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By using the classical approach of separation in time of nucleation and growth stages, protein crystal nucleation was
investigated in thin protein solution layers confined between two glass plates of custom made quasi two-dimensional
all-glass cells. Solution layer thickness was varied from 0.05 down to 0.01, 0.0065 and 0.002 cm. Two commercial
samples of hen-egg-white lysozyme, HEWL, Seikagaku 6 times crystallized and Sigma 3 times crystallized, were used
as model proteins. The number of HEWL crystal nuclei decreased with diminishing solution layer thickness but the
crystal nuclei reduction was considerably lesser than proportional to solution layer diminish. Heterogeneous (on-glass)
protein crystal nucleation was separated from bulk one in 0.05 cm solution layers, the corresponding nucleation rates
being measured separately. Up to 80% of the crystal nuclei were formed heterogeneously, on the glass, from 0.05 cm
protein solution layers of Seikagaku HEWL. On the contrary, only 10 to 13% of the nuclei were observed on glass
under the same conditions in Sigma solution; bulk nucleated crystals represented the main crystal fraction in this case.
A plausible explanation of the experimental results was suggested. It is that the bulk crystal nucleation occurs on rests
of source biomaterial that are always present in the protein solutions. Moreover, they may be even more active
nucleants than the glass.

Key words: protein crystal nucleation, thin protein solution layers, heterogeneous vs. homogeneous nucleation, crystal

nucleants of biological origin.

INTRODUCTION

The big success of the Human Genome Project
recently stimulates protein crystallography. Deeper
understanding of the proteins bio-function requires
knowledge of their exact molecular structure. X-ray
diffraction is still the most frequently used
technique for protein structure determination,
sufficiently large and high quality protein crystals
being needed. Nowadays it is generally anticipated
that protein crystallization is the rate-determining
step in the protein crystallography.

Spontaneous crystallization is usually practiced
with proteins. Crystal nucleation is its first stage.
Precise control over the rate of protein crystal
nucleation is worth achieving because it fixes the
number and determines the quality and final size of
the crystals. Therefore we need to better understand
all peculiarities of the crystal nucleation process
with proteins.

The tendency to constantly decrease solution
volumes is a general trend in protein crystallization.
Using drop techniques this leads to capillary
pressure effects, especially with the tiniest droplets.
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For instance, the capillary pressure, P, of 1uL
droplet of protein solution in air is about 100 Pa,
while that of 1nL droplet is ten times higher.
Therefore such droplets evaporate very fast. To
avoid evaporation, and its influence on the protein
crystal nucleation and growth, oil is used [1].
Nevertheless, the effect of the capillary pressure
remains. Besides, the surface to volume ratio is
increased.

To shed light on these issues, series of
experiments on the protein crystal nucleation were
carried out by decreasing one dimension of the
liquid phase, namely its thickness. Quasi two-
dimensional protein solution layers of different
thickness were confined between two glass plates
of custom made all-glass cells. Separation in time
of the nucleation and growth stages, i.e. the
classical double pulse approach, was applied. To
obtain additional information the amounts of
substrate (on-glass) and bulk protein crystal
fractions were measured separately in 0.05 cm
cells. Crystal number-densities vs. nucleation time
dependences were plotted and the stationary
nucleation rates of HEWL crystals were measured.
The results suggest the presence of bulk nucleants
and stress on their role in protein crystal nucleation
process. The impact of other factors on the protein
crystal nucleation like natural convections, crystal
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sedimentation, capillary  pressure, etc. was
considered as well.

Two commercial samples of hen-egg-white
lysozyme, HEWL, Seikagaku and Sigma, were
used in the investigation. The reason behind this
approach is to establish also the role of the
admixtures [2] that are present in every protein
solution. In fact, a noticeable difference in the
crystallization behavior of the two HEWL samples
was observed.

EXPERIMENTAL
Experimental set-up

The investigations were performed with quasi-
two-dimensional  all-glass cells. For cell
construction a pair of optical glass plates in disk
form was welded in exactly parallel position. The
HEWL crystals (Fig. 1) were nucleated and grown
in thin solution layers confined in the gaps between
the plates. The gaps were varied in a series of cells,
from 0.05 down to 0.01, 0.0065 and 0.002 cm.
These custom-made cells have small inside
volumes. The cells allow excellent microscopic
observation and easy cleaning.

The following protocol was used. Initially the
cells were purified with a hot 5:1 sulfuric to nitric
acid mixture, and than flushed by bi-distilled water
(till it reached neutral pH). It turned out that this
procedure was very important because it insured
complete wetting, and filling of the whole cell.
(Evidently, the precondition for a regular flow, and
avoiding air bubble formation, is the complete
wetting within the entire cell.)

Fig. 1. Hen-egg-white lysozyme crystal, about 0.4 mm in
size.

After drying the cell was loaded with HEWL
solution that is metastable at room temperature,
20°C. The solution metastability was proven in
preliminary experiments — no crystals appeared at
20°C for a month or two. (Indeed, the existing
crystals grew under these conditions.) Two
commercial samples of HEWL, Seikagaku 6x
crystallized and Sigma 3x crystallized (approx.
95% protein), were used without additional
purification of the products. Aqueous solutions of
40 mg/ml protein at pH = 4.5 (50 mM acetate
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buffer) and 0,43M NaCl as precipitant found
application. At 20°C the dimensionless super-
saturation (Ap = In (c/ce)) is approximately 1.0.
The equilibrium state, when Ap =0, is at 26°C.

In the present study we performed series of
parallel experiments on crystal nucleation and
growth of HEWL using the whole set of
crystallization cells. Besides the solution layer
thickness however, other factors like natural
convections, crystal sedimentation, capillary
pressure, etc., may influence the protein crystal
nucleation process. To shed light on these issues
experiments with thicker, 0.05 cm quasi-2D-glass
cells were performed initially. Taking advantage of
a sharp-focus microscope, separation of substrate
from the bulk crystal nucleation was achieved. We
were able to distinguish between HEWL crystals
growing on the upper glass plate, those in the
solution bulk and the crystals on the bottom cell
plate; simply, the microscope was focused on those
particular levels. Note that this experimental
approach was impossible with cells thinner than
0.05 cm because the crystals grown in thinner cells
usually touch simultaneously both glass plates, and
it was not clear where they were born.

The reasoning is simple. Focusing initially the
microscope on the upper glass plate of a 0.05 cm
glass cell we observed HEWL crystals growing
there; evidently, those were truly heterogeneously
nucleated crystals. The reason for this conclusion
was that since the nuclei stuck to the glass plate
strongly enough [3], they grew afterwards
remaining on the same places. Thus, we counted
the crystals on the upper glass plate separately and
this was our benchmark for the substrate type of
heterogeneous nucleation. Although several HEWL
crystals were observed sometimes also in solution
bulk, most of the crystals were found on the cell
bottom. Therefore it was logical to assume that also
sediment crystals were found on this particular
place (because the number density of the crystals,
which were nucleated truly heterogeneously onto
the bottom glass plate, should not exceed this one
observed for the upper glass plate).

Measurement of HEWL crystal nucleation rates

The classical approach [4] which enables
measurement of  the nucleation rates
experimentally, without ever actually seeing the
nuclei themselves, was applied. This classical
technique is very simple and reliable. However its
proper fulfillment requires some experimental
skills, e.g. see [5-7]. It requires strict separation in
time of the nucleation and growth stages.
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Practically, the crystallization experiment is divided
into two periods (Fig. 2). During the nucleation
period the crystals do only form. This is possible
because crystal nucleation demands considerably
higher supersaturation as compared to that which is
sufficient for the subsequent crystal growth. By
keeping the nucleation period relatively short
(minutes), the nuclei do not have enough time to
grow and to exhaust the overall supersaturation.
Indeed, some of them which appeared very first
could grow a little bit. Keeping the nucleation time
sufficiently short, however, these clusters remained
so small that they did not consume an appreciable
amount of the protein; thus, they were unable to
decrease  substantially the overall protein
concentration.

Note that excessively long nucleation times
violate the principle of separation of the nucleation
and growth stages. In such cases the nuclei that are
born very first may deplete the local
supersaturation, and even turn it to metastable
condition. Thus, nucleus formation could be
hindered in some zones around such crystals. In
contrast, during short or moderate nucleation times
the eventually appearing nucleation excluded zones
will be very few and small and can not appreciably
decrease the volume in which crystal nucleation
takes place further. Also not too high
supersaturations were used because otherwise it
would be impossible to quantify the very large
(sometimes countless) number of the grown
crystals.

Being nanosized particles, the crystal nuclei
are not visible under light microscope, like the so-
called image centers in the photographic plates. In
order to make them visible, after the expected
nucleation onset the supersaturation is rapidly
lowered below the threshold, which is necessary for
crystal nucleation (Fig. 2). Being now in the so-
called metastable zone, the system is unable to
produce further nuclei. During this second (growth)
stage only the existing nuclei grow to
microscopically visible crystals. (Picturesquely
speaking, the invisible nuclei are “developed”, like
the image centers in the photographic plates.)
Purposely, the growth stage is set as long as
necessary, usually several days. Finally, the number
density of crystals, n is determined and by plotting
n vs the nucleation time, t the stationary nucleation
rate | is obtained from the linear part of the curve.
Historically the classical principle of separation in
time of the nucleation and growth stages has been
applied in studying crystallization of glasses,
formation of droplets, electrochemical nucleation of

metal crystals, etc. Protein crystal nucleation has
been studied as well [5-7].

nucleation

supersaturation

growth

time
Fig. 2. Schematic representation of the classical

principle of separation in time of the nucleation and
growth stages.

For creating relatively fast supersaturation
changes, thermal jumps were used in the present
study because lysozyme exhibits strong temperature
dependent solubility, perhaps the strongest for a
protein. Although the classical technique is
sometimes also called “double-pulse method”, a
term that comes  historically from the
electrochemical nucleation of metal crystals, it is
obvious that with any temperature change, both
cooling and heating, the system requires certain
time to respond to that change. In order to shorten
this period we chose water cooling for our samples
because the thermal conductivity of water is more
than 20 times higher than that of the air (and the
glass possesses a relatively good thermal
conductivity, a little bit higher than that of water).

Lysozyme exhibits normal temperature-
dependent solubility, i.e. it decreases with
temperature drop. Therefore the sufficiently high
supersaturation that is necessary for crystal
nucleation was established by sudden temperature
decrease. To evoke crystal nucleation we set the
temperature of our samples at 10°C because HEWL
solubility at this temperature is known, 5 mg/ml
[8]. At this conditions the dimensionless
supersaturation (Ap = In (c/c.)) is approximately
2.1. Another important benefit of our experimental
setup was used. The imposing of rapid temperature
shift was achieved using water baths. We simply
immersed the whole cell with the protein solution
directly in water of temperature 10°C. In fact, we
measured with our quasi-2D-glass cells that water
cooling was 2 to 3 times faster than air cooling
(Fig. 3); purposely a thermoprobe was inserted
directly in the cell. The solution in the cell was
tempered from metastability temperature of 20°C to
10°C for about 15 s (Fig. 3). Keeping in mind this
fact, and in order to diminish the experimental
error, we chose nucleation time of minimum 5 min
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Fig. 3. Temperature (T°C) changes depending on time (t, s) by two ways of cooling: a) water bath cooling and
reheating; b) water bath cooling and air reheating. (Data of several measurements are superimposed.)

(i.e. 20 times longer than thermal transition time),
but maximum of 120 min.

After the chosen nucleation time elapsed the
supersaturation was sharply  decreased to
metastability level, the cell was re-heated to 20°C
for about 15 s (Fig. 3 a). Under this condition the
existing super-critically sized clusters grew to
visible sizes, were counted, and the numbers plotted
depending on the nucleation time, etc. Special
attention was paid in our investigation to the
optimization of the second (growth) “pulse”
because, evidently, it was not sufficient only to
prevent the appearance of new nuclei; it was also
necessary to avoid any nuclei loss due to
dissolution. Therefore, to properly choose the
growth temperature, the growth of HEWL crystals
was scrutinized in preliminary experiments,
performed at a series of temperatures. While
secondary nucleation was observed at 18°C we
found that at 22°C the crystals were dissolved.
Therefore, during the second (growth) “pulse” the
cell with the protein solution was re-heated to 20°C
and this temperature was maintained, at least
overnight, but preferably for several days, till one
week, till the crystals grew to microscopically
visible sizes.

Having the advantage of being a direct method,
the thermal variant of the classical approach also
shows some drawbacks. It is reasonable to think
that during the very beginning of the first stage
(cooling) the nucleation rate progressively
increases, till it reaches the stationary rate; and vice
versa, it is quieting down relatively slowly during
re-heating to 20°C. (Thus, although transient, some
additional and uncontrolled nucleation takes place
for 15 s, during the reheating to 20°C.) The
theoretical analysis of these effects is not simple.
Fortunately, they should be small, oppositely
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directed, and it is logical to assume that they nearly
cancel each other. Because an inherent scatter of
the experimental data is typical due to the
stochastic character of the crystal nucleation
process the inaccuracy should be below the
measurement accuracy. Therefore we repeated the
measurements many times and averaged the results.

RESULTS AND DISCUSSION

Applying a typical for the protein crystal
nucleation supersaturation c/c. = 800% (c and c.
being the actual and equilibrium protein
concentrations, respectively) to a solution of 40
mg/ml HEWL at 10°C, a quantitative study was
performed on protein crystal nucleation; the
thermal variant of the classical double-pulse
method was utilized. Investigations were carried
out with quasi-two-dimensional glass cells by
varying solution layer thickness d, 0.05, 0.01,
0.0065 and 0.002 cm; identical solutions were
loaded in all cells. It was already mentioned that in
cells thinner than 0.05 cm the HEWL crystals
usually touched both glass plates, so that it was not
clear where they arose. Therefore the total (on glass
substrate plus bulk) number N of the HEWL
crystals nucleated and grown per unit visible cell
area was plotted vs. the nucleation time t, Fig. 4 a,
b. Linear dependences of different slopes were
observed initially, and then plateaus appeared. A
definite time-lag was observed only with Seikagaku
HEWL but not with Sigma HEWL (Fig. 4 a, b).

Note the constantly decreasing slopes of the
linear parts of the curves in Fig. 4 with decreasing
layer thickness from 0.05 cm downwards, and
especially the abrupt drop of N/cm®*" vs. t with
Seikagaku solution below 0.05 cm layer thickness,
Fig. 4 b. The decreases are power functions for
Sigma HEWL, while the dependence is almost
linear with Seikagaku HEWL (Fig. 5).
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Fig. 5. a. Slopes (I) of the linear parts of the curves in Fig. 4 vs. solution layer thickness (3); b. maximum crystal
number densities, Np.aw/cmz* (the asterisk indicates that Ny is per unit visible cell area) vs. solution layer thickness o.
m — Sigma, e — Seikagaku.

The differences in the plateau levels of Sigma
and Seikagaku substances in Fig. 4 also deserve
attention. They rise systematically with the
decrease in solution layer thickness. Changing the
thickness from 0.05 cm downwards to 0.002 cm the
plateau levels decreased about three times with
Sigma HEWL, while the decrease with Seikagaku
HEWL was more than 8 times. Note however that
nucleants’ amount should decrease proportionally
to the decrease in solution volume, which is equal
to the solution layer thickness, i.e. 25 times.
Besides, comparing the data for the two sorts of
HEWL one can see that, despite the same
crystallization  conditions, the total number
densities for Sigma HEWL crystals at the plateau
regions on Fig. 4 a are about (and more than) one
order of magnitude larger compared to Seikagaku
HEWL crystals in Fig. 4 b.

The results obtained during the investigation
with decreasing solution layer thickness put
questions about the possible reasons for these
peculiarities. For instance, the solubility of two
lysozyme sorts may slightly differ giving impact on
supersaturation, despite the same crystallization
conditions. Factors like natural convection, which
was observed in the 0.05 cm cells and which was
almost fully suppressed in the thinner ones,
especially in the 0.002 cm cells should be
considered. In contrast, crystal sedimentation which
could be thought as another factor hardly plays any
virtual role in the crystal nucleation process. The
sedimentation velocity of HEWL crystals that are
much larger than the nucleus was estimated from
solution viscosity and density. It was found that 1
um?® crystals should sediment in the 0.05 cm cells
for about 85 min; indeed, growing larger the
crystals sediment sooner.
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Still another factor may be the -capillary
pressure, P, which has to act, especially in the
thinnest two-dimensional glass cells. In fact it is
known that hydrostatic pressures, up to 100 MPa
augment HEWL solubility [9 — 14], thus decreasing
the supersaturation. Moreover, the reason to
consider the role of the capillary pressure was a
peculiarity that was observed by filling those cells.
In contrast to the 0.05 cm cell, inside the 0.002 cm
cell the liquid was climbing up even when the latter
was situated in a vertical position: we observed that
the air-solution interface in the cell rose very
quickly (note that two air-solution interfaces do
exist at the cell inlets). The capillary pressure, P,
which in the case under consideration is negative,
was calculated by means of Young-Laplace
equation:

Pe=y (@/ry + 1r,) (1)

where 7 is solution’s surface tension, r; and r, being
the two principal radii of curvature.

With y = (3,5+0,2).10% Nm™, measured with our
working solution, and r; = 0.001 cm, P, = 3.5 kPa
was calculated for the 0.002 cm cell, while P, =

2,0,

0O 20 40 60 80 100 120 140
t, min

(a)

-4 -3
nbulk.lo , Cm

0.14 kPa was obtained for the 0.05 cm cell. Thus, it
turns out that in the case under consideration P,
hardly plays any role because it is too small.

Still another factor was already mentioned,
namely the presence of bulk nucleants. To shed
light on the issue, the glass substrate HEWL crystal
nucleation was distinguished from the bulk one in
the same experiment, using 0.05 cm quasi-2D-glass
cells (see above). Keeping the same
supersaturation, c/c. = 800% the number densities,
n, of nucleated HEWL crystals vs. nucleation time,
t, were plotted separately for glass substrate
nucleation, Fig. 6 a (Ngiss IS the number density for
the upper glass plate only, which is the same for the
bottom plate) and bulk nucleation (Fig. 6 b, np);
83 experiments were carried out for the plots in Fig.
6. Linear parts of different slopes were observed on
the curves in Fig. 6 a and b; plateaus appeared in all
four cases as well. A time-lag, which is most
obvious for the bulk crystal nucleation of
Seikagaku HEWL (Fig. 6 b) has to be emphasized
as well.
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Fig. 6 a, b. Number densities, n vs. nucleation time, t of: (a) on-glass nucleated, and (b) bulk nucleated HEWL crystals.
m — Sigma HEWL, o — Seikagaku HEWL (the size of the mark o in Fig. 6 b approximately coincides with the size of

the error bars).
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Fig. 6c. Ratio R vs. time, t; m — Sigma HEWL, o —
Seikagaku HEWL.
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The relation between the substrate vs. bulk
HEWL crystal nucleation can be established
quantitatively from Fig. 6 a, b. For instance, the
linear parts of the curves show that 65 to 72% (and
76 to 79% in the plateau regions) of the crystals
nucleated of Seikagaku HEWL were born
heterogeneously on glass substrate. In contrast,
very small amount (only about 13%, by 10 min
nucleation time, and 11%, by 120 min nucleation
time) of Sigma HEWL nucleated crystals were
found on the upper and bottom glass plates of the
cell; bulk nucleated crystals represented the main
crystal fraction (Fig. 6 b). It should be emphasized
however that the comparison holds true for this
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particular system only. The reason is that HEWL
crystals arose on the glass support from a very thin
(adjacent) solution volume, as compared to the
much voluminous solution bulk. Despite this fact
the comparison is instructive enough. It shows that
the HEWL crystals nucleated on glass substrate
prevailed strongly with Seikagaku solution while
just the opposite effect was observed with Sigma
HEWL, where the bulk nucleation prevailed. Note
that this is a highly unexpected result because it is
well known that heterogeneous crystal nucleation is
easier [15].

Indeed, nucleation place does not determine
explicitly the manner of nucleus formation.
Although born in solution bulk some (or may be
even all?) nuclei, especially in Sigma HEWL, may
be formed on foreign particles that served as
nucleants, for example other protein species, non-
crystalline protein aggregates or traces of non-
protein biomacromolecular impurities. Thus, the
striking result seen in Fig. 6b may be explained in a
sense that the nucleants in the bulk of Seikagaku’s
solution are less active or/and smaller in number
than those in Sigma’s one.

Although our SDS-PAGE didn’t show any
difference in the impurities’ content of Sigma and
Seikagaku HEWL it is known that foreign
substances are always present in any protein
solution, e.g. [16, 17] and may act as nucleants.
Actually, Rosenberger has shown by SDS-PAGE
the difference in impurity levels between Sigma
and Seikagaku lysozymes. While in the two sorts
proteins with molecular weight (MW) of about 25
kDa have been detected, the Sigma ones contain
extra 40, 50 and 75 kDa proteins [18]. In fact, a
simple estimation has shown that only the active
nucleants should be below the detection limit of
SDS-PAGE. The estimation was based on the
(maximum) crystal number densities in the Sigma
HEWL plateau region of Fig. 6b, and under the
suggestion that all bulk crystals have nucleated on
nucleants. Thus, we estimated that the total number
of crystal nucleants in our SDS-PAGE trials should
not exceed 30 active nucleant particles.

Also ratios, R, of the number of HEWL crystals
nucleated on substrate (on both upper and bottom
glass plates of the cell) vs. HEWL crystals
nucleated in solution bulk are plotted in Fig. 6 c
depending on the nucleation time for the same
system. Fig. 6 ¢ shows that while the Sigma R-
value remains almost constant or increases very
slowly with the nucleation time, the R-value of
Seikagaku solution drops drastically (between 20
and 30 min nucleation time) and afterwards

becomes also constant. An explanation may be that
some active centers on glass are exhausted. (Indeed,
glass may have also some spots that promote
HEWL crystals nucleation but in such a case
crystals had to arise constantly on the same place,
which was not observed.) Another explanation may
be that rests of source biomaterial may be adsorbed
randomly on the glass and can serve as especially
active nucleants. Last but not least the nucleants in
Seikagaku solution may act more sluggish, i.e. they
may be less active than those in Sigma solution.
Both heterogeneous and bulk crystal nucleation
rates were measured separately (at the given
supersaturation, c/c, = 800%) from the linear parts
of the curves in Fig. 6a and Fig. 6b. The slopes of
the linear parts in n vs. t plots in Fig. 6 a render lyeer
= 0.9 nuclei.cm?s™ for Sigma HEWL and lpeer =
0.6 nuclei.cm™s™, for Seikagaku HEWL. So, the
heterogeneous on glass crystal nucleation rates of
the two protein samples do not differ substantially.
In contrast, the bulk nucleation rates calculated
from Fig. 6b, I,y = 167 nuclei.cm?s? for the Sigma
sample and I,y = 4 nuclei.cm?s? for the Seikagaku
sample differ more than 40 times. A plausible
explanation of the latter result, and the time-lag in
Fig. 6b as well, may be given again with the
presence of some foreign particles and their
different activity as nucleants.
Table 1. Heterogeneously on glass, ng,.s being the
crystal number density for the upper glass plate only, and
bulk, ny,x number densities of HEWL crystals, nucleated
in 0.05 cm cell, when the former are nearly the same for
both protein samples. (The small differences in the
percentages of the on glass and bulk nucleated HEWL
crystals as compared with the data extracted from Fig. 6
a, b are due to the fortuitous character of the nucleation
process).

HEWL nglass- 10-31 Npulk- 10-41
cm? cm?
Sigma 1.47 54.36
(3x) 1.59 55.66
. 1.43 1.62
Seikagaku (6x) 155 104

Interestingly, in separate experiments (some of
those shown in the plateau region in Fig. 6 a), it
was observed that the number densities ngjss Of
heterogeneously nucleated crystals were the same
for both Sigma HEWL and Seikagaku HEWL,
while the volume fraction was from 30 to 50 times
smaller in the latter case, Table 1. This fact may be
considered as a crucial (although indirect) evidence
for the important role of the foreign nucleants in the
process of protein crystal nucleation. Moreover, on
the basis of the experimental results it is logical to
assume that the most (and most active) nucleants
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had been removed from Seikagaku HEWL as a
result of its crystallization performed 6 times in
contrast to those in the 3 times crystallized HEWL
from Sigma.

CONCLUSION

It seems that the experiments performed with
guasi-two-dimensional protein solution layers of
different thickness put more questions than can be
answered. Some light was shed by investigations on
HEWL crystallization in 0.05 cm quasi-two
dimensional cells. The similar substrate nucleation
of two lysozyme sorts indicates that glass is poor a
nucleant for crystallization of lysozyme and likely
of other proteins. The comparison between bulk
nucleated lysozyme crystals suggests that
impurities in protein substances are a very
significant source of heterogeneous nucleation
centers. Evidently, the glass substrate is not as
good nucleant for protein crystals as those impurity
particles [16-18]. It is logical to assume that due to
the similar nature the adhesion of the protein
crystals to such particles should be stronger than to
the glass. A stringent argument in favour of such
explanation is the fact that horsehair [19] and
human hair [20] induce crystal nucleation of some
proteins. But due to the inherent fortuitous
character of the nucleation process the data that are
presently available do not allow a final conclusion.
Moreover, the picture may be additionally dimmed
due to the presence of differently active nucleants.
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3APONIIOOBPA3YBAHE HA JIM303MM B ThbHKU KBA3U/IBYMEPHU KPUCTAJIM3ALITNOHHU
CUCTEMHU

®. B. Xomxaoriy, JI. H. Cranoesa, Xp. H. Hanes

Huemumym no gusurxoxumus “Axad. Pocmucnas Kauwes”, bvreapcka akademus na naykume, onox 11, 1113 Cogus,
bvreapus

Hocrermna Ha 25 HOeMBpH, 2009 1.; mpepaboTena Ha 25 sHyapn, 2011 T.
(Pe3tome)

W3cnenBana € KpuCTanM3amusITa Ha MOJEITHHSA OENTHK JM303MM B CTHKJICHHM KBa3WABYMEPHH KJIETKH Upe3
IprIaraHe Ha KJIACHYIECKUs ABOMHO-UMITYJICEH METO/ Ha pa3/ieNisiHe 10 BPEMe Ha €TalHTe Ha 3apOoAuIIoo0pazyBaHe U
KpHCTalleH pacTex. JlebennHara Ha pa3TBOpa MEXAY CTHKICHUTE IUIOCKOCTH O€IIe TOYHO 3a/aBaHa upe3 M3II0JI3BaHE
Ha Habop oT pabOTHHU KJIETKH C Pa3CTOsSHUE MeXay cThkieHnTe nuckose ot 0.05, 0.01, 0.0065 mo 0.002 cm. 3a menwute
Ha M3CJIeBaHeTO Osxa W3MON3BAaHM JBE Pa3IMYHH OENTHYHM CyOCTaHIMHM Ha Kokomw sitdeH mm3ozuMm (HEWL), mo-
ckpIuAT O0enThK Ha upmara Seikagaku (6x mpekpucTanmu3upaH) U To3u Ha ¢pupMaTta Sigma (3X MPeKPUCTATU3IUPAH).
ExcriepuMeHTamHuTE pe3yiTaTy MoKa3BaT, 4ye OposT Ha JIM303UMHUTE KPUCTAIHU 3apOIHIIH, 00pa3yBaHH U HapacHaIId
B €/IHU ¥ CBILY M3XOJHH Pa3TBOPH, HO C pa3inyHa AeOesrHa, € HeMpoIopIHOHaJeH Ha fedennHara Ha pa3TBopa. Upes
ONTUYHO HAOIOIcHNE Ha Hail-nebenute kietku (0,05 cM) Os1xa H3MEpPEHH KaKTO CKOPOCTTa Ha XETEPOI'€HHO 3apaKaaHe
Ha OENTBHYHHUTE KPUCTAIN BBPXY CTBHKJIEHATa IOJUIOKKA, TaKa W CKOPOCTTa Ha 00eMHO 3aponumooOpasysaHe. [Ipu
W3NOJI3BAaHU €JHU U ChIIM KPHUCTAIHM3ALMOHHU IapaMeTpu, ABETe OeNThbUHM CYOCTAaHIMHM MOKa3zaxa pa3lIiuyHO
KpHCTanu3aloHHO nosenenue. [Ipubmmsutenno 80% ot kpuctanure Ha nu3o3uM ot Seikagaku 6x Osixa oOpazyBaHn
XETepOreHHO, JOKATO JSUTBT Ha ChlaTa KpucTanHa Gpakius npu Sigma 6erre ot 10 o 13%. Ilpu BTOpaTta cyocTanmus,
OposT Ha OENTHUHHUTE KPHCTANH, 00pa3yBaHH B 00eMa, 3HAUNTEIHO HaJBUILIABAIIEC TO3M Ha XeTeporeHHure. [Ipuanna
3a TOBa MOXeE Ja ObAe pa3nuyHaTa CTENECH Ha NPEYMCTBAHE HA W3IMON3BAHUTE OENTHIM. BeposTHO, KpHCTAIHHTE
JIM303UMHH 3apOJUIIN ca ce 00pa3yBajlll ¢ yJacTHETO Ha aKTUBHH IIPUMECHH YacTHIM, KOUTO BHHATH CBHITBTCTBAT U
Hal-BICOKO TPEYHCTEHNUTE OENThIM, HO IpH Sigma 3X Te ca B 3HAYMUTEIHO IO-TOJIIMO KonmdecTBo. Cumra ce, 4e
Yy)XUTe OMOJIOTHYHM YaCTUIH Ca M0-aKTHBHH HYKJICaHTU B CPABHEHHUE ChC CTBHKIICHATA MOJUIONKKA.
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In this work single and four-component adsorption kinetics was studied for removal of Pb?, Cd**, Cu?* and Zn?*
from aqueous solutions with activated carbon from apricot stones. The adsorption equilibrium was calculated by the
Langmuir model for single- and multi-component systems. Comparison of three kinetic models for internal diffusion
control was performed. The steep initial part of the kinetic curve was accounted for by an intercept term in the linear
representation of the models of Weber and Morris, Boyd and the moment method. The Weber and Morris model was
found to correlate best with the experimental data. The intraparticle diffusion coefficients for the individual ions are in
the range 1-3x10 %cm?/s. Similar results were obtained by the moment method applied to homogeneous solid phase
diffusion control. Lower values of the kinetic parameters were obtained in four-component solutions. The calculated
summary diffusion coefficient in the multi-component system is close to that obtained for single-component solutions

with the same total initial ion concentration.

Keywords: adsorption kinetics; diffusion coefficient, active carbon, heavy metals

INTRODUCTION

The kinetic study has the important practical
task to determine the degree of utilization of the
adsorption capacity as a function of the time of
contact between the liquid and the solid. Therefore,
different models are used to fit the obtained kinetic
curves in order to define the rate parameters and
explain the mechanism of mass transfer. Most
studies dealing with heavy metals adsorption on
low-cost adsorbents use the statistical approach of
the best-fit model that compares the correlation
coefficients of models with different physical
background and applies as a criterion the acceptable
description of the whole kinetic curve or as large
part of it as possible. Kinetic investigations with
activated carbons usually apply first-order [1,3-
10,12] and second-order reaction models [1,5-
7,9,10]. For porous sorbents as activated carbons,
however, diffusional effects may be quite important
and the physical meaning of the evaluated rate
constants has to be consequently determined in
order to get insight into the transfer mechanism.
Usually comparison with other mass transfer
models [6,11,12,24] is performed, like the Boyd
model [1,5,7,13] and the intraparticle diffusion
model of Morris and Weber [1-5,9-12]. The

* To whom all correspondence should be sent:
E-mail: e.hristova@abv.bg

moment method is less used, because of its original
limitation to systems with linear equilibrium. Its
application to batch adsorption uptake curves with
nonlinear isotherms [15] enhances the scope of its
utilization, including the adsorption of heavy metals
[16, 17]. The obtained rate constant is related to the
traditional mathematical models used for describing
solid phase mass transfer, like the linear driving
force model, the homogeneous solid phase or the
pore diffusion model, as well as to more
complicated structures like biporous sorbents [16].

The Weber and Morris model or intraparticle
diffusion model is of major interest because the
internal diffusion determines the adsorption rate in
most of the liquid systems. Eq. (1) is a general
representation of the Kinetics, where the intercept is
related to the mass transfer across the boundary
layer and the expected value of the exponent is 0.5
(for Fickian diffusion and plate geometry).

q=Kk,t"+c (1)

Both processes are generally observed for
adsorption kinetics on activated carbons — the
external mass transfer from the solution to the
liquid-solid interface and the diffusion of the
adsorbed species inside the porous particle. The
Weber and Morris model (eg. 2) describes the time
evolution of the concentration in adsorbed state,
where the rate constant (k;,) is obtained from the
plot of q versus t°° and is related to the respective

370 © 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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intraparticle diffusion coefficient (D) according to
eq.(3).

q =k, t*° )

g, |D
K, =6—.|]— 3
in waﬂ ®)

The different mechanisms of mass transfer are
manifested as different slopes in the linear plot of q
versus t*°, obtained by piecewise linear regression.
They correspond to different consecutive stages of
mass transport with decreasing rate: external mass
transfer and intraparticle diffusion in the macro-,
meso- and microporous structure of the adsorbent
[5].

The Boyd’s model is often used to obtain insight
into the mechanism of the adsorption kinetics.
Originally proposed for intraparticle diffusion in a
spherical particle, it is better known as the Boyd’s
film-diffusion model. When applied to external
mass transfer, it supposes a linear dependence
through the origin between - _ a (the fractional

9.
approach to  equilibrium) and t (time):
In(L— F) =kt. Here k denotes the external mass
transfer coefficient.

The general solution of the model, applied to
solid phase control, is:

F=1-23 L exp(-n7Bt), @)
72 4in

where the rate coefficient B is related to the
effective diffusion coefficient (Des) and the particle
radius as B = 7°Dg/R%

By applying Fourier transform, the relation
between the fractional approach to equilibrium F
and the rate coefficient B is written as:

Bt = (\/Z — 7z —(7*F13) )2 for F<0.85 (5a)
and Bt =-0.498-In(1-F) for F>0.85 (5h)

The linear plot between the time and the right
side of the above expressions, f (F), is used to
evaluate the rate parameter B. The observance of an
intercept is an indication for the effect of a second
mass transfer mechanism (external mass transfer).

The method of moments

The main idea of the method is to connect the
Laplace transform solution of the mass balance
equations with the statistical characteristics of the
corresponding concentration curves. The time

evolution of the liquid phase concentration is given
by the mass balance equation:
dc__,dq, (6)
i~ Pa
where § denotes the solid-liquid ratio f=V./V;.

The dimensionless representation of eq. (6) is:
%z_ﬁK%_?. Equilibrium is suggested between
the final solid and liquid phase concentrations,
denoted by the slope of the isotherm _9.. The

Ce
change in the solid phase concentration is described
according to the model of mass transfer:

For the linear driving force

‘:T?:ks(qe_q), where the rate constant k, is

defined as the solid phase mass transfer coefficient
[s™*]. The solution for the solid phase concentration

in this case is:
q t
a_ {pr (- _ﬂ (72
qe lul

or in dimensionless form:

In _i) __t (7b)
g

model

H

Here the first absolute moment of the uptake
curve is inversely proportional to the rate constant
. _ 1 This solution is formally identical to that for

o

a first-order reaction model In(g, —q) =Inq, —kt-
b) For the homogeneous solid phase

diffusion model the change in the volume averaged

solid phase concentration is due to diffusion flux

across the boundary (r = R):

9_3p549 8)
d R “or

r=R

Here a denotes the local adsorbed concentration.
Fick diffusion is supposed inside the spherical

particle:
dg _ Daa[rzﬁq) )
dt r2or or

The relation between the moment of the uptake
curve ( ,ul') and the diffusion coefficient (D,) is
given as:

__ R 10
= o, o
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Relations for other diffusion models are given in
[16] and [17]. The equilibrium parameter K was
originally defined for a linear isotherm. It was later
shown that it may be treated as the local slope of
the isotherm at the equilibrium concentration c.
[17].

Despite the large number of articles concerning
the adsorption of heavy metals on low cost
adsorbents, very few of them are dealing with the
multi-component  kinetic behaviour of such
systems. In the case of adsorption on activated
carbon from apricot stones (ACAS) only single
component kinetics for batch removal of chromium
[14] and gold ions [23] is reported. The authors
[14] compare different Kkinetic models with the
results being in favour of the pseudo first-order
reaction model.

The aim of the present paper was to investigate
the adsorption kinetics of Pb*, Cd*", Cu** and Zn**
on ACAS in single- and four-component solutions.
Three kinetic models for solid phase diffusion
control were discussed and compared in order to
obtain the rate parameters of the adsorption
process, based on the microporous nature of the
activated carbon and the suggested ion exchange
mechanism [18].

EXPERIMENTAL

Single and four-component solutions containing
Pb(NOg)z, CdClz, ZnSO4 X 7Hzo and CUSO4 X
5H,0 with total concentration of about 1.5 mmol/I
were used in the Kkinetic experiments. ACAS,
supplied by the Institute of Organic Chemistry,
Bulgarian Academy of Sciences, was used, whose
properties and adsorption equilibrium were reported
earlier [18]. The kinetic curves were obtained by
several parallel runs with different contact times.
The other experimental conditions were: particle
size 1.8 mm; mass of dry solid 0.5 g (Ms); volume
of metal ion solution 50 ml (V;). The liquid phase
concentration c(t) was measured by atomic
absorption spectrometry (Perkin-Elmer 5000). The
solid phase concentration q(t) was calculated from

the mass balance: V, (CO —C): M.q, where ¢, is
the initial concentration in the solution, mmol/I.

RESULTS AND DISCUSSON
Single component adsorption kinetics

Figs.1a) to d) present the kinetic curves for the
individual ions in dimensionless coordinates: q/Qe
vs. time. The equilibrium value g was calculated
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Fig.1la. Dimensionless experimental and calculated
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Fig.1b. Dimensionless experimental and calculated
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Fig.1d. Dimensionless experimental and calculated
kinetics for Zn?".

by the Langmuir isotherm [18], whose
equilibrium parameters (g, and b) are shown in
Table 1. The slope of the isotherm (K) is
determined at the equilibrium concentration c.,
which was calculated by the mass balance in the
liquid phase:

" M - OnbC. (11)
V — = —_ = =
| (CO Ce) s (Qe qo) sqe s 1+ bCe
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Table 1. Equilibrium parameters and conditions for the individual ions in single-component solutions

lon Om b Co Oe K S
[mmol/g] [1/mmol] [mmol/l] [mmol/g] [-] [-]
Pb 0.0762 11.534 1.544 0.0692 81.09 0.092
Cu 0.1222 5774 1.26 0.0858 210.26 0.298
Cd 0.01196 1.203 1.245 0.0549 78.55 0.543
Zn 0.0935 1.064 1.485 0.0482 48.15 0.484

Table 2. Rate parameters for the individual ions in single-component solutions

Method of moments Boyd’s model Weber and Morris model
k D, x10° R B Defr-x 108 R? Kin Dx10° R
lon [mirsl'l] [cm%/s] [min™]  [cm¥s] [mmol/gmin™?]  [cm?/s]
Pb** 0.0126 6.262 0.680  0.0072 9.86 0.69 0.0035 3.01 0.74
cd* 0.0082 4.135 0.59  0.0027 3.69 0.70 0.0027 2.84 0.73
cu* 0.0067 1.944 0.81  0.0031 4.245 0.82 0.0026 1.08 0.79
Zn* 0.0124 8.424 0.70 0.0096 13.15 0.71 0.0021 2.23 0.83
Only experimental values for the initial 0,038

concentrations (c,) were necessary in this case. The
final equilibrium values were predicted by the
isotherm. This approach is also useful for situations
when the plateau of the kinetic curve is not reached

or is poorly defined. The parameter S =

1+bC,

in Table 1 characterizes the nonlinearity of the
isotherm (S=1 applies for a linear isotherm, S=0 —
for a rectangular one). It is close to the highly
favourable (rectangular) isotherm for Pb%, as can
be seen in Table 1. For the other three ions the
values of S correspond to different nonlinearity
(0.3-0.5), far from the linear case.

1. Morris and Weber model

The experimental kinetics of Pb*, Cd*, Cu®,
and Zn*" adsorption on ACAS is characterized by a
sharp increase in the adsorbed concentration during
the first 1-2 min, followed by a lower uptake rate,
which can be described by the Weber and Morris

model in the form of eq. (1): q =k, t*° +c. The

kinetic curve, in fact, exhibits a different initial
slope (dotted line in Fig. 2) and the intercept c is an
extrapolation of its second linear ‘diffusion’ part to
the ordinate (solid line in Fig. 2). The initial part is
connected to faster mass transfer through the
boundary layer and/or adsorption on the solid
surface, followed by slow diffusion inside the

particles. The obtained rate constants k;, are shown

in Table 2, as well as the intraparticle diffusion
coefficients D calculated by eg. (3). The values
obtained for ki, are in the order reported in the
literature for adsorption on low-cost activated
carbons from plant materials. Depending on the
initial concentration of lead ions, values of ki,

0,03
0025

o0z

q[mmolig]

0os
0,01

0,005

5 min® 4]

Fig.2. Morris and Weber linear plot for lead ions in
single-component solution

0.2 + 1.85 mg/g-min™? were found in [1]. They
correspond to the ki,pp presented in Table 2, if
recalculated in the dimensions of [1], i.e. 0.724
mg/g min™2. The Morris and Weber model gives
values of ki, in the range 0.83-5.94 mg/g min™? for
lead adsorption on palm shell-based activated
carbon [5]. Kinetic data for Cr®* adsorption on
ACAS are reported in [14] for comparable
experimental conditions (pH=3, d=1.6 mm, c,=1-2
mmol/l). In the authors’ representation - percentage
of ion adsorption vs time [h], the results for k;, in
Table 2 should be: Cd*-37.5, Pb*-39.68, Zn*-
33.86 and Cu?'=23.17 h'¥2 i.e. of the same order as
those, reported in [14] (33.5 - 37.3 h™?). The
obtained intraparticle diffusion coefficients (Table
2) are in the range 1-3-10® cm?s, which is
physically reasonable for internal diffusion. The
comparison with the coefficients of molecular
diffusion also supports the conclusion for a rate
limiting internal diffusion mechanism. The reported
values for molecular diffusion of free ions in
aqueous solutions are in the order of 10° cm%s
(Pb**- 9.5:10°® cm?s, Cd** - 6.52-7.2 -10°® cm?/s,
Cu™ - 6.47-7.3-10° cm’s, Zn** - 6.37-7.2-10°°
cm?/s [19-22]).
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2. Boyd’s model

linear  representation in  coordinates

(\/_ Nz —(7*F13) ) vs t was used to obtain the

kinetic parameter B and the respective effective
diffusion coefficient. As can be seen from Table 2,
the Dgis values are higher (3.7-10° - 1.3-10" cm?/s)
than those, obtained with the Morris and Weber
model. Similar results are reported in [1], where
Deitpp iS about three times higher (3.1:107" cm?s).
Our values for B are about one order of magnitude
lower than those, reported in [5] for the film
diffusion model and lower or comparable to those,
obtained in [13] (0.013-0.014 min™), where pore
diffusion inside the particles was found to play an
important role. The correlation coefficients are
generally lower, except for Cu*". The presence of
an intercept shows that diffusion is not the only
observed mechanism of transfer.

3. The moment method-application

The n" absolute moment of a concentration
curve c(t) is defined as:

== j t" —dt (12)
Ho o

where: j=1 for an uptake curve obtained from
© i
batch experiment; u'o = J.%dt =C, and ¢, is the
0

initial concentration.
4, can be calculated directly from the

experimental kinetic curve for analysis of the
adsorption rate. When the plateau of this curve was
not reached or was poorly defined, the solution of
the LDF model was used. Eq. (7a) applies for batch
type experiment. Its linearized form (eq. 7b) in

coordinates |n(1_i) vs t gives the value of ,ul' and

the corresponding solid phase mass transfer

- 1 . . .
coefficient (k, =—). Linear regression with
intercept was used again to separate the initial part
of the kinetic curve from the subsequent linear one.

Results for k. are shown in Table 2. These values

can also be compared to the reported rate constants
for a first order reaction model, as the rate
expressions are identical. The obtained values are
in line with the reported ones in the literature for
lead adsorption on low-cost activated carbons:
0.0151-0.0161 min* [13], 0.0117-0.127 min™* [5].
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The kinetic curves for the different ions gave K,

values in a close variation range of 0.007 to 0.013,
which was also observed for Pb**, Cu**, Cd** and
Zn®* adsorption on activated carbons [24, 25].
Despite the lower correlation coefficients, the
calculated diffusion coefficients were in the same
order (10 cm?/s) as those, obtained by the other
two models.

Figs. 1a) to d) present the comparison of the
results from the calculation of the slopes of the
Kinetic curves by utilizing the different models. The
calculations were done according to eg. 2, 4 and 7a.
In order to better visualize the results, the intercepts
of the calculated linear regression equations were
not included in Fig.1, which explains the
displacement of the calculated curves from the
experimental data. These intercepts were explained
by the initial fast mass transfer through the liquid
film around the particle and they were easily
accounted for by a diffusion model with an
appropriate boundary condition:

_pd _ _ 13
Daar r:R kf(c\r:R c) (13)

Here ki denotes the external mass transfer
coefficient [m/s]. Simplified models like Morris
and Weber, Boyd and the moment method usually

suggest a first order boundary condition (C|r:R = C)

, 1.e. no mass transfer resistance across the liquid
film. As can be seen in Fig.1, the moment method
gives similar results as the Morris and Weber
model, which is to be expected, as they have similar
theoretical background. The analysis of the results
in Table 2 and Fig. 1 leads to the conclusion that
the best description of the Kinetic data is provided
by the Morris and Weber model. The correlation
coefficients with this model are higher and the
scatter of the diffusion coefficients is less
pronounced, which is in agreement with the similar
time evolution of the experimental data obtained for
the different ions.

Multi-component adsorption kinetics

The experimental Kkinetic curves for the
individual ions in a four-component solution are
shown in Fig. 3. Dimensionless solid phase
concentrations g/qg. are used. The equilibrium value
ge Was calculated by the extended Langmuir model
for multi-component adsorption:

mlbl Ce 1
Qs = —miPiCei (14)

l+;bjce’j
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Here c, is the concentration of the i" ion in the
solution; gmi and b; are single-component isotherm
parameters, as they are shown in Table 1. Table 3
shows the equilibrium characteristics for the multi-
component kinetic runs. Initial liquid phase
concentrations are presented together with the
calculated g; and the slope of the isotherm (K;) for
the respective ions at equilibrium concentration c.;.
The latter was calculated by the mass balance in the
liquid phase:

0, biC (15)

e,i

VI (CO‘i _ce,i): que,i = Ms 4
1+ bic,
I

4
where > b;c,; =const for each Kinetic
1

experiment. The rearrangement of eq. (15) gives:

_ Co,i (156.)

Cei
’ ( Aa,.b; ]
—+1
1+ const

where ﬂ:MS. Further summation on i=1 to 4
\4
- 3 & biCOi
gives Y b, =const=) —— 1
1 1 ﬁqmibi 1
1+ const

where the unknown parameter is the constant (
4
Zb'c ); Coi is the measured initial concentration
1

17e,l

in the solution. The equilibrium liquid phase
concentrations c.; were calculated by eq. (15a). For
the initial concentrations shown in Table 3, the
value of

1

4
1+ijceyj
=1

was evaluated to 0.385. Table 3 also presents the
summary adsorption in the four-component system,
which can be compared to the g. values in Table 1
with approximately the same initial loading.

Table 3. Equilibrium parameters and conditions for the
individual ions in 4-component solution

lon Co Oe K
[mmol/l] [mmol/g] [-]
Pb** 0.081 0.006 3384
cu® 0.403 0.0294 271.4
Cd** 0.436 0.0155 55.3
Zn** 0.566 0.0157 38.3
Sum 1.485 0.0666 45.0
1

qo/qe

——+ — Pb_calc

................... d_cale
02 F

01

< s s - Cu_cale:

———Zn_cal:

sum__cal:

a ] 10 14 20 24 30 34
1 [min]

Fig. 3. Dimensionless experimental and calculated
kinetic curves in four-component solution.
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Fig. 4. Morris and Weber linear plots for the individual
ions in four-component solution.

The individual ions exhibit similar kinetic
behaviour, as can be seen from the dimensionless
representation in Fig. 3. The Cu® data practically
coincide with the summary adsorption curve in a
multi-component solution. Stronger deviation is
obtained for the Cd* ions, where much slower
Kinetics was observed. Fig. 4 illustrates the Morris
and Weber plots of the multi-component kinetic
data. The calculated rate parameters are shown in
Table 4.

Table 4. Rate parameters for the individual ions in 4-component solution

lon Morris-Weber Boyd
Kin D-x10° R B D-x10’ R?
[mmol/gmin®?] [cm?/s] [min™] [cm?/s]

Pb 0.0002 1.215 0.27 0.0101 1.383 0.15
Cd 0.0001 0.049 0.42 0.0012 0.16 0.37
Cu 0.0014 2.668 0.83 0.0206 2.82 0.899
Zn 0.0016 1.228 0.59 0,0284 3.89 0.11
Sum 0.0033 2.872 0.90 0.0180 2.47 0.922
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The results with Boyd’s model are analogous to
those, observed in single-component solutions.
Lower correlation coefficients and up to one order
of magnitude higher diffusion coefficients were
calculated (10 'cm?s), compared to the Morris and
Weber model. The k;, values in the 4-component
solution were lower, as can be seen from the
comparison of the results in Tables 4 and 2. The
difference between the individual diffusion
coefficients D is more pronounced. This can be
explained by the competition of the diffusing ions
in the multi-component system, but also by errors
coming from the calculated equilibrium, which was
predicted and not directly measured from the
plateau of the experimental curve. Best correlation
was obtained for the summary adsorption kinetics,
as well as for Cu*, which was best adsorbed in the
multi-component system [18]. The summary
diffusion coefficient was practically the same as
that, obtained for single-component adsorption with
the same initial loading. Comparison of the
experimental kinetic curves with the calculations of
the Morris and Weber model (Eg. 2), including the
intercept term, is shown in Fig. 4. Despite the
scatter of the experimental points and the low
correlation coefficients, the observed agreement is
satisfactory.

CONCLUSIONS

The adsorption kinetics of Pb?*, Cd**, Cu*" and
Zn** in single- and four-component aqueous
solutions with activated carbon from apricot stones
was successfully described by the model of Weber
and Morris. The intraparticle diffusion coefficients
for the individual ions are in the range of 1 to 3x10™
8 cm¥s, which is reasonable for the case of internal
diffusion control. These values give a satisfactory
description of the observed kinetics after the first
1-2 min. The initial part of the Kinetic curves was
described by the formal inclusion of an intercept
term. A more detailed diffusion model including
the appropriate boundary condition is needed to
account for the combined effect of the external
mass transfer and internal diffusion. Lower rate
parameters were observed in the multi-component
solutions. Despite the lower correlation coefficients
in this case, the agreement between the
experimental data and the Kinetics calculated by the
model of Morris and Weber was satisfactory. The
moment method gave similar values for the rate of
internal mass transfer and the respective diffusion
coefficient. This result was expected, because of the
similar physical background of the two models. The
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obtained effective diffusion coefficients with the
Boyd model were usually greater, but still in the
range expected for internal diffusion control. Best
correlation coefficients were obtained with the
Morris and Weber model. The calculated summary
diffusion coefficient in the 4-component solution
was close to that obtained in single-component
solutions for the same total initial concentration. No
kinetic studies were found in the literature for
adsorption of Pb®*, Cd**, Cu** and Zn®* on ACAS.
The comparison with the reported rate parameters
for other low-cost activated carbons in similar
systems is encouraging for further investigation of
the adsorption behaviour of ACAS in a fluidized
bed column.
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CPABHEHUE HA PA3JIMYHU KUHETUYHU MO/JIEJIU TTPU AJICOPBLIMA HA
METAJIHU MOHU C AKTUBEH BBIJIEH OT KAMCHUEBU YEPYIIKU

W. [ubpancka, E. Xpucrosa

Xumurxomexnonosuuen u memanypeuuen ynusepcumem, oyi. ,, Knumenm Oxpuocku” Ne 8, Cogus 1756
ITocTenuna Ha 8 mapT, 2010 r.; kopurupasna Ha 3 aBryct, 2010 r.
(Pesrome)

B Ta3u paGoTa e H3cieBaHa KUHETHKATA Ha IHO- H YeTHPH-KOMIIOHEHTHa ancoOuust Ha Pb?*, Cd®*, Cu?* u
Zn* jionu OT BOAHH pa3TBOpH C AaKTHBEH BBIJICH OT KalCHeBM 4YepymnKH. 3a ONHCaHHWE Ha eIHO U
MHOTOKOMITOHEHTHO PaBHOBECHE € M3M0JI3BaH MoAenbT Ha JlanrMionp. HanpaBeHo e cpaBHEHUE Ha TPU KMHETHYKH
Mozena 3a BbTpemHo Judy3uoHeH KoHTpon. [IbpBOHauanHata CTpbMHAa 4YacT Ha KHHETHYHaTa KpuBa Oe
orpejieieHa OT OTpe3a Ha JIMHEWHOTO MpeicTaBsHe Ha Mozenute Ha Bebep n Mopuc, Boiin 1 MOMeHTHHST MeTO/I.
Haii-no0po chBHaeHue ¢ eKCIiepUMEHTATHUTE IAHHU ca MoJy4eHH ¢ Mojiena Ha Bebep u Mopuc. Koepurmuenture
Ha BBTPENIHA AM(Y3Hs 32 OTJCNHATE HOHM ca B auanasona 1-3-10°cm?/s. [ogoGHu pesynTaTi ca MoNy4eHn U mpH
U3MON3BaHE HAa MOMEHTHHs MeToa. IlomyueHM ca MO-HMCKM CTOMHOCTM Ha KHHETHYHHUTE IIapaMeTpu 3a
YEeTUPUKOMIIOHEHTeH pa3TBop. CTOWHOCTTa Ha CyMapHHAT AUQY3HOHEH KOS(QHIMEHT 3a MHOTOKOMIIOHCHTHA
cucTeMa € OJIM3BK JI0 TO3HU MOJTY4eH 3a €AHOKOMIIOHEHTEH PAa3TBOP ChC ChIIATa KOHLIEHTPALHAL.
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A mixture consisting of both cubic ZnTiOzand Zn,TiO,4 was synthesized by ball milling at room temperature.
A stoichiometric mixture of nano ZnO and TiO, powders in a 1:1 molar ratio was subjected to intense mechanical
treatment in air using a planetary ball mill (Fritsch — Premium line — Pulverisette No. 7) for a period from 5 to 120 min.
The phase formation and the structural transformation were followed by X-ray phase analysis and IR spectroscopy. The
synthesis of the zinc titanates started after 30 min and finished after 45 min milling time at a high speed (1000 rpm).
The agglomeration tendency and the crystal size of the obtained powders were determined by scanning electron
microscopy. The photocatalytic activity of the samples was investigated by degradation of a model aqueous solution of

malachite green (MG) upon UV-irradiation.

Key words: ZnTiOs, mechanochemical activation, photocatalytic properties.

INTRODUCTION

Zinc titanates are attractive materials owing to
their various applications as paints, pigments,
thermistors, sorbents, microwave dielectrics,
dielectric resonators, catalysts, etc. [1-6]. Several
compounds are known to exist in the ZnO-TiO,
system: Zn,TiO, congruently melting above
1500°C; ZnTiO; stable up to 945°C and Zn,Ti;Os
which was found later [1, 7]. Both zinc titanates
(ZnTiO3 and Zn,TiO,) are electroceramic materials
with interesting dielectrical properties and low
sintering temperatures [8, 9]. There are several
methods for preparing ZnTiO; powders, generally
focused on conventional solid state reactions [1,
10], mechanochemical activation [11, 12],
precipitation [13, 14] and several variants of the
sol-gel technique [1, 10, 15-18]. The attempts to
synthesize pure ZnTiO3 by thermal treatment of
ZnO/TiO, mixtures are generally unsuccessful
because this titanate decomposes at high
temperatures (~950°C). According to the review
analysis, up to now ZnTiO; phase was always
obtained simultaneously with Zn,TiO, using the
mechanochemical activation method [11, 12]. High
energy ball milling was applied on the ZnO-TiO,
system in order to obtain the most stable Zn,TiO,
phase [19-21]. It was established that intensive

milling conditions favor the formation of low
temperature titanate forms. Very recently, Labus et
al. [12] established coexistence of ZnTiOg, Zn,TiO,
and TiO; (rutile) in a low temperature region below
945°C for the composition with stoichiometric ratio
1:1. Generally, the mechanochemical activation of
crystalline solids performed in high-energy mills
becomes a very useful method to control the
reactivity in the solid state [22]. Moreover, the
milling conditions were limited up to 400-500 rpm,
which did not exhaust the possibilities for synthesis
by this method. Up to now the influence of the
dispersity of the used precursors was not studied in
the literature. For this reason, the study of new
routes of synthesis of zinc titanates needs to be
explored. That is why we were motivated to
continue the investigations in the binary system
ZnO-TiO, using high energy ball milling in order to
control the process of synthesis.

The purpose of the present work was to study
and to verify the behavior of the ZnO-TiO, system
under new  experimental  conditions  of
mechanochemical activation of nano oxides (ZnO,
<100 nm and TiO,, < 25 nm) in order to obtain zinc
titanates.

EXPERIMENTAL PROCEDURE
Nanopowders of zinc oxide (Sigma-Aldrich,

* The paper was presented at the 12" National Conference on Catalysis, Institute of Catalysis, Bulgarian Academy of Sciences,

Sofia, November 18, 2010

*To whom all correspondence should be sent:
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<100 nm) and titanium oxide (anatase) (Sigma-
Aldrich, < 25 nm) were used as starting materials.

The initial mixture of ZnO and TiO, in a molar
ratio 1:1 was subjected to intensive mechano-
chemical activation in a planetary ball mill
(Fritsch—Premium line—Pulverisette 7). The milling
speed was 1000 rpm. Stainless steel vials and balls
of 5 mm diameter were used. The balls:powder
weight ratio was 10:1 and the milling time - from 5
to 60 min.

The phase and structural transformations were
monitored by X-ray diffraction (XRD) and infrared
(IR) spectroscopy. Powder XRD patterns were
registered with a Bruker D8  Advance
diffractometer using Cu Ka radiation in the range
from 10 to 80°. The thermal behavior of the
powders was examined by differential thermal
analysis (LABSYS™ EVO apparatus). Infrared
spectra were registered in the range 1200-400 cm™
on a Nicolet-320 FTIR spectrometer using the KBr
pellet technique. Morphologies and crystallite sizes
of the obtained samples were characterized by
scanning electron microscopy (JEOL Superprobe
733). The photocatalytic activity of the powder was
studied using malachite green (MG) (Sigma-
Aldrich) dye after subjecting it to UV-radiation.
The UV irradiation was carryed out using an UV-
lamp (Sylvania BLB, 18 W, A ~ 315-400 nm). The
aqueous solution of MG (150 mL, 5 ppm)
containing 0.1 g of the prepared powder was placed

in a vessel. Before photodegradation, an
4
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" C) 0 * FET|03
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adsorption-desorption  equilibrium  state  was
established by ultrasonic and mechanical stirring
for 10 min. Volumes of 3 mL were taken from the
solution at given time intervals and separated
through centrifugation (5000 rpm, 5 min). Then the
concentration of MG in the solution was
determined with a Jenway 6400 spectrophotometer.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the samples
obtained are presented in Fig. 1. The diffraction
lines of the obtained products ZnTiO3; and Zn,TiO,
were indexed using JCPDS database. The
interaction between the initial oxides started after
15 min and completed after 45 min milling time.
On the diffractogram pattern for the milling time of
30 min, reflection characteristics for both cubic
ZnTiO; (JCPDS 39-0190) and Zn,TiO, (JCPDS 77-
scanning electron microscopy (JEOL Superprobe
733). The photocatalytic activity of the powder was
0014) occurred. It is seen that after 15 min a small
amount of FeTiO; (JCPDS 75-0519) appeared in
the X-ray diffraction pattern. The prolongation of
the mechanochemical treatment up to 120 min at
the same milling speed did not lead to a change in
the XRD patterns of the samples. Obviously, this
high milling speed is decisive for the rapid
synthesis. The presence of TiO, (rutile) was not
established in our study in contrast to Labus et al.
[12], which did not achieve a complete synthesis.

2
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Fig. 1. XRD patterns of the mixture at different milling time
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TiO, + ZnO (1:1)
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Fig. 3. IR spectra of the mixture at different
milling time

Our results differ from those in the literature owing
to the higher activity of the powders and the more
intensive mechanochemical activation. Thereby, the
selected experimental conditions in this study
provided completeness of the zinc titanates
synthesis. For comparison, similar results were
obtained by Labus et al. [12] after 80 min milling
time and by Qian et al. [23] — after 10 hours milling
time. The average crystalline size of the obtained
powders calculated from the broadening of the
diffraction line using Sherrer’s equation is about
60-70 nm. The morphology and particle size of the
powders obtained after 60 min milling time are
presented in Fig. 2. The SEM results showed that
the obtained product consisted of agglomerates
with average size below 1 um.

IR spectroscopy was used to confirm the
synthesis of the crystalline material. The absorption
bands of the pure oxides TiO, (bands at 670, 650,
590-480 and 410 cm™') and of ZnO (bands at 540,
500 and 420 cm ') are shown in Fig. 3, while Fig. 4
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Fig. 4. IR spectra of TiO,, ZnO and mixture of
ZnO and TiO,

presents the IR spectra of the mixtures after
different milling times. As it is seen the IR
spectrum of the mixture after 5 min milling time is
different from the IR spectrum of the mixture
without mechanochemical activation because the
bands corresponding to TiO, disappeared (Fig. 3c).
One band only, at 410 cm, is observed that could
be assigned to the vibration of ZnO polyhedra [24-
26] and this may be an indication of the beginning
of the chemical reaction (Fig. 4). It is well known
that the bands corresponding to ZnO, polyhedra are
in this absorption range. This peculiarity was not
found in the X-ray diffraction patterns, where the
diffraction lines of the starting materials were
found, but the strongest peak of TiO, decreased
(Fig. 1b). At 30 min milling time new bands
appeared in the same spectral range (about 440 and
420 cm™) which pointed to the continuation of the
synthesis. Between 30 min and 45 min milling time
the IR spectra changed which could be related to
the synthesis of crystalline phases. According to
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some authors [1, 27], the appearance of the bands
about 450-440 cm™ could be related to the Ti-O
stretching vibrations in ZnTiOs.
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Fig. 5.UV-VIS spectrum of ZnTiO3 powder obtained by
mechanochemical activation
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Fig. 6. Photocatalytic degradation of Malachite Green
(MG) by ZnTiO5 powder

The UV-Vis spectrum of the sample obtained
after 60 min milling time is shown in Fig. 5. As it is
seen the obtained powder is highly transparent in
the visible region. The UV-Vis spectrum shows that
the absorption edge starts at about 240 nm. Fig. 6
shows the temporal evolution of the concentration
(C/Cy) of MG, where Cy and C represent the initial
equilibrium  concentration and the reaction
concentration of MG, respectively. The
photodegradation of MG was completed in 150 min
and it was compatible to the photocatalytic activity
of ZnO and TiO, [26, 28] (Fig. 6).

CONCLUSIONS

A mixture of both cubic ZnTiO; and Zn,TiO,4
was successfully prepared under new experimental
conditions: 45 min milling time and milling speed
of 1000 rpm. The mechanochemically obtained
mixture of zinc titanates displays photocatalytic
activity towards the degradation of malachite green

after 150 min irradiation time. The UV-Vis
spectrum shows that the obtained sample is
transparent in the visible range of the spectrum.
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MEXAHOXVMUWYEH CUHTE3 U ®OTOKATAJIMTUYHU CBOVMCTBA HA
OUHKOBU TUTAHATU

P. ﬁopnaHOBal, A. BLqBapOBa-Henenqual*, AL ):[I/IMI/ITpI/IGB2 u [B. Wnues®

Y Unemumym no obwa u neopeanuuna xumus, Bvreapcka akademus: na naykume,
. “Axao. I'. bonueg”, on. 11, 1113 Cogpus, bBvaeapus
% Xumuxomexnonozuuen u memanypeusen ynugepcumem, 6yi. ,, Kn. Oxpuocku” 8,
1756 Cogpus, bvreapus
eonozuuecku unemumym, Bonzapeka akademus na naykume, 1113 Coust, Boaeapus

ITocTpnma Ha 22 mapr, 2011 r.; npuera Ha 26 anpui, 2011 r.
(Pesrome)

Cwmec, chappkaina Kyonunute ¢popmu Ha ZNTiO; u ZNn,TiOy, € CHHTEe3MpaHa M0 MEXaHOXMMHYCH IThT MPU CTaiHA
Temrnepatypa. CTexuoMeTpuyHaTa cMec, chabpikaiia Hano ZnO u TiO, mpaxoBe B MojapHO choTHomeHue 1.1, e
MO/UTOYKCHA HAa MHTECH3WBHA MEXaHHYHA 00paboTKa Ha BB3/AYX B IulaHeTapHa TornkoBa mennuna (Fritsch — Premium line
— Pulverisette No. 7) 3a mepuon ot 5 10 120 muH. Pa3006pa3yBaHeTo U CTPYKTYPHHUTE TPAHCPOPMAIIHH Ca TPOCTESACHH
upe3 perTreHodasor anaan3 1 MY criekTpockorusi. Y CTAHOBEHO €, Ye CHHTE3bT Ha [IMHKOBUTE TUTAHATH 3aIl04YBa CJICH
30 mMuH 1 npuKiToUBa ciex 45 MHH MEXaHOXHMHUYHO TpeTupaHe mpH Brucoka ckopoct (1000 obopota). TeHaeHiusTa 3a
arJioMepHpaHe U pa3MepbT Ha MONyYeHHTE mpaxoBe ca ompenesieHn upe3 CEM. dorokaraauTHyHaTa aKTHBHOCT Ha
obpasiuTe ¢ U3CcieBaHa 4Ype3 pasiaraHero Ha MOJENeH pa3TBop Ha MmajiaxutoBo 3eneHo (MG) mox eiawsnue Ha YB
JIbYCHHE.
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The marvellous Marcus equation
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Nitrobenzenes (XCsH4NO;) were reduced to their radica anions (XC,H,NO} ) by eighteen different carbon
centered radicals derived from formate and simple alcohols, and pyrimidine bases. These radicals were generated by
pulse radiolysis in aqueous solution. Carbon dioxide radical anion (CO3") is taken as standard which reacts by direct
electron transfer (“non-bonded” or “outer sphere”) with nitrobenzenes. Reaction of a-hydroxy-iso-propyl radical with
nitrobenzenes again proceeds by direct electron transfer (“non-bonded” or “outer sphere”) and some radicals react via
addition/electron transfer mechanism (“bonded” or “inner sphere”) giving final products. And the reaction of some
radicals stops at the stage of addition to give nitroxide type radicals [(XC¢H4N(O*)OR] where R is alcohol or
pyrimidine moiety on the micro second time scale. The addition/electron transfer mechanisms are well characterized by
Marcus theory. All these results are rationalized on the basis of the magnitude of the slopes of Marcus plots established
from Marcus theory of one electron transfer mechanisms.

Key words: Marcus Equation, Electron Transfer Reactions.

INTRODUCTION

The nature of electron transfer reactionsin terms
of energy considerations is nothing but an
amalgamation of activation barrier (AG) and
thermodynamic driving force (AG®). Hence for a
thermo neutral reaction (AG®° = 0) the activation
barrier (AG") itself is the intrinsic activation barrier
(A). Marcus equation is a successful treatise for
treating kinetic data of e ectron transfer reactions to
separate  activation (AG)) and thermodynamic
quantities (AG®). Ever since the theory of electron
transfer reactions is developed by Marcus [1],
interest of kineticists for doing research in this
direction has been the centra point for
understanding the “outer sphere” and “inner
sphere”  electron  transfer  reactions. The
nomenclature of electron transfer reactions makes
frequent use of the terms “outer sphere” and “inner
sphere” dectron transfer reflects the historical fact
that the experimental studies of electron transfer
between metal complexes have predominated very
often. These terms refer to the structure of the
transition states, “outer sphere” denoting that the
inner coordination shells of the reacting complexes
are left intact in the transition state as to the number
and type of ligands originally present, and “inner
sphere” meaning that the complexes share at least
one ligand of their first coordination spheresin the

* To whom all correspondence should be sent:
E-mail: jagannadham1950@yahoo.com

transition state. This bridging ligand perhaps
provides a continuous pathway of good orbital
overlap from metal ion to metal ion. But the notions
of “outer sphere” and “inner sphere” mechanisms
are not directly applicable to reactions with organic
mol ecules as reacting partners, and hence the terms
“non-bonded” and “bonded” have been introduced
for electron transfer reactions taking place in
organic molecules.

AG*

AG°®

A

Many articles using the treatment of Marcus
theory on several reactions have appeared in
literature. These findings include the reactions
between several redox pairs of metal ions [2-5],
proton transfer at carbon [6-9] and at oxygen or
nitrogen[7-10], H" transfer [11], H® transfer [12],
nucleophilic addition to carbonyl group [13,14], to
carbocations [8, 15], and bimolecular nucleophilic
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aliphatic substitutions [16,17]. In the present article
an attempt is made to distinguish between the “non-
bonded” single electron transfer reaction from
“bonded” single electron transfer reaction using the
magnitudes of the slopes of Marcus plots in some
free radical reactions where in nitrobenzenes are
reduced to their radical anions by a variety of
carbon centered radicals generated pulse
radiolytically from formate, smple alcohols, and
pyrimidine bases. To the author’s knowledge this
article may be firgt of its kind to apply Marcus
treatment to electron transfer reactions involving
radicals and molecules. The nature of electron
transfer in these reactions was published [18, 21]
based on the results obtained from ESR and time
resolved experiments using pulse radiolysis
spectroscopic and conductivity detection systems.

EXPERIMENTAL

All experimental details and the data used in this
article are from the author’s (VJ) work available in
literature [18, 21].

DISCUSSION

Oxidation-reduction reactions involving the
transfer of an electron between redox partners have
been the subject of many kinetic studies. These
redox reactions could be broadly classified in to
two categories based on whether the transfer of
electron involves ionic sphere or coordination
sphere of the redox partners: and the two categories
are (a) An outer-sphere eectron transfer reaction
and (b) An inner-sphere electron transfer reaction.
In outer-sphere electron transfer reaction the metal
ion retains its full coordination shell and there is a
direct electron transfer from the reductant to the
oxidant. The electron given by the reducing agent
must be transferred from the primary bond system
of one complex to that of the other. The essentia
feature of this mechanism isthat thereis no transfer
of ligands between the reactants. Kinetically the
rate of reaction is faster than the rate of substitution
of ligands, or the ligand exchange or displacement
is slower than electron transfer. And in an inner-
sphere electron transfer reaction one of the
reactantsislabile. In reactions of this class, electron
transfers are preceded by the substitution of
coordination sphere of one of the ions, with the
formation of bridged intermediate in which the two
reactants are linked by a common ligand. In this
case, ligand displacement is faster than electron
transfer process.

These two examples are well explained [4] by a
single reaction which involves both the reaction
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path ways by an example of oxidation of penta
cyanocobatate (I1) by penta-amminocobalt (1)
complexes based on the only results of
stoichiometry and kinetics.

ki
Co'(CN)% Co" (NHgX —> [(CN)sCo"-X -Ca"(NHg) —» COM(CN)sX

+CN| [ K

Co'(CN)g" "+ cO"!(NHgsX o reneco' o i > co" Ny

When X =PO} ,CO5,S0;, NH3, and OAC the
reaction followed an outer sphere electron transfer
route and when X = CI, N3, NCS and OH" the

reaction followed an inner sphere electron transfer
route.

We have praobed in this article the possibility of
using the magnitude of Marcus slopesto distinguish
between outer sphere (non-bonded) electron
transfer reactions and inner sphere (bonded)
electron transfer reactions. A particularly promising
opportunity thereby is afforded for the systematic
examination of the choice between these two
mechanisms.

Successful  comparison and properties  of
electrochemical and chemical rate constants made
by Marcus [3] led to arrive a the following
eguation after rewriting and several
rearrangements:

h & nF E° (1

logk =—log e —
kgT 4 2¢2303RT

Where k is rate constant, h Planck constant, kg
the Boltzmann constant, A is the intrinsic activation
barrier, n the number electrons transferred from
donor to acceptor, F the Faraday constant, R the gas
constant, E° is the redox potential or the driving
force and T is temperature in Kelvin scale. And this
eguation could be obtained as follows from Marcus
equation:

According to Marcus [3] for a reaction with
weak-overlap €electron transfer or non-bonded
electron transfer or for an outer sphere electron
transfer, the following equation is obtai ned:

A, WetW,  AG” (2
4 2 2

AG™ =

Omitting the work terms [22] (wg and wp are
the quantities of works required to bring the
reactants together and for the removal of the
products respectively) for proton transfer and
electron transfer reactions between molecules or
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ions and molecules or radicals and molecules, the
final equation obtained was:

AG™ = &+AG
4 2

AG’ is the free energy of activation and Ais
the standard free energy change for the process.
Therefore for thermo neutral reactions (AG= 0)
AG? is itself equal to one fourth of the A which is
theintrinsic activation barrier.

From transition state theory provided by Eyring:

©)

AG”

h

And from electrochemistry for a driving force,
the standard free energy change is given by the
equation:

k .(4)

AG°=-nFE° (5)

Taking logarithms of Eq.( 4) and rearranging for
AG” we get
kh
AG”™ =-2.303log — 6
9 T (6)

B

Substituting the values of AG® and AG” in to Eq.
(3) we get

kh 2 nFE° @

—2.3031og
kT 4 2

Rearranging the Eq.(7) for log k we get

h A nF E° (8)

logk =—log ——+
ke T 4 202303RT

Hence for an outer sphere electron transfer (non-
bonded) in a given homologous series of reaction, a
plot of log k versus redox potential (E°) should give
a straight line with a slope equal to [ nF ] and

202303RT
h  A). Substituting
ke T 4)
the constants in the quantity for the slope for one
electron transfer reaction at 298 K (n=1) yields 8.5
V. And from the intercept, again substituting the
constants and at 298 K we get

an intercept equal to —[l 0

Intercept = 13.21 — % 9
Or A=4X(13.21 - Intercept) (20)

As a gspecific example, the applicability of
Eq.(8) is seen for the oxidation [5] of Fe(ll)-tris-

(1,10-phenanthroline) complexes by Ce(lV) in
H,S0O, medium at 298 K where in the two redox

k
Fe?*(1,10-phen) + Ce(IV) — Fe**(1,10-phen) + Ce(l1!

partners are inorganic species. A plot of (Fig. 1; R
= 0.983) log k versus redox potentials of iron
complexes was found to be linear with a slope of
7.9 V* which is very close to 8.5 V™ as predicted
by Eg. (8) for an outer sphere electron transfer
mechanism. From the intercept the intrinsic
activation barrier (A) was found to be- 1.4 kJmole”
! The negative sign of the intrinsic activation
barrier is probably an indication of smooth e ectron
transfer from Fe(ll) to Ce(IV) with a weak overlap
satisfying the so-called Frank-Condon restrictions.
And the small magnitude or negligible value of the
barrier may be understood that the reaction between
Fe(11) and Ce(IV) is an example of athermo neutral
reaction.

Figure 1: Fe(l1)(Phe)-Ce(1V) reaction: Plot of log k versus

redox potential®of Fe(ll) Phenonthroline complexes
6 T T T T T T
slope = 7.9 v*
intercept = 13.6 o
55 R =0.983 -

log k

4.5 T

| | | | | |

3.5
-1.3 -1.25  -1.2 -1.15  -1.1 -1.05 -1 -0.95

redox potential

® reference 5.

The nature of electron transfer reactions in many
organic reactions undergo extensive electronic
reorganization and changes in bonding to reacting
atoms differ with smple outer-sphere electron
transfer reactions for which the Marcus theory was
developed to explain. The intrinsic activation
barrier for the electron transfer could be taken as a
model for the reorganization of the solvent which
can assist an optimal tunneling of electron from
donor to acceptor.

The main object to discuss the application of
Marcus equation to free radical reactions with
nitroaromatic compounds is due to the fact that
these compounds have widespread potential use in
medicine and cancer therapy [23, 24]. There is
direct proof that freeradica metabolites are
involved in many applications and widespread
interest in free-radical intermediates in the action of
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several classes of medically important compounds.
It is arguable that nitro compounds are the one class
of drug in which direct proof of radical production
in intact target organisms has been demonstrated
[24] and in which the free-radical reaction amost
certainly responsible for the therapeutic selectivity
has been observed directly [24]. And redox
properties control the rate and mode of electron
transfer from donors to acceptors. The following
are the severa examples involving free radical
reactions and are classified in to ‘non-bonded”
(outer-sphere) and “bonded” (inner-sphere) electron
transfer mechanisms based on the magnitudes of
the slopes of Marcus plots. And intrinsic activation
barriers (A) were aso calculated and discussed for
all thereactions.

All  the radicals were produced pulse
radiolytically in N,O saturated aqueous solutions
containing desired reactants. And these radicals
were subjected to react with nitrobenzenes. All the
kinetic data used in this article is from the author’s
(VJs) work [18-21].

Carbon dioxide radical anion (CO; )[18]: The

Marcus plot for the following reaction:
NO;
C02 © —> CO; +
X

(rate constant is kR M s

was found to be linear (Flg 2; R =0.988) with a
slope of 7.3 V7, the value though not as close as
the value of Fe(Il) —Ce(1V) reaction to the value of
85 V™ predicted for an outer-sphere electron
transfer reaction, cf. Eq. (8), but it may not be
misunderstood that the reaction of carbon dioxide

Figure 2: log kR versus E for thereaction
of carbon dioxide radical anion and nitro benzenes

9.4 T T T T
1 [ ]
slope = 7.3V P
9.2 intercept=11.8 —
R = 0.988

9

8.8

Iogl§

-0.55 -0.5 -0.45 -0.4 -0.35 -0.3
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radical anion with nitrobenzenes is not a “non-
bonded” (outer-sphere) electron reaction. From the
intercept of 11.8 the intrinsic activation barrier (1)
was found to be 5.7 kJ mol™. The radical anion

CO; was quantitatively oxidized to CO, by
nitrobenzene and which was confirmed by
comparing the yield of XC,H,NO;" with that of
the quantity obtained by direct reaction of
nitrobenzene with hydrated electron [18] (e,,).
Hence it is concluded that the reaction involves a
smooth direct “non-bonded” eectron transfer
without under going any prime structura changes
in the reactants and taken as standard for
comparison of the rest of the reactions discussed in
this article. The redox potentials of nitrobenzenes
used in this figure and in subsequent figures are
from reference 24, and for some nitrobenzenes they
were calcul ated using the following equation:
E =-0.484+0.168 o,

Similar values of redox potentials were reported by
S. Steenken [28].

a-hydroxy-isopropyl radical [(CH3),C*OH[18]:

NO, NO,
CHg, _ w O )
C—OH + —> C=0 ~+ + H
CH3 cHy
X

The plot of log kg versus redox potentid of
nitrobenzenes was linear (Fig. 3: R = 0.962) with a
slope of 1.6 V* and intercept of 9.9. And this need
not be misunderstood that whether the reaction will
be proceeding through “bonded” or “non-bonded”
electron transfer mechanism since the magnitude of
the slope is not on Marcus scale. The a-hydroxy-
isopropyl radical was quantitatively oxidized to
acetone by nitrobenzenes and which was confirmed

Figure 3: Plot of log kR versus E for the reaction

of iso-propanol radical with nitrobenzenes.

9.6 T T T T T
slope = 1.59 vt
Intercept = 9.93

9.5 R = 0.962 e
L)
9.4 7
(]
./
o L _
=2} 9.3 /.
o /




V Jagannadham, R. Sanjeev: The marvellous Marcus equation

by comparing the yields of XC,H,NO; with
that of the quantity again obtained by direct
reaction of nitrobenzene with hydrated electron

[18] (e,,). And the yields of acetone were checked

by GC by comparing with an authentic sample.
Hence it is concluded that the reaction again with
a-hydroxy-isopropyl radica involves a smooth
direct “non-bonded” electron transfer. In fact the
rate constants (ke M™ s of reaction of all
nitrobenzenes studied for the oxidation of this
radical was more or lesslook identical and are close
to the rate constant (~ 5 x 10° M~ ™) of adiffusion
controlled reaction. The rate constants for the
reaction of this radica were higher than those
observed for the oxidation of carbon dioxide radica
anion. Invoking reactivity-selectivity principle here
that more reactive radical is less selective and less
selective radical is more reactive. And this could be
explained due to differences in stabilities of carbon
dioxide radical anion (co;) and a-hydroxy-
isopropyl radical as shown in the following:

_ oo - +e
O (X (5 O O

\ C-/ o® <> N C% 4
This kind of structure for a-hydroxy-isopropyl
radical is not possible hence carbon dioxide radical
anion is more stable than a-hydroxy-isopropyl
radical hence more selective.

a-hydroxy-ethyl radical (CH;CH"OH) [18]:

O~ C/CH3
o b H

NO, \N/

CH3\ . K
/C*OH + - >
H

X X

(adduct 1)

Figure 4: Plot of log leversus E for the reaction
of ethanol radical with nitrobenzenes

9.4 T T T T T
slope = 4.72 v

I Intercept = 10.6 ,
9.2 R = 0.928

Ioglﬁ

The reaction of this radical with nitrobenzenes
underwent in two reaction channels [18]. One
involves the formation of nitroxide radical (kg mol™
! sec™) and the other (see later in the text) giving
the radical anion, acetaldehyde and the proton (ks s
Y. The plot (Fig. 4; R = 0.928) of log kg versus
redox potentials of nitrobenzenes was fairly linear
with a dope of 4.7 V™ and with an intercept of
10.6. From the intercept, intrinsic activation barrier
(») wasfound to be 10.4.

a-hydroxy-methyl radical (‘CH,OH[18]:

H
o~
H™ ~C
o oM
NOZ \N/
H\. Kr
C—OH + —
H
X X
(adduct 2)

Figure 5: Plot of log kRversus E for the reaction of
methanol radical with nitrobenzenes
8.4 T T
slope = 3.72 V"~
intercept = 9.2 °
R = 0.984

1

8.3

8.2 1

R

8.1 1

log k

7.8
-0.4 -0.35 -0.3 -0.25

El
7

The reaction of this radical with nitrobenzenes
ended up only with adduct formation unless the pH
of the solution raised beyond 7 to give redox
products [18]. Theplot (Fig. 5; R = 0.984) of log kg
versus redox potentials of nitrobenzenes was linear
with a slope of 3.72 V™ and with an intercept of
9.2. The value of intercept leads to 16 as intrinsic
activation barrier (A). This is again a clear
indication that no electron transfer took place.

Reactions of 6-methyluracil-6-yl (6-MeU®), 6-
methylcytosine-6-yl (6-MeC®), 6-methyl-di-
hydrouracil-6-yl (6-MeDHU®) and 2-amino-4,6-
dimetyluracil-6-yl (2-A-4,6-DMU°) radicals [20-
21]:
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(e}

7
NO, 02\ N~ T CHa
o

X
(adduct 3)

Figure 6: Plot of log kR versus E for the reaction of

6-M eU radical with nitrobenzenes

9 T T T 1 1
slope = 4.44V "
8.8 intercept = 10.1
R =10.973
8.6 B
R4
o 8.4 B
o
8.2 7
gk il
7.8 :
-0.55 -0.5 0.45 0.4 0.35 0.3 0.25
1
E7
Figure 7: Plot of log k . versus E for the reaction of
6-M e Cytosine radical with nitrobenzenes
9.4 T T T T T
slope =3.34V *
intercept = 10.2
9.2 R =0.951 7
9l |
R4
g
8.8~ n
8.6 n
8.4 ¢

-0.55 -0.5 -0.45 -0.4 -0.35 -0.3 -0.25

The Marcus plots for the reactions (kg M™ sec™)
of these radicals with nitrobenzenes to give
nitroxide type radicals yield the slopes and
intercepts 4.44 V! and 10.1 (6-MeU": Fig 6, R =
0.973), 3.34 V! and 10.2 (6-MeC": Fig 7, R =
0.951), 1.45 V! and 9.8 (6-MeDHU": Fig 8, R =
0.914) and 4.95 V* and 10.6 (2-A-4,6-DMU": Fig
9, R = 0.999) respectively. The very low values of
the Marcus slopes not close to 8.5 V' are again an
indication for the formation of the nitroxide type
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adducts only and not for the electron transfer. The
intrinsic activation barriers (A) were found to be
12.4, 12, 13.6 and 10.4 respectively. Either it is
surprise or accident but it is by experimenta
evidence that the very similar Marcus s opes of the

Figure 8: Plot of log kRversus E for the reaction of
6-M e DHU radical with nitrobenzenes

9.5 T T T T
slope=1.84V*

| intercept=09.9 |
9.4" R =0.950

9.3

log l&

9.2

9.1

-0.55 -0.5 -0.45 -0.4 -0.35 -0.3

Figure 9: Plot of log kRversus E for for the reaction
of 2-A-4,6-DM U Radical

9.5 T
slope = 4.95 V™
9r intercept = 10.6 -
R = 0.999
8.5 7
el
j=2]
o
8- _
7.5 7
7
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3

El

reactions of isopropyl (1.59 V%) and 6-MeDHU"
(1.45 V) radicals shows that the transition states of
these two reactions resemble with each other on
their way to products in spite of the fact that the
two Marcus dopes are one for electron transfer and
the other for adduct formation respectively. But
before they go to products, the nature of the
trangition states could be understood as similar
ones. This could be seen in the Scheme 1 shown in
rectangles[25].

Hence isopropyl radical could be taken as a
good mode radical for understanding the reduction
properties of 6-methyl substituted pyrimidine-6-yl
radicals.



V Jagannadham, R. Sanjeev: The marvellous Marcus equation

°C T N C
T CHs /L C_ \
? o r‘\l CHs o) NO, N/C\H
R b on NHg ‘
NO. + HN Kr o
2 NO, . -+ = 'O\ /
NH, N
| x
H

X
(adduct 8)
Figure 11: Plot of log kRvs E values for the reaction
of Cytosine radical with nitrobenzenes.

8.35 T T T
g 3~ Slope =5.47 v Py
’ intercept = 10
| R =0.990 _
8.25
8.2 7
el L |
Scheme-1 g8 815
Reactions of uracil-6-yl (U°), cytosine-6-yl (Cy"), 81 o i
and 1-methyl-uracil-6-yl (1-MeU°) radicals [19] 8.05 7
The reactions of these radicas with CER 4 7
nitrobenzenes again ended up only with adduct 795
formation unless the pH of the solution raised -0.39 -0.38 -0.37 -0.36 -0.35 -0.34 -0.33 -0.32
beyond 7 like in the case of a-hydroxy-methyl e
radical ("CH,OH) to give redox products. The ! o
Marcus plots of log kg versus redox potentials of H_ )L _OH
nitrobenzenes were linear with dlopes and )N\ ¢
° o NO» o~ N TTH
H, )K _OH
Tz OH chy” ‘
o NO, O)\N/C‘\H j\ i Kr o o)
HN oH Ke H > N4
OZn‘jj/ N T .'O\N/o © 'T N
X
(adduct 7) X
Figure 10: Plot of log k _versus E for the reaction (adduct 9)
of uracil radical Figure 12: Plot of log k_vs E for the reaction of
7.8 ‘ ‘ ‘ ‘ 1-M eUracil radical with nitrobenzenes
slope = 3.21 Vv * ® s 5 : : : : : :
intercept = 8.8 :
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8.45— intercept = 9.9 _
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1
E7
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intercepts of 3.21 V' and 8.8 (U": Fig 10, R =
0.985), 5.47 V' and 10 (Cy": Fig 11, R = 0.993),
and 4.42 V!, and 9.9 (1-MeU": Fig 12, R = 0.999)
respectively. The values of intercepts lead to 17.6,
12.8 and 13.2 as intrinsic activation barriers (A).
This is again a clear indication that no electron
transfer took place between these radicas and
nitrobenzenes. And further from similar Marcus
slopes of 3.7 V! and 3.2 V™ for the reactions of
*CH,OH and U* radicals respectively, it could be
concluded that a-hydroxy-methyl radical
("CH,OH) may be understood as a good model
radical for pyrimidine-6-yl (U®) radicals as shown
in Scheme 2.

o
. N OH
CH,
Cl)/ O/kN
H H
-+ -+

<N

Scheme 2

The plot of log ks versus redox potentials for the
reaction of a-hydroxy-ethyl radical was found to
belinear (Fig. 13; R = 0.974) withadopeof 7.2 V-
! and with an intercept of 6.6. From the intercept,

CH
O 3
HT ﬁc(
5 40 "
Khs +
——> CHzCHO + + H
X
(adduct 1)
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Figure 13: Plot of log ksversus E for the reaction

of ethanol radical with nitrobenzenes
5 T T T T T

slope = 7.23 Vv *
intercept = 6.6
45— R =0.974 -

Ioglé

1
E?

H o
.\ HN)iC)H
PN g
s o~ T CH
H
+
NO, NO,
X
o
Py

H\

<« X

OH
N c”
o ﬁi

X

Scheme 3

intrinsic activation barrier () was found to be 26.4.
The very low Marcus slope of 4.7 V™ for the first
step of the reaction is an indication of adduct
formation and the not the smooth electron transfer
and that of for the second step involving electron
transfer is 7.2 V! which is close to the value of 8.5
V™ as expected by Eq. (8). Hence the reaction is
considered to be an example of addition/electron
transfer reaction and from the similar slopes of 4.7
V! and 4.4 V! for the reactions of CH;C"HOH and
6-MeU" radicals respectively, it could be concluded
that a-hydroxy-ethyl radical (CH;C*"HOH) may
be understood as a good model radical for 6-
methyluracil-6-yl (6-MeU"®) radicals as shown in
Scheme 3.
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C\H

R
N C
)\ —TCHs3 No.g

H )LC/
" \ / *> )\ \H + +
N/C\CH3

N )\ I + + H
C—
7C—CHsy
o N iso-pyrimidine X
iso-pyrimidine X

X X
(adduct 3) (adduct 5)
Figure 14: Plot of log k _versus E for the reaction Figure 16: Plot of log ksversus E for the reaction
of 6-M e Uracil radical with nitrobenzenes of 6-M e DHU radical with nitrobenzenes
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Figure 15: Plot of log ksversus E for the reaction of Figure 17: Plot of log ksvs E for the reaction of
6-M e Cytosine radical with nitrobenzenes 2-A-4,6-DM U radical with nitrobenzenes
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The Marcus plots for the heterolysis reactions
(ks s) of the nitroxyl adducts of 6-methyluracil-6-
yl (6-MeU"), 6-methylcytosine-6-yl (6-MeC®), 6-
methyl-di-hydrouracil-6-yl (6-MeDHU®) and 2-
amino-4,6-dimetyluracil-6-yl (2-A-4,6-DMU")
radicals to give radical anions and other oxidized
products yield the slopes and intercepts 8.17 V™
and 6.5 (6-MeU": Fig 14, R = 0.995), 6.65 V' and
6.5 (6-MeC": Fig 15, R = 0.993), 6.97 V' and 7.4
(6-MeDHU": Fig 16, R = 0.996) and 4.21 V* and
73 (2-A-46-DMU*: Fig 17, R = 0.989)
respectively. Again the Marcus slopes for the
heterolysis reactions are in accordance with
electron transfer concept (closeto 8.5 VY.

For the heterolysis step of adducts shown in
Figures 13-17 the very similar Marcus slopes
(except 2-A-4, 6-DMU®) and intrinsic activation
barriers (Table 1) it may be further understood that
these four adducts undergo heterolysis with similar
transition states[25].

@)

H™ CHR

e
NO3

O\N/O
Ks .
© © Jr RCHO ) H
CN CN

Where R = CHg, C2H5, n'C3H7, i'CGH7, t-Bu,
HOCH,.
Figure 18: Plot of log ksversus E for the reaction
alcohol radicals with 4-nitrobenzonitrile
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Another important and very striking
observation is that with a particular given

nitrobenzene, in this case with 4-nitrobenzonitrile
(4-NBN) the Marcus plot (Fig 18, R = 0.976) for
the heterolysis (ks %) of nitroxyl adducts formed
with alcohol radicals having a methyl group a- to
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OH and 4-NBN is linear. The redox potentials of
various acohol radicals are from reference 26. But
the reason for the very small Marcus slope (0.27 V'
) in spite of “bonded” electron transfer is not
understandable at present. It should have been some
where close to 5 or 6 V*. And from the value of
the intercept 3.5, the intrinsic activation barrier ()
was found to be 39 kJ mole™ which is even more
than the values (~23-27) that are observed for the
other five adducts. And one more important
observation is that with a particular given
nitrobenzene, in this case with 4-
nitroacetophenone (known as PNAP among
radiation chemists) the Marcus plot (Fig 19, R
= 0.986) for the formation of (kg M™* sec™) of
nitroxyl adducts with various pyrimidine-6-yl
radicals is linear with a slope of 1.0 V*. And
from the value of theintercept 7.8, theintrinsic

X
Ra. 3 )k OH
N c
)\ [ TRy
G

X NO, o
aN OH . Ry
3 R, + *R> 0 o
= o AN /
O N H
| x
Rz

N

Uracil Ry =R, =Rz =Hand X=0

Thymine: R; =CHz, R, =Rz =Hand X =0
1-MeUracil: Ry =Rz =H, R, =CHz and x =0
1,3-Di-Me-Uracil = R; =H, R, =Rz =CHz and X =0
Cytosine: R; =R, =Rz =Hand X =NH

Fig 19: Plot of log kRversus redox potentials

of pyrimidine bases and two alcohols 4-NAP
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slope =10V *
~ Intercept = 7.8
9 @& R = 0.986

\\\

log IF<2
/

activation barrier (o) was found to be 21.6 kJ
mole™. The very small Marcus slope indicates
that the reaction is only addition type and not
electron transfer. The redox potentials of
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Table 1. Summary of the data of Marcus slopes and intrinsic activation barriers.

Marcus slope (V)

Intrinsic activation barrier (1)

, , kJ mole™
Radical/reaction - . - .
For reaction For heterolysis For reaction For heterolysis
(ke M~ sec™) (ks SEC™) (ke M~ sec™) (ks SEC™)
Fe(l)tris-(L10Phef o ;'(%ect »
Ce(1V) reaction ;
. ;o value is 8.5 based - -14 -
Thisreaction |stak_en s, equation 8
areference reaction '
see text)
COy 73 No heterolysis step 5.70 No heterolysis step
(CH3),C"OH 16 No heterolysis step 13.2 No heterolysis step
CH3C"HOH 4.7 7.2 104 26.4
‘CH,OH 3.7 No heterolysis step 16.0 No heterolysis step
6-MeU* 4.4 8.2 124 26.8
6-MeC’ 33 6.7 12.0 26.8
6-MeDHU"® 15 7.0 13.6 23.2
2-A-4,6-DMU* 5.0 4.2 104 23.6
U 3.2 No heterolysis step 17.6 No heterolysis step
Cy’ 55 No heterolysis step 12.8 No heterolysis step
1-MeU* 4.4 No heterolysis step 13.2 No heterolysis step
*reference 5.
various pyrimidine-6-yl radicals are from REFERENCES:
reference 27.

CONCLUDING REMARKS

The Marcus treatment (in the form of equation
8) is an excdlent tool for identifying the “non-
bonded” electron transfer reactions from “bonded”
electron transfer reactions taking place in organic
molecules.

And it is apparent that aradical with at least one
methyl group o- to OH is essential for areaction to
undergo a “bonded” €ectron transfer reaction
without which no eectron transfer is observed. If
there are two methyl groups (like the a-OH-i-
propyl radical) in the radical a- to OH, the reaction
undergoes exclusively by “non-bonded” electron
transfer route and the Marcus s ope was not close to
8.5 V' as the reactions are close to diffusion
controlled limit.

In the case of pyrimidine-6-yl radicals, it is
essential that the radical should have a methyl
group at 6 position of the pyrimidine for the
reaction to go by addition (“bonded”) and then by
electron transfer mechanism.
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UYJAECHOTO YPABHEHUE HA MAPKYC

B. JIxxarananxan, P. Canmxuus

Kameopa no xumus, Yuusepcumem Ocmanus, Xatioepabao-500 007, Huous

IMocTenuna Ha 13 mapr, 2010 r.; npepadorena Ha 11 Hoemspwu, 2010

(Pesrome)

Hutpobensenn (XCgH4NO,) ca penymupanu o pamuxaman annonn (XCsH,NO3 ) upes ocemnanecer

Ppa3JInuHU BBIJICPOJ LHCHTPUPAHU padWKalid, MNOJYYCHHU OT (bOpMI/IaT U OpOCTH AJIKOXOJH U MAPUMHUIUHOBUTC 0asu.
Te3n paduKaan C€a MOJy4YCHU Ype3 HMMITYJICHA paJuoJjir3a BbB BOJACH Pa3TBODP. PaL[I/IKaHHI/IﬂT AHUOH Ha BBIJICPOJHUSA

JIUOKCUJL (CO;_) ce TpreMa KaTro CTaHOapT, KOWTO pearwpa upe3 THUPEKTeH eleKTpoHeH mpeHoc (“"He-cBbp3aH" WITH

"BpHIIHA cdepa") ¢ HUTpoOeH3eHu. PeakuusiTa Ha panukana Ha O-XHUAPOKCH-U30-TIPOITMII C HUTPOOEH3EHH CHILO CE
W3BBPILBA Ype3 JUPEKTEH eJIeKTPOHEH IpeHoc ("He-cBbp3aH" wiM "BbHIIHA cdepa), a HIKOU paaAuKalIl pearupar upes3
MeXaHU3bM Ha Jo0aBsHe/ eiekTpoHeH mpeHoc ("cBbp3aH" wmwim "BhTpemHa cdepa") m0 TOITydaBaHEe Ha KpaiHH
IpoxykTH. PeaknusATa Ha HAKOM pajMKald CIIMpa HA €Tama Ha Ao00aBsHe, 3a Ja JaJe HUTPOKCHUICH THUIl PaUKaIH
[(XCgH4N(O*)OR], xbaero R e ankoxojHa WIM NUPUMHIMHOBA ChCTaBKA HAa MHKPO CEKYHIHAa BpEMEBa CKala.
MexaHu3muTe Ha 100aBsiHE /EIEKTPOHEH MPEHOC ca A0Ope omMcaHu OT TeopusaTa Ha Mapkyc. Bcuuku Te3u pesynratu
ca palMOHAJIM3UPaHM BB3 OCHOBA HA BIVIOBHS Koe(WIMEHT Ha rpadukure Ha Mapkyc, BBBEAEHH OT TEOpHATa HA

Mapkyc 3a MEXaHU3MHUTE Ha eJIEKTPOHEH IPEHOC.
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Synthesis and in vitro biological activity of N-(5-amino-2-methylphenyl)-4-(3-
pyridyl)-2-pyrimidinamine derivatives
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A series of novel N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-pyrimidinamine derivatives, 4(a-f) were synthesized
by the reaction of N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-pyrimidinamine with various ketones in order to
determine their in vitro antimicrobial activities against clinically isolated strains. The antioxidant activity was also
determined by diphenylpicrylhydrazyl (DPPH) radical scavenging assay method. The chemical structures were
confirmed by elemental analyses, UV-Vis, FT-IR and *H NMR spectral studies. The synthesized compounds 4b, 4c and
4e showed moderate antimicrobial activity compared to standard drugs against bacterial and fungal strains tested. The
compounds, 4b and 4c¢ showed good antioxidant activity in diphenylpicrylhydrazyl (DPPH) radical-scavenging assay

method.

Key words: N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-pyrimidinamine, ketones, antimicrobials, antioxidant.

INTRODUCTION

Diseases caused by microbial infection are a
serious menace to the health of human beings and
often have connection to some other diseases,
whenever the body system gets debilitated.
Developing antimicrobial drugs and maintaining
their potency, in opposition to resistance by
different classes of microorganisms as well as a
broad spectrum of antibacterial activity are some of
the major concern of research in this area. The
compounds containing an azomethine group (-
C=N-) are important in elucidating the mechanism
of transamination and racemisation reactions in
biological systems [1, 2]. Due to the great
flexibility and diverse structural aspects, a wide
range of Schiff bases have been synthesized and
their complexation behaviors have been studied [3].
They have been synthesized from a variety of
compounds such as amino thiazoles, 2-hydroxy-1-
napthalaniline, amino sugars, aromatic aldehydes,
acetophenones, isatin, triazole ring,
thiosemicarbazides, amino acids, pyrazolone, etc
[4, 5]. Antibacterial, antifungal, antitumor and
anticancer activities of some Schiff bases have been
reported and they are active against a wide range of
organisms [6, 7]. Antibacterial activity has been
studied more than antifungal activity, because
bacteria can achieve resistance to antibiotics

*To whom all correspondence should be sent:
E-mail: knmsvp@yahoo.com

through biochemical and morphological
modifications [8, 9]. Some Schiff bases bearing aryl
groups or heterocyclic residues possess excellent
biological activities have attracted the attention of
many researchers in recent years [10-12].

The Schiff bases formed from aromatic
aldehydes or aromatic ketones and their derivatives
are quite stable. Many Schiff bases are known to be
medicinally important and are used to design
medicinal compounds [6, 13]. In recent years there
has been an increased interest in the application of
antioxidants to medical treatment. Information is
constantly gathered linking the development of
human diseases to oxidative stress. Free radicals
play a role in the pathogenesis of chronic
degenerative diseases including cancer,
autoimmune, inflammatory, cardiovascular and
neurodegenerative diseases and aging generally
[14-17]. It is also known that oxidative stress can
be induced by a wide range of environmental
factors including UV stress, pathogen invasion,
pesticide action and oxygen shortage [18]. Owing
to these facts, synthetic and natural compounds
with potential antioxidation activity are receiving
increased attention in biological research, medicine
and pharmacy [19, 20].

N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-
2-pyrimidinamine is an intermediate for the
preparation of imatinib which is an anti-cancer
agent, and it is currently marketed as Gleevec. It
has also been found to be effective in the treatment
of gastrointestinal stromal tumors (GISTs) [21].
This selective inhibition of Bcr-Abl kinase by
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imatinib has been a successful therapeutic strategy
for chronic myeloid leukemia because of the high
efficacy and mild side effects of this compound
[22]. In connection with such studies, the present
paper reports for the first time on the synthesis of
N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-
pyrimidinamine derivatives, 4(a-f) which are
formed during the reaction of N-(5-amino-2-
methylphenyl)-4-(3-pyridyl)-2-pyrimidinamine (2)
with different ketones, 3(a-f). The synthesized
compounds are characterized by elemental analyses
and spectroscopy (UV-visible, FT-IR, *H NMR and
3C NMR). Antimicrobial and antioxidant activities
of compounds are reported and structural activity
relationship is also discussed. On the basis of their
activity, these derivatives are identified as viable
for further studies.

CHEMISTRY

The target key intermediate, N-(5-amino-2-
methylphenyl)-4-(3-pyridyl)-2-pyrimidinamine (2)
was synthesized according to the reported
procedure [23] by reacting with stannous chloride
dihydrate (11.29 g, 50 mmol) in hydrochloric acid
(30 ml) and cooled at 0 °C. N-(2-methyl-5-
nitrophenyl)-4-pyridin-3-yl-pyrimidin-2-ylamine
(1, 3.69 g, 12 mmol) was added in portions while
the suspension was vigorously stirred for 6 h. The
mixture was then poured onto crushed ice, made
alkaline with solid sodium hydroxide and extracted
three times with ethyl acetate (100 ml). The
combined organic phase was dried over anhydrous
sodium sulphate and the filtrate was evaporated to
dryness in vacuo. The residue was recrystallized
from methanol.

EXPERIMENTAL
Materials and Methods

All solvents and reagents were purchased from
Sigma Aldrich Chemicals Pvt Ltd. Melting range
was determined by Veego Melting Point VMP I
apparatus. Elemental analyses were recorded in
DMSO on VarioMICRO superuser V1.3.2
Elementar. The UV-visible spectra were recorded
on  Analytikjena  Specord 50 UV-Vis
spectrophotometer with quartz cell of 1.0 cm path
length. The FT-IR spectra were recorded using KBr
discs on FT-IR Jasco 4100 infrared
spectrophotometer and were quoted in cm™. NMR
spectra were recorded on Bruker DMX 300
spectrometer (300 MHz for *H NMR and 100 MHz
for **C NMR) using DMSO-ds as solvent and TMS
as an internal standard.
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General procedure for the synthesis of N-(5-
amino-2-methylphenyl)-4-(3-pyridyl)-2-
pyrimidinamine derivatives, 4(a-f)

Equimolar concentrations of different ketones,
3(a-f) (0.01 mol) and N-(5-amino-2-methylphenyl)-
4-(3-pyridyl)-2-pyrimidinamine (2, 0.01 mol) were
stirred for 6-8 hr at room temperature using
absolute ethanol (25 ml) and then 2-3 drops of
concentrated sulfuric acid was added to the
mixture. The progress of the reaction was followed
by TLC until the reaction was complete. It was
cooled to 0°C, the precipitate was filtered, washed
with diethyl ether and the residue was recrystallized
from ethanol.

4-Methyl-N*-(1-phenylethylidene)-N3-(4-(pyridin-3-
yl)pyrimidin-2-yl)benzene-1,3-diamine (4a)

The general experimental procedure described
above afforded 4a, and the product obtained from
N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-
pyrimidinamine (2) (2.78 g, 0.01 mol) and
acetophenone (3a) (1.21 g, 0.01 mol). FT-IR v:
3179 (N-H), 3955 (Ar-H), 1619 (C=N), 1558
(C=C), 1078 (C-N). '*H NMR &: 9.67 (s, 1H, pyr-
H), 9.23 (s, 1H, N-H), 8.91 (d, 1H, J = 3.4 Hz, pyr-
H), 8.70 (d, 1H, J = 5.3 Hz, pyrimidine-H), 8.53 (d,
2H, J = 7.2 Hz, Ar-H), 7.54-7.51(m, 3H, Ar-H),
7.44 (d, 1H, J = 3.9 Hz, pyr-H), 7.33 (t, 1H,J = 7.3
Hz, pyr-H), 7.25 (d, 1H, J = 6.1 Hz, pyrimidine-H),
6.98 (d, 1H, J = 6.0 Hz, Ar-H), 6.95 (d, 1H, J = 8.8
Hz, Ar-H), 6.31 (s, 1H, Ar-H), 3.84 (s, 3H, CH,),
2.49 (s, 3H, CHjy). Anal. Calcd. for Cy4H,:Ns (in %):
C-75.97, H-5.58, N-18.46. Found C-75.71, H-5.60,
N-18.21.

N*-(1-(1H-indol-3-yl)ethylidene)-4-methyl-N3-(4-
(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-diamine
(4b)

The general experimental procedure
described above afforded 4b, and the product
obtained from N-(5-amino-2-methylphenyl)-4-
(3-pyridyl)-2-pyrimidinamine (2) (2.78 g, 0.01
mol) and 1- (1H-indol-3-yl)ethanone (3b)
(1.60 g, 0.01 mol). FT-IR v: 3181 (N-H), 3056
(Ar-H), 1628 (C=N), 1573 (C=C), 1077 (C-N).
'"H NMR &: 9.68 (s, 1H, pyr-H), 9.30 (s, 1H, N-
H), 9.21 (s, 1H, N-H), 8.90 (d, 1H, J = 3.1 Hz,
pyr-H), 8.71 (d, 1H, J = 5.5 Hz, pyrimidine-H),
7.54-7.50 (m, 4H, Ar-H), 7.45 (d, 1H, J = 4.0
Hz, pyr-H), 7.33 (t, 1H, J = 7.1 Hz, pyr-H),
7.25 (d, 1H, J = 5.8 Hz, pyrimidine-H), 6.98
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(d, 1H, J = 5.7 Hz, Ar-H), 6.94 (d, 1H, J = 7.6 Hz,
Ar-H), 6.31 (s, 1H, Ar-H), 6.05 (s, 1H, pyrrole-H),
3.85 (s, 3H, CHg), 2.5 (s, 3H, CHz). Anal. Calcd. for
CaH2:Ng (in %): C-74.62, H-5.30, N-20.08. Found
C-74.81, H-5.50, N-20.21.

4-Methyl-N*-(1-(pyridin-3-yl)ethylidene)-N*-(4-
(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-diamine
(4c)

The general experimental procedure described
above afforded 4c, and the product obtained from
N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-
pyrimidinamine (2) (2.78 g, 0.01 mol) and 1-
(pyridin-3-yl)ethanone (3c) (1.22 g, 0.01 mol). FT—
IR v: 3181 (N-H), 3056 (Ar-H), 1689 (C=N), 1574
(C=C), 1078 (C-N). 'H NMR &: 9.61 (s, 1H, pyr-
H), 9.30 (s, 1H, N-H), 9.20 (s, 1H, pyr-H), 8.72 (d,
1H, J = 2.8 Hz, pyr-H), 8.67 (d, 1H, J = 3.1 Hz,
pyr-H), 7.44 (d, 1H, J = 5.0 Hz, pyrimidine-H),
7.31(d, 1H, J = 3.8 Hz, pyr-H), 7.24 (d, 1H, J = 3.5
Hz, pyr-H), 7.13 (t, 1H, J = 7.0 Hz, pyr-H), 7.08-
7.06 (t, 1H, J = 7.3 Hz, pyr-H), 7.01 (d, 1H, J = 6.1
Hz, pyrimidine-H), 6.96 (d, 1H, J = 5.9 Hz, Ar-H),
6.87 (d, 1H, J = 7.2 Hz, Ar-H), 6.30 (s, 1H, Ar-H),
3.85 (s, 3H, CHy), 2.5 (s, 3H, CHa). Anal. Calcd. for
C23H20N6 (ln %) C-72.61, H-5.30, N-22.09. Found
C-72.42, H-5.23, N-22.21.

4-Methyl-N*-(1-(naphthalen-2-yl)ethylidene)-N>-(4-
(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-diamine
(4d)

The general experimental procedure described
above afforded 4d, and the product obtained from
N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-
pyrimidinamine (2) (2.78 g, 0.01 mol) and 1-
(naphthalen-2-yl)ethanone (3d) (1.71 g, 0.01 mol).
FT-IR v: 3180 (N-H), 3057 (Ar-H), 1646 (C=N),
1572 (C=C), 1077 (C-N). ‘*H NMR &: 9.65 (s, 1H,
pyr-H), 9.23 (s, 1H, N-H), 8.71 (d, 1H, J = 3.2 Hz,
pyr-H), 8.58 (s, 1H, Ar-H), 8.53 (d, 1H, J = 7.3 Hz,
Ar-H), 8.42 (d, 1H, J = 4.7 Hz, Ar-H), 7.54 (d, 1H,
J = 5.1 Hz, pyrimidine-H), 7.43-7.4 (m, 4H, Ar-H),
7.38 (d, 1H, J = 3.4 Hz, pyr-H), 7.33 (t, 1H,J = 7.2
Hz, pyr-H), 7.25 (d, 1H, J = 6.4 Hz, pyrimidine-H),
6.98 (d, 1H, J = 5.7 Hz, Ar-H), 6.95 (d, 1H,J=7.9
Hz, Ar-H), 6.31 (s, 1H, Ar-H), 3.85 (s, 3H, CHy),
2.45 (s, 3H, CHs). Anal. Calcd. for CygH,3Ns (in %):
C-78.30, H-5.40, N-16.31. Found C-78.12, H-5.21,
N-16.11.

4-Methyl-N3-(4-(pyridin-3-yl)pyrimidin-2-yl)-N*-(1-
(pyridin-4-yl)ethylidene)benzene-1,3-diamine (4e)

The general experimental procedure described
above afforded 4e, and the product obtained from
N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-

pyrimidinamine (2) (2.78 g, 0.01 mol) and 1-
(pyridin-4-yl)ethanone (3e) (1.22 g, 0.01 mol). FT-
IR v: 3189 (N-H), 3056 (Ar-H), 1698 (C=N), 1572
(C=C), 1078 (C-N). '*H NMR &: 9.60 (s, 1H, pyr-
H), 9.31 (s, 1H, N-H), 8.72 (d, 2H, J = 7.2 Hz, pyr-
H), 8.67 (d, 1H, J = 3.0 Hz, pyr-H), 8.54 (d, 2H, J =
6.8 Hz, pyr-H), 7.45 (d, 1H, J = 5.3 Hz, pyrimidine-
H), 7.31 (d, 1H, J = 3.1 Hz, pyr-H), 7.15 (t, 1H, J =
7.7 Hz, pyr-H), 7.05 (d, 1H, J = 6.2 Hz, pyrimidine-
H), 6.95 (d, 1H, J = 5.3 Hz, Ar-H), 6.87 (d, 1H, J =
7.1 Hz, Ar-H), 6.31 (s, 1H, Ar-H), 3.84 (s, 3H,
CH3), 2.5 (S, 3H, CH3) Anal. Calcd. for Cy3H,oNe
(in %): C-72.61, H-5.30, N-22.09. Found C-72.82,
H-5.01, N-22.28.

3-(1-(3-(4-(Pyridin-3-yl)pyrimidin-2-ylamino)-4-
methylphenylimino)ethyl)benzonitrile (4f)

The general experimental procedure described
above afforded 4f, and the product obtained from
N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-
pyrimidinamine (2) (2.78 g, 0.01 mol) and 3-
acetylbenzonitrile (3f) (1.46 g, 0.01 mol). FT-IR v:
3168 (N-H), 3056 (Ar-H), 2243 (C=N), 1689
(C=N), 1574 (C=C), 1079 (C-N). 'H NMR &: 9.67
(s, 1H, pyr-H), 9.21 (s, 1H, N-H), 8.71 (d, 1H, J =
3.3 Hz, pyr-H), 8.53 (d, 1H, J = 7.1 Hz, Ar-H), 7.43
(d, 1H, J = 5.2 Hz, pyrimidine-H), 7.35 (s, 1H, Ar-
H), 7.54 (d, 1H, J = 4.5 Hz, Ar-H), 7.51 (d, 1H, J =
7.1 Hz, Ar-H), 7.45 (d, 1H, J = 3.4 Hz, pyr-H), 7.33
(t, 1H, J = 7.1 Hz, pyr-H), 7.25 (d, 1H, J = 6.3 Hz,
pyrimidine-H), 6.97 (d, 1H, J = 5.1 Hz, Ar-H), 6.95
(d, 1H, J = 7.3 Hz, Ar-H), 6.32 (s, 1H, Ar-H), 3.85
(s, 3H, CHy), 2.46 (s, 3H, CHs). Anal. Calcd. for
CasH2oNg (in %): C-74.24, H-4.98, N-20.78. Found
C-74.13, H-4.81, N-20.51.

_SICh2H0 | e RC00H, 30|
e “Eoneen @
N= C—R

Scheme 1
ANTIBACTERIAL ASSAY

Antibacterial activity of the synthesized
compounds was determined against Gram-positive
bacteria (Bacillus subtilis, Staphylococcus aureus)
and Gram-negative  bacteria  (Xanthomonas
malvacearum and Escherichia coli) in DMF by disc
diffusion method on nutrient agar medium [24].
The sterile medium (Nutrient Agar medium, 15 ml)
in each Petri plates was uniformly smeared with
cultures of Gram-positive and Gram-negative
bacteria. Sterile discs of 6 mm diameter (Hi-Media)
were made in each of the Petri plates, to which 50
pL (concentration was 1 mg/ml, i.e., 50 pg/disc) of
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the different synthesized compounds were added.
The treatments also included 50 pl of DMF and
streptomycin as negative and positive control for
comparison. Each compound was assessed in
triplicate. The plates were incubated overnight at 25
+ 2 °C and then the inhibition zones were measured
in millimeters.

ANTIFUNGAL ASSAY

The synthesized compounds were screened for
their  antifungal activity against Fusarium
oxysporum and Aspergillus niger in DMF by
poisoned food technique [25]. Potato Dextrose
Agar (PDA) media was prepared and about 15 ml
of PDA was poured into each petri plate and
allowed to solidify. 5 mm disc of seven days old
culture of the test fungi was placed at the center of
the petri plates and incubated at 26 °C for 7 days.
After incubation the percentage inhibition was
measured, and three replicates were maintained for
each treatment. Activity of each compound was
compared with standard drugs. All of the
synthesized compounds were tested (at the dosage
of 500 ul of the novel compounds in Petri plate,
where concentration was 0.1 mg/ml) by poisoned
food technique.

DPPH RADICAL SCAVENGING ASSAY

The free radical scavenging activity of the
synthesized compounds was studied in vitro by 1,
1-diphenyl-2-picrylhydrazyl (DPPH) assay method
[26]. Stock solution of the drug was diluted to
different concentrations in the range of 100-200
pug/ml in methanol. Methanolic solution of the
synthesized compounds (2 ml) was added to
0.003% (w/v) methanol solution of DPPH (1 ml).
The mixture was shaken vigorously and allowed to
stand for 30 min. Then absorbance at 517 nm was
determined and the percentage of scavenging
activity was calculated. Ascorbic acid was used as a
reference compound. All tests and analyses were
done in duplicate and the results were averaged.
The inhibition ratio (I %) of the tested compounds
was calculated according to the following equation:

I % = (Ac-As) / Ac x 100
where Ac is the absorbance of the control and As is
the absorbance of the sample.

RESULTS AND DISCUSSION

In this work, the novel N-(5-amino-2-
methylphenyl)-4-(3-pyridyl)-2-pyrimidinamine
derivatives 4(a—f) were synthesized by the method
summarized in Scheme 1. Compounds were
purified by recrystalization using ethanol. The
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chemical structures and physical data of all the
synthesized compounds are tabulated in Table 1.

Tablel. Chemical structure of the synthesized
compounds

Yield M.P. UV-visible
(%) O (Amax)

4a ::> 74 128-130 480

Compound R

4b 71 154-156 495
X . NH

4c — 68 158-160 505
\ /
N

4d OO 68 151-153 498

4e — 72 159-161 507
\ N

4f Q 70 152-154 510
AN

=2

The elemental analyses data showed good
agreement between the experimentally determined
values and the theoretically calculated values
within the limits of permissible error. The
synthesized compounds are stable in air, soluble in
DMSO and DMF. The elemental analyses data
confirm the stoichiometry and hence the molecular
formula of the synthesized compounds. The
electronic absorption spectra of synthesized
compounds show new bands and appearance of
longer wavelength absorption band in the visible
region in UV-visible spectrum owing to confirms
the formation of synthesized compounds.

The absence of NH, and C=0 absorption bands
in the IR spectra confirmed that the synthesized
compounds 4(a—f) were obtained via condensation.
However the changes in integral intensities and
band widths, especially of the bands originating
from NH, stretching vibrations didn’t show in
products. The absorptions around 3000 cm™ in
compounds 4(a—f) confirm the aromatic C-H
stretching vibrations, and the appearance of a
medium to strong absorption bands above 1600 cm
! due to a stretching vibration of the azomethine
(C=N) bond formation in synthesized compounds.

The proton spectral data agree with respect to
the number of protons and their chemical shifts
with the proposed structures. The proton spectral
data agree with respect to the number of protons
and their chemical shifts with the proposed
structures. The proton spectral data of the
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intermediate,  N-(5-amino-2-methylphenyl)-4-(3-
pyridyl)-2-pyrimidinamine (2) shows resonance at
& 5.52 ppm (s, 2H, -NH,). In all the synthesized
compounds 4 (a-f) the above resonances
disappeared and additional resonances were
observed, which confirmed the condensation
between the amino group and carbonyl group.

To provide further evidence for the synthesized
compounds, *C NMR spectra were recorded. The
peaks at 164.23 - 164.01 ppm due to azomethine
carbon atoms, which were not present in the
starting materials. The strong signals at & 151.04 —
108.32 ppm indicate the presence of aromatic
carbons.

The antibacterial activity of compounds 4(a-f)
were evaluated and compared with streptomycin as
standard drug. The compounds 4b, 4c and 4e have
shown moderate antibacterial activity against four
pathogenic bacterial strains among the six
compounds screened. Compared with streptomycin
the compound 4f showed less inhibitory activity
against B. subtilis and S. aureus. Among the
compounds 2 and 4(a—f) the antibacterial inhibitory
activity follows the order 4b > 4e > 4c > 4d > 4a >
4f > 2 against tested four pathogenic bacterial
strains.

The antifungal activity of compounds 4(a-f)
were evaluated and compared with nystatin as
standard. All the compounds do not show
antifungal activity against A. niger. The
compound 4b showed moderate activity
against F. oxysporum. Compared with nystatin
the compounds 4c and 4e showed moderate
inhibitory activity against F. oxysporum. It is
evident from the results that most of the
compounds are moderately active and few are
weakly active. Among the compounds 2 and
4(a—f) showed inhibitory activity in the order
4b > 4e > 4c > 4d > 4a > 4f > 2 against F.
oxysporum. Antimicrobial screening results of
the tested compounds are shown in Table 2.

Antioxidant activity results of the tested
compounds are shown in Table 3. As antioxidants
donate protons to DPPH radicals, the absorption
decreases. The decrease in absorption is taken as a
measure of the extent of radical scavenging. Free
radical scavenging capacities of the compounds,
measured by DPPH assay, are shown in Figure 1.
Compound, 2 showed weak antioxidant activity
(48.7 %) compared to standard ascorbic acid (99.3
%) at 200 pug/ml. Compounds 4b and 4c showed
good antioxidant activity (68.5 % and 63.7 %) at

Table 2. Antibacterial and antifungal activities of
compounds

Compound  Zone of inhibition in diameter (mm) %
inhibition
B.  S.aureus X. E. coli F.
subtilis malvacearum oxysporum
2 - - - - 245
4a 10 09 - - 38.2
4b 11 11 08 09 55.7
4c 11 11 08 08 47.6
4d 10 09 - - 41.2
4e 11 11 08 09 54.1
4f 09 08 - - 29.8
Streptomycin 18 21 13 14 -
Nystatin - - - - 90

- Denotes very low antibacterial activity (Zone of inhibition < 7 mm)

Table 3. Results of DPPH radical scavenging assay

Compound Scavenging effect, (%) (pg/ml)
100 pg/ml 150pg/ml 200 pg/ml
2 28.4 39.3 48.7 -
4a 30.8 40.1 49.2 -
4b 46.8 56.4 68.5 114
4c 42.7 53.1 63.7 134
4d 34.5 42.7 51.0 196
4e 39.8 46.4 53.3 180
4f 37.1 44.6 52.5 185
Ascorbic 74.1 86.4 99.3 8.6
acid
“No ICsg value even at higher concentration i.e., at 200 pg/ml
100 4
90 A oz
{0 4 B4a
= —O i O4b
;E (30 ) O4c
2 50 -
2 40 mid
B 30 - O4e
20 4 m4f
10 1 ostd
0 A -
100 150 200
Concentration (mM)
Fig. 1 DPPH scavenging activity of different

concentrations of compounds, 2 and 4(a- f).

200 pg/ml. The increased DPPH radical scavenging
activity of all the newly synthesized compounds is
as follows: 4b > 4c > 4e > 4f > 4d > 4a > 2.

CONCLUSION
In conclusion, a series of novel N-(5-amino-2-
methylphenyl)-4-(3-pyridyl)-2-pyrimidinamine
derivatives 4(a—f) were synthesized in good yield,

characterized by different spectral studies and their
antimicrobial and antioxidant activities have been
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evaluated. Compounds 4b, 4c and 4e demonstrated
moderate inhibition against bacterial and fungal
strains tested. The antioxidant activity revealed that
compounds 4b and 4c are good antioxidant activity.
On the basis of their activity, these derivatives were
identified as viable for further studies.
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CHUHTE3 1 IN VITRO BMOJIOTMYHA AKTUBHOCT HA N-(5-AMUHO-2-METUJI®EHWNJT)-4-
(3-IMNPUANIT)-2-ITUPAMUINHAMMHOBU ITPONU3BOJHN

K. H. Moxana*, JI. Maieria

Jlenapmamenm 3a uscnedganus no xumus 8 Yuusepcumema na Mucop, Manacazaneompu, Mucop 570 006,

Huous
Hoctenuna Ha 12 anpwui, 2010 r.; npuera Ha 19 okromBpH, 2010
(Pestome)

Cepust ot HOBH N-(5-amuHO-2-MeTHIeHM)-4-(3-TIHPUIIT )- 2-TAPIMATHHAMAHOBH Tipon3Boxau, 4(a-f) ca
CHHTE3UpaHu upe3 peakims Ha N-(5-amuno-2-merwmadernn)-4-(3- mupuann)-2-MMpUMATAHAMEH ¢ Pa3IndHA KETOHH,
3a Ja ce OmpeAend TsxHata IN Vitr0 aHTUMUKPOOHa AaKTHBHOCT Cpeuly KIMHAYHO HW30JUPAaHH IaMOBE.
AHTHOKCHJIaHTHATa aKTUBHOCT CBIIO C€ OMpPEAENs Ype3 aHalu3 110 METO/a Ha YJaBsHE Ha CBOOOIHHTE PaIuKaH
nupenumukpuxuapaswt (DPPH) XumudeckuTe CTpYKTYpH ca MOTBBPIACHH OT eneMenTeH anamus, UV-Vis, FT-IR u
'H NMR crekrpanan uscnensanns. Cuaresnpanute cheaunenms, 4b, 4¢ m 4d mokassar yMmepeHa aHTHMHKpOOHA
aKTUBHOCT B CpaBHEHHE CBC CTAaHIAPTHHUTE JIEKAPCTBA, TECTBAaHH CpENly OaKTepHalHM W T'bOWYHM IAMOBE.
Coenunennsta 4b u 4C mokasBaT m00pa aHTHOKCHAAHTHA AKTHBHOCT TIPH W3MHMTBAHE 110 METO/A Ha yiaBsHE Ha
cBOOOIHUTE panuKany aupeHmImukpurxuapasmwi (DPPH).
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The present study addresses the relationship between the presence of some salts in crude oil and the corrosion of
metallic equipments in the context of the petroleum refining industry. The rate of corrosion of iron in water containing
CaCl, and MgCl, with concentrations similar to those in the water present in crude oil before desalting was measured
by the weight loss technique. The variables investigated were CaCl, concentration, MgCl, concentration, operating
temperature and angular speed of rotation. It was found that the rate of corrosion increases with increasing MgCl, and
CacCl, concentrations up to a certain level, after which it remains almost constant. Increasing the angular speed of
rotation favors the rate of corrosion. The rate of corrosion was found to increase with temperature according to the
Arrhenius equation with activation energy of 8.64 and 5.16 kcal/ mol for MgCl, and CaCl, respectively, which denotes
that the corrosion of steel in both MgCl, and CaCl, solutions is a diffusion-controlled reaction under the operating
conditions.

Key Words: Crude oil, desalting, steel corrosion, diffusion-controlled reaction

corrosion depends, among other factors, upon the

INTRODUCTION concentration of oxygen and the motion of water.

Crude oil contains water, inorganic salts, Stainless steel undergoes severe damage in water
suspended solids, and water—soluble salts of trace containing chlorides [5], where pitting corrosion
metals. During the first step of refinery treatment, and stress corrosion cracking take place.
crude oil is normally desalted to remove species The aim of the present work was to study the

such as chloride which deactivate the refinery rate of steel corrosion in salt-containing water
catalysts and cause further corrosion of distillation simulating the water present in crude oil. Crude oil
columns [1-4]. Calcium and magnesium chlorides usually contains some water — dissolved salts such
(CaCl, and MgCl,) are frequently found in crude as CaCl, and MgCl, [6]. Before processing crude

oil; the presence of these compounds in crude oil oil in the distillation tower, the water should be
can cause several problems in the refining removed first by a process known as dehydration
processes. and desalting [7, 8]. Early water removal from

Hydrochloric acid is not present in crude oil, but crude oil minimizes corrosion of process equipment
it may be produced during distillation by the such as pumps, heat exchangers, distillation towers
hydrolysis of chloride salts, particularly magnesium and condensers. On the other hand, the equipment
chloride and calcium chloride, that are present in used for handling water that has been separated
the brine found in crude oils. The presence of from the oil can suffer from severe corrosion
hydrochloric acid leads to the so-called acid depending upon the salt content of water.
corrosion that occurs in vapor lines, condensers,
coolers, and rundown lines, particularly at points
where water accumulates, such as valves in EXPERIMENTAL TECHNIQUE
horizontal lines. The corrosive effect of dilute
hydrochloric acid at the temperature maintained in
the distillation equipment cannot be satisfactorily
sustained by common materials.

Steel equipments suffer severe corrosion attack
in water containing electrolytes. The rate of

The experimental set-up used in the present
study is shown in Fig.1. It consists of a 2 dm?®
cylindrical glass container of 11.9 cm diameter and
18 cm height. The container was fitted with a
variable speed motor. The impeller was an iron rod
of 1 cm diameter and 3 cm height. The iron rod was
centered on a stainless steel shaft of 0.7 cm

* To whom all correspondence should be sent:
E-mail: Snosier@kau.edu.sa

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 401
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Figure (1): Experimental apparatus. 1- Rectangular water bath; 2-
Cylindrical glass container; 3- Iron rod; 4- Thermostat; 5- Variable
speed motor; 6- Water level; 7- Electrolyte level.

diameter and 15 cm length at a distance of 4 cm
from the vessel bottom. The stainless steel shaft
was isolated with epoxy resin. The rotation speed of
the motor was controlled by means of a varic and
measured by an optical tachometer. Care was taken
to avoid vibration and eccentric motion. The
cylindrical glass container and its contents were
immersed in a rectangular water bath to control the
temperature. Before each run, the iron rod was
degreased in trichloroethylene, and oxides were
mechanically removed with emery paper. The
sample (iron rod) was washed under running water,
dried with alcohol and ether, and then accurately
weighed. 1 dm® of fresh CaCl, or MgCl, solution
was introduced into the cylindrical vessel provided
that the iron rod was completely immersed in the
solution at various speeds of rotation. Corrosion
was allowed to take place for a period of 30 min,
after which the iron rod was washed under running
water, dried and reweighed. The rate of corrosion
was calculated by the formula:

_ AW
= [axq

@)

Where:

r = rate of corrosion in g /cm’s, AW = weight
loss in gram, A = surface area of iron rod in cm?
and t = time in seconds.

Experiments were carried out over the
temperature range 30 - 45°C for CaCl, and 30 -
40°C for MgCl,. The solution concentration ranged
from 0.5 to 10 g/dm3 for both CaCl, and MgCl..
The angular speed of rotation ranged from 94.25 to
136.14 and from 107.82 to 281.73 rad/sec for CaCl,
and MgCl, respectively. All solutions were
prepared using A.R. grade chemicals and distilled
water.
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RESULTS AND DISCUSSION

The effect of CaCl, and MgCl, concentrations
on the rate of steel corrosion at different angular
speeds of rotation is shown in Figs. 2-a and b,
respectively. The rate of corrosion increased with
increasing CaCl, and MgCl, concentrations up to a
certain level and remained almost constant with
further increase in salt concentration. This may be
attributed to the hydrolysis of CaCl, and MgCl, [9]
according to the following equations:

CaClyand/or MgCl, —

Ca™" and/or Mg™ + 2 CI (2)
2 H,0 — 20H" + 2H* (3)
2H* + 2 CI'— 2 HCI (4)
Ca"™ and/or Mg™ + 2 OH — (5)

Ca (OH), and/or Mg (OH)
The overall hydrolysis reaction for CaCl, and
MgCl, is:
CaCl, and/ or MgCl, + 2 H,O —
Ca (OH), and/or Mg (OH), + 2 HCI  (6)

Temperature of corrosive medium = 30°C
Angular speed of rotation , (rad / sec )

*107.82
25 ©136.08
1727

Alosg0 X
x218.73

0 0.2 0.4 0.6 08 1 12

9% Concentration of MgCl,

Figure (2-a): Effect of MgCl, concentration on the rate of corrosion at
different angular speed of rotation

Temperature of corrosive medium = 40°C
2800 - Angular,speed of rotation (rad/sec)

€94.248
10472
412566
X136.14

9%Concentration of CaCl,
Figure (2-b): Effect of CaCl, concentration on the rate of corrosion at
different angular speed of rotation

As a result of the above hydrolysis reaction, the
solution becomes acidic, and the higher the salt
concentration, the higher is the acidity of the
solution. The acidity favors the rate of corrosion as
a result of:
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1. The increase in solution conductivity due to the
presence of the highly mobile H*, which (in
accordance with Faraday's law) leads to an
increase in the corrosion rate.

2. The presence of relatively high H*
concentration leads to H, evolution at the
cathode in addition to oxygen reduction. That
means, under the present conditions, O,
reduction takes place at the cathode
simultaneously with H, evolution, according to
the following reactions [2,3,4]:

Anodic area:  Fe — Fe*" +2¢ (7
Cathodic area:

1/20,+H,0+2¢e¢ — 20H 8
2H'+2¢ — H, 9)

The fact that the corrosion rate remained almost
constant at relatively high CaCl, or MgCl,

Temperature of Corrosive Medium = 33°C
Percentage Concentration of MgCl,:

€0.05
m0.25
A0S
X1

Log (r x10%), g/cm?.sec

12 1205 121 1215 122 1225 123 1235 124 1245 125

Log ( wx10m) ,radls
Figure (3-a): Effect of angular speed of rotation on the rate of corrosion
at different MgCl, concentration

Temperature Of Corrosive Medium = 35°C
35 Percentage Concentration of CaCl,
005
m0.25
A0S
X1

Log (rx10%), glem®sec
- & ~ & @
. \
.
o'n

o
@

o
11.96 1198 12 12.02 12.04 12.06 12.08 121 1212 12.14 12.16
Log (wx10™), rad/s

Figure (3-b): Effect of angular speed of rotation on the rate of
corrosion at different CaCl, concentration

concentrations may be due to balanced opposing
effects, e.g., higher salt concentrations suppress the
solubility of dissolved O, in the solution. This is
known as the “salting out” effect [6, 10]. Also,

oxygen depletion results in a decrease in the rate of
corrosion [11, 12]. Additionally, it is possible that
Ca™ or Mg"™ may inhibit the rate of corrosion to
some extent by combining with OH" formed at the
cathode to deposit an inert film of Ca (OH), or Mg
(OH); in the cathodic areas, thereby decreasing the
effective area exposed, with a consequent decrease
in the rate of steel corrosion [6,10,13]. It seems that
the above retarding effects balanced the enhancing
effect arising from the increase in solution
conductivity at high CaCl, or MgCl,
concentrations.

The data shown in Figs. 3-a and b fit the
following two relations for CaCl, and MgCl,,
respectively:

r: ala)la.lS (10)
11.82
r=a.w

Where:

o is the angular speed of rotation in rad/s, a; and
a, are constants.

The increase in the rate of corrosion (r) may be
due to the fact that the reaction is diffusion-
controlled. The diffusion-controlled nature of the
reaction was confirmed by the following three
facts:

2000 . Angular speed of rotation , (rad / sec ) = 281.73
Magnesium Chloride Conentration :

©0.05%

6000 A025%
050%
100%

5000

sec)

~_ 4000

A
A
3000
"
" ‘/1

x10"(gm/cm’

2000

1000

0

302 304 306 308 310 312 314
T(°K)
Figure (4-a): Effect of corrosive medium temperature on the steel
corrosion at different MgCl, concentration

Angular speed of rotation , (rad /sec ) = 104.72
1400 - Calcium Chloride Conentration :

0.05%
0.25%
1200 A0.50%
©1.00% .

1000

1x10%°(gm/cm?.sec)
@ @
2 2
8 8

5
8
3

5
8

302 304 306 308 310 312 314 316 318 320
T(K)
Figure (4-b): Effect of corrosive medium temperature on the steel
corrosion at different CaCl, concentration
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a) The corrosion rate systematically increases
upon increasing the angular speed of rotation. The
higher angular speed of rotation reduces the
diffusion layer thickness (cf. Fig. 7) which favours
the rate of transfer of dissolved oxygen from the
solution bulk to the metal surface with a consequent
increase in the rate of steel corrosion.

(b) The H; bubbles evolved at the cathodic areas
may generate turbulence in the diffusion layer with
a consequent increase in the rate of corrosion.

Figs. 4-a and b show the effect of temperature
on the rate of steel corrosion at different
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Figure (5-a): Arrhenius plot of the experimental results at different
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Figure (5-b): Arrhenius plot of the experimental results at different
CaCl, concentration

concentrations of CaCl, and MgCl,, respectively.
Increasing the temperature of the corrosive medium
increases the rate of corrosion. This may be
ascribed to the increased reaction rate, which might
be assisted by the reduced viscosity of the solution,
with a consequent increase in the O, diffusivity
according to the Stocks-Einstein equation [14]:

Pr _¢ (12)

T

Where:
D = the diffusion coefficient in cm? /s, p = the

solution viscosity in g/cm.s, and C is a constant.
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In order to better understand the mechanism of
steel corrosion in CaCl, and MgCl, solutions, the
activation energy was determined by plotting log (r)
versus (1/T) according to Arrhenius equation (cf.
Figs. 5-a and b):

r= Aexp(%) (13)

Where:

A = pre-exponential factor or frequency factor,
R = gas constant = 1.9854x107 kcal/mol.K and E =
activation energy, kcal/mol.

It was found that the activation energy was 5.16
and 8.46 kcal/ mol for CaCl, and MgCl,,
respectively. The low value of the activation energy
(< 10 kcal/mol) lends support to the diffusion —
controlled mechanism of the reaction under the

Calcium Chloride Concentration = 0.5 %
Angular speed of rotation , (rad / sec )
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x136.14

%

3
) .§>

log (r x 10*°) gm / cm®sec
~

312 314 316 318 32 322 324 326 32.8 33 332
(1/T)*10*
Figure (6): Comparison between the effect of temperature on the rate of
steel corrosion at constant (®) and constant concentration of CaCl, and
MgCl,

0O,
Steel

surface

Bulk solution

CaClz /MgC|2

Figure (7): Diffusion layer through which O, diffuses from the solution
bulk to the steel surface.

present conditions [15-17]. This is in agreement
with the previous studies [6, 10, and 13].

Fig. 6 shows a comparison between the effects
of temperature on the rate of steel corrosion in
CaCl, and MgCIl, solutions at a constant angular
speed of rotation (w = 136.1 rad/s) and constant salt
concentration (0.5 %). It was found that the CacCl,
solution is a more corrosive medium than the
MgCl, solution.
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HHPUHY IMTEJIHA KOHBEKIIMOHHA KOPO315I HA CTOMAHEHM CbOPBKEHIS BbB
BOAHNA CJIOU B CYPOB IIETPOJI

C. A. Hosmep, U. A. Anrxamen

Kameodpa unocenepna xumus u mamepuanu, @axyasmem no undxcenepcmso, Yuusepcumem Kpan A60ynasus,
Kpancmeo Cayoumcka Apabus

[Tomyuena uHa 20 mapr, 2010 r.; nonpaBena va 30 oktomBpwu, 2010
(Pesrome)

Hacrosmoro npoy4BaHe pasriexia Bpb3KaTa MEXAy HAJIMYHETO Ha HSAKOW CONHM B CYpOBHS NETPON U HA
KOpO3UATa Ha METAJIHH ChOPBIKEHHs B KOHTEKCTa Ha METPOJHATa MPOMHUIUICHOCT. CKOpOCTTa Ha KOPO3US Ha XKENsA30
BB Boja, chabpikaima CaCl, u MgCl, ¢ koHueHTpanuu, MoA0OHU Ha Te3W BbB BOJATa, MPUCHCTBAIIA B CYPOBHUS
neTpod, npenu obe3cosiBaHe ¢ U3MepeHa upe3 3arybara Ha Terio. M3cinenpaHuTe MpOMEHIMBY ca KOHIIGHTPAIMATA Ha
CaCl,, xounenrpanmsita Ha MgCl,, paboTHata TemriepaTtypa W BIiIOBaTa CKOPOCT Ha BBPTEHE. Y CTAHOBEHO €, Ue
CKOpPOCTTa Ha KOpO3Ws HapacTBa ¢ yBeiaudaBaHe Ha koumentpamunte Ha MQCl, n CaCl, 1o ompemeneHo HUBO, ciie
KOETO OCTaBa IIOYTH IOCTOSHHA. YBEIWYABAHETO Ha BIJIOBaTa CKOPOCT HA BBPTEHE ONAronpHsATCTBA CKOPOCTTA HA
KOpO3Hs. YCTaHOBEHO €, Y€ CKOPOCTTa Ha KOPO3Hs Ce yBElMYaBa ¢ TeMIIepaTypara, B CbOTBETCTBUE C ypaBHEHHETO Ha
ApeHnyc ¢ akTuBHpaa eaeprus ot 8,64 u 5,16 kkan/mon crotBeTHO 32 MgCl, m CaCly, KoeTo 03Ha"aBa, 4e KOpO3HATa
Ha cTOMaHa B BaTa pa3tBopa Ha MgCl2 n Ha CaCl2 e mudy3noHHO KOHTPOIHpaHa PeaKiys IpH yCIOBHUATa Ha pabora.
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Separation of gold (111) from ayurvedic medicines and alloys by extraction
chromatography
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A new method is proposed for the extractive chromatographic separation of gold(I11). Gold(l11) is extracted from 0.5
mol/L of hydrochloric acid by a silica gel column coated with N-n-octylaniline (liquid anion exchanger), eluted with
0.25 mol/L ammonia and determined by spectrophotometrically as its complex with stannous chloride. The various
influencing parameters such as acid concentrations, effect of flow rate of mobile phase and reagent concentration was
studied. The method was free from large number of interferences from cations and anions. Proposed method has been
applied for analysis of gold(l1l) from the ayurvedic medicine and synthetic mixtures corresponding to alloys. The
reliability of analytical data was verified by statically. The nature of extracted species is [RR'NH," AuCly o

Key words: gold(l11), separation, Ayurvedic medicine, alloys

INTRODUCTION

Gold is one of the precious metal. It has wide
range of applications as a catalyst in hydrogenation
of some organic compounds. The beauty and rarity
of gold has led to its use in jewellery, in coinage, as
a monetary standard, in jewellery and dentistry. The
infrared reflectivity of gold leads to its use in the
aeronautics and space industries. The economy of
nation depends to a significant extent on the size of
its gold reserves. Since many decades every human
is having great desire of suvarna i.e. gold. By
nourishing the brain cells it improves memory,
increases the strength and immunity of the body
and improves the pronunciation. It increases blood
corpuscles, haemoglobin and improves cardiac
functions as well. Gold has low abundance, high
prices and wide range of applications hence it is
essential to develop an innovative method for its
separation is an analytical merits. Reversed phase
extraction chromatography (RPEC) is an extremely
versatile technique and has been applied
successfully for the separation of various metals [1-
5]. Literature survey revealed that gold was
guantitatively extracted with Bis(2-ethylhexyl)
phosphate (HDEHP) [6] from 7-8 mol/L
hydrochloric acid and is eluted with 2.0 mol/L
hydrochloric acid. Tributylphosphate [7] used as
stationary phase towards the column and gold was
separated from binary and multicomponent
mixtures. The extraction of gold(lll) from
hydrochloric and hydrobromic acid with 5% tri-iso-

* To whom all correspondence should be sent:
E-mail: shashil7 @gmail.com

octylamine (TIOA) solution in carbon tetrachloride
has been studied [8]. The method suffers from
interferences of anions like thiocyanate, cyanide,
sulphide, sulphite, thiosulphate, EDTA, bromide,
nitrite, iodide and silver(l). Separation of gold (111),
palladium(ll) and platinum(lV) in chromites was
achieved by anion exchange chromatography using
inductively  coupled plasma-atomic  emission
spectrometry (ICP-AES) [9]. This method suffers
from the drawback viz. it requires more elution
time and palladium(ll) can’t be determined. Solid
phase extraction of gold(lll), platinum(lV) and
palladium(ll) was carried out using polystyrene-
divinylbenzene porous resin (XAD-4) [10].
Platinum(Il), palladium(ll) and gold(lll) were
separated by Amberlite XAD-7 resin [11] column
gave the recovery of elements greater than 95%.
Study was made for the sorption of negative
charged sulphate complexes of platinum,
palladium, iridium and gold on poly-aniline [12].

Gold has been separated with N-n-octylaniline
[13, 14] using solvent extraction method but this
method requires large amount of solvents. The use
of n-octylaniline in the extraction of noble metals
has been described in the literature [15, 16]. The
comparison can be made on the merits of N-n-
octylaniline relative to n-octylaniline as an
extractant of noble metal. The extraction depends
upon method of preparation of the reagent. Some of
the drawbacks of the method are emulsion
formation, requirement of more elution time (30
min), higher reagent concentration and need of
multiple extractions.

N-n-octylaniline has been used in this laboratory
for reversed phase extraction chromatographic
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separation of some platinum group metals [17-20]
and coinage metals [21]. The use of this reagent is
found to be advantageous as it can be synthesized at
low cost, with high yield and of best purity. The
present investigation describes its use in
quantitative extraction of gold (Ill) and the
development of a rapid and selective method for the
separation of gold (II1) from Ayurvedic medicine
and synthetic mixtures corresponding to alloys.

EXPERIMENTAL
Apparatus

An Elico spectrophotometer model SL-159 with
10 mm path length quartz cell was used for
absorbance measurements.

Reagents

The stock solution of gold (I11) was prepared by
dissolving 1.0 g chloroauric acid (HAuCl,) (Loba
Chemie Pvt. Ltd. Mumbai, India) in 1.0 mol/L
hydrochloric acid using distilled water, diluted to
250 mL and standardized gravimetrically [22]. A
working solution containing 50 pg gold (lI1) was
prepared by further dilution.

Hydrochloric acid was of analytical grade
provided by Qualigene fine chemical Pvt. Ltd.
(Mumbai, India). Other standard solutions of
different metals used for study of effect of foreign
ions (Table 1) were prepared by dissolving their
salt in dilute hydrochloric acid. The solutions of
anions were prepared by dissolving respective
sodium salts in distilled water. The stock solution
of N-n-octylaniline was prepared using method
reported by Gardlund [23].

Preparation of anion exchange material

Silica gel (60 —120 mesh) obtained from British
Drug House India Ltd., dried at 120 °C for 2-3 h
and stored in desiccators. It was packed in a U tube
through which a stream of nitrogen was bubbled
though a small Durand bottle containing 20.0 mL
dimethyldichlorosilane (DMCS) (Acros Organics,
New Jersey, USA). DMCS vapour was continued
for 4 h. The silica gel was washed with anhydrous
methanol, then dried. A portion of 5.0 g silaned
silica gel was soaked with 0.087 mol/L N-n-
octylaniline which was previously equilibrated with
hydrochloric acid (0.5 mol/L) for 10 min, and then
solvent was evaporated to get nearly dried gel.
Slurry of coated silica gel in distilled water was
prepared by centrifugation at 2000 r/min and was
packed into chromatographic column which made
from borosilicate glass tube, having bore 8 mm,
length 30 cm, fitted with glass-wool plug at the

bottom, to give a bed height 6.0 cm. The bed was
then covered with a glass wool plug.

General procedure

An aliquot solution containing 50 ug gold (III)
was made up to 25.0 mL by adjusting the
concentration of hydrochloric acid to 0.5 mol/L. It
was passed through the column containing 0.087
mol/L N-n-octylaniline coated with silica gel at a
flow rate of 1.0 mL/min. After extraction, gold (I11)
was eluted with 25.0 mL, 0.25 mol/L ammonia
solution. The eluents were evaporated to moist
dryness. The residue was dissolved in 5 mL aqua
regia and evaporated to moist dryness. Then 2 mL
of 2% sodium chloride solution, concentrated
hydrochloric acid solutions were added and mother
liguor was evaporated again. The procedure of
evaporation was repeated to remove the oxides of
nitrogen. The residue was dissolve in 0.05 mol/L
hydrochloric acid and gold (I11) was determined
spectrophotometrically by stannous chloride
method [24].

RESULTS AND DISCUSSION

Effect of hydrochloric acid concentration on
extraction

The effect of hydrochloric acid concentration on
the percentage extraction of gold (l11) was studied
in the range 0.125 to 1.5 mol/L on the column
coated with 0.087 mol/L N-n-octylaniline as the
stationery phase on hydrophobic silica gel. The
extraction of gold (I11) was found to be quantitative
at 0.5 mol/L hydrochloric acid. Hence, all the
extractions were carried out at this concentrations
Fig. 1.

120 A

100 4 + * + g

T T T T T T d
0.06 0.13 0.25 0.50 0.75 1.00 1.25 1.50
HCI,M

Fig. 1 Extraction of gold (lI1) as a function of
hydrochloric acid concentration

Effect of flow rate

The effect of flow rate on percentage extraction
of gold (I11) was studied from 0.5 to 3.0 mL/min. It
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was observed that the percentage extraction
decreases with increase the flow rate. Therefore the
flow rate was kept at 1.0 mL/min for further
extraction studies.

Effect of N-n-octylaniline concentration

The concentration of N-n-octylaniline
was varied from 0.022 to 0.110 mol/L while
the concentration of hydrochloric acid ranges
from 0.125 to 1.25 mol/L for gold (I11). It was
found that, for quantitative extraction of gold
(111), 0.087 mol/L N-n-octylaniline was sufficient

08+ & 0125MHClslope=1.1
0.6 -

A 0.250 M HCl slope =1.0

0.4
g 0.2 4 /
F — —— r s
O 0218 -1.7 -16-15 -1. -1.1 -1.0 -0.9
v 0.2
o . 4
S 0.4

-0.6 IOgC[N—n—octyIaniline, M]
-0.8 4

-1 -

Fig 2. Log-log plot of distribution coffecient versus N-
in hydrochloric  acid media. The percentage
extraction of gold (lIl) increases when the
concentration of N-n-octylaniline increases. Log-
n-octylaniline concentration at 0.125 and 0.25 mol/L
hydrochloric acid

Table 1. Effect of foreign ions

log plot of N-n-octylaniline concentration versus
distribution coefficient at 0.125 and 0.25 mol/L
hydrochloric acid gives slope 1.1 and 1.0
respectively (Fig. 2). The probable composition of
extracted species was calculated 1:1 (metal to
amine) ratio. The extraction mechanism can be
explained as follows

[RRNH] o + [HCl ;g =—
[RR'NH;" Cl 7 org

N

[RRNH," Clorg + [AUCI, ] og =
[RR'INH," AUCI; Jorg + [CI]

where

R= -C6H5 R'= _CH2 (CHZ)GCHS

Effect of foreign ions

Various amounts of foreign ions were added to a
fixed amount of gold (II1) (50 ng) to study the
effect of interference according to the
recommended procedure. The tolerance limit was
set at the amount required to cause + 1.5% error in
the recovery of gold (I11), Table 1. It was observed
that the method was free from interference from a

Foreign ion Added Tolerance limit/ug Foreign ion Added Tolerance limit/pg
Mn(11) MnCl,.6H,0 250 Pd(I1) PdCl,.xH,0 100
V(V) V5,05 400 Pt(IV) PtClg.xH,0 200
U(VI) UO2(NO3),.6H,0 300 Te(IV) Na,TeO; 200
TI(T) TINO; 400 Ni(ll) NiCl,.6H,0 300
Zn(ll) ZnS0,.7H,0 400 Ir(111) IrCl;.xH,0 200
Cd( 3Cds0,8H,0 400 Fe(11) FeSO,7H,0 400
Bi(lll) Bi(NO3),.5H,0 300 Pb(Il) Pb(NO3), 250
Ce(IV) Ce(S0y)2 400 Os(VII) 0SS0, 200
Mo(VI) (NH4)sM0,0,4.2H,0 400 Rh(111) RhCl3.xH,0 200
Ag(l) AgNO; 300 Ru(111) RuCl3.xH,0 200
Sr(ll) Sr(NOs), 300 EDTA EDTA(disodium salt) 1000
Sh(l11) Sh,0; 300 Tartrate CgHsOg 1000
Mg(I1) MgCl,.6H,0 250 Malonate CH,(COONa), 1000
Fe(ll) FeCl, 300 Oxalate (COCH),.2H,0 1000
Co(l1) CoCl,.6H,0 300 Fluoride NaF 1000
Be(ll) BeS0,.4H,0 300 Bromide KBr 1000
Ca(”) COC|26H20 250 HzOz HzOz 2.0ml
Ba(ll) BaCl, H,0 250 lodide Kl 1000
Cu(ll) CuCl,.H,0 250 Persulfate K,S,0g 1000

Table 2. Separation of gold(l11) from synthetic mixtures and alloys. N-n-octylaniline: 0.087 mol/L; eluent: 25 mL 0.25
mol/L ammonia; hydrochloric acid 0.5 mol/L; Flow rate 1.0 mL/min.

Sample Au (111) Au (111) Mean Recovery RSD
Compositions /ug Certified /ug Found /ug (n=3) % (n=3) % (n=3)
Cu 49.35; Ag 7.25 43.40 43.35, 43.20, 43.25 43.27 99.7 0.30
Cu 35.00; Ag 5.00 60.0 59.90, 59.95, 59.80 59.88 99.8 0.20
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Table 3. Separation of gold(111) from pharmaceutical formulations. N-n-octylaniline: 0.087 mol/L; eluent: 25 mL 0.25
mol/L ammonia; Hydrochloric acid 0.5 mol/L; Flow rate 1.0 mL/min.

Sample (Source) Au(lln) Found/%
Certified value, %
Bruhatwat Chintamani (Koral Pharma, Nashik) 0.18 0.15
Vasant Kusumkar (Koral Pharma, Nashik) 0.15 0.13
Suvarna Malini Vasant (Koral Pharma, Nashik) 0.55 0.53
Suvarna Sutshekhar (Koral Pharma, Nashik) 2.13 2.00
Shwas Kas Chintamani (Koral Pharma, Nashik) 1.18 1.15
Suvarna Bhasma (Shree Dhootapapeshwar Ltd, Mumbai) 7.60 7.50

(Average of three determinations)

Table 4. Statistical treatment of the analytical data (n=6). Au(l11): 50 ug; N-n-octylaniline: 0.087 mol/L; eluent: 25 mL
0.25 mol/L ammonia; hydrochloric acid 0.5 mol/L; Flow rate 1.0 mL/min.

Mean Median Average Mean average Standard Mean of standard  Coefficient
(M) (m) deviation (d) deviation (D)  deviation (s) deviation (S) variation (C.V.)
99.3 99.9 0.0004 0.0002 0.095 0.036 0.10%

large number of cations and anions. The only
cations showing interference in the method are
chromium (V1) and manganese (1) which are
strong oxidizing agents. Thiosulphate, thiourea and
thiocyanate form very strong complexes with gold
(11) because precious metals such as gold, silver,
platinum group metals (PGMs) are belong to the
soft metals which posses a strong affinity to ligands
containing donor type sulphur atom which acts as
soft bases.

Analysis of synthetic mixture corresponding to
alloys

The proposed method was successfully applied
for the analysis of synthetic mixtures corresponding
to alloys containing gold (II) i.e. copper-silver-
gold alloy. The results of analysis matched with
certified values [25], Table 2.

Analysis of gold (I111) from ayurvedic samples

Ayurvedic samples containing gold are useful
for wvarious chronic disorders, general debility,
diseases which deplete immunity, anaemia, mental
disorders, respiratory tract disorders etc. The
proposed method was successfully applied for the
separation of gold (I11) from bruhatwat chintamani,
vasant kusumkar, suvarna malini vasant, suvarna
sutshekhar, shwas kas chintamani and suvarna
bhasma. The samples are brought into solution
form by wet-oxidation method. Gold (IlI) was
extracted by the proposed method and determined
by the standard procedure. The results are in good
agreement with certified value calculated by
standard calibration curve method Table 3.

Statistical treatment of the analytical data

The evaluation and interpretation of an
analytical data is verified by statically. It is measure
of performance for analytical procedure. The
various criteria used to evaluate the analytical data.
The important values obtained were reported in
Table 4.

CONCLUSIONS

Proposed method is very simple, selective and
reproducible. It is free from the interferences from
large number of foreign ions, which are in their
states of nature. Low reagent and acid
concentration is required for quantitative recovery
of gold (I1I). It is applied for the separation of gold
from ayurvedic samples and alloys. Reliability of
method verified by stastical treatment analytical
data.

Acknowledgements: The authors are thankful to
the Management, Pravara Rural Education Society
and Principal of P.V. P. College Pravaranagar for
providing necessary facilities in the department.
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PA3JIEJISIHE HA 3JIATO (IIT) OT AFOPBEJAMYHU JIEKAPCTBA U CIIVIABU YPE3
EKCTPAKLIUOHHA XPOMATOI'PA®UA

C. Kokare, X. Axep, C. Kyuekap*

ILT. Jlenapmamenm no ananumuuna xumus, I1.B.I1. konexc, [Ipasapanazap, Am/Ilo-Jlonu(K9), Tar. Paxama,
Oxp. Axmeonaeap, 413713, Unous

Ioctenmna va 12 aBrycr, 2010 r.; npuera Ha 12 oktomBpH, 2010

(Pesrome)

[pennoxxeH € HOB METOA 3a EKCTPaKUHOHHO Xpomarorpadceko paszensHe Ha 3naro (III). 3maro (III) ce
eKcTpaxupa oT pa3tBop Ha 0,5 MOJI/I ColTHA KHCENHMHA B KOJIOHA ChC CHJIMKArell, MOKPUT ¢ N-H-OKTUJIAHWIMH (TeueH
aHMOHOOOMEHHUK), entoupa ce ¢ 0,25 MoJ/J pa3TBOp Ha aMOHSIK U C€ OMpPE/ENsl CIEKTPOPOTOMETPUIHO KATO KOMILIEKC C
KajaeH xjopun. M3yueHH ca pa3nuyHM MapaMeTpy KaTo KOHIIEHTpAlWs Ha KUCEJIWHATa, eekra Ha CKOpOCTTa Ha
MOTOKA Ha MOJBWXKHATA (pa3a M KOHICHTpAIMATA HA peareHTUTe. METOAbT He ce BiHse OT rojisM Opoil aHHOHH U
kationu. [IpemioxeHusT meron e Oun mpunoxken 3a ananu3 Ha 3maro (III) or aropBenmdveckara MemuiMHa U
CHHTEeTHMYHH CMECH, CBHOTBETCTBAIlM Ha CIUIaBH. HaneXTHOCTTa Ha aHAIMTHUYHHUTE [aHHM Oelie MpoBepeHa
cratuctruecku. Excrpaxupanoro chenunenne e [RR'NH,™ AUCI; Jorg.
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Synthesis and biological activity of 4-chloro-2-hydroxy-N-(5-methylene-4-oxo-2-
aryl-thiazolidin-3-yl) benzamide
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4-chloro-2-hydroxy benzoic acid hydrazide (1) undergoes facile condensation with aromatic aldehydes to afford the
corresponding 4-chloro-2-hydroxy benzoic acid arylidene hydrazides (2a—h) in good yields. Cyclocondensation of
compounds (2a-h) with thioglycolic acid yields 4-chloro-2-hydroxy- N (4-oxo-2-aryl- thiazolidin -3—yl) benzamides
(3a—h). These (3a—h) compounds are for the reacted with benzaldehyde in the presence of sodium ethanolate affords,
giving 4-chloro-2-hydroxy- N (5-methylene-4-oxo-2-aryl- thiazolidin -3-yl)benzamides (4a—h). The structures of these
compounds were established on the basis of analytical and spectral data. All the newly synthesized compounds were
evaluated for their antibacterial and antifungal activities.

Key words: 4-chloro-2-hydroxy benzoic acid hydrazide, thiazolidin, antibacterial activity.

INTRODUCTION CONHNH,
Hydrazide and their heterocyclised products CI/@()H
display diverse biological activities including [11
antibacterial, antifungicidal, analgesic, anti- [1] RCHO
inflammatory properties [1-15]. These heterocyclic [2] EtOH
systems find wide use in medicine, agriculture and H

industry. One of the hydrazides, 4-chloro-2- |

. . . B CONHN—//C—R
hydroxy benzoic acid hydrazide and their /@
condensed products play a vital role in medicinal cl oH

chemistry [16-18]. 4-Thiazolidinones and its [2a-h]
arylidene compounds give good pharmacological
properties [19-23]. 4-thiazolidinones are also [1] SHCH,COOH

. . . . h. ZnCl
known to exhibit antitubercular [24], antibacterial (=1 A: n=lz2/ DMF

[25], antifungal [26] and anticonvulsant activities. |

Hence, it was thought of interest to merge both of CONHN—C—R
thiazolidinone and 4-chloro-2-hydroxy benzoic acid /@ | |
Cl

. . . C S

hydrazide moieties which may enhance the drug OH 7'\ _~
.. (@]

activity of compounds to some extent, or they o
might possess some of the above mentioned [3a-h]
biological activities. From this point of view, the [1]CHONa
objective of the present work is to prepare new [2] benzaldehyde
derivatives of 4-chloro-2-hydroxy benzoic acid .

hydrazide containing thiazolidinone moiety. Hence |

the present communication comprises the synthesis CON"'N_(T_R
of 4-chloro-2-hydroxy- N (5-methylene-4-oxo-2- /E:E é s
aryl- thiazolidin -3-yl) benzamide. The synthetic cl

OH /7
approach is shown in Scheme 1. © iﬁ@

[4a-h]
Scheme 1. R = (a) CgHs; (b) 4-OCH;-CgHy; () 4-OH-
*To whom all correspondence should be sent: CeHgs; (d) 2-OH-CgHy; (e) 4-CHz-CeHy; (F) 3,4-CH,0,-
E-mail: : sumeetcambay@gmail.com CeHg; (g) 4-OH-3-OCH3-CgHg; (h) 3,4-C,Hs-CeH,.
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EXPERIMENTAL

Melting points were determined in open
capillary tubes and were not corrected. The IR
spectra were recorded in KBr pellets on a Nicolet
400D spectrometer and *H NMR and *C NMR
spectra were recorded in DMSO with TMS as
internal standard on a Bruker spectrometer at 400
MHz and 100 MHz, respectively. LC-MS of

selected
SL_01046.

samples

taken

on

LC-MSD-Trap-

Preparation of 4-chlro-2-hydroxy benzoic
acid arylidene hydrazide (2a-h)

General procedure: An equimolecular mixture
of 4-chloro-2-hydroxy benzoic acid hydrazide (1),
(0.01mole) and the aromatic aldehydes (a-h) in
ethanol (156mL) was refluxed on a water bath for 1-
2 h. The solid separated was collected by filtration,
dried and recrystallized from ethanol. The yields,
melting points and other characterization data of
these compounds are given in Table 1.

Table .1 Analytical data and elemental analysis of compounds (2a-h)

Molecular

Elemental Analysis

Compd. formula Yield 'VL'(F:" %C % H %N
(Mol.wt.) Found Calcd. Found Calcd. Found Calcd.
2a C“H(lzl%\'zOZ 85 243 61.18 61.21 3.99 4,04 10.15 10.20
2b C15H(§g;\'203 80 246 5908 5912 425 430 914 919
2 C“H(lzlg(;;\'zoS 75 240 5779 5784 377 381 958 964
2d C“H(lzlg(;;\'zoS 81 243 5778 5784 375 381 957 964
2 C15H(1238C£\'202 79 244 6236 6240 451 454 964 970
of C15H(§11C£\‘204 75 247 5649 5653 344 348 873 879
29 C15H(§2C(:;\‘203 77 249 5614 5617 304 409 868  8.73
2h ClsH(ggz';\hO“ 73 261 5955 5959 524 528 768 772
* Uncorrected
Table 2. Spectral Data of Compounds (2a-h)
'H NMR (8, ppm)
Compound A-H  -OH -CONH -N=CH  -CH;  -OCH;  -OC,Hs O&Tf
6.85-7.84 1170
2a (m, 8H) ©) 11.86(s) 8.40(s) - - - -
6.85-7.80  11.79 3.89
2b 11.89(s) 8.44 (s - -
(msH) ©) 8446 (3H)(9)
6.88-7.84  11.85
2c (m, 8H) ©) 11.88(s) 8.47(s) - - - -
6.86-7.83 1181
2d (m, 8H) ©) 11.84(s) 8.79(s) - - - -
6.85-7.80  11.80 2.39 (3H)
2e 11.91(s) 8.46(s - - -
(m8H) () ©) 848()
6.89-781 1181 6.12
2f 11.94(s) 8.45(s - - !
6(;gn, 72) (s)6 s) s) 265 (2H) (s)
87-784 117 .
2 11.88(s) 8.47 (s -
g m7H) () ©) 847() (3H) (s)
412, 4H,
6.85-7.83  11.83 ] (@) (CH) ]
2h o 189 8489 ety
(CHs)

412
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Table 3. Spectral Data of Compounds (2a-h).

3C NMR (8, ppm)

Compound Ar-H CONH  -N=CH -OCHj -0C,Hs CH3 2%'??
2a 112.2 -159.6 163.3 146.5 - - - -
2b 113.8-159.5 163.4 146.3 55.7 - - -
2c 112.2 - 159.2 163.7 146.7 - - - -
2d 112.7 - 159.2 163.9 146.5 - - - -
2e 112.8-159.1 163.4 146.9 - - 21.0 -
2f 113.3-160.8 163.6 146.7 - - - 102.5
29 111.9-160.1 163-164 147.0 56.8 - - -
i ) 65.4 (OCH,) i i
2h 112 - 160.5 163.8 146.9 15.2 (CHa)
Table:-4 Analytical Data and Elemental Analysis of Compounds (3a-h).
Compd Molecular MP Elemental Analysis
formula Yield 0' ' %C %oH %N %S
(Mol.wt.) Found Calcd. Found Calcd Found Caled Found Caled
3a Cmgl(ﬁg& 62 218 5504 5509 364 367 798 803 911 919
3b C17H15CIN,O,4
S (344) 60 221 53.83  53.90 3.90 3.99 7.32 7.39 8.39 8.46
3c C16H13CIN,O,4
S (364) 59 169 52.64  52.68 3.53 3.59 7.63 7.68 8.74 8.79
C16H13CIN,O,4
3d S 58 147 52.63  52.68 4.54 4.59 7.61 768 872 8.79
(364)
C17H15CIN,O3
3e S 63 174 56.23  56.27 4.13 4.17 7.68 772 879 8.84
(362)
C17H13CIN,Os
3f S 57 187 51.92 51.98 3.29 3.34 7.09 713 813 8.16
(392)
3 C17H15CIN,Os
g S (394) 52 162 51.66 51.71 3.79 3.83 7.03 7.10 8.08 8.12
3h C20H21CIN,Os
S (436) 59 212 54.89  54.98 4.80 4.84 6.38 6.41 799 734

* Uncorrected

Preparation of 4-chloro-2-hydroxy- N-(4-oxo-
2-aryl- thiazolidin -3-yl)benzamide (3a—h)

General procedure: A mixture 4-chloro-2-
hydroxy benzoic acid arylidene hydrazide (2a-h)
(0.01 mole) in THF (30mL) and mercapto acetic
acid (thioglycolic acid) (0.01 mole) with a pinch of
anhydrous ZnCl, was refluxed for 12 h. The solvent
was then removed to get a residue, which was
dissolved in benzene and passed through a column
of silica gel using benzene: chloroform (8:2; viv)
mixture as eluent. The eluate was concentrated and

the product crystallized from alcohol to give 4-
thiazolidinones (3a—h), which were obtained in 50—
60% vyield. The yields, melting points and other
characterization data of these compounds are given
in Table 4.

Preparation of 4-chloro-2-hydroxy- N (5-
methylene-4-oxo-2-aryl- thiazolidin -3-yl)
benzamide (4a-h)

413
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Table 5. Spectral Data of Compounds (3a-h)

'H NMR (8, ppm)

Compd. ArH SO oy _CH -CONH -CH; -OCH; -OCHs ~OCHkO-
the ring cyclic
6.70-7.85 3.85 5.90
3a 11.72 (s 11.84 (s - - - -
(m,8H)  (2H) () ® (s ©)
6.72-7.84 3.89 5.94 3.90
3b 11.80 (s 11.90 (s - - -
(m,8H)  (2H) (s) © s ©) (BH)(S)
6.73-7.85 3.86 5.92
3c 11.83 (s 11.88 (s - - - -
(m,8H)  (2H) (s) ® s ©)
6.70-7.85 3.89 5.95
3d 11.84 (s 11.86 (s - - - -
(m,8H)  (2H) (s) ® (s ©)
2.40
6.73-7.84 3.90 5.94
3e 11.78 (s 11.98 (s 3H - - -
meH eHe Y@ © CY
6.73-7.85 3.88 5.90 6.10
3f 11.83 (s 11.96 (s - - - '
O 0
3 . ' 11.74 (s ' 11.90 (s - : - .
9 mH) e G ) © (3H) (9
4,10, 4H,
671785 395 591 ] . @@CH)
3h (m, 7H) @2H) (5) 11.85(s) S) 11.95(s) 1.34, 6H.
(t) (CH3)
Table 6. Spectral Data of Compounds (3a-h)
3C NMR (8, ppm)
Compd.  ArH  -CH, -CONH -CH .CO  -OCH;  -OCHs  -CH3 ?:33??
112.4 -
3a 160.5 35.5 165.2 64.5 168.8 - - - -
112.6-
3b 160.8 35.4 164.8 64.8 168.9 55.8 - - -
112.3-
3c 160.5 35.8 164.9 64.6 168.5 - - - -
112.8-
3d 159 8 35.6 165.1 64.5 168.7 - - - -
112.5-
3e 160.6 35.5 165.2 64.3 168.6 - - 21.5 -
112.3-
3f 160.7 35.8 164.5 64.2 168.9 - - - 102.8
112.8-
39 160.8 35.6 165.0 64.0 168.4 55.7 - - -
113.0- ) 651(0CH) ]
3h 160.5 35.4 164.8 64.7 169.0 14.8 (CHs)
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Table 7. Analytical Data and Elemental Analysis of Compounds (4a-h)

Molecular

Elemental Analysis

. M.P.
Compd. (T\%[)T\Llj\llta) Yield oc %C % H %N %S
o Found Calcd. Found Calcd. Found Calcd. Found Calcd.
Ci17H13CIN,
4a 05 (360) 65 225 56.55 56.59 3.59 3.63 7.68 7.76 8.85 8.89
C1gH15CIN,
4b 0.S (390) 60 228 55.20 5531 3.81 3.87 7.10 7.17 8.12 8.20
Ci17H13CIN,
4c 0.S (376) 65 212 5412 54.19 3.44 3.48 7.39 7.43 8.45 8.51
Ci17H13CIN,
4d 0.S (376) 66 215 5413 54.19 3.43 3.48 7.23 7.43 8.41 8.51
C1gH15CIN,
de 045 (374) 54 214 5752 57.68 4.98 4.03 7.38 7.47 8.49 8.55
Ci1gH13CIN,
4f 0sS (404) 57 218 53.32 5340 3.18 3.24 6.82 6.92 7.86 7.92
C1gH15CIN,
49 0sS (406) 60 215 53.08 53.14 3.68 3.72 6.85 6.89 7.82 7.88
C21H,:CIN,
4h 0sS (448) 56 221 56.12 56.18 4.69 4.72 6.20 6.24 7.07 7.14
* Uncorrected
Table 8. Spectral Data of Compounds (4a-h)
'H NMR (8, ppm)
Compd.  Ar-H OH  -CONH  -CH CH;,  -OCH;  -OC;Hs ?:ggf
6.65-7.80
4a (m, 8H) 11.72(s) 11.84(s) 5.92 (s) - - - -
6.63-7.78 3.86
4b (m, 8H) 11.80(s)  11.90(s) 5.95 (s) (3H)(s) - -
6.70-7.79
4c (m, 8H) 11.83(s) 11.87(s) 5.90 (s) - - - -
6.65-7.80
4d (m, 8H) 11.79(s) 11.85(s)  5.92 (s) - - - -
6.71-7.78 2.38
4e (m, 8H) 11.81(s) 11.93(s) 5.95 (s) (3H) () - -
6.64-7.76 6.08,
4f m, 7H) 11.84(s) 11.98(s)  5.91(s) - - 2H) (9
6.63-7.80 3.86
49 (m, 7H) 11.85(s) 11.84(s) 5.93 (s) 3H) (5) - -
4.06, 4H,
6.64-7.79 i (9) (CHy) .
4h (m. 7H) 11.81(s) 11.96(s)  5.95(s) 135, 6H,
(t) (CHs)
An equimolar solution of 4-chloro-2-hydroxy- The yields, melting points and other
N-(4-oxo0-2-aryl-thiazolidin-3-yl)benzamide (3a-h) characterization data of these compounds are given
and benzaldehyde in dioxane (50mL) in the in Table 7.

presence of C,HsONa were refluxed for about 3 h.
The solvent was removed in vacuo. The resulting
product was recrystallized from methanol to yield
compound (4a—h).
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Table 9. Spectral Data of Compounds (4a—h)

13C NMR (6, ppm

Compd Ar-H -C- -CONH -CH -CO -CH, -OCH; -OCyHs -CH3  -OCH,0- cyclic
4a 112.1-160.8 140.4 164.9 70.3 168.8 112.9 - - - -
4b 112.7-160.5 140.3 164.7 70.3 168.9 113 56.0 - - -
4c 112.3-160.3 140.5 164.5 70.4 168.5 113 - - - -
4d 113.0-160.8 140.5 165.2 70.2 168.7 112.8 - - - -
4e 112.5-160.6 140.0 165.2 70.0 168.6 112.9 - - 21.6 -
4f 112.6-159.8 140.4 164.8 70.1 168.9 112.6 - - - 101.8
49 112.5-159.5 140.0 165.0 70.2 168.4 112.7 55.5 - - -
65.2(OCHy)
4h 112.8-160.8 140.3 164.9 70.4 169.0 1125 - 15.1 (CHs) - -

Tablel0. Antibacterial Activity of Compounds (3a-h)

Table 12. Antibacterial Activity of Compounds (4a—h)

Gram +Ve Gram —Ve Gram +Ve Gram -Ve
Compounds Staphylococcus Bacillus E. coli Klebsiella Compounds StaphyIOCOCCUS BaCIllus E.coli KlebSIella
aureus subtilis ‘ promioe aureus subtilis promioe
3a 12 12 11 16 4a 12 11 12 10
3b 15 14 13 18 4b 15 10 11 13
3 4c 16 18 12 12
C 11 15 17 15
4d 10 13 14 15
3d 13 13 15 13 4 1 1 1 1
3e 16 12 16 12 e 3 6
3f 17 18 18 20 4f 14 12 13 12
39 13 13 16 15 49 18 17 18 19
3h 18 16 19 19 an 18 16 19 19
Tetracycline | 22 19 21 23 Tetracycline 22 19 21 23

Table 11. Antifungal Activity of Compounds (3a-h)

Table 13. Antifungal Activity of Compounds (4a-h)

Zone of Inhibition at 1000 ppm (%)

Zone of Inhibition at 1000 ppm (%)

i1 Botrydepl Asperaill Botrydepl
c NigrosporaASpergIII adia Rhizopus Fusarium Nigrospora perg adia Rhizopus Fusarium
ompnds us . A . Compnds us . A h
sp. . thiobromi nigricum oxyporium . thiobromi nigricum oxyporium
niger ne niger ne
3a 65 62 66 60 68 4a 68 69 68 50 58
3b 58 58 65 63 69 4b 66 61 62 63 65
3c 67 67 67 67 71 4c 65 70 61 62 67
3d 61 62 69 71 64 4d 61 61 61 68 66
3e 60 64 63 72 69 4e 63 62 60 71 62
3f 62 58 67 63 72 4f 64 55 67 60 68
39 64 69 70 60 68 49 69 59 69 56 69
3h 58 71 72 69 65 4h 61 64 71 72 65

BIOLOGICAL SCREENING
Antibacterial activities

The antibacterial activities of all the compounds
were studied against gram-positive bacteria
(Staphylococcus aureus and Bacillus subtilis) and
gram-negative bacteria (E. coli and Klebsiella
promioe) at a concentration of 50ug/mL by agar
cup plate method. A methanol system was used as
control in this method. Similar conditions using
tetracycline as a control was used standard for
comparison. The area of inhibition of zone
measured in cm. Compounds 3g, 3h, 4g, and 4h
were found more toxic for microbes. Other

416

compounds found to be less or moderate active than
tetracycline Tables 10 and 12.

Antifungal Activities

The fungicidal activity of all the compounds was
studied at 1000 ppm concentration in vitro. Plant
pathogenic organisms used were Nigrospora sp.,
Aspergillus niger, Botrydepladia thiobromine, and
Rhizopus nigricum, Fusarium oxyporium. The
antifungal activity of all the compounds (3a-h) &
(4a-h) were measured on each of these plant
pathogenic strains on a potato dextrose agar (PDA)
medium. Such a PDA medium contained potato
200g, dextrose 20g, agar 20g and water 1c. Five
days old cultures were employed. The compounds
to be tested were suspended (1000ppm) in a PDA
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medium and autoclaved at 120° C for 15 min. at 15
atm. pressure. These media were poured into sterile
Petri plates and the organisms were inoculated after
cooling the Petri plates. The percentage inhibition
for fungi was calculated after five days using the
formula given below:

Percentage of inhibition = 100(X-Y) / X

Where X = Area of colony in control plate

Y = Area of colony in test plate

The fungicidal activity displayed by various
compounds (3a-h) and (4a-h) is shown in Tables-11
and 13.

RESULTS AND DISCUSSION

It was observed that 4-chloro-2-hydroxy benzoic
acid hydrazide (1), on condensation with aromatic
aldehydes, yields 4-chloro-2-hydroxy benzoic acid
arylidene hydrazides (2a—h). The structures of (2a-
h) were confirmed by elemental analysis and IR
spectra showing an absorption band at 1620-1640
(C=N), 3030-3080 cm™ (C-H, of Ar.), 3240-3260
cm® (-OH), 1635-1640 cm® (C=0O of CONH),
3350 — 3500 cm™ (- NH), 2815, 1250 cm* (-
OCHz), 2950, 1370 cm™ (-CHs). The C, H, N
analysis data, '"H NMR, and **C NMR spectral data
of all compounds are presented in Tables 1, 2 and 3
respectively.

The structures assigned to 4-chloro-2-hydroxy-
N (4-oxo-2-aryl- thiazolidin -3-yl) - benzamides
(3a-h) were supported by the elemental analysis and
IR spectra showing an absorption bands at 1630-
1650cm™ (C=0 of thiazolidinone ring), 740 — 750
cm* (C-S-C of thiazolidinone ring), 3075-3095cm™
! (CH, of thiazolidinone ring), 3030-3080 cm™ (C-
H, of Ar.), 3240-3260 cm ' (-OH), 1630 — 1640
cm* (C=0 of CONH), 3350 — 3500 cm ™ (- NH).
The C, H, N analysis data, '"H NMR, and *C NMR
spectral data of all compounds are presented in
Tables 4, 5 and 6 respectively.

The IR spectra of (4a—h) are almost resemble
those of the corresponding (3a—h) only discernable
difference observed that the new band (but not
strong) at 1628cm* (-C=CH-A) is observed
in all the spectra of (4a-h) Which might be
responsible.

The C, H, N analysis data, ‘H NMR, and *C N-
MR spectral data of all compounds are presented in
Tables 7, 8 and 9 respectively.

The examination of elemental analytical data
reveals that the elemental contents are consistence
with the predicted structure shown in Scheme-1.
The IR data also direct for assignment of the
predicted structure. The final structure of all

compounds is confirmed by LC-MS. LC-MS of 3d
and 4f compounds are 378 and 407 respectively.

Acknowledgement:The authors are thankful to Mr.
Nilesh Patel, VP, Emcure Pharmaceuticals, USA
for providing laboratory facilities.
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CHUHTE3 U BUOJIOTUYHA AKTUBHOCT HA 4-XJIOPO-2-XUIPOKCHU- N -(5-METUJIEHE-
4-OKCO-2-APUJI-TUA3OJIMINH-3-UJT) BEH3AMU/]

C. Maxera’, C. Jlx. ITaren®

LEmriovp papmayemuranc, CALL
2I0numu daii kem 00/, Coxxaoa, Kxambxam-388620, Hnous

[Moctenmna Ha 18 maii, 2010 r.; nmpepaboTeHa Ha 6 aBrycr, 2010
(Pesrome)

XuapasuasT Ha 4-XJI0po-2-XUAPOKCH OcH30eHaTa KuceauHa (1) mperbpIisiBa JeCHa KOHACH3AIMSI ¢ apOMATHH
AIIEXU/TH, 32 J1a CE TIONy4aT ChOTBETHUTE apIAICH XUAPA3HAN Ha 4-XI0po-2-XuAPOKcH OeH3oeHaTa Kucenuna (2a—h)
¢ 106pu 106uBH. [luKIOKOHACH3aNUATa HAa CheArHEeHus (2a—h) ¢ THOMIMKOJIOBA KHCEHHA JaBa 4-XJI0PO-2-XUAPOKCH-
N (4-okco-2-apun-tuazonuaud-3-mwi) Oexsamumu (3a—h). Tesu cbemunenus (3a—h) pearmpar ¢ OeHzangexua B
NPUCHCTBUETO HA HATPHUEB €TAHOJAT C Tmony4aBaHe Ha 4-xmopo-2-xuapokcu-N  (5-merunen-4-okco-2-apui-
TrazonuanH-3-ui) 6enzamuau (4 a—h). CTpyKTypuTe Ha TE3U ChEAMHEHHUS Ca YCTAHOBEHH Bbh3 OCHOBA HA AHATUTUYHH U
CHEeKTPAlHU JaHHU. BCHYKH HOBOCHMHTE3WpaHH CBHEAWHEHHS ca OLCHEHM 3a TAXHAaTa aHTHOAaKTepuanHa W
MIPOTUBOI'bONYHA AKTUBHOCT.
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The technique of electron paramagnetic resonance spectroscopy was used to determine the identity and structure of
free radicals produced at room temperature by y-irradiated powders of some biologically important compounds, namely,
N-acetyl-L-glutamine, glycine ethyl ester hydrochloride and L-threonine. The paramagnetic species observed in these
compounds were identified as H,NCOCH,CH,C(NHCOCH3)COOH, CH,COOCH,CH; and CH;CH(OH)CHCOOH,
respectively. The g values and the hyperfine structure constants of the unpaired electron with the environmental protons
and the **N nucleus were determined. The free radicals were stable at room temperature for more than three months.
Some spectroscopic properties and suggestions concerning the possible structure of the radicals were also discussed in

this study.

Key words: EPR; Free Radicals; y-Irradiation; Amino Acid Derivatives.

1. INTRODUCTION

Free radicals play an essential role in a variety
of chemical and biological processes [1-3].
Electron paramagnetic resonance (EPR) is a highly
sensitive spectroscopic technique for examining
free radicals [4]. The EPR study of the radicals
produced in organic compounds by X-ray and y-ray
irradiation has led to valuable information on the
structures of various paramagnetic species [5-12].
The EPR spectrum of y-irradiated powders of
glycyl-L-glutamine has been investigated by
Bagkan at room temperature and at 150 K [13]. The
radiation damage center was attributed to the
HzNCOCHzCH2C(NHCOCH2NHz)COOH radical.
Furthermore, in the single crystal of N,-acetyl-L-
glutamine y-irradiated at room temperature, the free
radicals have been identified as
NH,COCH,CH,CH(NHCOCH;)COOH [14]. The
irradiated single crystals of glycine have been
studied by several groups of workers [15-20]. The
observed species in these studies were found to be
NH3 CHCOO and CH,COOH.

N-acetyl-L-glutamine (NALG), glycine ethyl
ester hydrochloride (GEHCI) and L-threonine (LT)
are biologically very important amino acid
derivatives which play an essential role in
metabolic processes. To our knowledge, NALG,
GEHCI and LT powders have not been investigated

* To whom all correspondence should be sent:

E-mail: maydin@adiyaman.edu.tr

at room temperature. Therefore it is the goal of this
work to identify and check the stabilities of the
radical species produced in these amino acid
derivatives by the EPR technique.

2. EXPERIMENTAL

The samples used in this study were purchased
from Aldrich. Powder samples of the compounds
were irradiated with a *°Co y-ray source (Nordion-
Canada model JS 9600) at a rate of 2 kGy/h for a
total of 10 h at room temperature. For the EPR
measurements of the samples quartz tubes were
used. The paramagnetic species generated by y-
irradiation were studied in a Varian model X-band
E-109C EPR spectrometer at room temperature.
The modulation amplitude was below 5.107% mT
and the microwave power was 2 mW. The g factors
were  found by  comparison  with a
diphenylpicrylhydrazyl (DPPH) sample with g =
2.0036 [21, 22]. The spectrum simulations were
made using McKelvey’s programs [23].

3. RESULTS AND DISCUSSION

The NALG powder yp-irradiated at room
temperature gives the spectrum shown in Fig. la.
The line resolution of the spectrum is poor. Its
thorough examination reveals that it consists of
lines of approximate intensity ratio
1:1:3:3:4:4:3:3:1:1. This spectrum exhibits intensity
distribution 1:3:4:3:1 because of two S-protons and
a “N nucleus (I=1) with approximately equal
coupling constants (a; = 1.68 mT and ay = 1.46
mT). Then each of these five lines is subdivided
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Fig.1. (@) The EPR spectrum of NALG powder y-
irradiated at room temperature, (b) simulation form of the
spectrum using ag = 1.68 mT, ay = 1.46 mT, ayy = 0.58

mT and linewidth 0.30 mT.

Fig.3. (a) The EPR spectrum of LT powder y-irradiated
at room temperature, (b) simulation form of the spectrum
using a, = acy = acnxz = 1.80 mT and linewidth 0.58 mT.

into doublets owing to the proton near the adjacent
“N nucleus which is of a splitting of 0.58 mT.
According to these findings, the paramagnetic
species can be identified as the
H;NCOCH,CH,C(NHCOCH;)COOH radical. The
measured g value of this radical is g = 2.0027 +
0.0005. The spectrum simulated with the above
given values agrees with the experiment (Fig.1b).
The radical with the obtained hyperfine constants
and g value is similar to the radicals observed in the
y-irradiated glycyl-L-glutamine, glycyl-L-glutamine
monohydrate and alanyl-L-glutamine powders [13,
24, 25]. It can be stated that y-irradiation produced
free radicals in NALG by loss of the bond of
hydrogen atom from the carbon atom bond to the
HCOCH; and COOH group and the unpaired

420

Fig.2. (a) The EPR spectrum of GEHCI powder

y-irradiated at room temperature, (b) simulation form of
the spectrum using acy; = 1.78 mT, and linewidth 0.68
mT.

electron interacts with two pg-protons, one NH
proton and the “N nucleus.

The characteristic stable EPR spectrum of the y-
irradiated GEHCI is shown in Fig. 2a. The
spectrum consists of three equally spaced (1.78
mT) lines with a relative intensity distribution of
1:2:1. This  spectrum  belongs to the
CH,COOCH,CHj5 radical, hence we suppose that
the 1:2:1 ratio of the triplets is due to the
interactions of two a-protons which are all
magnetically equivalent. The g value of the radical
is g =2.0033 + 0.0005. A simulation of the GEHCI
spectrum is shown in Fig. 2b. A similar EPR
spectrum was observed for the y—irradiated glycine
in an aqueous solution at 195 K [26]. The reported
hyperfine coupling constant of the two a-protons is
2.10 mT. This value is similar to the hyperfine
coupling constant value measured in this study. The
measured EPR parameters of the irradiated
polycrystalline glycine at room temperature are also
in agreement with our results [27, 28]. The identity
of the radicals in y—irradiated glycine has been the
object of much debate [15, 29, 30]. It is generally
accepted that both CH(NH,)COOH and CH,COOH
radicals are present at room temperature in y—
irradiated glycine [31]. According to these results,
we can say that the CH,COOCH,CHjs radical is
obtained by the removal of a NH; group from the
central carbon atom.

Fig.3a presents the EPR spectrum of LT powder
y—irradiated and recorded at room temperature. The
spectrum consists of six lines with intensity
distribution 1:6:10:10:6:1 with 1.80 mT spacing.
The unpaired electron interacts with one a-proton,
one CH proton and three CHj; protons, which are all
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magnetically equivalent. According to these results,
the radical should be CH;CH(OH)CHCOOH. The
determined g value is g = 2.0035 + 0.0005. A
spectrum simulated with these values agrees with
the experiment and is shown in Fig. 3b. A similar
radical was observed for the irradiated single
crystal of L-threonine at room temperature and
therefore the above interpretations are valid for this
compound as well [32]. We can state that this
radical produced by p-irradiation is due to the
breakage of a C-NH, bond leading to unpaired
electron spatially extending through CH; and CH
groups.

4. CONCLUSION

The p-irradiated NALG, GEHCI and LT powder
samples indicated the inducement of the
H,NCOCH,CH,C(NHCOCH;)COOH,
CH,COOCH,CH; and CH;CH(OH)CHCOOH
stable radicals, respectively. The identity and the
structure of the radicals were determined. It was
observed that the EPR parameters of the radicals
discussed here are consistent with the literature
data.

Acknowledgments: This work was supported by
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NAEHTUYHOCT U CTPYKTYPA HA CBOBO/IHU PAIIUKAJIN B '”AMA-OBJIBYHEHU
[MPON3BOAHN HA AMWHO KNCEJIMHA

M. Aiigun

@akynmem no neoazocuxa, Yuusepcumem Aousman, TR 02030- Aousaman, Typyus

ITocTenuna Ha 29 ronu, 2010 r.; npuera Ha 7 okToMBpH, 2010
(Pesrome)

ENleKTpOHHO-TIApaMaTHATHA PE3OHAHCHA CIIEKTPOCKOINHMS € M3IOI3BaHa 33 ONpe/eisHe HAa MICHTHYHOCTTA U
CTPYKTypaTa Ha CBOOOIHHTE PajMKAIIH, IPOU3BE/ICHH NPU CTaifHA TEMIIEPATypa OT raMa-00IbUeHH MPAXOBE HA HAKOU
GMONOTrNYHO BAXHH ChEMHEHNS, & UMEHHO, N-aneTHi-L-TiryTaMuH, IIHIHH eTHIIOB eCTep XHAPOXJIOPHI U L-TpeoHHH.
[lapaMarHUTHATE YaCTUIM, HAOMIOIABAHH B TE3M CHEIMHEHHS Ca WICHTHQUIMPAHH CHOTBETHO KaTo
H,NCOCH,CH,C(NHCOCH;)COOH, CH,COOCH,CH; u CH;CH(OH)CHCOOH. Onpenenesu ca §-CTOHHOCTHTE H
KOHCTAHTHTE HAa CBPBHX(HHA CTPYKTYpa HA HECHBOCHHS ENEKTPOH C OOKPHKABAIIMTE MPOTOHH H sapoto 'N.
CBOGOIHNTE pajMKaNy ca CTaOMIHM NPH CTAliHA TEMIIEpaTypa 3a IoBede OT TP Mecela. HAKOM CIIeKTpOCKOICKH
CBOJCTBA U NPEUIOKEHHUS OTHOCHO BB3MOXKHATA CTPYKTYPa HA PaJIMKaINTE ChIIO Ca 00CHICHH B TOBA H3CIEBAHE.
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An improved green method for the synthesis of amidoalkyl naphthols through one-pot multi-component reaction of
aryl aldehyde, B-naphthol and acetamide or acetonitrile (Ritter type reaction) in the presence of silica-supported

Preyssler nano particles as effective catalyst is described.

Keywords: Silica-supported Preyssler nano particles; amidoalkyl naphthols; multi-component reactions

INTRODUCTION

One-pot multi-component reactions (MCRS) by
virtue of their convergence, productivity, facile
execution and high yield have attracted
considerable attention in recent years [1]. There has
been tremendous development in three or four
component reactions, specially the Bignelli [2],
Passerini [3], Ugi [4] and Mannich [5] reactions,
which have further led to the renaissance of MCRs.
Nevertheless, great efforts have been and still are
being made to find new MCRs and improve the
already known MCRs. One such reaction is the
synthesis of amidoalkyl naphthols. These
compounds are generally synthesized in a three-
component reaction of aldehydes, urea or amide
and B-naphthol in the presence of various catalysts
such as montmorillonite Ky [6], Ce(SO4). [7],
iodine [8], KsCoW1,040.3H,O [9], p-TSA [10],
HCIO.-SiO, [11], sulfamic acid [12] and silica-
sulfuric acid [13]. Also, recently, Shaterian and co-
workers have reported the synthesis of these
compounds via a Ritter type reaction using one-pot
MCR of aryl aldehydes, p-naphthol and acetonitrile
in the presence of FeCls.SiO; as a catalyst [14].

The catalysts based on heteropolyacids have
many advantages over liquid acid catalysts. They
are not corrosive, environmentally benign,
presenting fewer disposal problems. Solid
heteropolyacids have attracted much attention in
organic synthesis owing to easy work-up
procedures, easy filtration, and minimization of

*To whom all correspondence should be sent:
E-mail: : mmh1331@yahoo.com

cost and waste generation due to reuse and
recycling of the catalysts [15]. There have been
many attempts to optimize these catalysts.
Recently, Keggin nano catalysts have been
synthesized [16]. In our attempt to use
heteropolyacids as catalysts in organic reactions,
we reported that Preyssler type heteropolyacids,
Hi4[NaPsW300110], show strong catalytic action
[17]. Due to the unigue properties of nano particles
along with their potential applications in different
fields [18], we immobilized H;s[NaPsW3,0110] into
the SiO, nano particles [19] and investigated the
catalytic behavior of this new catalyst.

Recently, we submitted a paper on the multi-
component synthesis of amidoalkyl naphthols using
Brensted-acidic ionic liquids to the Synthetic
Communication Journal. In continuation of our
previous works on the applications of reusable acid
catalysts in the synthesis of organic compounds
[20-23] here we report an improved green method
for the synthesis of amidoalkyl naphthols through
one-pot multi-component reaction of aryl aldehyde,
B-naphthol and acetamide under solvent-free
conditions (Method A) or acetonitrile via a Ritter
type reaction (Method B) in the presence of silica-
supported Preyssler nano particles as a catalyst
(Scheme 1).

RESULTS AND DISCUSSION

First, the three-component reaction of aryl
aldehyde, B-naphthol, and acetamide was
performed in the presence of silica-supported
Preyssler nano particles as a catalyst under solvent-
free conditions. In all cases, aromatic aldehydes
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OH

CH,CN Preyssler nano particles
+ ACHO + or _—
CH,CONH, oH

Ar” “NHCOCH;,

1 2 3 4a-h

Scheme 1

reacted successfully and gave the products in high
yields. It was shown that aromatic aldehydes with
electron-withdrawing groups reacted faster than
those with electron-releasing groups, as expected
(Table 1, Method A).

Next, the synthesis of amidoalkyl naphthols
through a Ritter type reaction was investigated.
Therefore, a mixture of aryl aldehyde, p-naphthol,
and acetonitrile (both reactant and solvent) was
heated under reflux in the presence of silica-
supported Preyssler nano particles as a catalyst. In
all cases, aromatic aldehydes with either electron-
donating or electron-withdrawing groups gave the
desired products via a Ritter type reaction (Table 1,
Method B).

Table 1. Preyssler nano-particles catalyzed synthesis of
amidoalkyl naphthols

Entr Ar Method Method
y A B

M.P. ('C)

time time Found Reported

(min)/yi (h)/yield (Method
eld (%)° (%) A)

4a CeHs 5/95  8/87 241-242 242-243[11]

4b  4-CICgH, 4/96  7/90  228-229 230-232[11]

4c 4-FCgHy 4/95  7/88 207-209 210-212[11]

4d  4-MeCgH,  7/88  8/87 220-222 222-223 [14]

4e  4-MeOCgH, 8/84  8/86 184-185 183-185[14]

4f  2-O,NCgH, 5/91 9/76 180-182 179-182[14]

49 3-O,NCeH, 4/93  7/91 213-215 212-214[11]

4h 4-O,NCgH, 3/96  7/92 246-248 248-250 [14]

#All products were characterized by *HNMR and IR spectral data and
comparison of their melting points with those of authentic samples.
PIsolated yields

Although we did not investigate the reaction
mechanism, based on the literature report [14], a
plausible mechanism for these methods may be
adopted, as depicted in scheme 2. As reported in the
literature [8-10], the reaction of B-naphthol with
aromatic aldehydes in the presence of an acid
catalyst is known to give ortho-quinone methides (o
— QMs) . The same 0 — QMs generated in situ have
reacted either with acetamide or with acetonitrile
via intermediate 11 followed by hydrolysis in a
Ritter type reaction to give the desired amidoalkyl
naphthols.

In conclusion, we have reported herein a new
efficient catalyst for the synthesis of amidoalkyl
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naphthols through one-pot MCR of aryl aldehyde,
B-naphthol and acetamide under solvent-free
conditions (Method A) or acetonitrile via a Ritter
type reaction (Method B) in the presence of silica-
supported Preyssler nano particles as a catalyst. The
catalyst can be reused after a simple work-up, a
gradual decline of its activity being observed. High
yields, shorter reaction times, simplicity of
operation and easy work-up are some of the
advantages of this protocol.

CHZCN OO
5 OH H,0
Catalyst N
AN
Sc
1] “CH;
CO— 0 = O
] o o Catalyst o OH
Ar A7 oH Ar”” NHCOCH;
0QMs
1
CH,CONH,

Catalyst

Scheme 2
EXPERIMENTAL

All compounds were known, and their physical
and spectroscopic data were compared with those
of authentic samples and found to be identical.
Melting points were recorded on an electrothermal
type 9100 melting point apparatus. The IR spectra
were  obtained on a 4300 Shimadzu
spectrophotometer in KBr disks. The *H NMR (500
MHz) spectra were recorded on a Bruker DRX500
spectrometer.

Preparation of amidoalkyl naphthols. General
procedure.

Method A

A mixture of an aromatic aldehyde (1 mmol), B-
naphthol (1 mmol), and acetamide (1.3 mmol) was
heated at 90 °C in the presence of silica-supported
Preyssler nano particles (0.03 mmol) for the
indicated time (Table 1). After completion of the
reaction, boiling ethanol was added to the reaction
mixture. The catalyst was filtered off and the
filtrate was then concentrated and cooled to room
temperature. The precipitate was filtered off and
recrystallized from aqueous ethanol to give pure
amidoalkyl naphthols (Table 1).

Method B

A mixture of an aromatic aldehyde (1 mmol), B-
naphthol (1 mmol) and acetonitrile (5 ml) (both
reactant and solvent) was heated under reflux in the
presence of silica-supported Preyssler nano
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particles (0.03 mmol) for the indicated time (Table
1). The reaction progress was monitored by TLC.
After completion of the reaction, the reaction
mixture was filtered off. The filtrate was then
concentrated to afford a solid product, which was
purified by re-crystallization from aqueous ethanol
(Table 1).

Table 2. Comparison of the efficiency of Preyssler nano
particles (fresh and reused) in the synthesis of
amidoalkyl naphthols by method A

Entry Ar Yield?, %
Firstuse Second Third use
use
1 CeHs 95 93 92
2 4-CIC¢H, 96 93 91
3 4-MeC¢H, 88 87 85

%Isolated yields

Selected *H NMR & IR data

Compound 4a: *H NMR (500 MHz, DMSO—dj,
dppm): 1.98 (s, 3H, CHg3), 7.10-7.40 (m, 9H), 7.76
(d, 1H, J = 8.8 Hz), 7.80 (d, 1H, J = 8.0 Hz), 7.84
(br., 1H, NH), 8.43 (d, 1H, J = 8.3 Hz), 9.98 (s, 1H,
OH); IR (KBr disc): v 3400 (NH), 3246 (OH), 1640
cm* (C=0).

Compound 4b: *H NMR (500 MHz, DMSO-dj,
dppm): 1.98 (s, 3H, CHy), 7.09 (d, 1H, J = 8.1 Hz),
7.15 (d, 2H, J = 8.3 Hz), 7.21 (d, 1H, J = 8.8 Hz),
7.27 (t, 1H, J = 7.3 Hz), 7.30 (d, 2H, J = 8.5 Hz),
7.38 (t, 1H, J = 7.3 Hz), 7.75-7.85 (m, 3H), 8.46 (d,
1H, J = 8.1 Hz), 10.03 (s br., 1H, OH); IR (KBr
disc): v 3392 (NH), 3065 (OH), 1638 cm™ (C=0).

Compound 4g: *H NMR (500 MHz, DMSO-dj,
dppm): 2.02 (s, 3H, CHy), 7.18 (d, 1H, J = 8.0 Hz),
7.22 (d, 1H, J = 8.8 Hz), 7.29 (t, 1H, J = 7.3 Hz),
7.41 (t, 1H, J = 7.4 Hz), 7.50-7.60 (m, 2H), 7.80—
7.85 (m, 2H), 7.86 (br, 1H, NH), 8.01 (s, 1H),
8.03-8.07 (m, 1H), 8.61 (d, 1H, J = 8.0 Hz), 10.12
(s, 1H, OH); IR (KBr disc): v 3375 (NH), 3223
(OH), 1648 (CO), 1524 & 1350 cm™ (NO,).

Compound 4h: *H NMR (500 MHz, DMSO-dj,
dppm): 2.02 (s, 3H, CH3), 7.18 (d, 1H, J = 7.8 Hz),
7.22 (d, 1H, J = 8.8 Hz), 7.28 (t, 1H, J = 7.3 Hz),
7.35-7.45 (m, 3H), 7.82 (t, 3H, J = 9.3 Hz), 8.13 (d,
2H, J = 8.6 Hz), 8.57 (d, 1H, J = 7.8 Hz), 10.11 (s,
1H, OH); IR (KBr disc): v 3391 (NH), 3051 (OH),
1640 (C=0), 1523 & 1351 cm™* (NO).

Recycling of the catalyst

The catalyst recovered by filtration in method A
was dried and reused for three times in reactions.
The obtained results are summarized in Table 2. As
it is shown, there is no significant loss of activity in
using a recycled catalyst in this reaction.

REFERENCES

1. (a) For special issue in MCRs, see Tetrahedron, 61,

11299 (2005); (b) D. J. Ramon, M. Yus, Angew.
Chem., Int. Ed., 44, 1602 (2005).

2. (a) C. O. Kappe, Eur. J. Med. Chem., 35, 1043

(2000); (b) D. Dallinger, A. Stadler, C. O. Kappe,
Pure Appl. Chem., 76, 1017 (2004).

3. P. R. Krishna, G. Dayaker, P. V. Narasimha Reddy,

Tetrahedron Lett., 47, 5977 (2006).

4. (a) A. Domling, 1. Ugi, Angew. Chem., Int. Ed., 39,

3168 (2000); (b) I. Ugi, B. Werner, A. Domling,
Molecules, 8, 53 (2003).

M. Arend, B. Westermann, N. Risch, Angew.
Chem., Int. Ed., 37, 1044 (1998).

6. S. Kantevari, S. V. N. Vuppalapati, , L. Nagarapu,

Catal. Commun., 8, 1857 (2007).

7. N. P. Selvam, P. T. Perumal, Tetrahedron Lett., 47,

7481 (2006).

8. B. Das, K. Laxminarayana, B. Ravikanth, B. R.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Rao, J. Mol. Catal. A: Chem., 261, 180 (2007).
L. Nagarapu, M. Baseeruddin, S. Apuri, S.
Kantevari, Catal. Commun., 8, 1729 (2007).

M. M. Khodaei, A. R. Khosropour, H.
Moghanian, Synlett., 916 (2006).
G. Mahdavinia, M. A. Bigdeli, M. M. Heravi,
Chin. Chem. Lett., 19, 1171 (2008).

S. B. Patil, P. R. Singh, M. P. Surpur, S. D.
Samant, Ultrason. Sonochem., 14, 515 (2007).
G. Srihari, M. Nagaraju, M. M. Murthy, Helv.
Chim. Acta, 90, 1497 (2007).
H. R. Shaterian, H. Yarahmadi, Tetrahedron Lett.,
49, 1297 (2008).

M. M. Heravi, F. Derikvand, A. Haeri, H. A
Oskoie, F. F. Bamoharram, Synth. Commun., 38,
135 (2008).
D. P. Sawant, A. Vinu, N. E. Jacob, F. Lefebvre,
S. B. Halligudi, J. Catal., 235, (2005) 341.

M. M. Heravi, S. Sajadi, H. A. Oskooie, R.
Hekmat Shoar, F. F. Bamoharram, Molecules, 12,
255 (2007).
C. R. Gorla, N. W. Emanetoglu, S. Liang, W. E.
Mago, Y. Lu, M. Wraback, H. Shen, J. Appl.
Phys., 85, 2595 (1999).
F. F. Bamoharram, M. M. Heravi, M. Roushani,
M. R. Toosi, L. Jodeyr, Green. Chem. Lett and
Reviews., 2, 35 (2009).
M. M. Heravi, F. K. Behbahani, H. A. Oskooie, F.
F. Bamoharram, Chin. J. Chem., 25, 2150 (2008).

M. M. Heravi, Y. S. Beheshtiha, Z. Pirnia, S.
Sadjadi, M. Adibi , Syn. Commun., 39 3663
(2009).

M. M. Heravi, F. K. Behbahani, Z. Daroogheha,
H. A. Oskooie , Russ. J. Org. Chem., 45, 1108
(2009).

M. M. Heravi, S. Sajadi, S. Sajadi, H. A. Oskooie,
R. Hekmat Shoar, F. F. Bamoharram, S. Afr. J.
Chem., 62, 1 (2009).

425


http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=2FEFKOJADGMkeiJE@E2&name=Beheshtiha%20YS&ut=000269669000010&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=2FEFKOJADGMkeiJE@E2&name=Pirnia%20Z&ut=000269669000010&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=2FEFKOJADGMkeiJE@E2&name=Sadjadi%20S&ut=000269669000010&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=2FEFKOJADGMkeiJE@E2&name=Adibi%20M&ut=000269669000010&pos=5
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=2&SID=3BIM3fCAfJl49k2A1Lb&page=1&doc=9&colname=WOS
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=2FEFKOJADGMkeiJE@E2&name=Behbahani%20FK&ut=000268953200020&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=2FEFKOJADGMkeiJE@E2&name=Daroogheha%20Z&ut=000268953200020&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=2FEFKOJADGMkeiJE@E2&name=Oskooie%20HA&ut=000268953200020&pos=4

M.M. Heravi et al.; A modified reaction for the preparation of amidoalkyl naphthols using silica-supported Preyssler nano particles

MOANDOULINPAHA PEAKIINA 3A TTOJIYHABAHE HA AMUJIOAJIKMJI HA®TOJIU C
IIOMOIITA HA ITPAVICJIEP HAHOYACTHIY BbPXY CUJIULIMEB JUOKCHU]]

M. M. Xepasu®, H. Tagaxomnu-Xoceinn®, ®. @. EaMoxapaMb

& Kameopa no xumus, Yuunuwe 3a nayku, Yuusepcumem Asaxpa, Banax, Texepan, Hpan
b
Kameopa no xumus, Mawixao xnon, Hcismcku yrusepcumem Azao, Mawixao, Upan.

IToctenumna Ha 11 roHu, 2010 r.; mpuera Ha 1 okTOoMBpH, 2010
(Pesrome)

Onucan e eauH mOMOOpeH ,,3€JICH” METOJ 3a CHHTE3 Ha aMHIOAJIKWI HadTomu dYpe3 ,,one-pot”
MHOIOKOMITOHCHTHA PEaKIUs Ha apwi aufexul, B -HadTon M ameTaMu] WIH aleTOHUTPHa (peakims Tan Ritter) B
npuchcTBUETO Ha [Ipaiiciep HAHOYACTUIM BHPXY CHITUITUEB TUOKCH]I, KaTO e(PEKTUBEH KaTaIu3aTop.

426



Bulgarian Chemical Communications, Volume 43, Number 3 (pp. 427 - 438) 2011

Mass transfer behaviour of a new liquid-liquid rotating screen disc extractor
A.S. Shehata, A.H. Elshazly®, A.A. Zaatout, G.H. Sedahmed

Chemical Engineering Department, Faculty of Engineering, Alexandria University, Alexandria, Egypt
Received May 5, 2010; revised January 3, 2011

The mass transfer behaviour of a rotating mesh disc contactor was studied by measuring the rate of mass transfer of
acetic acid extraction from toluene solution by water. Variables studied were geometry parameters of the screen disc
such as mesh number and wire diameter, rotation speed, physical properties of the solution, axial flow velocity and
effect of the number of closely packed screens per disc. For a single rotating screen disc contactor the rate of mass
transfer was expressed by the equation:

-138
Sh,, =13263 Sc°* Re,*%* Re?[;—“j

w

For rotating multi-screen discs, the mass transfer coefficient decreases by increasing the number of closely packed
screens per disc. A comparison between the mass transfer behaviour of a rotating screen disc and a rotating solid disc
contactor (RDC) revealed that for a given set of conditions the rate of mass transfer at the rotating screen contactor is
higher than that of the rotating disc contactor by a factor of 13.8 — 28.4 depending on the operating conditions.
Mechanical power consumption measurements showed that the higher the power consumption, the higher the mass
transfer coefficient. Practical applications of the proposed extractor in fields such as pharmaceutical industry,

hydrometallurgy, petroleum industry and water treatment were noted.

Key words: Mass transfer, rotating screen disc, solvent extraction, rotating fixed bed.

1. INTRODUCTION

Rotary agitated extraction columns such as the
rotating disc contactor (RDC) are more efficient
and possess better operational flexibility than
conventional sieve plate, packed and spray
columns; these advantages have led to the wide use
of the RDC in the petroleum industry for furfural
and sulfur dioxide extraction, propane deasphalting,
solfolane extraction and caprolactum purification
[1]. Since its invention by Reman [1, 2] in 1955, a
lot of work has been done on various design and
operational aspects of the RDC [1-12] such as

(i)-dispersed phase holdup along with drop size,
which is necessary to calculate the interfacial area
per unit volume; (ii)-slip velocity, which is required
to estimate the mass transfer coefficient; (iii)-rate of
mass transfer and axial dispersion coefficient
required to correct the plug flow design. Modified
versions of the RDC such as the asymmetric
rotating disc extractor (ARD) [13-15], the open
turbine rotating disc contactor (OTRDC) [16-19]
and the rotating perforated disc contactor (RPDC)
[20-26] have been developed. Wang et al. [21]
demonstrated the superior performance of the
modified rotating disc contactor over the traditional
RDC. On the other hand, other authors [20]

*To whom all correspondence should be sent:
E-mail: Elshazly_a@yahoo.com

endeavored to expand the application of the RDC in
extracting a variety of products such as cutinase
[22], bovine serum albumin [23, 24] and trypsin
[25]. Cavalcanti et al. [26] evaluated the
performance of a perforated rotating disc contactor
in extracting a-toxin from the fermented broth of
Clostridium perfringens Type A by an aqueous
two-phase system of polyethylene glycol-
phosphate salts.

The aim of the present work was to explore the
possibility of using rotating horizontal screen discs
instead of rotating solid flat discs to make
advantage of the high turbulence promoting ability
of the screen in order to enhance the rate of mass
transfer during extraction. To this end the rate of
mass transfer of extraction of acetic acid from
toluene (dispersed phase) by water (continuous
phase) was chosen, as it has been widely used by
different authors to evaluate the performance of
extraction equipments. Previous studies on the use
of screens to enhance the rate of mass transfer were
limited to liquid-solid mass transfer [27-29].

2. EXPERIMENTAL SETUP AND PROCEDURE
2.1. Experimental setup

The apparatus (Figure 1) used in the present
work consisted of a stainless steel cylindrical
column agitated by rotating horizontal screen discs

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 427
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10 am
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Fig. 1. Experimental setup. 1 - Agitated column; 2 -
Rotating shaft; 3 - Rotating screen; 4 - Stator ring; 5 - Liquid
distributor; 6 - Variable speed motor; 7 - Light phase storage
tank; 8 - Heavy phase storage tank; 9 - Centrifugal pump; 10 -
Control valve.

() |[*<— Variable speed motor

Top hole guide
with fixation nut o
Continuous > - Dispersed
phase inlet | Phase outlet

Rotor Shaft
(d = 6 mm)

- St. St column

<4L 3 | e - Ze=75cm=
« | =---df---- each height

compartment

Rotating screen

50 cm

™ Stator ring

Dispersed phase
inlet

.,

Fig. 2. Cross sectional view of the column

connected to a stainless steel shaft and driven by a
digital D.C. (% hp) motor, two glass storage tanks
for both heavy phase (water) and light phase
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(toluene + acetic acid) and two stainless steel
centrifugal pumps for driving liquids through the
column. The stainless steel column has dimensions
of 15 cm diameter, 50 cm height and 1 mm wall
thickness. The column height was divided into four
compartments formed by a series of stator rings
connected to the column walls with rotating screens
centered in each compartment. The dimensions of
the column used in the present work conform to the
standard dimensions [30] usually employed in
designing extraction columns, column dimensions
are related to column diameter (dr) as follows:
Rotor screen diameter, dg:

dR =05 (d‘r) (1)
Stator ring opening, ds:
ds = 0.67 (dv) (2

Compartment height, Z:
Z.=(0.12-05)(dr) (@3
Column geometry factor G¢

0.9 2.1 2.4
(BT o
dg de d,
In the present study, Z. was equal to 0.5 dr.

Based on the above equations and on the typical
preferred ratios of various internal dimensions used
by other authors [31], the dimensions of the column
internals were selected for the rotating screen
extractor column used in the present work as
illustrated on Figure 2. The column was fitted with
two flanged ends. The stator rings were held in
position by welding to the inner column wall and
they were placed longitudinally along the inner
wall. The stator rings and the rotor screens were
made of stainless steel sheet of 2 mm thickness. A
stainless steel central shaft of 6 mm diameter
holding the rotating screens was mounted through
two holes to a guide connected to the lower and
upper flanges, and it passes through a copper knob
welded to the upper flange in order to support the
shaft and prevent vibration during the operation. In
addition, the nut was provided with a rubber gasket
to prevent solution leakage during rotation of the
shaft. The column end cover plates were provided
with the necessary pipe connections for the inlet
and outlet of the dispersed and continuous phase
solutions. Each phase was introduced into the
column through a distributor close to the first stator
ring from the respective column ends. The exit
pipes were flushed with the cover plates on the
inside of the column as shown in Figure 2. Each
flow circuit of both heavy and light phase consisted
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of a 20 L glass storage tank and an 3 hp copper
centrifugal pump which circulated the solution
between the agitated column and the storage tank.
The flow rates of both feed and solvent were
adjusted by means of a bypass line and a plastic
needle valve and were measured by collecting a
definite volume of the solution in a definite time
using a graduated cylinder and a stopwatch.

The system toluene — acetic acid — water was
chosen for this work not only for the availability of
materials, but for the availability of literature data
on the system and the method of analysis. Toluene

Table 1. Physical properties of the feed solutions used in
the present study at 25°C

Cx10° P ux10*> vx10* Dx10° g._ Y
mole/cm® g/em® g/lem.s cm¥s  cm?s D

0.1 0.861 056 0.6504 2.1 309
0.2 0.862 0.57 0.6613 2.06 320
0.3 0.863 0.58 0.6721 2.03 330
0.4 0.865 0.60 0.6936 1.96 354

was nitration grade with a boiling range of 106 —
110°C. Acetic acid was A.R. grade, and distilled
water was used as a solvent and in preparing all
solutions. 10 L of both feed (toluene — acetic acid
solution) and solvent (water) were used in each run.
The concentrations and the physical properties of
the different feed solutions are given in Table 1 at
25°C.

2.2. Procedure

At the start of each run, the column was first
filled with the heavy phase (water) and set at the
desired flow rate, and then the speed of the rotor
shaft was adjusted to the desired value, which
ranged from 350 rpm to 1250 rpm. The light phase
(toluene — acetic acid solution) was then introduced
at the bottom end of the column and the flow rate
was set at the desired value. Four different
concentrations of acetic acid in toluene were used:
0.1, 0.2, 0.3 and 0.4 M. The rate of transfer of
acetic acid from the organic to the agueous phase
was followed by withdrawing samples of 5 cm?®
from the aqueous phase (water) tank at 1 minute
intervals for analysis by titrating against 0.1 N fresh
sodium hydroxide solution using phenolphthalein
as indicator. In all experiments, extraction took
place from the toluene to the water and toluene was
the dispersed phase.

All experiments were carried out at 25 £ 1°C.
Density and viscosity measurements of the
solutions were performed using a density bottle and
an Ostwald viscometer, respectively. Acetic acid
diffusivity in toluene was obtained from the
literature [32, 33] and was corrected for the change
in viscosity using the Stokes — Einstein correlation:

Du _ constant [g.cm.s2.K™*] (5)

where: D is the diffusivity of acetic acid, (cm?/s), n
is the solution viscosity, (g/cm.s) and T is the
absolute temperature of the solution, (K)

Specifications of the screens used are shown in
Table 2 where the screen specific area was
calculated in terms of the wire diameter (d,) and
mesh number (Ny,) using the method of Armour and
Connon [34] as shown below.

Let (a) be the total screen surface area per total

Table 2. Specification of the screens used in the present
study

Item  Screen geometry

1 Mesh number (hole/in.) 10 14 18 22
2 Wire diameter, d,, (cm) 0.071 0.049 0.04 0.035
3 Screen thickness (cm) 0.142 0.098 0.08 0.07
4 Specific area (cm“/cm®) 12.84217.936 23.14 28.433
5 Screen porosity, € 0.772 0.78 0.768 0.751

volume of one screen (cm?%cm?), then the value of
(a) can be calculated from the equation:

a=xL N (6)
1
where: L= |—5+d;
(7)
dyw = wire diameter, (cm)
Nm = mesh number (number of wires/cm)
The total screen area As is given by:
As=an v (8)

where: vs is the volume of a single screen, n is
the number of screens per array. In calculating the
volume of the screen, the thickness is taken as
twice the wire diameter (2d,). In addition, the
screen porosity can be calculated from the equation:

_ zLNZd,
4

In the present study five rotation speeds (350,
500, 750, 1000, 1250 r.p.m), screens of mesh
number (10, 14, 18, 22 wire/in) were used; the
number of closely packed screens per rotating disc
was (1, 2, 3, 4, 5, screens/array), the initial
concentrations of acetic acid in toluene were (0.1,
0.2, 0.3, 0.4 M) and five flow rates of the heavy
phase (water) (79, 146, 174, 205, and 237 cm/s )
were used. Mechanical power consumed in rotating
the screens was measured experimentally under
different conditions by means of a wattmeter. To
compare between the performance of the present
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rotating screen contactor (RSC) and the rotating
disc contactor (RDC), experiments were carried out
using a flat disc instead of a screen under different
conditions.

3. RESULTS AND DISCUSSION
3.1. Mass Transfer at a Rotating Single Screen:

The volumetric mass transfer coefficient (KA)
of the extraction of acetic acid from toluene with
water in a batch rotating single screen contactor
(Figure 1) was determined under different
conditions: different screen rotation speed (r.p.m),
different water flow rate (heavy continuous phase),
different initial acetic acid concentration in toluene
(light dispersed phase) and different mesh number
of the rotating screen using the equation:

-E-Be-0)
dt
which upon integration yields:
|nﬁ: KA t (11)
C.—-C V,

where: C,, C.and C are the initial, equilibrium and
current concentration of acetic acid in toluene,
(mol/cm®); K is the mass transfer coefficient,
(cm/s); Vs is the volume of toluene, (cm®) and A is
the area of mass transfer, (cm?). For simplicity,
equation 11 can be written as:

In ﬁ = £ t (12)
C.-C V,
where: K'=KA.

The volumetric mass transfer coefficient K’ was
calculated from the slope of the straight line

obtained by plotting |, Co=C¢ vs. time as shown in
C

e

Figure 3 under different operating conditions.
Figures 4 and 5 show that the volumetric mass
transfer coefficient increases with increasing the
screen rotation speed according to the equation:

K'=aN" (13),
where a and b are constants according to figures 4
and 5; the value of constant b ranges from 0.25 to
0.3.

The increase in the volumetric mass transfer
coefficient with increasing screen rotational speed
may be ascribed to the increase in the degree of
turbulence generated by the rotating screen.

430

Initial concentration of acetic acid = 0.4 M
Water flow rate = 260 cm®/s.

Rotating sc
3.5 4

2.5 4 -

Ln ((Cn'ce)/ (CE-C))

1.5 4

0.5 4

o 1 2 3 a 5 6 7 8 ° 10 11

Fig. 3. In [(C,-C¢)/(C-C,)] vs. time for different speeds
of the rotating screen.

Initial concentration of acetic acid = 0.2 M
Rotating screen mesh No. = 18

Toluene flow rate = 300 cm*/s

Water flow rate (cm®/s):

Log k', cm/sec
-
>

1.4

0.6 0.7 0.8 0.9 1 11 1.2 13 14 15

Log N, rp.s

Fig. 4. log K'vs. log N for different continuous phase
flow rates.

Turbulence is generated when the wires of the
rotating screen move through the solution because
of boundary layer separation in the wake of the
moving wires [35]. Turbulence is also generated
when the flowing solution penetrates the screen
[36, 37]. This turbulence enhances the rate of mass
transfer between the organic phase and the aqueous
phase via the following effects:

(i) Turbulence reduces the thickness (5) of both
organic phase and agueous phase diffusion layers
around the drop with a consequent increase in the
mass transfer coefficient K = D/6.
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Initial concentration of acetic acid = 0.3 M
Water flow rate = 220 cm*/s

Toluene flow rate = 300 cm?/s

Rotating screen mesh No.:

18

17

Log k', cm®/sec

1.65

16

15

0.6 07 0.8 09 1 11 12 13 14

Log N, r.p.s

Fig. 5. log K'vs. log N for different rotating screen mesh
numbers.

(i) The high shear stress arising from
turbulence leads to rapid breakup and coalescence
of the dispersed phase drops; the repeated
coalescence and re-dispersion of drops enhances
the rate of mass transfer through surface renewal
[38].

(iii) The high shear stress also exercises drag at
the interface between the drops and the continuous
phase, this induces internal circulation inside the
drops with a subsequent increase in the rate of mass
transfer [39]. Whether internal circulation occurs
depends on drop diameter and physical properties
of the system, internal circulation does not take
place when the drops become extremely small,
extremely small drops behave as rigid spheres [39].

(iv) Turbulence increases the interfacial mass
transfer area A by breaking large dispersed phase
drops to the equilibrium size drops according to the
equation:

L

d (14)
where y = dispersed phase holdup, and d = drop
diameter.

The exponent (b) of equation 13 is less than the
value (0.5) predicted from the penetration theory
and the hydrodynamic boundary layer theory [38],
the present exponent (0.25-0.33) is consistent with
the value obtained for mass at stationary cylinders
in cross flow at low Re where the velocity exponent
ranges from 0.33 to 0.385 for 0.4< Re<40 (Re is
based here on screen wire diameter). This similarity

may underline the importance of the role played by
the wake formed behind the screen wires as they
rotate and are crossed by the axial flow [40]. The
value of the exponent is also in a fair agreement
with the value 0.358 obtained for the mass transfer
at horizontal screens in cross flow [41]. Zaki et al.
[42] who studied the mass transfer at horizontal
vibrating screens found that the mass transfer
coefficient increases with the 0.33 power of the
vibration velocity. The authors explained this result
based on similarity with mass transfer at cylinders
in cross flow in the low Re range.

Figure 5 shows that the overall mass transfer
coefficient increases by increasing the mesh
number of the rotating screens. This may be
explained as follows: (i) As the mesh number
increases, the number of turbulence promoting
wires increases with a consequent increase in the
degree of turbulence which enhances the rate of
mass transfer as mentioned before; (ii) as the screen
opening decreases with increasing mesh number,
jets of dispersed phase are formed through each
opening as the solution flows across the screen,
these jets interact and break down to give
turbulence. Finally, this turbulence decays with
distance away from the grid [36, 37]. The
turbulence generated downstream the screen
enhances the volumetric mass transfer coefficient
via reducing the diffusion layer thickness and
increasing the interfacial area (A) as mentioned
before.

Figure 4 shows that the volumetric mass transfer
coefficient increases by increasing the continuous
phase (water) flow rate, which may be ascribed to
the turbulence generated downstream of the
rotating screen as the axial solution passes through
the screen openings [36, 37]. The degree of
turbulence generated downstream of the screen
increases with increasing axial solution flow rate
with a consequent increase in the mass transfer
coefficient K and the interfacial area A as
mentioned before.

Figure 6 shows that the rate of mass transfer
increases by increasing initial solute (acetic acid)
concentration; this can be attributed to the
following: (i) As the mesh number increases, the
number of turbulence promoting wires increases
with a consequent increase in the degree of
turbulence which enhances the rate of mass transfer
as mentioned before; (ii) as the screen opening
decreases with increasing mesh number, jets of
dispersed phase are formed through each opening
as the solution flows across the screen, these jets
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interact and break down to give turbulence. Finally,
this turbulence decays with distance away from the
grid [36, 37]. The turbulence generated
downstream the screen enhances the volumetric
mass transfer coefficient via reducing the diffusion
layer thickness and increasing the interfacial area
(A) as mentioned before.

Figure 4 shows that the volumetric mass
transfer coefficient increases by increasing the
continuous phase (water) flow rate, which may be
ascribed to the turbulence generated downstream of
the rotating screen as the axial solution passes
through the screen openings [36, 37]. The degree of
turbulence generated downstream of the screen
increases with increasing axial solution flow rate
with a consequent increase in the mass transfer
coefficient K and the interfacial area A as
mentioned before.

Figure 6 shows that the rate of mass transfer
increases by increasing initial solute (acetic acid)
concentration; this can be attributed to the
following:

As a result of the wvarying microscopic
hydrodynamic conditions around dispersed phase

1.85 4
Water flow rate = 260 cm®/s
Toluene flow rate = 300 cm®/s
Rotating screen mesh No. = 18
Initial concentration of acetic acid:

1.8 4

€01M
mo2M
AO03M
0.4 M

1.7 4

Log k', cm’/sec

1.65

1.6 4

15
0.65 0.75 0.85 0.95 1.05 115 1.25 1.35 1.45

Log N, r.p.s

Fig.6. Log K'vs. log N for different initial concentrations
of acetic acid.

drop, the rate of mass transfer of acetic acid from
the drop surface is not uniform all over the drop
surface. This leads to non-uniform concentration of
acetic acid at the drop surface. Accordingly, the
interfacial tension, which depends on solute
concentration, will not be uniform all over the drop
surface; surface tension will be high at locations
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with low acid concentration and low at locations
with high acid concentration. This surface tension
gradient gives rise to strong eruptions and
interfacial turbulence at the drop surface
(Marangoni effect) which enhances the rate of mass
transfer [39]. Zhang et al. [32] who studied the
extraction of acetic acid from water by toluene in a
simple cell found that the enhancing effect of a
surface tension driven flow increases with
increasing acetic acid concentration, which is
consistent with the present results.

3.2. Data Correlation

For the present case, dimensional analysis leads
to the correlation:

— o s y
Sh = a Sc* Res” Rer (15)

The volumetric mass transfer coefficient will be
used instead of the mass transfer coefficient, so a
modified Sherwood number Sh,, will be used in the
form:

Sh, = K (16)
d;D
Rewriting Eqg. (15) in the form:
Shn = a Sc* Res” Re (17)

Re; = 26067.7
r/d, = 0.83
sc

Log Sh,,

LogRes

Fig. 7. log Shy, vs. log Re; for different Sc numbers.

following previous theoretical and experimental
studies in mass transfer, the exponent o was fixed at
0.33 [40]. Figures 7 and 8 show the effect of Res on
Sh,, at different Sc and different mesh number
respectively. The data fit the equation:

Shy, = a; Re®® (18)
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Fig. 8. log Shy, vs. log Re; for different screen mesh
numbers.
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Fig. 10. log Shy, vs. log (rw/d,) for different speeds of
rotating screen.

Figure 9 shows the effect of Rer on Shy, at
different rotation speeds, the data fit the equation:

Shm =ap ReFOBO (19)

For the screens used in the present work, an
extra dimensionless term which accounts for screen
geometry should be added to eq. 17.

Screen geometry was expressed in terms of
(r/dy) [43] where 1y, is the hydraulic radius defined
as:

(20)

where: ¢ is the screen porosity, a is the specific
screen area (cm’cm®) and d,, is the screen wire
diameter. Figure 10 shows the effect of screen
geometry (rn/dy) on Shy, at different rotation speeds,
the data fit the equation:

-1.38

39 4 41 42 43 44 45
Log Reg

Fig. 9. log Shy, vs. log Ree for different speeds of
rotating screen.

. sh, = a,| - (21)

w

Accordingly, equation 17 becomes:

-1.38
.
—a Sc***Re2* Reﬁ'”(d—hJ (22)

w

Sh
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Fig. 11. Overall mass transfer correlation for the
extraction of acetic acid from toluene by water using a
rotating single screen contactor at different Sc numbers.

Figure 11 shows that the mass transfer data for
the transfer of the solute from the dispersed phase
to the continuous phase in a rotating single screen
extractor under the conditions: 309 < Sc < 354,
47304 < Res < 180176, 10026 < Rer < 30078 and
0.75 < ry/dy, < 0.92, fit the equation:

-1.38
Sh, =132.63 Sc** Re%? Re‘;ﬁu] (23)

w

with an average deviation of + 14%. The above
equation can be used in the design and operation of
a rotating screen liquid-liquid extractor.

3.3 Mass Transfer Rate at an Array of Closely
Packed Screen

Figures 12 and 13 show the mass transfer
behaviour of a rotating bed of closely packed
horizontal screens under different conditions. The
number of screens per bed ranged from 1 to 5. The
results show that the mass transfer coefficient
decreases below the value for a single screen with
increasing number of screens per bed. These results
agree with the finding of Sedahmed et al. [27] who
studied liquid-solid mass transfer at a rotating fixed
bed composed of closely packed screen discs. The
mass transfer coefficient decreased below the single
screen value increases slightly with increasing the
mesh number. The percentage decrease in the rate
of mass transfer ranges from 15.6 to 40.6% mainly
depending on the bed thickness and the mesh
number of the screen. The higher the mesh number
of the screen the higher is the percent reduction in
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Initial concentration of acetic acid = 0.3 M
Water flow rate = 220 cmé/s

Toluene flow rate = 300 cm? /s

Rotating screen mesh number = 10
Number of screens per bed:

K'x 10° (cm/s)

o 200 400 600 800 1000 1200 1400
Speed of rotating screens (r.p.m)

Fig. 12: Volumetric mass transfer coefficient vs. speed
of rotating screen for different screen numbers per bed.
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Fig. 13. Volumetric mass transfer coefficient vs. number
of screens per array for different screen mesh numbers.

the mass transfer coefficient. The decrease in the
mass transfer coefficient may be attributed to eddy
damping by virtue of the friction between the
generated eddies and the wires of the screen matrix.

3.4 Power Consumption

In order to assist in the economic evaluation of the
performance of the present work, mechanical power
consumed in rotating the screens was measured
experimentally under different conditions by means
of a wattmeter.

Mechanical power was measured for rotating
closely packed arrays with a number of screens
ranging from 1 to 5 at different rotational speeds.
Figures 14 and 15 show the following results:

1. Power consumption increases with increasing
screen rotation speed for all mesh numbers.

2. Power consumption tends to increase with
increasing screen mesh number.
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Fig. 14. Mechanical power consumption vs. speed of
rotating screen for different rotating screen mesh
numbers.
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Fig. 15. Mechanical power consumption vs. speed of
rotating screen for different screen numbers per bed.

3. Power consumption decreases with increasing
the number of screens per array.

The results of power consumption and mass
transfer coefficient at a rotating screen are in
general consistent with the finding of Calderbank
and MooYoung [44] who found that the mass

transfer coefficient is proportional to power
consumption, i.e., the higher the power
consumption the higher the mass transfer

coefficient. Figure 16 shows that the rotating screen
of mesh number 10 is superior to screens with other
mesh numbers because it produces higher mass
transfer per unit power consumption.

3.5 Comparison between Rotating Screen
Contactor (RSC) and Rotating Disc Contactor
(RDC)

It would be of interest to compare the present mass
transfer data for rotating screens with that for
rotating flat discs. Figure 17 shows that the mass

X 22

2.7

26 ¢
¢ *

25

° o
o
o
24
23 /

22 x

K'/P (cm®/Watt.sec)

21

0 200 400 600 800 1000 1200 1400
Speed of rotating screen (r.p.m)
Fig. 16. The ratio (K"/P) vs. speed of rotating screen for
rotating screens of different mesh numbers.

transfer coefficients for rotating screens are higher
than those for rotating flat discs by an amount
ranging from 1379 to 2839% depending on the
rotation speed and mesh number of the screen. The
above observations can be explained as follows:
Both rotating solid discs and screen discs induce an
axial flow towards the rotating surface [27, 31].
When the axial flow reaches the solid disc surface it
turns to radial flow, but in case of rotating screens
part of the axial flow induced by screen rotation
turns to radial flow while the other part penetrates
the screen in axial direction along with the
superimposed net flow. Under such conditions,
turbulence can be generated behind the screen wires
because of boundary layer separation when the
upward moving stream crosses the screen. The
presence of eddies downstream of stationary
screens in cross flow was revealed by Bourne and
Lips [36] who studied the flow behaviour past
stationary screens. In addition, turbulence could be
also generated when the wires of the rotating screen
move through the solution because of boundary
layer separation in the wakes of the moving wires.
Eddy generation increases the mass transfer coeffi-
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Initial concentration of acetic acid= 0.2 M
Toluene flow rate= 300 cm*/s

Water flow rate= 220 cm3/s

Screen mesh number:
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Fig. 17. log Sh vs. log Re, for a rotating flat disc
contactor and a rotating screen contactor with different
mesh numbers.

cient at rotating screens compared to rotating discs
where the radial flow at the disc surface is laminar
within the present range of Res (47304 < Res <
180176)[45].

The superior mass transfer behaviour of a
rotating screen contactor compared to the rotating
disc contactor shows that the role played by the
turbulence generated in the rotating screen
contactor outweighs the high degree of axial mixing
which characterizes the highly porous screen
structure and which tends to reduce the rate of mass
transfer.

4. CONCLUSIONS

The present study revealed that the performance
of a screen disc extractor is superior to that of an
ordinary rotating disc extractor owing to the
turbulence promoting ability of rotating screens.
The dimensionless mass transfer equation obtained
in the present study can be used in the rational
design and operation of the suggested rotating
screen extractor. Further studies on different
solvent extraction systems are needed to confirm
the advantages of the present extractor compared to
the rotating disc extractor and to validate its mass
transfer behaviour under a wider range of operating
conditions.
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Nomenclature

A Mass transfer area (cm?)
As Total screen area (cm?)
a Total screen surface area per total volume

of one screen (cm’/cm?®)

C, C,,C, Current concentration, equilibrium
concentration and initial acetic acid
concentration in toluene (mol/cm?)

D Diffusivity (cm%/s)

d Drop diameter (cm)

dr Rotor screen diameter (cm)

ds Stator ring opening (cm)

dr Column diameter (cm)

dw Wire diameter (cm)

Gt Column geometry factor

K Mass transfer coefficient (cm/s)

K' Volumetric mass transfer  coefficient
(cm¥s)

N Screen rotation speed (r.p.m)

Nm Mesh number (number of wires/cm)

n Number of screens per array

T Absolute temperature of the solution (K)
\Y Continuous phase velocity (cm/s)

A Volume of toluene (cm?®)
Z. Compartment height (cm)

Dimensionless terms

Rer Reynolds number of continuous phase flow
(pe V v/ pe)

Res Reynolds number of the rotating screen
disc (pg @ dr?/ pa)

Sc Schmidt number of dispersed phase (ug/ pg
D)

Sh Sherwood number (K dr/D)

Shi Modified Sherwood number (K‘/dR D)

Ve Volume of single screen (cm?®)

Greek symbols

a, B,y Constants
) Diffusion layer thickness (cm)

& Screen porosity

u Viscosity of the solution (g.cm/s)

Ue Viscosity of continuous phase (g.cm/s)
U Viscosity of dispersed phase (g.cm/s)
" Kinematic viscosity (cm%/s)

p Solution density (g/cm?)

Pd Density of dispersed phase (g/cm®)

De Density of continuous phase (g/cm®)

W Dispersed phase hold-up

1) Screen rotational speed (rps)
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MACOOBMEHHHN XAPAKTEPUCTHUKN HA HOB EKCTPAKTOP TEHHOCT-TEYHOCT C
BBEPTALIU CE IUCKOBE

A. C. Illexara, A. X. Emmasnu’, A. A. 3aaryt, I'. X. Cenaxmen

Kameopa no unoicenepua xumus, @axynimem no uHiceHepcmseo, Anekcanopuiicku yHueepcumenn,
Anexcanopus, Ecunem

[ocTenuna Ha 5 maii, 2010 r.; npepaboreHa Ha 3 stHyapu, 2011

(Pesrome)

MacooOMeHHUTE XapaKTepUCTHKA Ha KOHTAKTOP C BBPTSAIIM CE MPEXKECTH IHMCKOBE Ca HM3CICIBAHU Upe3
HU3MEpBaHE Ha CKOPOCTTAa HAa MacOIPEHOC Ha OLETHAa KHCENMHA OT pa3TBOp Ha TOMyonl BbB Boja. Mscrmensanute
MIPOMEHJIMBH Ca T€OMETPUYHM NapaMeTpH Ha JMCKOBETE KaTo Opoi Ha OTBOPHTE M JUAMETHP Ha TeJNTa, CKOPOCT Ha
BBpTeHE, (DM3MYHM CBOWCTBA Ha pa3TBOpPA, aKCHaJHA CKOPOCT Ha MOTOKAa M eekT Ha Oposi Ha HApPENEHUTE B MaKeT
MpPEXH, ChCTaBAIM €IUH JUCK. 32 KOHTAKTOp C €IMHHYEH BBPTSIIL CE MPEXKECT AUCK CKOPOCTTa Ha MAacCOIPEHOC ce
oIIpeieiIsl Ype3 ypaBHEHHUETO:

-1.38
Sh,, =13263 S¢** Re,*%* Re?[é—“j

w

3a BBPTALIM C€ AUCKOBE, CHCTABEHH OT HIAKOJIKO MPEXH, KOS(PUIMEHTHT Ha MACOIPEHOC HaMaysiBa C
yBelIM4YaBaHe Ha Oposi HA MPEXHUTE B MAaKeT, ChCTaBsLIM JUcKa. ENHO cpaBHeHHe Ha IOBEIEHHETO 110 OTHOLIEHHE Ha
MacooOMEHa Ha BBPTSII Ce MPEXeCT JUCK M BBPTALL ce KoHTakTop ¢ mnbTeH auck (KIIJ), mokassa, e npu maneHu
YCIIOBUSI, CKOPOCTTa Ha MAacOIPEHOC MPU BBPTSIL C& MPEKECT AUCK € MO-BHCOKA OT Ta3W Ha KOHTAKTOP C BBPTALL Ce
ITbTEH AMCK c ¢axtop oT 13.8 - 28.4, B 3aBUCHMMOCT OT ycIOBHATa Ha pabora. M3MepBaHMs Ha KOHCyMaluATa Ha
MEXaHWYHa €Heprus IMOKa3BaT MO-BUCOK KOE(HLMEHT Ha MAacONPEHOC, NPH MO-BHCOKA KOHCYMAllMs Ha EHEprus.
Ot0ensi3ann ca TNPAaKTUUECKH TPUIOKEHUS Ha TIPEUIOKEHHS] EKCTPAaKTOp B 00JacTH Kato (apmaleBTHYHATA
IPOMHUIIIEHOCT, XUAPOMETAIYPIrys, IETPOJIHATa HHAYCTPHSA U 00paboTKa Ha BOJA.
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The charge-transfer (CT) complex formed between piperidine (Pip) as donor and iodine (I,) as c-acceptor was
studied spectrophotometrically. The synthesis and characterization of the piperidine CT-complex of iodine, [(Pip)2]I".1s~
, was described. This complex was readily prepared by the reaction of Pip with I, in CHCI; solvent. Infrared spectra
(mid-IR and far-IR), UV-Vis techniques and elemental analyses were used to characterize the piperidine/l, charge-
transfer complex. Benesi-Hildebrand’s method and its modifications were applied to the determination of the

association constant (K) and the molar absorption coefficient (&).

Keywords: Charge-transfer, lodine, Piperidine, Infrared spectra.

1. INTRODUCTION

Charge-transfer complexes are known to take
part in many chemical reactions like addition,
substitution and condensation [1,2]. These
complexes have attracted great attention as non-
linear optical materials and electrical conductors [3-
6]. Electron donor-acceptor (EDA) interaction is
also important in the field of drug-receptor binding
mechanism [7], in solar energy storage [8] and in
surface chemistry [9] as well as in many biological
fields [10]. On the other hand, the EDA reactions of
certain m-acceptors have been successfully utilized
in pharmaceutical analysis [11]. For these wide
applications extensive studies on CT- complexes of
n-acceptors have been performed [12].

Piperidine (Formula ) is an organic compound
with the molecular formula CsHyiN. It is a cyclic
amine with a six-membered ring. It is a clear liquid
with pepper-like odor. The piperidine skeleton is
present in numerous natural alkaloids such as
piperine, the main active chemical agent in black
pepper and relatives, pharmaceutical drugs such as

raloxifene.
QH

Formula |

The solid charge-transfer complexes formed

* To whom all correspondence should be sent:
E-mail: msrefat@yahoo.com

between iodine and several types of electron donors
such as aromatic hydrocarbons, polycyclic amines,
mixed oxygen/nitrogen cyclic bases,
aromatic/aliphatic amines have been studied and
categorized [13-22]. The tri-iodide ion I, penta-
iodide ion Is, and ennea-iodide ion Iy were formed
through the reaction of iodine with various donors
like metal acetylacetonates [23-25], polyazacyclic
[26-28], and crown ethers [29-32]. Some of charge-
transfer complexes show very interesting
applications in the analysis of some drugs in pure
form or in pharmaceutical preparations [33, 34].
The charge-transfer in fullerene-based [35, 36]
compounds is currently of great interest since these
materials can be utilized as superconductors [37]
and to produce non-linear optical activity [38].

2. EXPERIMENTAL
2.1. Materials

All chemicals used throughout this work were
Analar or extra pure grade. Piperidine (CsHiiN),
was of analytical reagent grade (Merck reagent).
The iodine acceptor was purchased from Aldrich.
Stock solutions of piperidine and iodine acceptor
were freshly prepared and chloroform of
spectroscopic grade (Merck) was used as received.

2.2. Synthesis
[Piperdine]-iodine complex

At room temperature, the solid CT complex of
Pip with iodine was prepared by mixing 85.15 mg
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(1.0 mmol) of the donor in chloroform (10 mL), a
solution of iodine was added (253.81 mg, 1.0
mmol) in the same solvent (10 mL) upon
continuous stirring for about 15 min. A dark brown
complex was formed, washed several times with
small amounts of chloroform, and dried under
vacuum over anhydrous calcium chloride; the
empirical formula of the complex [(Pip)2]l™.15 is
C10H22N2l4 with molecular weight 677.92 g/mol.

2.3. Methods

The electronic spectra of Pip, iodine acceptor and
resulting CT complex were recorded in the region
of 200-800 nm by using a Jenway 6405
spectrophotometer with quartz cells of 1.0 cm path
length. Photometric titration was performed at 25°C

for the reactions of donor with acceptor in
chloroform as follow: the concentration of Pip in
the reaction mixtures was kept fixed at 5.0x 10* M,
while the concentration of acceptor was changed
over a wide range from 1:0.25 to 1:4.00. Infrared
measurements (KBr discs) of the solid donors,
acceptor and CT complexes were carried out on a
Bruker FT-IR spectrophotometer over the range of
wave numbers 400;-4000 cm; * with 50 scans at 2
cm ! resolution.

3. RESULTS AND DISCUSSION

The results for the elemental analysis of the
piperidine charge-transfer complex are shown in
Table 1. It can be seen from the table that the

Table 1: Elemental analysis CHN and physical parameters data of the CT-complex formed in the reaction of the Pip

with iodine
Complexes C% H% N% Physical data
(FW) Found Calc. Found Calc. Found  Calc. Color mp (°C)
[(Pip),]I". 15 677.92 17.45 17.70 329 324 399 413 Dark brown <30
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Fig. 1. Electronic absorption spectra of; (A): Pip-iodine reaction in CCl,, (B): Pip-iodine reaction in
CHCI3, (C): Pip-iodine reaction in CH,ClI, and (D): Pip-iodine reaction in 1,2-dichloroethane. (a) = donor (1.0x10

*M), (b) = acceptor (1.0x10™*M) and (c) = CT-complex.
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Fig. 2. Photometric titration curves for the Pip-iodine system in various solvents: (A) in CCl, at 269 and 393 nm, (B)
in CHCI;3 at 270 and 391 nm, (C) in CH,Cl, at 283 nm and (D) in 1,2-dichloroethane at 292 and 365 nm.

values found are in agreement with the calculated
ones, and the composition of the CT complex is
matched with the molar ratios determined from the
photometric titration of Pip with the iodine o-
acceptor. All complexes are insoluble in cold and
hot water, but easily soluble in DMF and DMSO.

3.1. Electronic absorption spectra of the Pip/iodine
system

The electronic (UV-Vis) absorption spectra of
the Pip/iodine complex were measured in various
solvents such as CCl,, CHCI;, CH,CIl, and 1,2-
dichloroethane. In each solvent the complex was
formed by adding X ml of 5.0x10* M iodine (X =
0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 2.50 and 3.00 ml)
to 1.00 ml of 5.0x10* M Pip. The volume of the
mixture in each case was completed to 15 ml for
CCl,, 10 ml for CHCI;, 20 ml for CH,CI,, and 10
ml for 1,2-dichloroethane with the respective
solvent. The concentration of Pip in the reaction
mixture was kept fixed at 0.33x10™*, 0.50x10°*
0.25x10* and 0.50x10* M in the case of CCl,,
CHCI;, CH,CIl, and 1,2-dichloroethane solvent,
respectively, while the concentration of iodine was

varied over the range of 0.0833x10™* M to 1.00x10"
* M for Pip/l, in CCl,, from 0.125x10* M to
1.500x10* M for Pip/l, in CHCl;, from
0.0625x10™* M to 0.7500x10™* for Pip/I, in CH,Cl,
and from 0.125x10* M to 1.500x10* M for Pip/I,
in  1,2-dichloroethane. These concentrations
produce Pip:l, ratios in the range from 1:0.25 to
1:3.00. The electronic absorption spectra of the 1:1
Pip:l, complexes in CCl,, CHCI;, CH,CI, and 1,2-
dichloroethanr *~~ather with those of the reactants
I, and Pip arc D wn in Figures 1A, B, C and D,
respectively.

The spectra show characteristic absorption
bands which are not present in the spectra of the
reactants free iodine and Pip. These bands at (393
and 269 nm), (391 and 270 nm), 283 nm and (363
and 292 nm) are assigned to the CT-complex
formed by the reaction of Pip with I, in the solvents
CCl,, CHCI;, CH,CIl, and 1,2-dichloroethane,
respectively. Photometric titration curves based on
these characteristic absorption bands are given in
Figures 2A, B, C and D.
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These photometric titration curves were
obtained according to the known methods [39] by
plotting absorbance against the X ml added of the
iodine c-acceptor. The equivalence points shown in
these curves clearly indicate that the CT complex
formed between Pip and iodine is 1:1. The
formation of 1:1 complex was also supported by
elemental analysis, mid and far infrared spectra.

However, the two absorption bands appearing ~
360 and ~ 290 nm are well known [40-42] to be
characteristic for the formation of the tri-iodide ion

(I3).  Accordingly, the formed complex was
formulated as [(Pip)2]I".15 .

and A is the absorbance of the definite bands
around 290 and 360 nm. From the data obtained

Cg of Pip, CJ of I, (C3+Cg) and (C3.CJ/A) in
CCl,, CHCI3, CH,CI, and 1,2-dichloroethane were
determined. When theC?.CJ/A values for each
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It was of interest to observe that the solvent has
a pronounced effect on the spectral intensities of
the formed [(Pip).]l".Is" complex. To study the
solvent effect in a quantitative manner, it was
necessary to calculate the values of the association
constant, K, the molar absorption coefficient &, and
the oscillator strength, f, of the iodine complex in
each solvent. The 1:1 modified Benesi-Hildebrand
equation ! was used in the calculations:
cecgl_ 1, Co+C8

A Ke €

where CJ and CJ are the initial concentrations of
the acceptor |, and the donor Pip, respectively,
solvent are plotted against the corresponding (CJ+

1)

Cg) values, straight lines are obtained with a slope

of 1/e and intercept of 1/ke as shown in Figures 3A,
B, C and D for the reactions in CCl,, CHCI;,
CH,CI, and 1,2—dichloroethane.
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Table 2. Spectrophotometric results for the Pip complex with iodine in different solvents at 25°C and the dielectric
constants of the solvents

Solvent Amax Ecr K €max f u Iy D
(nm) (eV) (I.mol™) (I.moll'l.cm'
CCl, 393 3.16 4.09x10* 1.7O><1)04 6.80 23.80 7.71 2.2
CHCl; 391 3.18 2.71x10* 1.52x10* 8.75 27.00 7.73 4.7
CH,ClI, 361 3.45 6.97x10* 1.81x10* 13.44  31.34 7.96 8.9
(CHy).Cl, 365 3.41 7.52x10* 2.21x10* 1430  33.30 8.08 10.4

Table 3. Infrared frequencies® (cm™) and tentative assignments for the Pip donor and the [(Pip).]1*.1s~ complex.

Pip [(Pip)]I*.15 Assignments™
3393 s, br 3445 s, br v(N-H)
2938 vs 2949 vs vs(C-H)
2854 ms 2833 mw Vas(C-H)
2809 mw 2803 mw
2738 mw 2729
2619 mw Hydrogen bonding
2502 mw
2401 mw
2341 mw
1627 mw 1617 s Sef(N-H)
Ring breathing bands
1542 ms 1582 s C-H deformation
1447 ms 1455 s
1417 ms
1321 mw 1313w v(C-C)
1276 s 1255 w v(C-N)
1162 mw 1162 w
1112 mw 1120 w
1032 mw 1080 w
1027 ms
948 mw 946 mw (C-H) bend
861 ms 860 mw Orock; NH
806 mw 789 vw CH, rock
737 ms 630 vw Skeletal vibrations
646 vw
553 ms 549 ms CNC deformation
438 mw 433 ms
(@): s = strong, w = weak, m = medium, sh = shoulder, v = very, br = broad. (b): v, stretching; 8, bending.
The oscillator strength f was obtained from the of Pip, while the high value of ¢ agrees quite
approximate formula [441. well with the existence of the tri-iodide ion, |5,
f=(4.319 x 10°) &max . V12 - ) which is known to have a high absorbance value
[40-42].

Here vy, is the bandwidth for half-intensity in cm™.
The oscillator strength values together with the
corresponding dielectric constants, D, of the solvent
used are given in Table 2. The trend of the values
in this table reveals several facts.

i) The [(Pip)2]l".Is complex shows high values of
both the association constant (K) and the molar
absorption coefficient (). This high value of K
reflects the high stability of the iodine complex
as a result of the expected high donation power

ii) The values of the oscillator strength, f, increase
on increasing the dielectric constant (D) of the
solvent. This result could be explained on the
basis of competitive solvent interactions with
the acceptor [21]. Figure 4 shows the obtained
linear relationship between f and D.

iii) The formation constant (K) for the [(Pip)2]l".15
complex shows some variations, Table 2, as the
solvent is changed, but no clear relation with
solvent properties can be derived.
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o
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D

Fig.4. The plot of the oscillator strength f of [(Pip),]I".15~
against the dielectric constant of the solvent D.

Table 4. Fundamental vibrations for some tri-iodide
compounds.

Assignments* References
Compounds
Vi V) V3

Kls 11 - 143 [44]
Csls 103 69 149 [53]
[Ni(acac),],1".15 101 84 132 [25]
[(Pip)]I*.15 102 79 145 Present

work

Vi, Vs (I1); vz, 8 (15); va, Vas (I-1).

Finally, the general mechanism for the
formation of the [(Pip)2]l".1s complex is proposed
as follows:

2Pip+1, — [Pip]ol*.I”
[PipLol™. 1"+l — [(Pip)o]I".15"

The [Pip]oI™.I” reaction intermediate s
analogous to the well known species [(donor)I]*.I”
formed in the reaction of iodine with many donors
[19, 26]. It has characteristic [45] absorption,
around 250 nm; see Figures 1A, B, C and D.

The transition dipole moment (x) of the iodine
complex, Table 2, was calculated from the
following equation [46]:

1t = 0.0958[€max Vi | Vina] (3)

The ionization potential (1) of the free donor

was determined from the CT energies of the CT

band of its complexes with iodine by using the
following relationship [47]:

Ecr=1,-52+15/(l,~5.2) @)

where Ect is the energy of the charge-transfer of
the iodine complex; the energy of the n-¢* or n-c*
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interaction (Ecr) is calculated using the following
equation [47]:

Ecr=1243.667 / AcT (nm) (5)

where Acr is the wavelength of the complexation
band.

3.2. Infrared spectra of the Pip-iodine solid
complex

The mid infrared spectra of Pip and the formed
CT complex, [(Pip)2]l*.15, were recorded from KBr
discs. These spectra are shown in Figures 5A and
B, respectively. The spectral bands are resolved and
assigned to their vibrational modes, as given in
Table 3. As expected, the bands characteristic for
the Pip unit in the [(Pip),]I*.1s" CT complex display
small changes in band intensities and frequency
values. For example, the stretching asymmetry and
symmetry of the v(N-H) vibration occurred at 3393
and 3447 cm™ for free Pip and [(Pip).]l".l5,
respectively. There is an increase in the intensity of
the 8(N-H) vibration in the case of iodine complex
rather than Pip alone as well as a blue shift in the
wavenumbers from 1627 cm*(Pip) to 1617 cm™
(iodine complex). Such changes clearly indicate
that the N-H bond in the piperidine donor
participates in the complexation process with
iodine. On the other hand, the presence of a few
bands at 2619, 2502, 2401, and 2341 cm™* could be
assigned to the expected hydrogen bonding in the
Pip/iodine complex [48]. This fact strongly
supports the mode of interaction between Pip and
iodine by forming a hydrogen bond between the
donor Pip and the iodine acceptor, (N-H---1).

3.3. Far infrared spectra of the Pip-iodine solid
complex

The far infrared spectrum of [(Pip)2]I™.1s" was
recorded from Nujol mulls dispersed on
polyethylene windows in the region 50-600 cm™
and was focused in the region 50-200 cm’, as
given in Figure 6. The spectrum associated with the
[(Pip).]I".15 complex shows the characteristic
bands for the tri-iodide ion, 15~ at 145, 102 and 79
cm . These bands can be attributed to va(1-I), vs(1-
I) and 8(I3), respectively. These three absorption
bands do not exist in the spectrum of the donor Pip.
However, the I3 ion may be linear (D.;) or non
linear (C,). Group theoretical analysis indicates
that the I~ ion with C,, symmetry displays three
vibrations: vs(I-1); A1, vas(I-1); B2 and 8(I5); Ay, all
infrared active in agreement [** 4 %% wiith the
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Fig. 5. Infrared spectra of: (A) Pip and (B) the charge-transfer complex, [(Pip).]1".15".

observed three infrared bands for [(Pip).]I*.l5, as
shown in Table 4. Accordingly, the formed iodine
complex is formulated as [(Pip)2]l™.ls. The
conversion of iodine molecules into polyiodide
units is well known in the literature. The formation
of 15 ions was previously reported B3 in the
reaction of iodine with various donors such as 4-
(dimethylamino) pyridine, 1-aza-15-crown-
5,3,6,9,14-tetrathiabicyclo  [9.2.1]tetradeca-11,13-
diene and nicotine.

3.4. Group theoretical analysis

The geometry of 13~ in [(Pip)2]I".1s may be
assigned to one of the two structures: linear
structure with (D.,) symmetry or non-linear
structure with (C,,) symmetry. It follows from the

above discussion that the shape of the 133 ion is non

linear and displays C,, symmetry. The three modes

of vibrations distributed over the symmetry species

2A; + B, should be all infrared active. If the

complex is linear, i.e., of D, symmetry, it would

give only two infrared bands, which is not the case.
CONCLUSION

The characterization techniques like infrared
spectra (mid and far), elemental analysis and
electronic  spectra confirmed that the
piperidine-iodine interaction yields a complex
of the formula [(Pip)2]l”.1s3". The triiodide ion
formed belongs to the C,, point group and the
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Fig. 6. Far-infrared spectrum of the charge-transfer complex, [(Pip).]I*.15".

far-infrared spectra play an important role for the
assignment of ls3. Some interesting physical data
were obtained which throw light on the stability of
the piperidine complex. The iodine complex was
studied in various solvents like CCl,, CHClIs,
CH,CI, and 1,2-dichloroethane. It was found that
the values of the oscillator strength f increase with
the increase in the dielectric constant (D) of the
solvent.
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M. C. Pepat™’, O. b. U6paxum’, X. An-Junamonn®, K. M. A6y En-Hyp", JI. En-3asr®

“Kameopa no xumus, @axyrmem na naykume, Ynueepcumem Ilopm Cauo, ITopm Cauo, Ezunem
*Kameopa no xumus, @axynmem na naykume, Ynusepcumem Taugh, Taugh, Kpancmeo Cayoumcxa Apabus
*Kameopa no xumus, @axynimem na naykume, Ynusepcumem 3azazue, 3azazue, Ezunem

’Kameopa no xumus, @axynmem na naykume, Ynueepcumem Cyeyku xanan, Hemaunus, Ecunem

[ocTenuna Ha 24 centemBpy, 2010 r.; npepadorena Ha 9 HoemBpH, 2010
(Pesrome)

Kommnekc ¢ npenoc Ha 3apsa (I13), oopazyBan mexay nunepuaunH (ITum) kato monop u Hox (Iz) kato o-
aKIenTop, € NmpoydeH crekrpodoromerpuuyHo. OnucaH € CHHTE3BT W OXapaKTepusupaHeTo Ha nurepuauHoBu [1T-
KoMIekc Ha ¥og, [(ITum),]1".15". To3u koMIekc e moaydeH JecHo IocpeAcTBOM peakiuaTa Ha ITum ¢ I, B CHCl; kato
pastBoputen. Mudpauepsena crekrpockonus (mid-IR u far-IR), UV-Vis TeXHUKH 1 eleMEHTEH aHaIN3 ca U3I0NI3BaHH,
3a Ja ce XapakTepu3upa nurepuans/l, kommiekc ¢ mpeHoc Ha 3apsaa. MeronbT Ha banesn-XwunneOpaHn u HEroBu
MoaudUKalMK ca TPWIOKEHH 3a ONpeleisHe Ha acouuanvoHHata KoHctanta (K) m momapHus aGcopOiioHeH
KoeuIueHT (&).
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The uniform distribution of the liquid phase over the cross-section of a packed column is a major prerequisite for its
effective operation. Regarding various distributor designs, the best uniformity is achieved with devices where the liquid
is divided into jets with equal flow-rates. The final liquid redistribution, to obtain uniformity over a cross-section area
of the size of a packing element, takes place in the packing itself or in a specially designed redistribution layer. For this
purpose a new packing, especially proper for low liquid superficial velocity has been developed and investigated. It
consists of parallel vertical polystyrene plates with inclined crossing capillary grooves stamped on them. A computer
procedure has been developed for calculating the height of the redistribution layer for a distributor with a given distance
between the feed points. The calculated height ensures, with a selected precision, equality of the flow-rates of the liquid
phase leaving the capillary grooves. The comparison with other devices shows that for a given degree of uniformity, the
new packing is characterized by significantly smaller height.

Key words: packed columns, liquid distribution, redistribution layer height, capillary grooves, liquid flow-rate, radial

liquid spreading coefficient

1. INTRODUCTION

Of all existing packing designs, the packings
with vertical walls and especially the honeycomb
packings [1-3] are characterized by the lowest
pressure drop for a mass transfer unit, but have bad
liquid distribution properties. With the purpose to
operate as a redistribution layer over a basic layer
of this type of packings, a new packing is
developed and investigated [4-7]. It consists of
vertical polystyrene plates with crossing inclined
capillary grooves stamped on their surface,
especially proper for low liquid superficial velocity.
Changing only the direction of the liquid phase by
adding a horizontal component to its velocity
vector, it avoids the disadvantage of the existing
redistribution packings with inclined walls [8-10] to
turn also the direction of the gas flow which leads
to increasing of the pressure drop.

The plates can operate as a redistribution layer
between the distributor and the main packing and
also as a part of the liquid distributor. A scheme of
such a device is presented in Fig. 1. The liquid
phase leaves the pipes (troughs) (1) of the
distributor through orifices perforated in them and
runs over plates (2). Here it is regularly distributed
by the inclined crossing capillary grooves. From

*To whom all correspondence should be sent:
E-mail: : dzhonova@bas.bg

plates (2) the liquid flows over plates (3) and is
regularly distributed by the grooves. The uniform
distribution after plates (2) and (3) ensures regular
distribution over the whole apparatus cross-section.
Fig. 2 is a photograph of a sample plate with stamp
inclined grooves.

For implementation of the new device in the
industry, it is necessary to have a method for
calculation of the height of the plate under which
the distribution of the liquid phase will be uniform
with a preliminary given precision.

The aim of the present work is to propose a
calculation procedure for determination of the
height of the new redistribution layer at a given
distance between the feed points and degree of
uniformity and to compare the new packing design
with the existing.

2. CALCULATION PROCEDURE
2.1. Calculation equations

Fig. 3 shows a scheme of the capillary grooves
on the surface of the vertical plate between two
feed points A and A;. Here I, m, is distance
between the feed points. The liquid from a feed
point flows down and is divided into the grooves
(shown by arrows). The flow between each two
drip points is symmetrical in respect to the axis
A'B'. That is why the calculations are performed
only for one of the symmetrical parts, i.e. the
grooves between lines AB and A'B'.
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The proposed procedure for calculation of the
flow-rates in each part of the grooves uses the
following equations.

1. Equation of the material balance at a crossing
point with coordinates X , y; :

Vij+ Ui j=Vigjm + Uigja 1)

where Uj; and V;; are the outgoing flow-rates in

m?*/s in direction from line AB to A'B' and from line
A'B' to AB respectively (Fig. 3) at a crossing point
with coordinates (x;y;). The beginning of the
accepted coordinate system is in the feed point A.
The computations are made in discrete points with
vertical distance between them Ax=xi-xi1, and
horizontal distance 4y=y;-y;1 in m, Fig. 3, in the
calculation region AA'B'B, i=0+m, j=0+n are
current numbers of steps along x and y axis
respectively, where m and n are the respective
maximal numbers of steps.

b

Fig. 1. Liquid phase distributor including plates with
inclined crossing grooves. (a) Cross—section view; (b)
Above view; (1) Distributing pipes (troughs); (2)
Distributor plates with grooves; (3) Redistribution layer
plates with grooves.
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Fig. 2. Polystyrene packing plate with stamped mclmed
capillary grooves.
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2. Equation for the maximal flow-rate in a
capillary groove, just below the drip point A (in
Fig. 3), where i=j=0, [7]:

450

tA Rens=0.07 Ga®® (sin a)°%,  (2)

where a is the groove inclination angle, Fig. 3;
Remax=Umax/vdh is Reynolds number of the flow in
the part of the groove just below the feed point; dy
is the hydraulic diameter in m, defined as dn,=
4ab/(2b+a), where a and b are the groove width
and depth in m; Upax is maximum flow-rate in the
parts of the groove just under the feed point, m¥/s; v
is kinematic viscosity, m?/s; Ga=gd,*/V/ is Galilei
number; g is gravity constant, m/s%.

3. Equation for the outgoing flow-rates at the
crossing points on line AC, where i=j and the flow-
rates Vi, j+1=0, [7]:
>\ g 017[%“ 1j+0.14(sin @)

—=—=0.71Ga

X
Uigja
0. 38( L'J‘l “1J -0.31(sin @)
x Rel—l,j—l " (3)
Ui j- .
Rei1j 1= "/1" L _Reynolds number in the groove
h

between points (xi.1,yj-1) and (Xi,y;).

4. Equation for the outgoing flow-rates at the
crossing points under line AC, where i# and the
flow-rates Vi, j+1>0:

>< Yij = 0.5[0.53Ga°'°9(5i”“) x
Uisgj1 Vi ju

u i-1,j4 7Vi-1‘j+1

] Umax

(4)

ooe[u'“lj o4
xRe_y iy (sina)”

At the boundaries of the calculation region:

1. Initial point A: Ugo = Q/2, where Q is flow-
rate at a feed point, m/s:

2. Axis of symmetry, line AB: Ui;=Vii1 —
perfect deflection;

3. Line CB’ V;,=U; 1.1 - perfect deflection. To
have flow symmetry for the end points next to the
column wall, the distance between the plate vertical
edge and the closest feed point is equal to 1/2 AA;
and the end grooves are stopped.

4. Line AC i=j: Vi, +1=0, Uj; calculated by Eq.
(3).

Inside the boundaries of the calculation region
Ui; is calculated by Eq. (4)

Assumptions

1. Q=2U,,y, i.e the liquid flow-rate at the drip
point is chosen equal to the maximum flow-rate the
first channel is able to take up according to Eqg. (2)
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without  liquid  overspilling.  Although the
calculation results presented are obtained with this
assumption, the proposed calculation procedure
gives the possibility to use larger flow-rates at the
drip point with overspilling and taking the liquid by
the channels situated downwards.

2. Egs. (3) and (4) are obtained in [7] by
processing experimental data for which

U. .
—1 >30% (5)

max

This ratio is used to characterize the filling up
with liquid of the groove cross-section. The smaller
is the liquid flow-rate in the groove, the smaller is
the degree of its filling up with liquid and the
greater the possibility for the liquid to be
completely drawn out in the crossing groove. It
means that different equations describe the data for
different extent of filling up.

3. Egs. (2) and (3) are proved only for laminar
hydrodynamic regime [7].

Variants of plate design

1. To get round the constraint for laminar flow,
at turbulent regime conditions the single groove can
be replaced by several parallel channels of smaller
hydraulic diameter, which ensures laminar regime
in each of them.

2. To ensure a greater degree of filling up of the
grooves with liquid satisfying Eq. (5), for an
industrial packing the dimensions of the groove
cross-section can be reduced downstream of a given
row of crossing points. At the same time, reduction
of the groove depth will reduce the packing
pressure drop.

3. To increase the number of the drip points
after the redistribution plate, the number of the
channels can be redoubled after achieving a given
degree of uniformity at a row of crossing points
(plate design in Fig. 2). The reduction of the
distance between the crossing points at a given
inclination of the grooves leads to increasing of the
necessary height of the vertical plate for obtaining a
prescribed degree of uniformity, which follows
from the distribution model of Tour and Lerman
[11].

2.2. Steps of the calculation procedure:

1. Input data:

- angle of inclination of the grooves «;

- steps between the crossing points Ay, Ax=
Ay.tg a;

- groove width and depth, a and b;

- distance between the feed points, I;

- physico-chemical properties of liquid phase;

- flow-rate at the feed point Q dependent on the
liquid superficial velocity and the number of the
drip points of the distributor per unit of the column
cross-section.

2. Calculating the flow-rates U;; and Vi
successively in each crossing point of a given
horizontal row on the plate using their values
determined at the previous horizontal row of
crossing points Ui.yj1, Vij+, by Eg. (1)-(4) with
the relations at the boundaries.

3. When at a certain crossing point condition Eq.
(5) is not fulfilled, the groove hydraulic diameter is
reduced preserving the ratio between the groove
depth and width. The reduced diameter is
determined by d, =dh(ﬂ

0.297
max ] following
max

from Eq. (2), where U'na = U;j/0.3, Uj; is the flow-
rate at the current point. It is assumed that d,=d’
downstream of the current row of crossing points

with coordinate xg, i.e. for X = X4 (down the dashed

line in Fig. 4). This means that after size reduction
the filling up of the channel with the smallest flow-
rate will be equal to 30% of the maximal possible.

4, If Qmean<30%Upax, Where Qmean=Umax/N, and
for x<x, condition Eq. (5) is not fulfilled, the
hydraulic diameter is not changed until xj=x, and
the calculated height is increased with 4x as many
times as these conditions occur.

Step 4 needs some explanation. In the region
above C, the point of meeting of the two flows from
adjacent feed points, the liquid flows predominantly
in the channels along line AC (x;=x,) and the flow-
rates there are much greater than the flow-rates
from the rest of the points of a given horizontal
row. By the calculation it was found that this
condition could be approximately evaluated by the
inequality Qmean<30%Una. So for the channels
downstream of such a horizontal row if we reduce
the groove cross-section according to step 3, the
channel along AC takes in flow-rate much greater
than Upax (with about 50%). If we decrease the
cross-section so as the channel along AC to take in
flow-rate equal to Una, the degree of filling up of
the channel with the minimal flow-rate is below
30%. Both possibilities result in going out of the
range of validity of the equations used. That is why
it is accepted that in this case the groove cross-
section is unchanged and the results for the
redistribution at that row of crossing points are not
the actual. Since at the worst the liquid is not
redistributed there at all, the calculated plate height
should be increased with as many steps as the
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number of “non-distributing” rows, i.e. the plate
height is determined with a small reserve.
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Fig. 3. Liquid spreading in the capillary grooves of a
vertical plate. The arrows show the directions of the
flows in the grooves. A, A; —Feed points; A'B' -Axis of
symmetry.

5. Comparing the determined flow-rates from
the crossing points of a horizontal row. If they
differ more than the prescribed degree of
uniformity the vertical coordinate, i.e current plate
height, is increased,

Xi=Xi.1+A4x,

and step 2 is repeated for the next row of crossing
points.

6. The calculation stops (at i=m, x=x,) when the
flow-rates in all the grooves at a certain horizontal
row become practically equal with deviation from
the mean value not more than a preliminary chosen
percentage (e.g. 5%). The first and the end row of
crossing points are located at a distance of Ax/2
from the plate ends. The design of the plate top and
bottom edges ensures the best taking up of the
liquid from the drip points above the plate and
maximal number of drip points below the plate.
According to Fig. 3 the plate height h is determined

by
h=X,+x. (6)

Since the grooves distribute the liquid phase
only in one vertical plane, the packing layer should
comprise two rows of parallel plates, the plates of
the second row perpendicular to the first. The
packing layer height h, is calculated by

hi=2h. @)

This is not valid for the liquid distributor in Fig.
1, where only one layer of redistribution packing is
necessary because the plates with inclined grooves
included in the distributor construction spread the
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liquid in planes perpendicular to the plates of the
packing layer below.

3. PACKING LAYER HEIGHT
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Fig. 4. Flow-rate distribution along a vertical plate with
inclined grooves.

Fig. 4 presents the transition to equal flow-rate
distribution along a vertical plate with capillary
grooves, the bars representing the dimensionless
flow-rates from a crossing point Ujj/Um. and
Vi,j/Umax-

The calculation is performed with the following
input data:

- angle of inclination of the grooves 0=45°;

- steps between the crossing points Ay =14 mm;

- groove width and depth 2x2 mm;

- distance between the feed points =112 mm;

- physico-chemical properties of liquid phase,
water dynamic viscosity z=1x10" Pa.s and density
p=1000 kg/m®, (at a temperature of 20°C);

- flow-rate at the drip point Q=2Ua=3.7x10°
m’/s.

At the horizontal line x¢/4x=3.5, Fig. 4, the
hydraulic diameter has been reduced from dy, =2.67
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mm (2x2 mm) to dy' =2.23 mm (1.67%1.67 mm).
The plate height is determined by the horizontal
row at which the flow-rates become equal with the
prescribed precision of 5% of the mean flow-rate
Quean=0.462x10° m¥s. As seen from Fig. 4,
uniform flow-rates have been achieved at Xn/4x=9,
so the plate height, Eqg. (6), is h=104x=140 mm.
The packing layer height, Eq. (7), is

h;=2h=280 mm.

When using the new redistribution layer under
the liquid phase distributor presented in Fig. 1 the
layer height is

h=h=140 mm

because the first layer of the redistribution packing
is replaced by the distributor plates (2) with
grooves presented in Fig. 1 as a part of the liquid
phase distributor.

Since the new redistribution packing is intended
for low liquid superficial velocity and because of

Table 1. Comparison of packing layer heights

the lack of such type of packings operating in
similar regimes, it is compared with redistribution
packings efficient at higher liquid superficial
velocities, inclined Raschig rings [9], block packing
of inclined plastic sheets [10] and inclined ceramic
honeycomb packing [12].

Table 1 shows the calculated by means of Eq.
(7) layer heights for different angles of groove
inclination a = 45° 30° and 15° versus the distance
between the feed points, which is divisible by the
horizontal distance between the grooves. The
results show that the necessary plate height
increases with increasing of the feed points
distance. The observed exceptions for the plates
a=45° and a=30° are due to the accepted precision
of the calculations in respect to degree of
uniformity of the liquid distribution and the
circumstance that the height is multiple of the
vertical distance between the grooves.

Distance Packing layer height
between h, m
drip
points - - - - - - - . -
I'm ) P_Iates with ) P_Iates with _ P_Iates with Incllneql ceramic Inclined plastic ~ Inclined ceramic
! inclined grooves inclined grooves inclined grooves Raschig rings, sheets, honeycomb
a=45° a=30° a=15" 49.1/41.2 mm, 22° packing 27/50
16° mm, 24°
D=2.85x10°m,  p=14x10%m, D=2.67x10°m
[l [10] [12]
0.0560 0.1960 0.1132 0.0375 0.1067 0.2172 0.1139
0.0840 0.3920 0.1617 0.0450 0.2400 0.4886 0.2562
0.1120 0.2800 0.1455 0.0675 0.4267 0.8687 0.4555
0.1400 0.3360 0.1940 0.0600 0.6667 1.3573 0.7117
0.1680 0.3640 0.2263 0.1050 0.9601 1.9545 1.0248
0.1960 0.3920 0.1940 0.1425 1.3068 2.6603 1.3949
In Table 1 the height of the new packing is )
compared with the heights of an arranged packing h=0 09695'— )
of inclined ceramic Raschig rings with an outside D'

diameter of 49.1 mm, an element height of 41.2
mm and an inclination angle of 16°, [9], a block
packing of inclined plastic sheets with an
inclination angle of 22° [10] and an inclined
ceramic honeycomb packing with an inscribed
circle diameter of 27 mm, an element height of 49
mm and inclination angle of 24°, [12]. The previous
investigations [9,10,12] show that just these angles
are the optimal for the efficiency of the respective
picking. The height ensuring flow uniformity with
accuracy 5% of the mean superficial velocity is
obtained by the following relation:

proposed in [13] using the simple model of Kolev
[14]. Here D, m, is radial liquid spreading
coefficient.

Table 1 shows that the necessary height of the
bed of plates with inclined grooves for a given
distance between the drip points and liquid flow
uniformity is much smaller than the heights of the
packings from literature.

It is known, that the increasing of the liquid
superficial velocity leads to increasing of the
spreading coefficient [10] for the packing with
inclined plates and does not affect this coefficient
of the packings from [9 and 12]. That is why the
value of D for inclined plates is taken for the region
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of low superficial velocities, where it does not
depend on liquid superficial velocity.

4. PACKING RADIAL SPREADING
COEFFICIENT

The radial spreading coefficient of the new
packing is determined by Eqg. (8) with the
calculated heights in Table 1. Table 2 shows that D
varies for different distances between drip points,
i.e. different superficial velocities, because as
expected the applied relation is not adequate. It is
based on the assumption that the liquid spreading
down a packing bed can be described in terms of
rivulets of stable but randomly orientated path
through the bed, which is a homogenous medium
characterized merely by an empirical radial liquid
spreading coefficient. Strictly speaking the random
walk hypothesis accepted in [9-12] is inapplicable
for arranged packings like these in [9,10,12], and
yet it was used there for evaluation and comparison
of their spreading ability with other packings. It is
especially improper for the present new
redistribution packing, where the path of the liquid
rivulets is determined by the crossing grooves. That
was the reason to develop a principally new method
for calculation of the liquid spreading in the
packing bed, the purpose of the present work.

Table 2. Radial spreading coefficients of packing of
vertical plates with grooves

Distance Plates Plates Plates

between with with with
drip inclined inclined inclined
points grooves grooves grooves

a=45° 0=30° a=15°

I, m D, m D, m D, m
0.0560 0.001551  0.002686  0.008108
0.0840 0.001745 0.004231  0.015202
0.1120 0.004343  0.008358  0.018017
0.1400 0.005655  0.009795 0.03167
0.1680 0.007517  0.012092 0.02606
0.1960 0.009501 0.019198 0.026136
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5. CONCLUSION

A procedure is developed for calculation of the
height of the redistribution bed of vertical plates
with inclined capillary grooves at given degree of
uniformity, distance between the drip points and
required design. It uses equations proposed in [6,
7], obtained on the basis of an experimental study
of the flow-rates in inclined crossing capillary
grooves on vertical plates. On the basis of the
investigation the new packing intended for low
liquid superficial velocities is evaluated by
comparison with other distributor packings showing
that the necessary layer height of the proposed
packing is much smaller than the heights of the
packings from literature.

REFERENCES

1. N. Kolev, K. Winkler, R. Daraktchiev, Z. Brosch,
Chem. Ind. 8, 43 (1986) (in Russian).

2. N. Koley, R. Billet, Kr. Semkov, Fat Sci. Technol.,
92, 291 (1990).

3. N. Kolev, R. Billet, Kr. Semkov, J. Mackowiak, Sv.
Nakov, Fat Sci. Technol., 96, 267 (1994).

4. D. Kolev, N. Kolev, Festschrift mit Beitragen zur
Verfahrens - und Umwelttechnik, Ruhr-Universitét
Bochum, 1994, p. 143.

5. N. Kolev, Kr. Semkov, D. Kolev, Bulg. Patent
47679 (1996).

6. D. Kolev, N. Kolev, D. Dzhonova-Atanasova, Tz.
Tzvetkov, Abstr. Jubilee Sci. Conf. Int. Partic. -
UCTM, Sofia, 2003, p. 197.

7. D. Kolev, D. Dzhonova-Atanasova, N. Kolev,
Chem. Eng. Process., 47, 833 (2008)

8. N. Kolev, R. Daraktschiev, Bulg. Patent. 27123
(1979).

9. R. Daraktschiev, N. Kolev, G.
Verfahrenstechnik, 15, 568 (1981).

10. N. Kolev, EI. Istatkova, R. Daraktschiev, Chem.
Eng. Process., 21, 77 (1987).

11. R. Tour, F. Lerman, Trans. Am. Inst. Chem. Engrs.,
40, 79 (1944).

12. R. Darakchiev, N.Kolev, S. Nakov, Chem. Eng.
Process., 37, 141 (1998).

13. Kr. Semkov, Chem. Eng. Sci., 46, 1393 (1991)

14. N. Kolev, Theor. Found. Chem. Eng., 16, 129
(1982) (in Russian).

Paskalev,



D. B. Dzhonova-Atanasova et al.: Height of vertical plates with inclined capillary grooves for a redistribution...

BUCOYMHA HA BEPTUKAJIHUA INTACTUHU C HAKJIOHEH! KAIIWJISIPHA KAHAJIN 3A
NPEPA3IIPEJEJIMTEJIEH ITBJIHEXKEH CJIOM B KOJIOHU C ITBJIHEX

. JlbxonoBa-Aranacoa*, /I. Kones, H. Kones

Hnemumym no unocenepna xumust, bBvaeapcka axademust na naykume, yi. “Axao. I'. Bonueg”, on. 103, 1113 Coghus,
bvneapus

[ocTenuna Ha 29 sayapu 2010 r.; mpuera Ha 16 mapt 2011 1.

(Pesrome)

PaBHOMEpHOTO pasrmpesieieHue Ha TeyHata (asa 1Mo HANpPEYHOTO CEUCHHE Ha KOJOHATA C IBJIHEX € OCHOBHA
mpenmoctaBka 3a edekTuBHa pabota Ha amapata. Cpem ChIIECTBYBAIIMTE OPOCHTENHH YCTPOMCTBAa Haii-100pa
PaBHOMEPHOCT C€ TOCTUTA MPHU TE€3M OT TSAX, KOMUTO PaslpelesisaT TEYHOCTTa Ha CTPYHKHU ¢ paBHU aebutu. KpaiiHOTO
npepasnpesiefiecHie 10 PaBHOMEPHOCT MO HAMPEYHO CEYEHHEe C pa3Mepd OT MOpsAbKa Ha IBJIHEKEH CJIEMEHT Ce
OCBIICCTBSABA B CaMUsl MBJIHEX WM B CIEIMATHO KOHCTPYHPAH Mpepasnpe/IeiUTeNIcH IbJIHEKEH CIION. 3a Ta3H Ien e
pa3paboTeH W W3CNEeNBaH HOB MBIHEX, 0COOCHO MOAXOMSIN 338 HUCKH IUTBTHOCTH Ha opocsiBaHe. Toi ce ChCTOM OT
YCIIOPEHA BEPTUKAIHM IUIACTMHH C HAKIOHEHM MPECHYalld Ce KaNWIAPHH KaHaaW, MAMIIOBAaHH BBPXY TIX.
Pa3paboTeHa ¢ KOMITIOThPHA MPOrpamMa 3a W3YMCIsIBaHE HA BHCOYMHATA HA MPEpa3NpeACTUTEIHUSA CIOH MpU JaJeHO
pa3CTOsIHUE MEXIy TOYKHTE HA OpPOCSBaHE Ha OPOCHTETHOTO YCTPOHCTBO. M3umcieHata BHCOYMHA OCHTYpSBa, C
n30paHa TOYHOCT, PABEHCTBO HA JEOMTHTE Ha TeyHaTa (hasa, Hamyckalia KamwispHuTe KaHand. CpaBHEHHETO ChC
CBIIECTBYBAIIUTE YCTPONCTBA MOKa3Ba, 4e MPH JaJeHA CTCIIeH Ha PaBHOMEPHOCT HOBHSAT ITBIHEK CE XapaKTepHU3Hpa
ChC 3HAYMTEITHO MO-MaJIKa BUCOYHHA.
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The uniform distribution of the liquid phase over the cross-section of a packed column is a major prerequisite for its
effective operation. Regarding various distributor designs, the best uniformity is achieved with devices, where the liquid
is divided into jets with equal flow-rates. The final liquid redistribution, to obtain uniformity over a cross-section area
of the size of a packing element, takes place in the packing itself or in a specially designed redistribution layer. For this
purpose a new packing, especially proper for low liquid superficial velocity, has been developed and investigated. It
consists of parallel vertical polystyrene plates with inclined crossing capillary grooves stamped on their surface. In the
present work experimental data for the pressure drop of the new redistribution packing at different gas velocities and
liquid superficial velocities have been obtained and compared with data for other packings designed with the same
purpose. The results prove that of all compared redistribution packings, the proposed packing is characterized by the
lowest pressure drop which is connected with its advantage to change the direction of the liquid phase without changing

the direction of the gas phase.

Key words: packed column, pressure drop, liquid distribution, redistribution layer, capillary grooves, comparison.

INTRODUCTION

Of all existing packing designs the packings
with vertical walls and especially the honeycomb
packings [1-3] are characterized by the lowest
pressure drop for a mass transfer unit, but they have
bad liquid distribution properties. With the purpose
to operate as a redistribution layer over a basic
layer of this type of packings, a new packing is
developed and investigated [4-6]. It consists of
vertical polystyrene plates with crossing inclined
capillary grooves stamped on their surface,
especially proper for low liquid superficial velocity.
Changing only the direction of the liquid phase by
adding a horizontal component to its velocity
vector, it avoids the disadvantage of the existing
redistribution packings with inclined walls [8-10] to
turn also the direction of the gas flow which leads
to increasing of the pressure drop. The aim of the
present work is to investigate the pressure drop
of the new packing and to compare it with the
respective data for other redistribution
packings.

* To whom all correspondence should be sent:
E-mail: dzhonova@.bas.bg

EXPERIMENTAL

For evaluation of the pressure drop of the
proposed packing, experiments have been carried
out with vertical plates with inclined grooves with a
height of the packing elements of 90 mm, a
distance between the grooves of 20 mm and groove
angle 45°. The grooves are with a square cross-
section 2x2 mm with rounded corners formed by
stamping on the groove surface. The pressure drop
investigations are performed for dry packing and
for liquid superficial velocities of 3x107- 21.4x10™®
m*/(m?), much higher than the operational regime
range of the new packing applicable for superficial
velocities one order lower (the values in Table 1)
than the minimal experimental superficial velocity.
The measurements are obtained in these regimes
with the purpose of comparing with the available
data for other redistribution packings.

The pressure drop of the packing was measured
in a packed column with a cross-section of
175%x225 mm at a total height of the packing of
1170 mm. The liquid was regularly distributed by
means of a shower type distributor located in an
enlargement of the column top.

The results for the pressure drop of a layer 1 m
high, 4P/H, where 4P, Pa, is layer pressure drop
and H, m,- total height of the packing, are given in
Fig. 1 and compared to data for the pressure drop of
inclined Raschig rings [8]. The geometrical
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characteristics of the rings are as follows: an
outside diameter of 49.1 mm, an element height of
41.2 mm and an inclination angle of 16°. Of all
investigated inclined ring packings the described
one is characterized by lowest pressure drop for a
given degree of redistribution [8]. The lines for the
pressure drop of the inclined rings 2', 3, 4' are
interpolated from the experimental data in order to
compare the pressure drop of the two packings at
equal liquid superficial velocities L, m*(m?%y). The
original data in [8] are measured for L=0; 2.3x10°;
3.3x10? and 6.4x10°° m*/(m?) at the same range of
gas velocities w, m/s. It is seen that at a given gas
velocity w and liquid superficial velocity L the
pressure drop of 1 meter layer of inclined rings is
about 40% higher than of the new packing with
grooves.

10°
8 /[/1[5

1t
6 rl 7

L
y

/
0 /
/
10 ) | Plates with inclined |

grooves
/? 1- L=0

A P/H, Paim

8
//// 2- L=3x103m¥/(m?s)
6 ;/ —3— L=4.9x10° m¥(m?s)——
A 4- 1=6.9x10" m¥(m?s)
4 /WK 5- L=12.8x10"* m¥(m?s)
Y A 6- L=14.8x10 m¥/(m?s)
¢ ;//// / 7— L=21.4x10" m¥/(m?s)
%"/ Inclined Raschig rings
2 1,/ 1'- L=0
2'=L=3x10" m¥(m? s)
3'- L=4.9x10" m¥(m?s)
4~ 1=6.9x10"* m¥(m?s)
10’ \
0.4 06 081 2 4 6 8

w, m/s
Fig. 1. Pressure drop of plates with inclined grooves and
inclined Raschig rings [8] versus the gas velocity at
different liquid superficial velocities.

The pressure drop of a redistribution layer with
a height h, ensuring a given degree of uniformity of
the liquid superficial velocity is expressed by

%Ph,. The pressure drop of the proposed new

redistribution packing layer is compared to the
layer pressure drop of the following redistribution
packings from literature: arranged packing of
inclined ceramic Raschig rings with an outside
diameter of 49.1 mm, an element height of 41.2
mm and an inclination angle of 16° [8], Fig. 2;
block packing of inclined plastic sheets with an
inclination angle of 22° [9], Fig. 3; inclined

ceramic honeycomb packing with an inscribed
circle diameter of 27 mm, an element height of 49
mm and inclination angle of 24°, [10], Fig. 4. The
compared data for each type of packing are chosen
for these inclination angles of packing elements
which are found to be the optimal for the efficiency
of the respective picking.
8

e ———————T

(4Pn),

AP |
(ﬁ h|)gr

2 — —  1=0.131x10"° m%(m?s)

L=0.295x10° m*/(m?s)

0

0.5 1.0 15 2.0 25 3.0 35 4.0
w, m/s

Fig. 2. Ratio of pressure drop of packing layer with
inclined Raschig rings [8] to pressure drop of packing

layer with grooves (Aphlj / (Aphlj Versus gas
H r gr

velocity at different values of liquid superficial velocity.
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Fig. 3. Ratio of pressure drop of packing layer with
inclined plates [9] to pressure drop of packing layer with

grooves [Aphlj / (APWJ versus gas velocity at
H pl gr

different values of liquid superficial velocity.
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Fig. 4. Ratio of pressure drop of layer with inclined
honeycomb packing [10] to pressure drop of packing

layer with grooves (Aphlj /(Aphlj Versus gas
H ")/ \H g

velocity at different values of liquid superficial velocity.
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RESULTS AND DISCUSSION

The heights of the redistribution layers of the
compared packings, Table 1, are calculated in [6] at
two distances I, m, between the drip points. The
liquid superficial velocity is determined as L=Qn,
where Q=3.7x10"° m%s is the maximal flow-rate the
grooves under a drip point can take up without
liquid overspilling, calculated in [6] for the
considered groove sizes, and n is the number of
drip points per square meter of the apparatus cross-
section determined from the distance between the
drip points as n=1/I>. The comparison is performed
using the pressure drop experimental data AP/H for
dry packing L=0, assuming that for these extremely
low superficial velocities the error of calculation
with the pressure drop for dry packing is negligible.

The heights of the redistribution layer of plates
with grooves in Table 1 are half of the heights
obtained in [6] for the same distances between drip
points. The calculated height necessary for liquid
phase regular distribution is doubled in [6] because
the crossing grooves distribute the liquid phase only
in one vertical plane and the packing layer should
comprise two rows of parallel plates, the plates of
the second row perpendicular to the first. But this is
not valid when the role of first row is performed by
the vertical plates with stamped grooves mounted
as a part of the liquid phase distributor [6, Fig. 1].
In that case in the redistribution layer only one row
of plates is necessary because the upper row of
plates included in the distributor construction
spread the liquid in planes perpendicular to the row

below. Because the distance between the vertical
plates in the distributor is significantly greater, than
this in the redistribution packing layer, the flow-
rate in the distributor grooves should be greater too.
That is why to keep similar hydrodynamic regime
in these grooves, each of them should be composed
of several single parallel channels like those in the
redistribution packing layer. It should be mentioned
that the pressure drop of the liquid distributor is
negligibly low due to its great free cross-section.

The layer heights of the compared packings
from the literature [8-10], Table 1, are obtained in
[6] by the relation:

2
h= 0.09695|— ,
D

proposed in [11] using the simple model of Kolev
[12], where I, m is distance between drip points and
D, m, is radial liquid spreading coefficient.

Fig. 2 shows that the pressure drop of a
redistribution layer of the proposed packing with

grooves (%Phlj for the same degree of
gr

uniformity after it and gas velocity is lower over 4
times at L=0.295x10® m%(m?®s) and over 7 times at
L=0.131x10"° m%(m?s) than the pressure drop of a

redistribution layer of Raschig rings (AWP h|j . The

r
indices gr and r denote plates with grooves and
rings respectively.

Table 1. Comparison of packing layer heights calculated in [6] ensuring uniform flow-rate distribution as a function of

the distance between the drip points.

Distance  Superficial
between velocity Packing layer height
drip L h;, m
points m®/(m?s)
I, m x10°
Plates Plates Plates Inclined Inclined Inclined ceramic
with with with Raschig rings,  plastic sheets, honeycomb
inclined inclined inclined 16° 22° packing 24°
grooves  grooves  grooves D=2.85x10°m, D=1.4x10°m, D=2.67x10"m,
45° 30° 15° [8] [10]
N
/']
0.112 0.295 0.140  0.07275 0.03375 0.4267 0.8687 0.4555
0.168 0.131 0.182  0.11315  0.0525 0.9601 1.9545 1.0248
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The results of similar comparison in Figs. 3 and
4 with other redistribution packings from literature
are the following:

- The pressure drop of the new redistribution
layer is lower over 2 times at L=0.295x10°
m*/(m?s) and over 4 times at L=0.131x10" m*/(m?)
than the pressure drop of a redistribution layer of

plate packing, (%Phlj , Fig. 3. The index pl
pl
denotes plate packing.

- The pressure drop of the new redistribution
layer is lower over 3 times at L=0.295x10°
m*/(m?s) and over 6 times at L=0.131x10" m*/(m?)
than the pressure drop of a redistribution layer of

honeycomb packing (%P h,j , Fig. 4. The index h
h
denotes honeycomb packing.

CONCLUSION

Experimental data for the pressure drop of a new
packing, designed to operate at low liquid
superficial velocity as a redistribution layer of a
packed bed column, are obtained and a comparison
with other redistribution packings from literature is
carried out. The results show that at liquid
superficial velocity of 0.131x10°% m%(m?) the
pressure drop of the proposed new packing layer at
the same gas velocity and redistribution degree is
over 4 times lower than that of inclined ceramic
Raschig rings [8], over 2 times lower than that of

inclined plastic plates [9] and over 3 times lower
than that of inclined ceramic honeycomb packing
[10] when using a usual type of liquid phase
distributor.
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Paskalev,

XAAPABIMYHO CBITPOTUBJIEHUE HA BEPTUKAJIHU TNIACTUHU C HAKJIOHEHU
KAITWMJIAPHU KAHAJIN 3A ITPEPA3IIPEJIEJIMTEJIEH ITBJIHEXKEH CJIOM B KOJIOHU C ITBJIHEXK

. Kones, /1. I>xoHoBa-Atanacoa*, H. KoieB

Hucmumym no unscenepna xumus, bvieapcka akademus na naykume, yi. “Axao. I'. Bonues”, 6n. 103, 1113 Coghus,
bvacapus

[octenuna Ha 22 syapu 2010 r.; npuera Ha 9 mapT 2011r.
(Pesrome)

PaBHOMepHOTO pasmpeneneHue Ha TeyHaTa (a3a 1o HaIPEYHOTO CeUeHHE Ha KOJIOHATA C ITBJIHEK € OCHOBHA
npenmoctaBka 3a edexTuBHa pabora Ha amapara. Cpen CBINECTBYBAIMTE OPOCHUTENIHH YCTPOMCTBa Haii-100pa
PaBHOMEPHOCT €€ MOCTUTra IPH Te3W OT TSIX, KOUTO pasNlpeneNsiT TEYHOCTTAa Ha CTPYHWKH ¢ paBHH aeOutu. KpaiiHoTo
npepasnpeneNieHde 10 PaBHOMEPHOCT IO HANPEYHO CEYeHHEe C pa3Mepd OT MOpsAbKa Ha ITBIHEKEH €JIEMEHT ce
OCBLIECTBSBA B CaMHMsl ITHJIHEX WIH B CIELMATHO KOHCTPYHPAH INpepa3npeeuTelleH ITbIHEeKEH CIIOW. 3a Ta3u men e
pa3paboTeH W H3CIeBaH HOB ITHJIHEX, 0COOCHO MOAXOJSIN 3a HHCKH ILUTBTHOCTH Ha opocsBaHe. Toll ce ChCTOM OT
YCIOpeMHH BEPTHKAIHM IUIACTHHH C HAKIOHEHH NpecHyally ce KalWIIPHH KaHaJH, IIAaMIIOBaHH BBPXY TiIX. B
HacTodmaTa pabora ca TMONYYCHH EKCHePUMEHTAIHH MJaHHM 33 XWAPaBIMYHOTO CHIPOTHBICHHE HA HOBHS
npepe3npeieNUTeNeH MBJIHEX MPU Pa3IndHA CKOPOCTH Ha ra3a U INTBTHOCTH Ha opocsiBaHe. CpaBHEHHETO C JAHHHM 32
JIpYTH CHINECTBYBALM IBJIHEKH CBhC CBHINOTO IpeIHAa3HAYCHHE J0Ka3Ba, Y€ XHUIPABIMYHOTO CHIPOTHBICHHE Ha
NPEeVIOKEHUAT MBJIHSK € Hal-HHUCKO, KOeTO c€ JBDKM Ha HEroBOTO NPEJUMCTBO @pel CPaBHSIBAHHTE
npepe3npeIeUTENHH ITBJIHEeXKH J1a MPOMEH IOCOKaTa Ha TeyHaTa (asa 6e3 Ja MpoMeHs IocoKaTa Ha rasa.
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A series of 1,5-diphenylpenta-1,4-dien-3-ones were synthesized by conjugating benzalacetone with different
substituted benzaldehydes. The general synthetic strategy employed for the synthesis of the compounds was based on
mixed aldol condensation reaction in the presence of strong base. The structures of newly synthesized compounds were
characterized by spectral and elemental analysis. Their radical scavenging activity was evaluated through the

determination of their abilities to inhibit free radicals using DPPH" as a stable radical. Ascorbic acid (AA) was used as
reference antioxidant compound and also the comparative study with the synthesized compounds were done. The
compounds that showed potential antioxidant activity based on 1Cs, value from the highest level were: 2e, 2b and 2a.

Key words : Benzalacetone, aldehydes and radical scavenging activity

INTRODUCTION

Free radical is an atom or molecule that has one
or more unpaired electrons. Theoretically, free
radical will be formed if a covalent bond happens to
break [1]. Recent evidence [2] suggests that free
radicals, which are generated in many bioorganic
redox processes, may induce oxidative damage in
various components of the body ( e.g., lipids,
proteins and nucleic acids) and may also be
involved in the process leading to the formation of
mutations. Furthermore, radical reactions play a
significant role in the development of life — limiting
chronic diseases such as cancer, hypertension,
cardiac infarction, arteriosclerosis, rheumatism,
cataracts and others [3]. Oxidative stress seems to
be caused by increased production of reactive
oxygen species (ROS) and altered cellular redox
states [4,5]. ROS are by—products of a variety of
pathways of aerobic metabolism. They are unstable
and react readily with a wide range of biological
substrates such as lipids, DNA and protein resulting
in cell damage [6-8].

A series of compounds that can scavenge
radicals by trapping, initiating and/or propagating
radicals are called as ‘antioxidants’ [9]. Since the
pioneering work on antioxidants by Ingold in the
1980s [10-12] there has been a continuous search
for structures with improved or modified
antioxidant  properties.  In  recent  years,
epidemiological studies show that consumption of

* To whom all correspondence should be sent:
E-mail: drnaik_chem@yahoo.co.in

food with high phenolic content correlates with
decreasing cardiovascular diseases [13, 14].
Phenolic compounds may produce their beneficial
effect by scavenging free radicals [15, 16]. Study of
chemical compounds and their derivatives related
with a specific pharmacological activity to find a
quantitative structure — activity relationships is very
useful for the rational planning of new drugs and
have brought many benefits for developing new
treatments.

Recently, synthesis of hydroxyl radical
scavengers from benzalacetone and its derivatives
have been reported [17]. Benzalacetone has a
conjugated system and is expected to be easily
oxidized [18, 19]. The more the double bond, the
easier it will be oxidized. Therefore it is assumed
that benzalacetone and its derivatives may show
antioxidant activity. With this background, in an
effort to develop novel antioxidants of this class,
we synthesized a series of benzalacetone
derivatives and evaluated their antioxidant
activities. The coupling of different aldehydes
having different active sites with benzalacetone was
introduced to explore the structure-activity
relationship.

CHEMISTRY

The general synthetic strategy employed for the
preparation of the compounds under study was
based on mixed aldol condensation reaction. The
starting benzaldehyde (1) was treated with acetone
in the presence of 10% NaOH at room temperature
to get benzalacetone (2) (Scheme 1). Coupling of
benzalacetone with various substituted aldehydes
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(hydroxy benzaldehyde, nitro benzaldehyde,
trimethoxy benzaldehyde, methoxy benzaldehyde,
chloro benzaldehyde, tolualdehyde) using NaOH as
base gave respective 1,5-diphenylpenta-1,4-dien-3-
ones (2a—g) as outlined in Scheme 2.

oA

o]

o}
10% NaOH

X
O/\)\ + NaCl +H,0
HCI, RT,2hr

® @

Scheme 1. Reaction protocol for the synthesis of
benzalacetone (2)

Rl
R1 10% NaOH NN\
+ Nl +H,0
R, HCI RT, 25hr R Ry
Ry
(229)

Scheme 2. Reaction pathway for the synthesis of 1,5-
diphenylpenta-1,4-dien-3-ones (2a—g).

where the radicals R; are given in Table 1.

Table 1.

Compound R; R, R3 R, Rs
2a H H H H H
2b H H OCH; H H
2c H OCH; OCH; OCH; H
2d H H Cl H H
2e H H OH H H
2f H H NO, H H
29 H H CH, H H

EXPERIMENTAL
Materials and Methods

Thin-layer chromatography (TLC) was used to
assess the reactions and the purity of the products.
The compounds (2 and 2a—g) were purified by
column chromatography using 9:1 hexane : ethyl
acetate. All the reported melting points were taken
in open capillaries and are reported uncorrected. IR
spectra were recorded in KBr (pellet form) on a
Nicolet 5700 FT-IR spectrophotometer and only
noteworthy absorption values (cm™) are listed. *H
NMR spectra were recorded at 500 MHz on Bruker
DRX-500MHz spectrometer using CDCl; as
solvent. Mass spectra of the synthesized compound
were obtained using a Q-TOF Waters Ultima
instrument  (No-Q-Tof GAA 082, Water
Corporation, Manchester, UK) fitted with an
Electron spray ionization (ESI) source. The data
acquisition software used was Version 4.0. UV-
visible spectrophotometer (Shimadzu 160A) was
used for recording the absorbance of the test

solutions. All the chemicals were purchased from
the Sigma-Aldrich, Himedia, S.d.fine.chem,
Rankem, Ranbaxy, E-Merck, India.

Procedure for the synthesis of benzalacetone (2)

To a well stirred solution of benzaldehyde (0.1
mole) and acetone (0.3mole), 2.5 ml of 10% NaOH
solution was added drop wise until the solution
turned pale yellow. The solution was stirred for 2 hr
at room temperature (RT). The progress of the
reaction was monitored by using TLC using
hexane: ethyl acetate as mobile solvent. After the
completion of the reaction, the reaction mixture
was treated with dil. HCI until the mixture become
slightly acidic. Further, the product was extracted
by using diethyl ether. The aqueous layer was
removed and the organic layer was washed thrice
with triple distilled water and dried over anhydrous
sodium sulphate. The solvent was removed by
using a rotary evaporator at 35 °C. The residual
portion was distilled under reduced pressure and the
fraction boiling at 150-155°C / 25 mm Hg was
collected. The distillate was cooled and the light
yellow crystals of benzalacetone separated out.

Yellow solid, Yield (86.3%), M.p. 40-43°C. IR
(KBF) viax (€m™): 3053 — 2829.5 (Ar C—H), 1670.9
(C=0); *H NMR (250 mHz) (CDCls) & (ppm): & 7.3
- 7.6 (m, 5H, Ar-H), 6.6-7.6 (d, 2H, olefinic
protons), 2.2 (s, 3H, methylene proton); Mass (m/z
%): M* 146.19; Anal. Calcd. for C1oH,40: C, 82.16;
H, 6.89; O, 10.94%; Found: C,82.13; H,6.87; O,
10.96%

General procedure for the synthesis of substituted
1,5-diphenylpenta-1,4dien-3-ones (2a-g)

To a well stirred solution substituted
benzaldehyde (0.01mole) and benzalacetone (0.012
mole), 2.5 ml of 10% NaOH solution was added
drop wise. The solution was stirred for 2-5 hr at
room temperature (RT). The progress of the
reaction was monitored by using TLC using
hexane: ethyl acetate as mobile solvent. After the
completion of the reaction, the reaction mixture
was treated with dil. HCI until the mixture become
slightly acidic. Further, the product was extracted
by using diethyl ether. The aqueous layer was
removed and the organic layer was washed thrice
with triple distilled water. The product was
obtained by further desolventation in rotary
evouporator at 35 °C.

1,5-diphenylpenta-1,4-dien-3-one, Compound (2a)

Yellow solid, Yield (82.7%), M.p. 108 -
110.5°C. IR (KBr) vima (cm™): 3065 — 2698.5 (Ar
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C-H), 1677.9 (C=0); ‘H NMR (250 mHz) (CDCl,)
d (ppm): & 7.3 — 7.6 (m, 10H, Ar-H), 7.0-7.8 (d,
4H, olefinic proton); Mass (m/iz %): M* 234.29;
Anal. Calcd. ForCy/H.,0: C,87.15; H,6.02; O,
6.83%; Found: C,87.13; H,6.05; O, 6.86%
1-(4-methoxyphenyl)-5-phenylpenta-1,4-

dien-3-one Compound (2b)

Yellow semisolid, Yield (69.48%). IR (KBr)
Vimax (CM™): 3045-2789.5 (Ar C—H), 1666.9 (C=0);
'H NMR (250 mHz) (CDCls) & (ppm): & 6.9-7.6
(m, 9H, Ar-H), 7-7.8 (m, 4H, olefinic proton), 3.8
(s, 3H, OCHs); Mass (m/z %): M* 264.10; Anal.
Calcd. for C13H1502: C, 81.79; H, 6.10; O,
12.11%; Found: C, 81.77; H, 6.12; O, 12.12%

1-phenyl-5-(3,4,5-trimethoxyphenyl)penta-1,4dien-
3-one, Compound (2c)

Yellow solid, Yield (94.71%), M.p. 64-67°C. IR
(KBr) vmax (cm-1): 3051-2811 (Ar C-H), 1670.9
(C=0); 'H NMR (250 mHz) (CDCls) & (ppm): &
6.7-7.6 (m, 7H, Ar-H), 7.0-7.8 (m, 4H, olefinic
proton), 3.81 (s, 9H, 30CH3); Mass (m/z %): M*
324.14; Anal. Calcd. for Cy,H»04: C,74.06;
H,6.21; 0,19.73 %; Found: C,74.04; H,6.24; O,
19.71%

1-(4-chlorophenyl)-5-phenylpenta-1,4-dien-3-one,
Compound (2d)

Yellow solid, Yield (92.42%), M.p. 70-75°C. IR
(KBr) vimax (cm™): 3100-2729.5 (Ar C—H), 1650.2
(C=0); 'H NMR (250 mHz) (CDCl;) & (ppm): &
7.3-7.6 (m, 9H, Ar-H), 7.3-7.8 (m, 4H, Olefinic
proton); Mass (m/z %): M* 268.74; Anal. Calcd.
for C{;Hi5CIO: C,75.98; H,4.88; Cl,13.19; O,
5.95%; Found: C,75.96; H,4.85; CI,13.20; O,
5.91%

1-(4-hydroxy)-5-phenylpenta-1,4-dien-3-one,
Compound (2¢)

Yellow semisolid, Yield (70.38%). IR (KBr)
Vimax (CM 1): 3043-2787.5 (Ar C—H), 1670.1 (C=0),
3222.4-3500.8 (phenolic-OH); *H NMR (250 mHz)
(CDCl3) 8 (ppm): 6 7.3-7.6 (m, 9H, Ar-H), 7.3-7.8
(m, 4H, Olefinic proton), 9.4 (s, 1H, phenolic OH);
Mass (m/z %): M* 250.29; Anal. Calcd. for
Ci7H140,: C,81.58; H,5.64; O, 12.78%; Found:
C,81.56; H, 5.63; O, 12.75%

Brown solid, Yield (93.39%), M.p. 148-152°C.
IR (KBr) vma (cm): 3003-2729.9 (Ar C—H),
1674.9 (C=0); 'H NMR (250 mHz) (CDCls) §
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(ppm): 6 7.3-7.6 (m, 9H, Ar-H), 7.3-7.8 (m, 4H,
Olefinic proton); Mass (m/z %): M* 279.09; Anal.
Calcd. for C17H13NOs: C,73.11; H,4.69; N,5.02; O,
17.19%; Found: C,73.14; H,4.71; N, 5.04; O,
17.18%

1-phenyl-5-p-tolylpenta-1,4-dien-3-one, Compound
(29)

Yellow semisolid, Yield (73.71%). IR (KBr)
Vmax (€M™): 3033 — 2723.2 (Ar C-H), 1661.9
(C=0); *H NMR (250 mHz) (CDCls) & (ppm): & 7.3
— 7.6 (m, 9H, Ar-H), 7.3-7.8 (m, 4H, Olefinic
proton), 2.3 (s, 3H, methylene proton); Mass (m/z
%): M" 248.32; Anal. Calcd. for CysH;60: C,87.06;
H,6.49; O, 6.44%; Found: C,87.02; H,6.47; O,
6.41%

DPPH RADICAL SCAVENGING ASSAY

The radical scavenging activities of the
synthesized compounds were evaluated using a
stable free radical, 2,2-diphenyl-1-picrylhydrazyl
(DPPH). A number of methods are available for the
determination of free radical scavenging activity
but the assay employing stable DPPH radical has
received most attention owing to its ease of use and
its convenience [20]. The solutions of respective
compounds  were  prepared in  different
concentrations (10, 25, 50, 100, 200 and 500
uM/mL) in methanol and mixed with constant
volume of 0.1mM DPPH solution. The absorbance
was measured at 517 nm against methanol as blank
after the incubation for 20 min. The percentage (%)
radical scavenging activity (RSA) was calculated
by using the formula,

% RSA = [(Ao— A1) Ag] x 100

Where, A, is the absorbance of the control
(blank, without compound) and A; is the
absorbance of the compound.

RESULTS AND DISCUSSION

In the course of the present research aimed at the
development of benzalacetone analogues as a novel
class of free radical scavengers, mixed aldol
condensation reaction was employed as a method of
choice to obtain the target compounds. The
synthetic protocol employed for the preparation of
the new analogues was based on mixed aldol
condensation reaction. Benzaldehyde (1) was
treated with acetone in the presence of 10% NaOH
at room temperature to get benzalacetone (2)
(Scheme 1). Further, coupling of benzalacetone
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with various substituted aldehydes using NaOH as
base gave respective 1,5-diphenylpenta-1,4-dien-3-
ones (2a—g) as outlined in Scheme 2. 'H NMR, IR,
mass spectra and elemental analysis were used to
confirm the structure in purity of the newly
synthesized compounds.

The IR spectra of benzalacetone and analogues
revealed the characteristic absorption of aromatic
ketone. The strong bands in the region 1665 — 1648
cm™ were assigned to C=O stretching of the
aromatic ring system. In the all the compounds, the
aromatic stretching was found at the region of 3100
— 2698 cm™. On the other hand, in "H NMR spectra
of all 1,5-diphenylpenta-1,4-dien-3-ones (2a-g), the
aromatic protons appeared at 6.6 — 7.6 ppm as
multiplet and all the olefinic protons were appeared
at 7.0-7.8 ppm as doublet. Addition to this in
compound (2b) methoxy proton resonated as
singlet at 3.8 ppm. Whereas, nine protons
corresponding to three methoxy group in compound
(2c)were observed as singlet at 3.4 — 3.8 ppm. In
compound (2e) phenolic —OH proton appeared as
singlet at 9.4 ppm and methyl proton was observed
as singlet at 2.3 — 3.0 ppm in compound (2g). Mass
spectra of all synthesized analogues showed M™*
peak in agreement with their molecular formula.

In order to evaluate antioxidant properties of the
newly synthesized 1,5—-diphenylpenta-
1,4-dien-3-ones (2a—q) the effects on free radical
were examined using DPPH assay according to the
Blois method [21]. Their percentage DPPH activity
at different concentration is depicted in Figure 1.
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Fig.1. Percentage DPPH activity for the benzalacetone
and 1,5-diphenylpenta-1,4-dien-3-ones (2a—g) with
internal standard (AA).

All the synthesized compounds scavenged
DPPH radical significantly in a concentration
dependent manner. I1Csy value was calculated by
linear regression algorithm and the results were
compared with that of internal standard ascorbic
acid (AA). The respective ICs, values of the

synthesized compounds and standard are listed in
Table 2.

Table 2. 50% Inhibition of DPPH radical (1Cs) by
benzalacetone and 1,5-diphenylpenta-1,4-dien-3-ones.

Compound 8Csp (uM/mL)

2 62.5+0.65
2a 22.5+0.12
2b 17.5+1.02
2c 52.5+0.97
2d 125+0.43
2e 10+£0.64

2f 87.5+0.86
29 37.540.33
AA 22.5+0.21

®Each value represents means + SD (n=3)

Initially, compound (2a) showed comparatively
good activity. Further, incorporation of different
substituents in to the phenolic moiety of compound
(2a) was done and their influence on radical
scavenging activity was studied. The introduction
of electron withdrawing groups (NO; and CI) in
compounds (2f) and (2d) significantly reduced the
DPPH activity, while that of electron donating
groups (OCHgz, OH) in compound (2e) and (2b)
enhanced the activity. On the other hand,
compound (2¢) bearing three methoxy group on the
benzene ring exhibits less activity compared to
compound (2b) having single methoxy group. This
might be due to the steric factor and probability of
the formation of the intramolecular hydrogen
bonding. Incorporation of —OH group in to the
benzene ring enhance the RSA exhibiting dominant
activity among the analogues. The increasing orders
of DPPH activity of newly synthesized compounds
are as follows: 2e > 2b >2a > AA >2g >2¢>2 >
2f>2d

CONCLUSION

The compounds under study were synthesized
by mixed aldol condensation. The radical
scavenging activities of newly synthesized
compounds were evaluated by using DPPH radical
assay. Although most of the compounds
synthesized showed considerable inhibition
percentages, the compounds (2e), (2b), and (2a)
were the most active. From the present study,
conclusion could be drawn that the nature of the
substituent on the aromatic ring and the presence of
conjugated double bonds played a critical role in
exerting the antioxidant activity. The information
from the present study may warrant further in-depth
biological evaluations.
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ABBREVIATIONS

°C = centigrade

min = minute

hr = hour

mL = milli Liter

1M = micro molar

% = percentage

ICso = 50 percent Inhibition concentration
nm = nano meter

mM = milli molar

M= molar

RT =room temperature

AA = Ascorbic acid

DPPH = 2, 2-diphenyl-1-picrylhydrazyl
TLC =Thin layer chromatography

IR= Infrared

'H NMR= proton nuclear magnetic resonance
MP= melting point

KBr= potassium bromide

RSA= radical scavenging activity
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1,5-TUOUHUIITIEHTA-1,4 JUEH-3-OHU: HOB KJIAC AHTUOKCUJJAHTU
H. Haiix, X. Bumxkait Kymap, C. Csera

Jenapmamenm 3a uscnedsanus no xumusi 6 Ynueepcumema na Mucop, Manacaeanzompu, Mucop 570 006,
Hnous

[Monyuena Ha 27 centemBpu 2010; npuera Ha 4 sHyapu, 2011
(Pesrome)

Cunresupanu ca cepus ot 1,5 audenunnenra-1,4-nueH-3-0H1 Ype3 CBbp3BaHEe Ha OCH3ANIAIICTOH C PA3JIUYHU
3amecTeHH OeHzanangexuau. OOmaTa cTpaTerus, MPpUIIOKEeHa 3a CHHTE3a Ha CHhEAMHEHUATA Ce OCHOBAaBAa Ha CMECEHa
aJII0J KOHACH3AIIMOHHA PEaKisl B IPHCHCTBUETO Ha critHa 0a3a. CTPyKTypHUTE Ha HOBOCHHTE3UPAHUTE ChEJHHEHUS Ce
XapaKTepu3upaT 4pe3 CIEeKTPaJeH M eIEeMEHTEH aHalu3. [sAXHaTa aHTHOKCHIAHTHA aKTUBHOCT € OICHEHa dpe3

onpeIeNsHe COCOOHOCTTa UM JIa MHXMOMpAT CBOOOIHMTE pajukany, karto usnonssar DPPH' kxato crabunen paaukai.
AckopbunoBa kucennHa (AK) e Omna m3mon3BaHa KaTO CPaBHUTEIICH aHTHOKCHIAHT, M € M3BBPIICHO CPaBHUTEITHO
U3CNEIBAHE ChC CUHTE3UpaHuTe ChefuHeHns. CheIMHEeHHsATa, KOWTO TI0Ka3BaT HAi-BUCOKA MOTEHIMATHA
AHTHOKCHMJAHTHA aKTUBHOCT, Bb3 ocHOoBa Ha ICsy cTtoiiHOCTHTE ca: 2e, 2D u 2a.
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Lifetime of benzyl-gem-diacetate in aqueous solution
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Conditions for the solvolysis of benzyl-gem-diacetate were established and the lifetime of benzyl-gem-diacetate was

determined.

Key words: Lifetimes, benzyl-gem-diacetate, solvolysis.

Solvolysis of benzyl-gem-dihalides and benzyl-
gem-diazides in water were carried out in our
laboratory [1, 2] and the mechanism suggested, was
as given below.

Scheme 1 H'\
[¢]

e or e

H o
N4
c
ks fast
+HOH; -H" -HX

X = N3, Cl, Br, and CH3COO

H
x L x x
@ ksoly
kx [X]

But the solvolysis did not take place at all when
X = CH3;COO. Few possible explanations of
reluctance of solvolysis or the extraordinary
stability of benzyl-gem-diacetate in water has been
explained in detail in our previous publication [3],
based on the arguments of leaving group inability,
the nucleophilicity, hydration energies of anions,
and the geminal interactions of acetate groups on
the ipso carbon. Since the solvolysis of benzyl-
gem-diacetate did not proceed, (for the reasons
stated above), we had resorted to acid catalysis [4].

EXPERIMENTAL

Kinetic studies employed in the present work are
similar to our earlier studies [1, 2]. Buffers of pH
6.0, 5.5, 5.0, 4.5, 4.0 and 3.5 were prepared using
acetic acid and sodium acetate. Kinetic studies in
these buffers were performed and kg, estimated.
The concentration of benzyl-gem-diacetate in each
of the buffer was 0.1 mM and an ionic strength of
0.1M was maintained with KCI in each of the
buffer. The stock solution of the compound, benzyl-
gem-diacetate, was stored in HPLC grade

* To whom all correspondence should be sent:
E-mail: rachurulsanjeevl@rediffmail.com

acetonitrile. All reactions were followed on
Kontron  uv-visible  spectrophotometer  and
calculations were carried out using Kalaidagraph
(USA) software. The chemicals used for this study
were acetic acid and sodium acetate (both of
analytical grade).

RESULTS AND DISCUSSION:

The kinetic studies at different pH values
were carried out. A plot of ke, vs [H'] (See Table
1) was plotted and the ke, at zero [H'] i.e. in pure
water was determined by interpolating the data to
zero [H']. The results are shown in Figure 1.

Earlier study of benzyl-gem-diacetate [3]
demonstrated the reluctance of the compound to
undergo solvolysis. In this work, conditions for the
solvolysis were established by using different
acidic buffer solutions.  Kinetic studies were
carried out by following the product benzaldehyde.

Table 1. Rate constants for the solvolysis of benzyl-
gem-diacetate at different pH in aqueous solution.

pH [H+] ksolv/S

35 3.16 X 10™ 1.03 X 10°
4.0 1.0 X 10* 4.8 X103
4.5 3.16 X 10° 2.28 X103
5.0 1.0 X 10°® 1.14 X 107
5.5 3.16 X 10°® 4.92 X 10*
6.0 1.0 X 10°® 4.62 X 10*

Thus the reciprocal of the ks, would give lifetime
of the compound in water, which turned out to be
1140 seconds. The mechanism in acid catalyzed
path is made known in Scheme 2. As is evident in
Scheme 2, the result of protonation leads to the
conversion of acetate ion to acetic acid, which is a
better leaving group; hence it departs with ease

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 465


mailto:rachuru1sanjeev1@rediffmail.com�

R. Sanjeev et al.: Lifetime of benzyl-gem-diacetate in aqueous solution

0.012 |
R = 0.9902
k, = 30.8 M's™?

H+ )

intercept = 8.77 X 10
lifetime = 1140 seconds

0.008

Is

obsd

) 0.006

0.004

0.002

o I I I
o 0.0001 0.0002 0.0003 0.0004

[H"1]

Fig. 1. Plot of kg, Vs. hydrogen ion concentration

O\ o H B P relative to acetate ion. Therefore it was possible to
chy” “em, observe acid catalysis in the reaction.
The lifetime of benzyl-gem-diaceatate was

55 estimated to be 1140 seconds from the interpolation
He / o . of plot of ke vs. [H']. This study, i.e. the lifetime

CH(C/ e determination of benzyl-gem-diacetate, is reported
55 "o 5 for the first the time. This is the novelty of this
piece of work.
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