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Abstract. Conducted experiments and collected data
show that use of catalytic systems that contain individual
amino acids and industrial catalyst — solution of cobalt
naphtenate with cyclohexanone — have certain influence
on the process of liquid-phase homogeneous oxidation of
cyclohexane. The results of spectral studies of binary
catalytic systems based on NC using additives of different
nature (alcohols and nitrogen-containing modifiers) allow
us to propose structural formulas of catalytic complexes.
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1. Introduction

All biochemical reactions that can be found in live
organisms need presence of natural catalysts — ferments.
In majority of cases ferments are relatively large protein
formations, centre of which is chemically bonded
molecule of non-protein nature or ion of metal. Ferments
have critically large catalytic activity and selectivity but
can be used only under mild conditions due to thermal
instability of protein. On the other hand, main disadvantage
of industrial processes of hydrocarbons oxidation is free-
radical mechanism that needs hard conditions (temperature
and pressure) and causes low selectivity during deeper
oxidation. All the aforementioned causes high need in
search of more efficient catalytic systems for industrial
processes [1-2].

Main idea behind this research is a creation of new
efficient and highly selective catalytic systems based on
widely used industrial catalyst — cobalt naphtenate (CN) —
for the process of cyclohexane (CH) oxidation. CH
oxidation is industrially used process of synthetic fibres
(nylon and capron) obtaining that have all features of free-
radical processes —low conversion (near 4 %) and
relatively low selectivity for aim-products (AP) under
higher conversions. AP of CH oxidation process are
cyclohexyl hydroperoxide (CHHP), cyclohexanole (COL)
and cyclohexanone (CON), by-products — adipic acid
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(AA) and dicyclohexyl adipinate (DCA). As additives for
modification of industrial catalyst we tested amino acids.
Amino acids were chosen in order to create catalytic
systems that could have ferment-like properties (high
efficiency and selectivity) but still would be thermally
stable in industrial process. For research we choose three
amino acids — glycine, L-arginine and DL — serine, to see
if structure and size of catalytic additive would have
influence on CH oxidation.

Experiments were made under conditions close to
industrial (7= 413 K, P = 1.0 MPa) for two conversions
(X) — close to 4 % (industrial conversion) and close to 7 %
(in order to observe tendencies of deeper oxidation). As
catalytic systems the CN solutions with amino acids in
CON were used. For comparison a solution of individual
CN in CON (industrial catalyst) was used.

Chemical processes of oxidation play humongous
role not only in industrial processes, but also in
functioning of every living organism. All biochemical
reactions present in any living organism are controlled and
performed only in the presence of natural catalysts —
ferments. Ferments have critically large catalytic activity
and selectivity but can be used only under mild conditions
due to thermal instability of protein. In general, ferments
are relatively large structures that consist of proteins and
chemically bonded molecule of non-protein nature or ion
of metal. Such structure allows to form large numbers of
different combinations resulting in creation of very
specific ferments for different processes from universal
material. However, for a long time in industrial processes
main criteria was not precision but efficiency of reaction
equipment and rate of the process. Almost all industrial
oxidation processes are radical processes. On one hand
this fact solves rate problem — radical processes are fast
and, in majority of cases, self-catalyzed after initiation
stage, but on the other hand a relatively high rate leads to
crucial fall of process selectivity and therefore — efficiency
of reaction equipment. Traditionally this problem is solved
by limitation of oxidation depth creating need of recycling
of raw materials. Recycling, in its turn, leads to increase in
production cost, number of additional processes and
reagents and therefore amounts of the process sewage. All
the aforementioned means that problem of search for new
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highly selective and efficient catalytic systems remains and
will remain important [3, 4].

Despite high efficiency of heterogeneous catalytic
systems in a number of processes, homogeneous catalytic
processes remain more preferable for industry due to ease
of installation in existing industrial schemes, ease of use,
lower price, high adaptiveness to the changes in the
process, and easier control of efficiency. For experiments
process of cyclohexane (CH) oxidation was chosen. CH
oxidation is an industrially used process of obtainment of
synthetic fibers — nylon and capron. Traditional and
widely used catalyst for this process is naphtenate of
cobalt (NC) [5-7].]

Previous research showed that additives of
different nature have significant influence on catalytic
performance of NC in CH oxidation process. Use of
crown-ethers as catalytic additives to NC allows not only
to increase conversion of CH but also to change ratio of
main oxidation products — cyclohexanol/cyclohexanone.
Such impact was explained by formation of catalytic
active complexes [NC-crown-ether-substrate], in which
cation of cobalt, Co™, played a role of complex creator
and crown-ethers were used as ligands. Depending on
different structure of crown-ethers ratio of aim products
was shifted in both directions — creation of alcohol and
creation of aldehyde [8].

Proposed structure of catalytic complexes remotely
reminded structure of ferments. The main problem with
recreation of ferment-like structure for oxidation catalyst is
thermal instability of proteins and, therefore, proteins
structures could not be used under industrial conditions due
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to thermal instability of proteins. However, proteins main
building materials — amino acids— are far more thermally
stable and, therefore, can be wused under industrial
conditions — high temperature and pressure [9-11].

Latest researches showed that indexes of oxidation
processes are dependent on the presence of oxygen- and
nitrogen-containing compounds, which in small quantities
with catalyst can form active complexes or associates [1-3].

Amino acids contain two functional groups and,
therefore, show properties of two classes of compounds —
carbonic acids and organic amines.

Regarding the place of amino group (related to
carboxyl) the following amino acids are distinguished: o-
amino acids (amino groups are placed near first carbon
atom, counting from carboxyl group), f-amino acid (near
second carbon atom), y-amino acid (near third carbon
atom) and so on. All amino acids are highly reactive with
ions of metals. Use of amino acids in combination with
complex-creative ions of metal can allow to form in situ
“nature-like” active and highly selective catalytic
complex. All the aforementioned allows to expect
different impact of amino acids on indexes of CH
oxidation in the presence of organic salts of cobalt.

2. Experimental

Amino acids with different structure and properties
were used. The research of influence of amino acids
on the cyclohrxane oxidation was made for glycine,
L-arginine, serine and R-serine (Fig. 1).

Fig. 1. Structural formulas of used amino acids

Glycine was chosen for experiments as the simplest
amino acid that has no optical isomers. Due to its
simplicity it is expected that it should be easier to enter
this additive into catalytic system as ligand. It is also
expected that relatively small sizes of created complex
would allow it to be more active in oxidation process.

Arginine was selected because it is the “main
building material” for majority of peptides and proteins.
Especially it is essential for base proteins — histones and
protamines — were its content could reach up to 85 %.
Therefore, addition of arginine should allow to influence
selectivity of the oxidation process.

Serine was chosen as one of the most important
amino acids. Serine takes part in formation of almost all
natural proteins. Especially significant role is played by
serine in formation of proteolytic enzymes, where it forms
active centres. Taking the above mentioned into account,
use of serine as catalytic additive could have significant
influence on selectivity of oxidation process and activity
of catalytic system.

Structures of main components of catalytic system
are presented in Fig. 2.

Ethanol (-CH3;—CH,—OH) was used as a model
alcohol additive to the catalytic system.
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Fig. 2. Structure of the components of the prepared catalytic systems

Dependences of liquid-phase CH oxidation in the
presence of amino acids and alcohols were studied at the
temperature of 413 K and the pressure of 1.0 MPa in the
reactor of bubbling type. The solution of CN in CH (base
catalyst) and the CN solution in CH with addition of
amino acids (researched catalysts) were used as the
catalysts. The concentration of CN in reaction mixture
was 107 mol/l. CN/amino acid ratio was 1:1 (W/w).
Technical oxygen was used as an oxidizer. Experimental
data from CH oxidation in the presence of amino acids
were compared with data obtained during CH oxidation
with base catalyst.

3. Results and Discussion

3.1. Catalytic CH Oxidation

Experimental data obtained during research of
liquid-phase homogeneous catalytic CH oxidation in the
presence of amino acids is presented in Table 1.

Main indexes of selectivity for different CH con-
versions allow to analyze dependences of process dynamic at
industrial conversion and during deeper oxidation stages.

Conversion X =~4 %, that is close to industrial
index, and X=~7 %, that indicates deeper oxidation,
allow to track tendencies of process development.

Research of CH oxidation in the presence of binary
catalytic systems that contain glycine, arginine and serine,
showed that addition of amino acids at time of analysis
decreases conversion of raw material in comparison with
indexes obtained in the presence of base catalyst with
same duration of the process.

However, the presence of amino acids in the
oxidation process leads to the increase of selectivity for
aim products (Sxp) under industrial conversion (X = ~4 %)
and under deeper oxidation stages (X = ~7 %) in
comparison with base catalyst. As it is seen from Table 1,
the use of amino acids as catalytic additives shifts ratio of
the aim products concentration to the creation of ketone.
Data obtained at industrial conversion allows to expect
effectiveness of researched catalytic systems under
conditions close to industrial during pilot tests).

In all researched cases it is possible to observe
growth of quantities of hydroperoxides at the starting
stages of the oxidation with their further decrease on
deeper oxidation stages in comparison with base catalyst.
Such behavior can be explained by influence of amino
acids functional groups at the radical-chain process.
Analysis of sum selectivity for aim products at
conversions 4 and 7% shows that presence of amino
acids promotes processes of creation of secondary
reaction products leading to increase of aim products
yield (Fig. 3).

Table 1
Main indices of CH oxidation process for CH conversions
Catalyst | t, min | X, % | Schnp, %0 | Saa, %0 | Spca, % | ScoL, % | Scon, %0 | Sap
X=~4%
CN+CON 40 4.71 7.89 6.24 16.46 21.93 47.48 69.71
CN +Glycine 60 4.65 7.43 9.04 0.75 23.74 59.04 82.78
CN +Arginine 40 3.20 11.29 2.95 332 23.30 59.14 82.44
CN +Serine 40 5.07 8.54 6.97 6.28 27.41 50.80 78.21
X=~T7T%
CN+CON 60 9.49 4.12 6.61 16.52 25.93 46.82 72.75
CN +Glycine 80 5.40 7.16 8.33 0.00 33.67 50.84 84.51
CN +Arginine 60 6.60 4.57 6.45 4.84 29.70 54.44 84.14
CN +Serine 60 7.97 5.13 9.01 443 29.96 51.47 81.43

Notes: CHHP — cyclohexyl hydroperoxide; AA — adipic acid; DCA — dycycloadipinate; COL — cyclohexanol, CON —
cyclohexanone, AP — aim products, CN+CON — cobalt naphtenate (base catalyst) + cyclohexanone, CN+Glycine — cobalt naphtenate
(base catalyst) + glycine, CN+Arginine — cobalt naphtenate (base catalyst) + arginine, CN+Serine — cobalt naphtenate (base catalyst)

+ serine, X — conversion of cyclohexane, S — selectivity for product.
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Use of amino acids under industrial conversion
X=~4% and during deeper oxidation at X=~ 7% leads to
notable decrease of the ethers formation process (main
source of by-products — ethers). In particular, this
dependence can be observed in the presence of glycine,
and it is worth mentioning that it becomes stronger with
increase of conversion of the raw material.

Another influence of the amino acids use in the
process of CH oxidation is decrease of the dicarbonic
acids (mainly adipic acid) formation (total selectivity for
adipic acid formation equals to sum of selectivity for
adipic acid and one third of selectivity for dicyclohexyl
adipate). This decrease can be observed at starting stages
of the oxidation process and at deeper stages of oxidation
as well. This trend is especially observed in the presence
of catalytic system [CH-CON-Arginine]. Such impact can
be explained by formation of highly selective catalytic
complex that increases the formation rate of aim-products
— CON and COL — and blocks further oxidation into acids.
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Fig. 3. Compared indexes of total selectivity for aim products
of the CH oxidation under conversions X =~4 % and X=~7 %
for catalytic systems with amino acids additives

The use of organic modifiers of different nature in
the process of cyclohexane oxidation in the presence of
cobalt naphthenate significantly affects both the
composition of the products and the oxidation rate. This
effect is associated with the participation of additives in
the creation of intermediate complexes and associates
with the catalyst and oxidation products. To verify these
assumptions, spectral studies of solutions of complex
catalytic systems were conducted.

After analyzing the results of the studies, the
influence on the process of oxidation of cyclohexane of
binary catalytic systems of different nature, we see that in
the presence of such additives as ethanol (ET) and glycine
(GL) to NC, there are significant changes in the
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composition of the products and the process rate at
different stages of oxidation (Table 2).
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Fig. 4. Compared indexes of selectivity for dicyclohexyl
adipate formation in the process of CH oxidation under
conversions X =~4 % and X=~7 % for catalytic systems
with amino acids additives
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Fig. 5. Compared indexes of total selectivity for adipic acid
formation in the process of CH oxidation under conversions
X=~4% and X=~7 % for catalytic systems with amino
acids additives

Having analyzed the data obtained from use of two
catalysts, we conclude that the nature of the action of
these additives (NC+ET ta NC+GL) on the process
selectivity is similar. The presence of additives leads to a
slight change in the amount of HPCH in the oxidate, a
significant decrease in the selectivity for acids and esters,
as well as an increase in the concentration of COL and
CON, and together with shift in the ratio of COL/CON
towards the accumulation of alcohol. In this case, the
effect on rate is multidirectional — ET accelerates the
process, and GL slows it, compared to the NC.
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Table 2
Cyclohexane oxidation indices in the presence of organic modifiers of different nature
(X~ 4 %, T=413 K, P=1 MPa, [NC] =5-10"* mol/l)
K% | t,min. | Sipci, % [ San % | Sbcar% | Sco, % | Scow% | W10, mol/ls | [COL)/[CON] | Sp, %
NC
4.00 | 50 1040 [ 1962 594 | 3792 [ 2611 | 0.12 | 145 | 76.42
NC-ET
403 | 40 1178 | 430 | 000 | 5652 [ 2740 | 0.16 | 2.06 | 95.69
NC + GL
3.56 | 60 929 | 644 [ 000 | 5410 | 3017 | 0.09 | 1.79 | 93.56
Notes: Supcy is a selectivity for hydroperoxide of cyclohexane; Sa, is a selectivity for adipic acid; W,,, is a middle speed of
the reaction
Table 3
Results of IR spectrography of catalytic solutions
NC+CON NC+CON+GL NC+CON+GL* NC+CON+ET
v, 0, cm’ group v,0,cm’ group v,0,cm’ group v,0, cm’ group
992
- - 992 —(C-0- shifted —(C-0- - -
920
B B B B appeared c0-C B B
1040 C-OH 1040 —COH
mcreasing
1260 large -CH; 1260 small —CH; 1260 —CH; 1260 increasing —CH;
1296 small C-H 1296 large C-H 1296 C-H 1296 increasing C-H
- - 1664 —C=C— 1664 —C=C— - -
1640 C=0 . 1640. C=0 1640 C=0 1640 increasing C=0
mcreasing
3300-2800 | OH..H | 3300-2800 | OH..H 33002800 OH..H - -
decreasing
37003500 — 37003500 —-OH 37003500 —-OH — —
- - - - - - 3700-3100 ~OH,
appeared (wide) OH..H

Note: * a solution NC+CON +GL after heating for 10 min at 413 K

The nature of the studied catalytic systems, which
include alcohols of different nature and amino acids, is
associated with the formation of complex compounds or
ionic associates involving functional groups of additives
with a metal-containing catalyst molecule. Spectral
analyzes of solutions of catalytic systems were carried out
to support this theory.

IR spectroscopy of the analyzed colloidal solutions
of the catalytic systems was performed using a Specord
M-80 spectrometer in 0.2 mm cells. The analysis of the
obtained spectra was performed on the basis of the tables
of characteristic absorption frequencies given in [9, 10].

CON was used as solvent, which in the conditions
of the oxidation process is present in the reaction medium,
and cobalt naphthenate under normal conditions is better
soluble in it than in CH and COL. The concentration of

MVYV salts in the test solutions was 5.0-10” mol/l. The
total concentration of the catalytic solution was 5 wt %.
Among the tested organic additives GL and ET were
selected. The ratio between the components of the
catalytic system was [NK:additive] = 1: 1 (w/w).

Comparing the IR visible spectra of the prepared
catalytic solutions with the spectrum of the NK solution,
we see a number of significant changes in the absorption
bands at certain frequencies (Table 3).

The sample (CON+NC+ET) does not absorb at
wavelengths of 3300-2800 cm™ but there is a broad peak
in the range of 3700-3100 cm’, and for the samples
(CON+NC) and (CON+NC+GL) there are two broad
peaks within 3700-3500 and 3300-2800 cm’, that
correspond to the OH groups in complexes with hydrogen
bonds.
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For the sample (CON+NC+GL), the peak at
1296 e is large, and the peak at 1260 cm™ is small,
while for the sample (CON+NC) vice versa (at 1296 cm’
is a small peak and at 1260 cm is a large one). The peak
at 1296 cm™ corresponds to the absorption of C—H in
alkanes and increases due to CH, in the amino acid. The
absorption intensity at 1640 cm™ increased for the sample
(CON+NC+GL) compared to (CON+NC), which
corresponds to C=0 in amino acid. For (CON+NC+GL)
the peak at 1664 cm™ corresponding to —C=C—increased
as a result of the possible interaction.

After the addition of ethanol, the peak in the IR
spectra of (CON+NCHET) became sharp, more
pronounced, which can be explained by the formation of
more polar molecules — micelles.

After heating (sample CON+NC+GL), a peak
appeared at 920 cmr', which corresponds to C—O—C
bonds, and the interaction between the components of the
catalytic solution probably occurred. The absorption
maximum at 992 cm” shifted toward longer wavelengths,
which corresponds to C—O.

Most of the hydrogen bonds were destroyed after
heating because the 3400-3000 cm™ range was smaller
than those of (CON+NC) and (CON+NC+GL) samples

HzC\CH3
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without heating. After heating, the intensity of all the
peaks increased, especially the absorption peak at
1040 cm™, corresponding to the —C—OH group of atoms,
that is, interaction in this group increased.

Therefore, summarizing the results of IR
spectroscopy studies we draw the following conclusions:

e addition of ET to catalytic mixtures and heating
of (CON+NC+GL) contributes to the destruction of the
hydrogen bonds present in CON+NC and CN+NC+HC,;

e addition of ET promotes the formation of more
polar molecules — micelles;

e interaction on complex formation took place with
the participation of C—ON groups of additives and
reaction products.

3.2. Structure of Binary Catalytic
Systems

The results of spectral studies of binary catalytic
systems based on NC using additives of different nature
(alcohols and nitrogen-containing modifiers) allow us to
propose the following structural formulas of catalytic
complexes (Fig. 6).

Fig. 6. The alleged catalytic complex of cobalt naphthenate with glycine

4. Conclusions

Conducted experiments and collected data show
that use of catalytic systems that contain individual amino
acids and industrial catalyst — solution of cobalt
naphtenate with cyclohexanone — have certain influence
on the process of liquid-phase homogeneous oxidation of
cyclohexane.

First of all, use of amino acids does not lead to
significant decrease of conversion of raw material (3.2—
52% in comparison with 4.5-4.7% for industrial

catalyst) allowing to use researched catalytic systems in
industrial process of CH oxidation.

Secondly — [amino acid-industrial catalyst]
catalytic systems showed properties of highly selective
catalysts. Presence of amino acids leads to the increase in
selectivity for aim products (up to 14 %) and the decrease
in formation of by-products (ethers and dicarbonic acids).
Such behavior, in addition to industrial-like conversion of
cyclohexane, allows to increase a productivity of reaction
equipment.

Thirdly — presence of amino acids allows not only
to increase selectivity for aim products but also shifts the
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ratio of aim products COL/CON towards creation of
cyclohexanone. This allows to recommend the use of
[amino acid—cobalt naphtenate] catalytic system in the
process of Capron production.

Finally — the use of researched catalytic systems
influences probably the most problematic stage of
industrial cyclohexane oxidation — cleaning and recycling
of reaction mixture. The decrease in formation of ethers
and acids leads to significant decrease of amounts of
additional reagents needed for cleaning of unreacted
cyclohexane, and as final result — the decrease of sewage
waters after the recycling process.

Conducted research showed great potential in use
of amino acids as additives to industrial oxidation
catalysts. As it was expected, amino acids significantly
improve selectivity of catalytic systems. Large variety of
amino acids and even larger possibility of their
combinations might lead to creation of next level
catalytical systems in terms of selectivity, productivity
and lowering of reaction conditions.
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BIIVINB AMIHOKHUCJIOT I CIIMPTIB
HA KATAJIITUYHE OKNCHEHHS
HNUKJIOTEKCAHY

Anomauia. Iloxazano, wo SUKOPUCMAHHA KAMATIMUYHUX
cucmem, w0 MICMAMb OKpemi AMIHOKUCIOMU MA NPOMUCIOGULL
Kamanizamop — po3uuH Hagpmenama Ko6aibmy 8 Yukio2eKCanoHi —
Maiomb negHull 6NIUE HA Npoyec PIOUHHOPA3HO2O OKUCHEHHS
yuknoeekcany. B pesynomami npoeedenms chnekmpanvHux Oo-
CiOdHCceHb OIHAPHUX KaMAITMUYHUX CUCIeM HA OCHOGI Haghmenama
KObanbNy 3 GUKOPUCMAHHAM O000AMKI6 PI3HOI npupoou (cnupmis
ma azomoemicHux MOOUGIKAmMopie) 3anponoHOBAHO CMPYKMYPHI
opmu KamanimuuHux KOMIILEKCIS.

Knwuosi cnosa: oxucnenus, xamanizamop, YUKI02EKCaH,
amiHoKucioma.



