drops
against coalescence was high and neither the dispersion medium nor the dispersed
phase separated from the system as a discrete liquid. At the same time, the distribu-
tion stability of the emulsions is low (as usual other O/W emulsions) and they show
diffuse distribution at any temperature.

It seems a contradiction that when these non-ionic tensndes are used, a W/O
‘emulsion can be produced at low temperatures, and an O/W emulsion at higher
temperatures, whereas just the opposite might be expected on the basis of theoretical
considerations. An explanation of this question must be sought in the composition of
the hydrocarbon phase. According to the experimental results of SHINODA and ARAI
[3], the phase inversion occurs at a temperature higher than the cloud point if the oil
phase contains mainly paraffins. Typically, Algy3-2 crude oil is rich in paraffins of
different chain lengths [5], i.e. in components which may increase the phase inversion
temperature above the cloud point. It can be seen from the data in-Table 1 that up to
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373 K no opalescence of the aqueous solution of tenside NPE,, takes place. Thus, the
phase inversion temperature should be higher than 373 K. The experimental fact
that a W/O emulsion forms at low tenside concentrations and temperatures, and an
O/W emulsion at higher temperatures [6], is not connected directly with the phase
inversion that might be expected from the change in the HLB of non-ionic tensides
due to increased temperature. The alteration in emulsion character observed as a
result of increased tenside concentration and that effected by temperature may pos-
sibly be explained by the chemical nature of compounds present in Algy3-2 crude
which stabilize the oil external system. This possible interaction leads to destabiliza-
tion of the initial emulsion. At lower temperature, the solid particles also take part in
the apparent stabilization of the dispersed system. They melt when the temperature
increases, and a stable emulsion can be formed only if a sufficient amount of tenside is
present in the system; on the other hand, the emulsion demulsifies if this is not the
case.

3. Stability of emulsion prepared from crude oil fractions

The different phases (T, a—e, listed earlier) were mixed with an equal volume of
distilled water at 298 K. No stable emulsion was obtained by emulsifying phase T,
and separation of the phases occurred immediately on preparation. The emulsifica-
tion of phase e(T +resins) did not result in a stable emulsion either, and breaking of
the system started even at room temperature. At 323 K and on standing over 1 hour,
4% of the initial volume remained in emulsion from. The respective values for 348
and 363 K were 2 and 1%. Addition of asphaltenes to phase T (phase b) led to an
extremely stable emulsion, with neither the dispersed portion nor the dlspersmn me-
dium separating out of the system under identical circumstances.

On emulsification of phase ¢ (T +resins + asphaltenes), breaking of the emulsion
could not be observed at room temperature. However, the dispersion medium began
to separate at 323 K, and its volume amounted to 22% of the initial emulsion. It
could also be observed that the drop size increased with rising temperature.

The emulsion was stabilized only slightly by the asphaltene-free and resin-free
residue, and separation of the two phases became complete at 323 K. Emulsification
of the resin-free phase (phase e) gave a stable emulsion. No increase in the water drop
size was visible to the naked eye. At 363 K, after a standing time of 1 hour, oil sepa-
rated from the emulsion, its volume amounting to 10% of the original volume of the
emulsion. Emulsification of phase f (the reconstituted synthetic oil) gave a very stable
emulsion, similar to that prepared from phase e; at 363 K, only oil separated from
the emulsion, but its volume was less than 10% of the initial volume.

Previously, the interfacial tension was regarded as the factor playing the crucial
role in emulsification and emulsion stability [7]. For instance, MARSZALL [8] suggests
that a low interfacial tension is a necessary, but insufficient condition of stability.
On the other hand, the studies of interfacial rheological properties revealed a relati-
vely close correlation between the stability and viscosity of the emulsions. Boyp Er
AL. [9] found that the stability depends highly on the elasticity of the rigid films for-
med at the water/oil interface. WasAN ET AL. [10] found that in systems with an
ultralow interfacial viscosity the drop coalescence occurs very rapidly, i.e. the emul-
sions are unstable.

G
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Table 1

Characteristic interfacial tension, interfacial and plastic viscosity, and Bingham
yield value for different oilfwater systems

189

Hydrocarbon 4 L n t

phase x10-3 Nm~! 4;}:11,0])"=P§j‘;ns_‘l x10-3 Isls m-? N ;-‘
T 14.65 —_ — —_—
a 11.06 3.22 — —
b 17.51 18.90 92.7 21.4
c 16.33 11.03 62.5 15.0
d 14.13 24.60 384 2.2
e 18.62 28.70 114.3 54.6
f 16.60 30.71 113.1 36.5
Crude oil 22.10 45.76 103.2 34.8

Of the interfacial film properties, interfacial tension and interfacial viscosity were
measured at 298 K in a system composed of various crude oil fractions and distilled
water. The build-up of an interfacial layer is a time-consuming process, which cannot
be followed through the interfacial tension alone, as the latter cories into equilib-
rium after 10 to 20 minutes, regardless of the chemical composition of the oil phase

-(Fig. 5). '

In the first column of Table I the equilibrium interfacial tensions are listed.
Comparison of these data with those measured during the stability tests shows that
the interfacial tension in the case of the most stable emulsions does not constitute the
lowest value. The lowest interfacial tension was found for phase a, which forms a read-
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Fig. 5. Time-dependence of interfacial tension
in oil{water system
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ily breaking emulsion. However, it should be noted that certain crude components
and compounds undergo autoxidation during the preparation of the different frac-
tions, which leads to the formation of compounds active at the interfaces. The fact
that the interfacial properties of the original crude and the *“synthetic ** (reconstitu-
ted) oils are different is attributed to this pheno-
menon. '

Formation of the interfacial layer can be
followed better through the change in the interfacial
viscosity as a function of time. Figure 6 presents
data on the viscosity of the interface between phase
e and distilled water at different shear rates.

The shapes of the curves in Fig. 6 are similar
to those obtained for the other fractions, i.e. the
greatest change is measured within 1 hour, and the
build-up of the interfacial layer continues even after
4 hours.

The characteristic interfacial viscosities meas-
15 — < ) ured after 4 hours and at D=35.14s7* are also
th included in Table I. Analysis of the data revels a

Fig. 6. Change of interfacial correlation between the.interfacigl visposify and the

viscosity vs. shear rate in phase properties of the emulisons. It is quite reasonable

efwater system that the emulsion prepared from phase a, having

an interfacial viscosity of merely 3.22X1073 is

unstable. However, a highly stable emulsion is formed in the asphaltene-containing
system, where the interfacial viscosity is relatively high.

Unfortunately, we are faced with special experimental circumstances which
hinder the establishment of a close correlation between the emulsion stability and the
interfacial rheological properties. The problems stem from the fact that, when a rheo-
meter is used in the rotation mode of operation, the highly elastic, rigid films formed
at the interface in asphaltene-containing systems are usually ruptured at very low
(<0.1s7Y) shear rate and therefore the values reported in Table I are probably far
below the actual interfacial viscosities existing at a state of rest or at very low shear
forces. Thus, it seems unavoidable to complement the present studies with oscillation
rheometric measurements and to seek relationships between the emulsion stability
and the elastic properties (stronge modulus, shear rigidily, compliance, etc.).

4

4. Rheological properties of emulsions prepared from different crude oil fractions

The ascending leg of the rheograms for the emulsions containing oil phases of
different compositions is shown in Fig. 7; the plastic viscosity and the Bingham yield
values of the emulsions are listed in Table I.

It is obvious from the flow curves presented in the Figure that asphaltenes play
a key role in the plasticity of the emulsions. If only the asphaltenes of the heavy cut
are present in the oil phase of the emulsion (curve b), the plastic viscosity is reduced
slightly and the yield value decreases to a greater extent than for the emulsion prepared
from the original crude oil (Table I). The presence of resins besides the asphaltenes
reduces the plasticity, while if only the resin is absent from the oil phase (curve €)
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the flow curve over the entire range of measurement will run above the curve for the
emulsion prepared from the initial crude and distilled water, whereas the Bingham
yield value increases from 34.8 Pa to 54.6 Pa and the plastic viscosity from 103.2 to
114.3 mPa s. When neither resins nor asphaltenes are present in the oil phase (curve
d), a drastic change takes place in the emulsion structure : adhesion forces scarcely exist
between the dispersed drops, and the viscosity of the emulsion is 38.4 mPa s. If the oil
from the various fractions is reconstituted and mixed with an equal volume of distil-
led water, an emulsion is obtained whose flow curve approximates fairly well to that
of the emulsion prepared from the initial crude oil, but it runs above it for the reasons
mentioned earlier.

T
Hydrocarbon phase

T, Pa

1 1
200 400
D, s

Fig. 7. Flow curves of different emulsions containing 50 vol. %
hydrocarbon and 50 vol. % ion-free water

These experimental results agree with the literature observations [11—13].
Accordingly, of all the oil components, it is the asphaltenes that primarily stabilize
natural crude oil-water systems. Asphaltenes are of basic importance not only in the
stabilization of the emulsion, but also in determining its rheological properties. When
the oil phase contains only asphaltene besides phase T, the flow curve for the emulsion
best approaches that for the emulsion prepared from the original crude. The presence
of resins deﬁnitely reduces the emulsion plasticity {curve ¢), whereas in their absence
(curve e) it is possible to produce an emulsion having a higher plasticity and VlSCOSlty
than those of the original emulsion.
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UCCJIEJOBAHME 3MVYJILCUN HE®TU B BOOAHLIX PACTBOPAX HEVWOHOIEHHBIX
- MOBEPXHOCTHO—AKTUBHLIX BELIECTB, II. CBOICTBA EMYJILCUII ITPU
TIOBLIMIEHHBIX TEMIEPATYPAX U DMVJBCUOUKALIUSA ®PAKLINY HEDGTHI

E. ®enuan, A. baraxc, H. Jaxamow-Cabo u H. JTaxamow

IIposeneno H3yueHne CTaGHILHOCTH B PEONIOTHISCKHX CBOUCTB 3MYyILCHH HedTH M ee ¢pak-
unit 06pa3oBaHHLEIX B BOZE M PACTBOpPAX MOBEPXHOCTO-aKTHBHBIX BEMISCTB. ONpENEEHO BJHSHHE
TeMneparyphl Ha yka3adrble CBOHCTBA 3Myabchit. HalineHo, uTO achanbTeHsl copmepxkamuecs B
HeGTH HIpaloT poNb CTalHAM3aTOPA M BaXXHOrO (aKTOpa B ONPEACNCHHH PEOJOTHYECKHX CBORCTB
B IMYNLCUAX, OPHTOTOBNEHABIX €3 MOBEPXHOCTHO-aKTHBHBIX BemlecTB. He HaleHO Koppeadaumu
MeXAy MOBEPXHOCTHHIM HATAXEHHEM, MOBEPXHOCTHON BA3KOCTHIO H CTAOHJIBHOCTHIO 3MyInCHit

pa3muyHRIX bpakunlt HeTH.
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. Tables should be typen on separate pages. Please supply numbers and titles for. all tables

(Numbering occurs with Roman numerals: Table I).

Throughout the whole text the ITUPAC nomenclature should be used.
Insert of Tables in the text will be indicated at the appropriate place of the margin, like this:
Table I.

. Figures must be drawn clearly with Chinese ink on oily drawing paper, the thickness of lines

as well as size of letters and symbols should be selected with care, the minimum size is nearly
0.3cm,

The maximum width of Figures is 24 cm, however, Figures of width equal or less than 12 cm
are preferred.

Please, use upwright on the Figures.

In the case of real numbers points are used instead of commas.

The place of Figures in the text is indicated on the margin like this: Figure 13.

Please supply legends for all figures and compile these on separate sheets, Indicate only the
number of the Figures in the original drawing, for this purpose use blue pencil.

. Literature will be given under the heading References, like this: (on a separate sheet at the

end of the manuscript)
{1} Allinger, N. L., M. T. Tribble: J. Phys. Chem. 33, 1565 (1976).

{2) Abraham, J, K., H. S. Hoover: Principles of Competmve Oxidation. Mc Graw-Hill,

New York, 1977, p. 133.
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