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Abstract

Objectives. Applying the hydroperoxide method for the co-production of methyl ethyl ketone and phenol, the work studies the kinetic
and other characteristics of the individual stages of the developed process to select the optimal conditions for producing the maximum
yield of intermediate and target products.

Methods. The research relied on the main theoretical and methodological provisions for the synthesis of intermediate and target products
of the cumene technology for the co-production of phenol and acetone. The obtained intermediate and target products were qualitatively
and quantitatively analyzed according to modern physicochemical approaches. Gas—liquid chromatography was performed with
a Chromatec-Crystal 5000.2 hardware and software complex. The infrared (IR) spectra of the synthesized compounds were recorded
with a Spectrum RX-1 IR Fourier spectrometer. 'H nuclear magnetic resonance (NMR) spectroscopy of substances was conducted using
a Bruker DRX 400 NMR spectrometer. A quantitative determination of the content of sec-butylbenzene hydroperoxide was carried out
using iodometric titration.

Results. The main stages of the developed method for the co-production of methyl ethyl ketone and phenol based on the hydroperoxide
oxidation of sec-butylbenzene were investigated. sec-Butylbenzene was synthesized by alkylation of benzene with 1-butanol in the
presence of concentrated sulfuric acid at a yield of about 82%. The hydrocarbon compound was subjected to aerobic liquid-phase
oxidation catalyzed by N-hydroxyphthalimide to the corresponding hydroperoxide with a main substance content of 30-35 wt %,
feedstock conversion of 34-37%, and selectivity of hydroperoxide formation above 95%. The kinetic and other characteristics were
studied for the final stage of the developed method, comprising the acid decomposition of hydroperoxide to methyl ethyl ketone and
phenol. Suitable conditions for obtaining target products with high yields were identified.

Conclusions. Methyl ethyl ketone and phenol of high purity with yields of 72 and 74%, respectively, were obtained by the hydroperoxide
method. The structures of the synthesized substances were confirmed by IR and 'H NMR spectroscopy.
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AHHOTaUuS

He.Jm. Paspa60TKa Hay4YHbIX U NMPUKIAAHBIX OCHOB XMMHHU U TEXHOJOI'MU r'HAPONEPOKCUAHOTO crocoba COBMECTHOTO TOJIy4YCHUS ME-
THJIIDTUJIKETOHA U (beHona. I/ICCJ’ICI[OBB.HI/IQ 3aKOHOMepHOCTeﬁ HNPOTECKaHUsA OTACIbHBIX CTa,Z[I/Iﬁ pa3pa6aTLIBaeM0r0 npouecca u H0ﬂ60p
yCHOBHﬁ, 06€CH6‘II/IBaIOH_[I/IX MaKCHUMaJIbHBIN BbIXO/ [IPOMEIKYTOYHBIX U LEJICBLIX IIPOAYKTOB.

MeToabl. MeTOIOIO0THIO HCCIIEJOBAHMUS COCTABHIIM OCHOBHBIE ITOJIOMKEHHS O CIIOCO0aX CHHTE3a IIPOMEKYTOUHBIX U IIEJIEBBIX IPOTYKTOB
KyMOJIEHOI TEXHOJIOTUH MOTydeHUsI (peHoIa COBMECTHO € alleTOHOM. KauecTBeHHBIH 1 KOMMYEeCTBEHHBIH aHaIN3 MOJIyIeHHBIX ITPOMe-
JKYTOUHBIX ¥ IIEJIEBBIX NPOAYKTOB OCYIIECTBISIICS C MPUMEHEHHEM COBPEMEHHBIX (DH3MKO-XHMHUECKHX METOJOB aHaimm3a. [ 'a3oku-
KOCTHasi XpoMarorpadusi MpOBOAMIACH Ha alllapaTHO-IIPOrpaMMHOM KoMIutekce Xpomarak-Kpucramn 5000.2. Muadpakpacusie (MK)
CHEKTPBI CHHTE3UPYEMBIX COeTMHeHn  Obun 3anmcansl Ha mpudope MK dypre Spectrum RX-1, aHann3 BemecTB METOIOM CIIEKTPOCKO-
U SIepPHOTO MarHUTHOTO pe3onanca (IMP) 'H 611 nposesien ¢ momomibio SIMP-criekrpomerpa Bruker DRX 400. KonnuecTeHHOE
OTIpEZIENICHNE COMIeP KAHMS THAPOIIEPOKCHAA 6mop-0yTHIIOEH301a IPOBOAMIOCH C UCIIONB30BAaHNEM HOJOMETPHIECKOTO THTPOBAHHSI.

Pesyabrarhl. VccieoBaHbl OCHOBHBIC CTaJMM pa3padaThIBAEMOro crocoda COBMECTHOIO MOJIYYCHHsS METHISTHIIKETOHA U (eHoma
Ha OCHOBE THIPOTIEPOKCHIHOTO OKHCIICHUS 6mop-0yTUIIOEeH301a. ATKUINpOoBaHeM OeH301a OyTaHOIOM-1 B IPUCYTCTBUU KOHICHTPH-
POBaHHOI CepPHOH KHCIOTH CHHTE3UPOBAH 6/10p-0yTHIIOEH301 C BEIXOIOM OKOIO 82%. JlaHHBIN yIeBOIOPO/ MOABEPTHYT a3poOHOMY
KUAKOPAZHOMY OKHCIICHHIO, KaTalu3upyeMoMy N-THAPOKCU(TaIMMUAOM, 10 COOTBETCTBYIOLIEIO T'MAPONEPOKCHIA C COCpPIKAHHEM
ocHoBHoOro BemecTa 30-35 mac. % mpu KOHBEPCHUH UCXOTHOTO CHIPbs 34—37% W CEeNEeKTHBHOCTH 00pa30BaHMs THAPOIEPOKCHAA BEIIIE
95%. HccnenoBaHbl 3aKOHOMEPHOCTH TIPOTEKAHHS 3aKIIOYUTEIHON CTaJuM pa3padaThiBAEMOTO METOAa — KHUCIOTHOTO PA3JIOKEHUS
THAPOIIEPOKCHIA 10 METHIIITHIKETOHA M (eHoma. OnpeseseHbl YCI0B s, MO3BOIAIONIME MOJIy4aTh LEIEBbIe MPOAYKTHI ¢ BEICOKMMH
BBIXOJIAMH.

BriBoabI. ['MAPONEPOKCUIHBIM CIIOCOOOM TMOTyUEHbl METHIATHIKETOH U (PEHON BBICOKOHM CTEMEHH YHMCTOTHI C BhIXOomamu 72 u 74%

KniouyeBbie cnoea

Ang uMTMpoBaHns

METHIIITUIIKETOH, EHO, 6mop-0y THIOEH30II, THAPONEPOKCHI, ATKIINPOBAHHE,
a’po0HOE KHUAKOPA3HOE OKUCICHUE, N-TUAPOKCUPTATUMHUJ, KUCIOTHOE PA3TI0KEHHE

cooTBeTcTBeHHO. CTPYKTYPhI CHHTE3HPOBAHHBIX BEMECTB MoATBEPKAeHb MeTonamu MK- u 'H SIMP-crekTpockonuu.

Moctynuna: 05.09.2024
Aopa6oTaHa: 27.09.2024
MpuHata B neyatb: 19.12.2024

Kabanosa B.C., Kypranosa E.A., ®ponos A.C., Komrens I"'H., Cmyposa A.A., baés E.l. ['naponepokcuaHbiii criocod COBMECTHOTO TIOTY-
YCHUSI METUIIATUIIKETOHA U heHona. Toukue xumuueckue mexnonoeuu. 2025;20(1):7—17. https://doi.org/10.32362/2410-6593-2025-20-1-7-17

INTRODUCTION

Methyl ethyl ketone (MEK) is a basic large-tonnage
organic synthesis product widely used in the production
of polymers and paints and varnishes [1]. In industry,
MEK is widely known as an effective solvent for many
substances and materials, such as printing inks and
epoxy resins [2]. MEK is also used in the production
of glue, magnetic tapes, artificial leather, smokeless
powders, and rubber antioxidants [3—5]. In fine organic
synthesis, MEK is used as a feedstock for the production
of a number of monomers for acrylic glass [4].

In industry, MEK is obtained by several methods,
including catalytic oxidation of 2-butanol by silver on

a zeolite support [6, 7] and dehydrogenation of butyl
alcohol in the presence of zinc copper catalysts [8, 9].
These MEK production processes are characterized
by temperatures of about 500°C and the presence of
expensive and low-stable catalysts. There are also
methods for producing MEK from butylene fractions,
e.g., involving the direct oxidation of n-butylenes [4, 10],
where the catalyst is an aqueous solution of
a complex of palladium(Il) and Mo-V-phosphoric
heteropoly acid (HPA) of the general composition
H;, PV Mo, O,, (HPA—x,2<x<6).

In the present work, an alternative hydroperoxide
method is proposed for the co-production of MEK and
phenol, an important petrochemical monomer used

8 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):7-17
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‘ Scheme. Hydroperoxide method for the synthesis of methyl ethyl ketone and phenol

in the production of plastics, fibers, dyes, cosmetics, and
medicines [11, 12]. The proposed method is based on
the cumene technology for the production of phenol and
acetone. Although highly efficient, this technology has
the main disadvantage that it produces excess amounts of
acetone, which is not a highly demanded product in the
chemical market [13].

The developed method includes the stages of synthesis
of the initial sec-butylbenzene (sec-BB) by alkylation of
benzene with 1-butanol in the presence of concentrated
sulfuric acid, aerobic liquid-phase oxidation of this
hydrocarbon to its hydroperoxide (HP) using an effective
organic catalyst—N-hydroxyphthalimide (N-HPI), and
acidic decomposition of sec-BB HP into target products
according to the following scheme:

In this paper, the kinetic and other characteristics of
these stages were studied.

MATERIALS AND METHODS

The following reagents were used in the study:
benzene (chemical purity grade, GOST 5955-75!,
EKOS-1, Russia), 1-butanol (chemical purity grade,
GOST 6006-782, EKOS-I1, Russia), sulfuric acid
(chemical purity grade, GOST 4204-7713, Sigma-Tek,
Russia), sodium hydroxide (analytical purity grade,
GOST 4328-774, Komponent-Reaktiv, Russia), calcium
chloride (analytical purity grade, GOST 450-77°,
Mosreaktiv, Russia), compressed oxygen (chemical
purity grade, GOST 5583-78°), N-hydroxyphthalimide
(Sisco Research Laboratories, India), acetic acid
(chemical purity grade, GOST 61-757, Spektr Khim,

Russia), potassium iodide (chemical purity grade,
GOST 4232-748, Spektr Khim, Russia), and sodium
thiosulfate (analytical purity grade, GOST 27068-86,
Uralkhiminvest, Russia).

Qualitative and quantitative analysis of the
synthesized intermediate and target products was carried
out using contemporary physicochemical analysis
methods. The contents of the synthesized compounds
were determined by gas—liquid chromatography with
a Chromatec-Crystall 5000.2 hardware and software
complex (Chromatec, Russia). The obtained compounds
were identified by infrared (IR) spectroscopy and
'H nuclear magnetic resonance (NMR) spectroscopy.
IR spectra were recorded with a Spectrum RX-1
Fourier-transform IR  spectrometer (PerkinElmer,
USA, 4000-400 cm™!, KBr glass). The IR spectra were
mathematically processed using the Spektrum v.5.0.1
software. 'H NMR spectroscopy was performed
using a Bruker DRX 400 NMR spectrometer
(400.4 MHz). The solvent was a dimethyl sulfoxide
d—CCl, mixture, while the internal standard was
tetramethylsilane.

The content of sec-BB HP in the oxidation products
of sec-BB, as well as during the process of acid
decomposition of HP, was determined by iodometric
titration [14].

EXPERIMENTAL

Sulfuric acid alkylation of benzene with 1-butanol was
carried out in a round-bottomed three-necked flask
equipped with a thermometer and immersed in a water

I GOST 5955-75. State Standard of the USSR. Reagents. Benzene. Specifications. Moscow: Izdatelstvo standartov; 1994 (in Russ.).

2 GOST 6006-78. State Standard of the USSR. Reagents. 1-Butanol. Specifications. Moscow: IPK Izdatelstvo standartov; 1998 (in Russ.).

3 GOST 4204-77. State Standard of the USSR. Reagents. Sulphuric acid. Specifications. Moscow: Standartinform; 2006 (in Russ.).

4 GOST 4328-77. Interstate Standard. Reagents. Sodium hydroxide. Specifications. Moscow: IPK Izdatelstvo standartov; 1978 (in Russ.).
5 GOST 450-77. State Standard of the USSR. Reagents. Calcium chloride. Specifications. Moscow: IPK Izdatelstvo standartov; 1997 (in Russ.).

GOST 5583-78. Interstate Standard. Technical and medical oxygen gas Specifications. Moscow: Standartinform; 2005 (in Russ.).

7 GOST 61-75. Interstate Standard. Reagents. Acetic acid. Specifications. Moscow: Standartinform; 2006 (in Russ.).

8 GOST 4232-74. Interstate Standard.Reagents. Potassium iodide. Specifications. Moscow: Standartinform; 2006 (in Russ.).

9 GOST 27068-86. Interstate Standard. Reagents. Sodium thiosulphate, 5-aqueous. Specifications. Moscow: IPK Izdatelstvo standartov; 1998 (in Russ.).
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bath at a given molar ratio of reagents, temperature, and
reaction time with continuous stirring of the reaction
mass according to the procedure described in [15]. The
target product was isolated from the reaction mass by
vacuum distillation at a temperature of 85-87°C and
a residual pressure of 15-30 mm Hg.

Aecrobic liquid-phase oxidation of sec-BB was
performed in a glass continuous stirred tank reactor
at atmospheric pressure with continuous oxygen
supply according to a published procedure [16]. Upon
completion of the reaction, the oxidized reaction mixture
was cooled to room temperature, separated by filtration
from the precipitated catalyst (N-HPI), and analyzed for
sec-BB HP content by iodometric titration.

The obtained sec-BB HP was concentrated by
extraction with a 75% ethyl alcohol solution in a flask
with a reflux condenser with continuous vigorous
stirring at a temperature of 20-23°C for 1 h until
complete phase separation of the reaction mass. Water
and alcohol were separated from the extract by vacuum
distillation at a temperature of 20-23°C and a residual
pressure of 15-30 mm Hg, thereby obtaining the
concentrated HP.

Acid decomposition of sec-BB HP was performed
in a thermostated glass reactor according to a published
procedure [17]. The process was conducted at a given
temperature with continuous stirring. The progress
of the reaction was monitored by the consumption of
sec-BB HP by taking samples for analysis every 10 min
from the start of the reaction. MEK was isolated from the
reaction mass by vacuum distillation at a temperature of
36—40°C and residual pressure of 15-20 mm Hg; phenol
was isolated by extraction with a 10% aqueous solution
of ethanol, followed by evaporation of water and alcohol
from the so-called alcohol-phenol layer formed during
separation of the mixture.

The characteristics of the synthesized intermediate
and target products are presented below.

sec-BB. Yield on the basis of loaded alcohol is 82%.
Contentofthe main substance is 99.3%. IR spectrum, cm™:
3083,3063,3028 (vC-H, ); 2961, 2875 (v CH,); 2929,
2859 (v CH,); 1603, 1493 (v C=C_); 1451 (8 CH,);
1378 (8 CHj); 758, 697 (monosubstitution in aromatic
ring). "TH NMR spectrum (400 MHz), 3, ppm: 0.75 t (3H,
CH,), 1.17 d (3H, CH;), 1.57 m (2H, CH,), 2.55 m (1H,
CH), 7.16 m (3H, CH,,)), 7.27 m (2H, CH, ).

sec-BB HP. The content of the main substance is
95%. IR spectrum, cm™!: 3401 (v O-OH); 2973 (v CH,);
2939 (v CH,); 1601, 1496 (aromatic ring); 1447 (3 CH,),
1372 (6 CH;), 758 and 698 (monosubstitution in the
benzene ring).

MEK. Yield on the basis of loaded sec-BB HP is
72%. IR spectrum, cm™!: 2980 (v CH,); 2941 (v CHy);
1709 (v C=0); 1365 (6 CH,). 'H NMR (400 MHz), 3,
ppm: 2.43 (q, 2H), 2.06 (s, 3H), 0.90 (t, 3H).

Phenol. Yield on the basis of loaded sec-BB HP is
74%. IR spectrum, cm™': 3221 (v O-H); 3050-3020
(vC-H,,,);1594,1473 (vC-C,, .- 'THNMR (400 MHz),
S, ppm: 9.33 (s, 1H), 7.15 (t, 2H), 6.80—6.72 (m, 3H).

RESULTS AND DISCUSSION

Several methods for obtaining sec-BB using unsaturated
hydrocarbons are described in the scientific and technical
literature [18, 19]. However, their main disadvantage is
arelatively low yield of the target product (40—-60%). An
alternative method for synthesizing sec-BB is alkylation
of benzene with 1-butanol. This method is attractive
due to the possibility of performing it under laboratory
conditions. Since we found almost no information on
this reaction in the literature, we conducted a series of
studies aimed at exploring the effect of some parameters
on the formation of sec-BB by alkylation of benzene
with 1-butanol. In terms of the initial conditions,
a molar reagent ratio of benzene : 1-butanol : sulfuric
acid = 3 : 1 : 3 was selected. The process temperature

Table 1. Effect of temperature and reaction duration on the formation of sec-butylbenzene (sec-BB) by alkylation of benzene
with 1-butanol. The benzene : 1-butanol : sulfuric acid molar ratiois 3: 1 : 3

Temperature, °C Reaction duration, h Yield of sec-BB on the basis of loaded alcohol, % Conversion of benzene, %

2 21.6 7.4

50
4 30.7 11.1
2 48.9 16.5

60
4 54.7 184
2 75.1 252

70
4 81.7 28.8

10 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):7-17
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Table 2. Material balance of alkylation of benzene with 1-butanol. The molar ratio of benzene : 1-butanol : sulfuric acidis 3 : 1 : 3.

The temperature is 70°C. The reaction duration is 4 h

Loaded Obtained
Substance Molar mass, g/mol

g wt % g wt %
Benzene 78.1 175.8 389 125.1 27.7
1-Butanol 74.1 55.6 12.3 5.0 1.1
H,80," 98.1 220.7 48.8 230.8 51.1
sec-BB 134.2 0.0 0.0 82.3 18.2
Byproducts - 0.0 0.0 6.4 1.4
Losses - 0.0 0.0 2.5 0.5
Total - 452.1 100.0 452.1 100.0

* Mass of the acid layer containing the water formed during the reaction.

was varied from 50 to 70°C, and the reaction duration
was 2—4 h. Table 1 presents the results of studying the
effect of these parameters on the formation of sec-BB.

Table 1 shows that an increase in temperature
and reaction duration promotes an increase in the
conversion of benzene and the yield of the target
sec-BB. It was found that the benzene alkylation with
butyl alcohol at 50°C gives an extremely low yield
of the target product (no more than 30% on the basis
of loaded alcohol). A higher yield of sec-BB can be
achieved by performing the reaction at 70°C for 4 h.
These optimal conditions provide a high yield of
sec-BB of about 82%. Carrying out the reaction at
higher temperatures or for a longer time leads to the
formation of an increased content of disubstituted
sec-BB in the reaction mass, which is a byproduct in
the developed technology.

Based on the results of the scaled-up synthesis of
sec-BB under the selected conditions, the material
balance was calculated (Table 2).

The target product was isolated by vacuum
distillation at a yield of around 82% on the basis of
loaded 1-butanol at a conversion of benzene of about
29%. The characteristics of the compound are presented
in the experimental part of this work.

The key stage of the developed method for the
co-production of MEK and phenol is the oxidation of
the obtained sec-BB to its tertiary HP: it is the efficiency
of this stage that determines the economy of the entire
process. Initially, aerobic oxidation of v-BB was
studied in the absence of any additives (the so-called
autoxidation process). As the results showed, even at
a high temperature of 140°C, only 2 wt % HP can be

accumulated in 60 min of the reaction (Fig. 2, curve /),
making this method unacceptable for further studies.

A method for the joint aerobic oxidation of sec-BB
and isopropylbenzene was proposed [20], where the
resulting isopropylbenzene hydroperoxide acts as an
oxidation initiator. It was found that the rate of sec-BB
oxidation in such a process is about 1.7 wt %/h with
a conversion of sec-BB of about 15% and a selectivity
for the formation of sec-BB HP of no more than 70%.
In technological terms, such results are considered
inefficient.

Therefore, an attempt was made to intensify the
process under study. To achieve this goal, N-HPI
was used as a catalyst. The advantages of using this
compound include its nontoxicity, a relatively simple
synthesis method based on available phthalic anhydride,
and a high efficiency of N-HPI for various types of
substrates [21, 22]. In addition, it was found that the
use of N-HPI can significantly increase the conversion
of the hydrocarbon being oxidized, as well as achieve
high selectivity for the formation of the corresponding
HP (over 90%) [21].

The work studied the effect of temperature and
catalyst content on the oxidation of sec-BB to its HP.
The process was carried out according to the method
described in the experimental section at temperatures of
120-150°C and a catalyst content of 1-4 wt % of loaded
sec-BB. The HP content in the oxidation products was
determined by iodometric titration. The results obtained
are presented in Figs. 1 and 2.

According to the obtained results, an increase in
temperature favors the accumulation of HP in the reaction
products. For example, in 40 min at a temperature

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):7-17 11
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sec-BB hydroperoxide

concentration, wt %
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Reaction time, min

Fig. 1. Kinetics of aerobic liquid-phase oxidation of sec-BB
to hydroperoxide at N-HPI concentrations of (/) 0.0

and (2)—(5) 2.0 wt % and temperatures of (/) 140, (2) 120,
(3) 130, (4) 140, and (5) 150°C

of 130°C, it is possible to obtain sec-BB HP with a main
substance content of about 17 wt %, a conversion of
sec-BB of 18%, and a selectivity for the formation of
HP of 97.2%. With an increase in temperature by only
10°C for the same 40 min, the content of sec-BB HP is
increased to 32 wt % while maintaining the selectivity for
its formation at a sufficiently high level (95.5%). A further
increase in temperature leads to a sharp decrease in the
selectivity for the formation of sec-BB HP, which can also
reach 90%. This is caused by the predominance of the
thermal decomposition of HP formed during the reaction,
which leads to the formation of oxidation byproducts.

A study of the effect of the catalyst content on the
oxidation of sec-BB showed that an increase in the
catalyst concentration leads to an increase in the content
of sec-BB HP. This can be clearly seen when increasing
the concentration of N-HPI from 1.0 to 2.0 wt % (Fig. 2).
Thus, at 130°C in 40 min of reaction in the presence
of 1.0% N-HPI, it is possible to accumulate HP up to
17 wt %. Increasing the catalyst content by one percent
leads to an increase in the oxidation rate of v-BB by
a factor of 1.3. The use of the N-HPI catalyst in an amount
of 3 wt % or more is not economically feasible, since an

33 N

(=] W

T T
o

concentration, wt %
_ =
S
: :

sec-BB hydroperoxide
W

0 10 20 30 40 50 60 70

Reaction time, min

S

Fig. 2. Effect of the catalyst concentration on aerobic
liquid-phase oxidation of sec-BB to hydroperoxide
at a temperature of 130°C and catalyst concentrations
of (1) 1.0, (2) 2.0, (3) 3.0, and (4) 4.0 wt %

insignificant increase in the HP content is observed in the
reaction products.

Thus, oxidation of sec-BB at a temperature of
130-140°C and a concentration of N-HPI catalyst of 2 wt %
in 1 h of reaction can yield sec-BB HP with a content
of 22 to 35 wt % and a selectivity of about 94-97%.

To ensure that it is the tertiary HP that is actually
formed in the course of oxidative transformations of
sec-BB, the obtained oxidized reaction mixture with
a sec-BB HP content of 24 wt % was subjected to five-
stage extraction. The 75% ethanol solution chosen
as an extractant has a proven efficiency when used in
processes of extraction and concentration of HP [12].
Table 3 presents the material balance of this process.

Vacuum distillation of the combined extract yielded
95% sec-BB tert-HP, whose structure was confirmed by
IR spectroscopy. The main advantage of this process
is the possibility to use isolated concentrated HP as an
initiator of polymerization and aerobic oxidation.

The final stage of our work consisted in studying the
characteristics of the acid decomposition of sec-BB HP
to MEK and phenol. A series of experiments were carried
out at temperatures of 40—70°C, an initial concentration

Table 3. Material balance of five-stage extraction of sec-BB HP from sec-BB oxidation products with 75% ethanol solution

Loaded Obtained
Component Molar mass, g/mol Raffinate Combined extract
g wt %
g wt % g wt %
sec-BB 134.1 78.9 18.7 78.0 99.7 0.0 0.0
sec-BB HP 166.1 13.9 33 0.2 0.3 13.5 4.0
Ethanol 46.1 260.0 61.5 0.0 0.0 259.0 75.8
Water 18.0 70.0 16.5 0.0 0.0 69.2 20.2
Losses - 0.0 0.0 2.9
Total - 422.8 100.0 78.2 100.0 341.7 100.0

12 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):7-17
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Table 4. Effect of temperature and concentrations of HP and catalyst on the acid-catalytic decomposition of sec-BB HP
Initial concentration Concentration Initial Conversion Yield on baSii
of sec-BB HP, of H,SO, catalyst, Temperature, °C reaction rate, of HP. % of reacted HP, %
wt % wt % mol/(L-min) 0 Phenol MEK
40 0.024 98.0 73 71
50 0.054 98.5 74 72
20 0.8
60 0.133 98.3 75 68
70 0.239 99.5 73 66
10 0.034 99.0 36 29
0.8 50
15 0.038 98.7 70 69
1.0 0.067 99.5 78 70
20 1.2 50 0.080 98.5 76 68
1.4 0.110 97.5 75 64

of sec-BB HP of 10-20 wt %, and a content of sulfuric
acid used as a catalyst of 0.8—1.4 wt % of the amount of
loaded HP. The reaction progress was monitored by the
consumption of sec-BB HP using iodometric titration.
The initial reaction rates were determined from the slope
of the kinetic curve at the initial point of time [17], since
it is at this point of time that the low concentrations of
the reaction products have little effect on the process.
Table 4 presents the studied characteristics of the process.

The initial reaction rate was shown to increase significantly
with increasing temperature. Moreover, with a change in
temperature from 40 to 70°C, the content of byproducts
in the reaction mass increases. This fact also explains the
sharp decrease in the yield of the target MEK down to 66%.
For this reason, it was decided to conduct further studies at
a temperature of 50°C. Along with increased temperature,
an increase in the initial concentration of HP also leads to
a more rapid process rate. For example, with a change in
the concentration of sec-BB HP from 10 to 20 wt %, the

reaction rate increases by a factor of 1.6. Meanwhile, it
is the decomposition of 20% HP that is characterized by
the highest yield of target products. Increasing the initial
concentration of HP above 20 wt % is impractical due to the
release of a large amount of heat during the decomposition
of HP, which can be hazardous. As for increasing the
concentration of the catalyst, even a small change in it (from
0.8 to 1.4 wt %) significantly reduces the selectivity of the
formation of target products.

The data obtained in the series of experiments on the
effect of various parameters on the process under discussion
made it possible to determine the conditions for conducting
it with a high yield of products. At a temperature of 50°C,
a concentration of HP of 20 wt %, and a catalyst content in
the reaction mass of 0.8 wt %, a scaled-up process of acid
decomposition of sec-BB HP was carried out, the results of
which are presented in Table 5.

The yields of MEK and phenol were 72 and 74%,
respectively, with a conversion of HP of 99.5%.

Table 5. Material balance of sulfuric acid catalytic decomposition of sec-BB HP at a temperature of 50°C,
an initial concentration of HP of 20 wt %, and a catalyst concentration of 0.8 wt %

Loaded Obtained
Substance Molar mass, g/mol

g wt % g wt %
sec-BB 134.2 66.4 79.9 66.4 79.9
sec-BB HP 166.1 16.6 20.0 0.1 0.1
H,S0, 98.1 0.1 0.1 0.1 0.1
Phenol 94.1 0.0 0.0 7.0 8.4
MEK 72.1 0.0 0.0 52 6.3
Byproducts - 0.0 0.0 1.2 1.4
Losses - 0.0 0.0 3.1 3.8
Total - 83.1 100.0 83.1 100.0

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):7-17 13
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CONCLUSIONS

In the present work, the scientific and applied chemical
and technological fundamentals of the hydroperoxide
method used for the co-production of MEK and phenol are
described and developed. The effects of some parameters
on the main stages of the developed method was studied.
Alkylation of benzene with 1-butanol at a benzene :
1-butanol : H,SO, molar ratio of 3:1: 3, a temperature
of 70°C, and a reaction duration of 4 h, produced sec-BB
at a yield of about 82% and a conversion of the initial
hydrocarbon of about 30%.

The effect of such parameters as temperature, reaction
duration, and catalyst concentration on the liquid-phase
oxidation of sec-BB to its tertiary HP was investigated.
Aecrobic oxidation of sec-BB in the presence of N-HPI
gave sec-BB HP with a selectivity of about 95% at
a conversion of sec-BB of 35-40%.

Extraction of sec-BB HP from the sec-BB oxidation
products by extraction with a 75% ethanol solution was
tested. The obtained concentrated (up to 95%) HP can
further be used in polymerization or initiated oxidation
of alkyl aromatic hydrocarbons.

Sulfuric acid catalytic decomposition of sec-BB HP
with a content of the main substance of 20 wt % at 50°C
and a catalyst concentration of 0.8 wt % gave MEK and
phenol with yields of 72 and 74%, respectively.
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Abstract

Objectives. The work set out to develop catalysts based on nickel and copper obtained by active phase chemical reduction and investigate
their activity including the influence of the type of supports on the course of alkylation of amines with primary or secondary alcohols
in a plug-flow reactor with a fixed catalyst bed.

Methods. The reactions were carried out in a continuous mode on a fixed bed of an appropriate catalyst in a plug flow microcatalytic
apparatus at 160-240°C. NaX zeolite, magnesium oxide, and y-Al,0; were used as supports. After preparing the catalysts
by impregnation from an excess solution of metal salts, the active metal phase was reduced with a sodium tetrahydridoborate aqueous
solution. The composition of the resulting products was analyzed by gas—liquid chromatography, while their structure was confirmed
by gas chromatography-mass spectrometry. The alkylating agents were ethanol, 2-propanol, 1-butanol, 1-pentanol, benzyl alcohol, and
1-octanol; alkylated amines were 1-butylamine, 1-hexylamine, 1-octylamine, aniline, morpholine, piperidine, and hexamethyleneimine.

Results. The alkylation of amines with alcohols catalyzed by metal (nickel and copper) nanoparticles supported on NaX zeolite,
magnesium oxide MgO, and y-Al,O5 in a plug-flow reactor with a fixed catalyst bed at atmospheric hydrogen pressure and 160-240°C
leads to the formation of predominantly mono-N-alkylated products with yields up to 99%.

Conclusions. Nickel (or nickel and copper) nanoparticles supported on various supports are effective catalysts for the synthesis
of secondary or tertiary amines in the plug-flow reactor.
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HAYYHAA CTATbA

Pa3paboTka HOBbIX HAHECEeHHbIX KaTaIn3aTopoB
HenpepbIBHOro aJIkMJIMpoOBaHNA aMUHOB CNMPTaMM

B.M. Moxos™, /I.H. He6bikoB, A.O. [1anos, A.B. PazpansieBa, C.E. Jlarbimosa, M.A. Banunes

Boneoepaockuil eocyoapcmeennulil mexnuueckuil ynusepcumem, Boneoepao, 400005 Poccus

™ demop ons nepenucku, e-mail: tons@vstu.ru

AHHOTaUuus

H&]’Il/l. PacumpeHI/Ie I/ICCJ'ICZ[OB&HI/Iﬁ 1o pa3pa60TKe KaTrajim3aTOpOB Ha OCHOBEC HUKEJIIA U MEIH, I1OJYy4YaCMbIX XUMUYCCKUM BOCCTaAHOBJIC-
HHUEM aKTUBHOU (1)8.3])1, Y 10 U3YYCHUIO BIIMSIHUSA TUIIA HOCHTEJICH Ha UX aKTUBHOCTH B Tnpoueccax aJIKWINPOBaHUA aMUHOB IEPBUYHBIMHA
1 BTOPUYHBIMU CIUPTAMHU B IIPOTOYHOM PEAKTOPE C HEIMOABMKHBIM CJIOE€M KaTraliu3daropa.

Mertonpl. TIporiecc OCyIIECTBISUICS HA HEMOJBMKHOM CJIO€ HCCIEIYEeMbIX KaTajlu3aropoB B MPOTOYHON MHKPOKATATHTHYECKON ycTa-
HoBke mpu 160-240°C. B kauecTBe HOCUTENEH BTN HCMIONB30BaHbl EeoTHT Y-Al,O5, NaX, okcn Maraus. KartanusaTopbl TOTOBIIHCH
METOJIOM HPONUTKH afcopOiueil n3 n30bITKa pacTBOpa cojieil MeTa/uioB. BoccTaHOBICHHE aKTHBHOI METaJUTHYECKON (a3l MPOBO/IH-
JIOCh BOJHBIM PAacTBOPOM TeTparuapuiaodopara Harpus. CyOcTparaMu BEICTYTIANIN TIEPBUYHbBIEC MIIH BTOPUYHBIC aMHUHBL: |-OyTHiiamMuH,
|-rekcunaMuH, |-OKTHUJIAMHH, aHWINH, MOP(MOIIMH, MUICPUIHH, TeKCAMETHICHUMUH. AJIKHIMPYIONMMH areHTaMH SIBJSUINCH 9TaHOI,
MIpoTaHoi-2, 6yTaHoi-1, meHTaHo- 1, OCH3MIIOBEIN CIUPT, OKTaHOI-1. COCTaB MOMYYEHHBIX POTYKTOB aHATH3UPOBAJICS Ta30XKAAKOCT-
HO#t Xpomarorpadueii, UX CTPOSHHE MOITBEPIKAAIOCH METOIO0M XPOMATO-MACC CIIEKTPOMETPHH.

PesyabTarsl. ANKIIMPOBaHUE CIIMPTAMH AMHHOB MIPH KaTajli3¢ YaCTULIAMH METAILIOB (HUKENS U MM ), HAHECEHHBIMH Ha 11eoiuT NaX, OKCHT
maraust MgO 1 y-Al,O5, B IPOTOYHOM PEAKTOPE € HETIOABIIKHBIM CIIOeM Katanu3atopa npu 160-240°C u armocdepHoM IaBieHnn BOTOpozia
TIPUBOZHT K 00PA30BAHUIO MPEUMYIIECTBEHHO MOHO-N-aJIKHITMPOBAHHBIX TPOLYKTOB C BBIXOAAMH 10 99%.

BoiBoabl. HanouacTuiibl HUKest (I/IJ'II/I HHUKEJIA 1 MCZ[I/I), HAHECCHHBIC HA PA3JINYHBIC HOCUTEIIHN, ABIIAIOTCA 3(b(bCKTI/IBHI>IMI/I Karajau3aTo-

KniouyeBbie cnoea

Anga uuTnpoBaHua

KaTraJin3, HAHOYaCTUILIbl, HUKEJIb, AJIKWINPOBAHUC, aMUHBI, aJIKAHOJIBI

paMu CUHTE3a BTOPUYHBIX UJIN TPETUYHBIX aMUHOB B IPOTOYHOM PEAKTOPE C HETIOABUIKHBIM CJIOEM KaTaJin3aTopa.

MocTtynuna: 03.04.2024
Aopa6oTaHa: 17.10.2024
MpuHara B neyatb: 23.12.2024

Moxor B.M., He6sikor [I.H., [TanoB A.O., PasBansesa A.B., Jlatsimosa C.E., BanreB M.A. Pa3pa0oTka HOBBIX HAHECEHHBIX KaTallH3aTO-
POB HEMPEPHIBHOTO ANKWINPOBAHUS AMUHOB CIUpTaMu. Tonkue xumuueckue mexronoeuu.2025;20(1):18-26. https://doi.org/10.32362/2410-

6593-2025-20-1-18-26

INTRODUCTION

Di- and trialkylamines are of high practical importance
as vulcanization accelerators and intermediate
products in the production of surfactants, antioxidants,
pesticides, corrosion inhibitors, absorbents, solvents,
extractants, etc. The products of alkylation at the
nitrogen atom are additionally used as catalysts in the
synthesis of polycondensation polymers. The most
applicable industrial-scale method for the synthesis of
these chemicals is catalytic N-alkylation of ammonia or
primary amines with alcohols. The advantages of this
method including the wide availability of reagents and
the formation of water as the only byproduct [1, 2].
Currently, the main direction of research is the
development of effective catalysts for this process.
For the purposes of N-alkylation, oxides [3-5], salts,
complexes [6, 7], and nanoparticles of metals of variable

valence [8—10] are used as catalysts. However, supported
metal catalysts that combine the implementation of the
alkylation process at moderate temperatures and ease
of separation from the reaction mass are of greatest
practical interest.

The authors of [11] studied aniline N-alkylation
with benzyl alcohol in the presence of Ru/CeO,. The
reaction was carried out at 160°C using p-xylene as
a solvent under an N, atmosphere for 24 h. The yield
of the product was found to strongly depend on the
support morphology. Ru/CeO,-R with a rod morphology
exhibits both higher activity and selectivity for the
formation of N-benzylaniline (yield 88%) than cubic
Ru/CeO,~C (52%) and octahedral Ru/CeO,~O (32%).

A copper catalyst on a porous N,P-doped carbon
support obtained from wheat straw showed efficiency in
the N-monoalkylation of aromatic amines with aromatic
alcohols. The reaction was carried out in cyclohexane
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as a solvent at 140°C under an argon atmosphere for
12 h. Anilines containing electron-donating groups were
converted into the corresponding secondary amines in
yields of 66-91% [12].

A catalyst based on palladium and carbon nitride
C;N, showed high activity in the synthesis of
N-substituted aminopyridine with good regenerability
indices. When carrying out the synthesis at 110°C in
toluene for 12 h, the yield of the target product was
95% [13].

The authors of [14] studied the use of a catalyst based
on encapsulated platinum nanoparticles and beta-zeolite
in the N-alkylation of amines with aromatic alcohols.
When carrying out aniline alkylation with benzyl alcohol
at 160°C for 2.5 h under an N, atmosphere (1 atm), the
yield of the product was 93%.

The typically long time taken for the alkylation
of amines with alkanols is due to the mechanism of
this complex three-stage reaction. First, the alkanol
undergoes reversible dehydrogenation into an aldehyde
(ketone), which then condenses with the amine; the
final product is formed from the intermediate aldimine
(ketimine) following its hydrogenation. As a result,
a periodic method for implementing this type of process
is more common. In [15], the use of nickel or copper
nanoparticles deposited on y-Al,O; by a modified
coprecipitation method as catalysts for the alkylation
of amines with alkanols was investigated. Using this
approach, it was possible to obtain target products in
a continuous mode with high yields and selectivity
up to 100% at 180-220°C and atmospheric hydrogen
pressure.

The purpose of the present work is to accumulate the
research of a group of authors on the study of the activity
of catalysts based on nickel and copper nanoparticles
deposited on various substrates in the continuous process
of alkylation of amines with alkanols in a flow reactor
with a fixed catalyst bed.

MATERIALS AND METHODS

Zeolite NaX, MgO, y-Al,O5 (EKROS, Russia) were used
as supports. The catalysts were prepared by adsorption
impregnation without coprecipitants; the active metal
phase was reduced with an aqueous solution of sodium
tetrahydridoborate (EKROS, Russia). The metal content
in the resulting catalysts was (wt %): Ni/MgO: 23.8;
Ni/Al,O5: 5.0; Ni/NaX: 5.6; NiCu/Al,O5: Ni, 2.4,
Cu, 2.3; NiCu/NaX: Ni, 5, Cu, 5.

The following primary or secondary amines
served as substrates: 1-butylamine, 1-hexylamine,
l-octylamine, aniline, morpholine, piperidine,
and hexamethyleneimine (EKROS, Russia). The
alkylating agents were ethanol, 2-propanol, 1-butanol,

I-pentanol, benzyl alcohol, and 1-octanol (EKROS,
Russia). The process was carried out using a flow-
through microcatalytic unit (Meta-Khrom, Russia) in
continuous mode on a fixed catalyst bed at 160-240°C.
A small amount of hydrogen was supplied using
a GV-7 hydrogen generator (Meta-Khrom, Russia)
as a diluent and for exhaustive hydrogenation of
intermediate imines or enamines (Figure).

R2
H,], 1 atm, 160-240°C
RI_OH + R2-NH-R3 —2) = R'—N{  +H,0
Ni® (Ni’Cu®) \R3
la—f 2a-¢g 3a-m

R!=Et (1a), i-Pr (1b), Bu (1¢), CsHy, (1d), CH,CH, (1e), CgH , (16).
R?=H; R3 = Bu (2a), C(H,; (2b), C¢H ; (2¢), C;Hs (2d);

R?-R3 = (CH,CH,),0 (2e), (CH,); (2f), (CH,), (2g).
R!=i-Pr,R?=H, R3=CH; (3a), CgH , 3b);

R!=Bu, R-R? = (CH,); (3¢); R>=H, R3 = C(H; (3g);

R!=C4H,;, RZ-R3 = (CH,); (3d); (CH,CH,),0 (3e);

R?=H, R3 = C(H; (3h); R! = Et, R? = H, R3 = C(H; (3f);
R!=CH,CH,, R? =H, R3 = CH,, 3i); R3 = CgH,, (3j);

R!=CgH,,, R?2=H, R} = C(H,; 3k); R2-R3 = (CH,), (3D);

R2-R3 = (CH,); (3m)

‘ Fig. Reaction scheme

The composition of the catalyzate was established by
gas—liquid chromatography. The structure of the target
products 3a—m was confirmed by chromatography-mass
spectrometry. Chromatographic mass spectrometry was
performed on a Saturn 2100 T/GC3900 instrument
(Varian, USA) using electron impact (EI) ionization
with an ionization energy of 70 eV. Chromatographic
analysis was performed on a Crystallux 4000M
chromatograph  (Meta-Khrom, Russia) with an
HP-5 column (Agilent Technologies, USA) at a column
temperature of 100°C and evaporator temperature of
250°C. Scanning electron microscopy was performed
using a FEI Versa 3D DualBeam instrument (FEI,
USA). Elemental analysis was carried out by
energy-dispersive X-ray spectroscopy (EDS) using
FEI Versa 3D DualBeam (FEI, USA).

RESULTS AND DISCUSSION

At a temperature range of 180-220°C and atmospheric
hydrogen pressure with a liquid reagent load of
1.8-3.6 L/(kg. h), the conversion of the initial
amines 2a—g reached 99%. Nickel nanoparticles
supported on MgO or Al,O, were shown to selectively
catalyze the monoalkylation of primary amines. In this
case, the use of reagent ratios close to equimolar is
accompanied by a side process of disproportionation of
the initial primary amines, which was described earlier
for the studied type of catalysts [16]. As the alkanol
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excess increases twofold, the selectivity for the target
products increases to 98%. When using zeolite NaX as
a substrate, the selectivity of the monoalkylation reaction
of primary amines decreases, while forming up to 40%
of tertiary amines [17].

Thus, the chemically reduced nickel phase on different
supports demonstrated strong catalytic activity with high
selectivity for the formation of monoalkylated products
observed on MgO and y-Al,O;. In addition to the excess
of the initial alkanols, no traces of the corresponding
carbonyl compounds were found in the catalyzate.
This indicates that alkylation is limited by the alkanol
dehydrogenation stage. Since copper is a known catalyst
for alcohol dehydrogenation, it becomes interesting to
study its promoting effect on the alkylation of amines
with alkanols.

Further studies showed that the catalyst obtained
by reducing nickel and copper ions coprecipitated
inal :1 ratio on NaX zeolite (Ni°Cu’NaX) or on
pressed magnesium oxide (Ni’Cu’/NaX) was more
effective as compared to the nickel ones described
above. In particular, the target N-alkylanilines were
obtained in 66-85% yields with a process selectivity
of 83-89% by the alkylation of aniline with ethanol,
1-butanol or 1-pentanol at a temperature of 240°C on the
CuNi%NaX catalyst. In addition to N-ethylaniline (3f)
(71.1%), N,N-diethylaniline (13.5%) was formed. For
alkanols with a higher molecular weight, an increase in
selectivity was observed. For example, when obtaining
N-1-butylaniline (3g), the conversion of aniline (2g) and
the reaction selectivity took on maximum values (95.1%
and 89.5%, respectively) [18].

Alkylation of morpholine (2¢) with 1-pentanol (1d)
on the Ni’Cu%MgO catalyst occurs in the temperature
range of 100-200°C at an increased morpholine
conversion from 8 to 100% and 1-pentylmorpholine (3e)
yield ranging from 4 to 92.5%. However, a similar
nickel-free catalyst obtained by reducing copper
chloride on magnesium oxide (Cu®/MgO) showed low
activity (the morpholine conversion at 200-220°C
was 10-15%, while the yield of 1-pentylmorpholine
was 4-14%). The conversion of morpholine during its
alkylation with 1-pentanol on Ni’%’MgO or NiO/A1203
catalysts at 180°C did not exceed 50%, while the
product yield was 36% (on Ni%Al,0;) and 18% (on
Ni%MgO). In the latter case, 15% of the corresponding
enamine is also formed. Thus, the activity of metals
in the catalysis of this reaction is in the series
Cu < Ni < Cu—Ni.

EXPERIMENTAL

The catalysts were prepared according to the methods
described in [16-18].

Conducting reactions

Isopropyl-1-hexylamine (3a). Hydrogen was fed to
the CuONiO/Ale3 catalyst at a flow rate of 1 L/h and
a mixture of 2-propanol (1b) and 1-hexylamine (2b)
with a molar ratio of 1b : 2b = 10 : 1 at a flow rate of
1.8 L/(kg . h) at 220°C. Conversion of 1-hexylamine
was 100%. Selectivity was 98%. The yield of isopropyl-
1-hexylamine was 98%. Mass spectrum (EI, 70 eV), m/z
(o %0): 144.0 (17) [M*1], 143.1 (23) [M], 72.0 (100),
44.2 (35), 30.3 (60).

Isopropyl-1-octylamine (3b). Hydrogen at a flow
rate of 1 L/h and a mixture of 2-propanol (1b) and
1-octylamine (2¢) with a molar ratio of 1b: 2¢=10: 1 at
a flow rate of 1.8 L/(kg_,h) at 180°C were fed to the
NiO/Ale3 catalyst. Conversion of 1-octylamine was
99%. Selectivity was 97%. The yield of isopropyl-1-
octylamine was 96%. Mass spectrum (EL, 70 eV), m/z
(o %0): 172.2 (5) [M*1], 171.1 (16) [M], 113.2 (100),
55.2 (6), 44.1 (26).

1-Butylpiperidine (3c). a) Hydrogen at a flow
rate of 1 L/h and a mixture of 1-butanol (1c¢) and
piperidine (2f) with a molar ratio of 1¢ : 2f=2.5: 1 at
a flow rate of 1.8 L/(kg_,h) at 200°C were fed to the
CuONiO/AIZO3 catalyst. Piperidine conversion was 99%.
Selectivity was 98%. The yield of 1-butylpiperidine
was 97%. Mass spectrum (EI, 70 V), m/z (I, %):
141.9 (6) [M*1], 140.7 (2) [M], 139.9 (5), 98.9 (6),
98 (100), 70 (10), 42.1 (7).

b) Hydrogen at a flow rate of 1 L/h and a mixture
of 1-butanol (1¢) and piperidine (2f) with a molar ratio
of 1c : 2f = 2.5 : 1 at a flow rate of 1.8 L/(kg_,h) at
200°C were fed to the NiO/AIQO3 catalyst. Piperidine
conversion was 99%. Selectivity was 92.4%. The yield
of 1-butylpiperidine was 91.5%.

¢) Hydrogen at a flow rate of 3 L/h and a mixture
of 1-butanol (1c¢) and piperidine (2f) with a molar
ratio of 1¢ : 2f = 4 : 1 at a flow rate of 1.8 L/(kg_,h)
at 240°C were fed to the NiO/Ale3 catalyst. Piperidine
conversion was 45.5%. Selectivity was 100%. The yield
of 1-butylpiperidine was 45.5%.

1-Pentylpiperidine (3d). Hydrogen at a flow rate of
3 L/h and a mixture of 1-pentanol (1d) and piperidine (2f)
with a molar ratio of 1d : 2f =3 : 1 at a flow rate of
1.8 L/(kg_,h) at 200°C were fed to the Cu’Ni%Al,0,
catalyst. Piperidine conversion was 98.5%. Selectivity
was 100%. The yield of 1-pentylpiperidine was 98.5%.
Mass spectrum (EI, 70 V), m/z (I, %): 159.1 (2) [M*?],
158.0 (32) [M*1], 156.1 (6) [M], 126.0 (5), 100.0 (100),
98.3 (5), 70.1 (12), 56.1 (2).

1-Pentylmorpholine (3e). a) Hydrogen at a flow
rate of 1 L/h and a mixture of 1-pentanol (1d)
and morpholine (2f) with a molar ratio of
1d : 2f = 1 : 1 with a flow rate of 3.6 L/(kg_, h)
at 240°C were fed to the CuNi’/NaX catalyst.
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Morpholine conversion was 85%. Selectivity
was 97%. The yield of 1-pentylmorpholine was
82.5%. Mass spectrum (EIL, 70 eV), m/z (I, %):
158.1 (28) [M*1], 100.1 (100), 99.2 (7), 70.1 (12).

b) Hydrogen at a flow rate of 1 L/h and a mixture of
I-pentanol (1d) and morpholine (2f) with a molar ratio of
1d: 2f=3: 1 with a flow rate of 1.8 L/(kg_,-h) at 160°C
were fed to the Cu’Ni%MgO (1 : 1) catalyst. Morpholine
conversion was 99.5%. Selectivity was 93%. The yield
of 1-pentylmorpholine was 92.5%.

¢) Hydrogen at a flow rate of 1 L/h and a mixture
of l-pentanol (1d) and morpholine (2f) with a molar
ratio of 1d : 2f =5 : 1 at a flow rate of 1.8 L/(kg_,h) at
180°C were fed to the NiO/A1203 catalyst. Morpholine
conversion was 50.3%. Selectivity was 98%. The yield
of 1-pentylmorpholine was 49.3%.

d) Hydrogen at a flow rate of 1 L/h and a mixture
of l-pentanol (1d) and morpholine (2f) with a molar
ratio of 1d : 2f =5 : 1 at a flow rate of 1.8 L/(kg_,h) at
220 °C were fed to the Cu’/MgO catalyst. Morpholine
conversion was 25%. Selectivity was 98%. The yield of
1-pentylmorpholine was 24.5%.

The compounds N-ethylaniline (3f), N-1-butyl-
aniline (3g), N-1-pentylaniline (3h) were prepared in
a manner similar to that described in [18].

N-Benzyl-1-hexylamine (3i). Hydrogen at a flow
rate of 0.3 L/h and a mixture of benzyl alcohol (1e) and
1-hexylamine (2b) with a molar ratio of 1e : 2b=1: 1 at
a flow rate of 3.6 L/(kg_,h) at 240°C were fed to the
Ni%NaX catalyst. The conversion of 1-hexylamine was
98%. Selectivity was 70%. The yield of N-benzyl-1-
hexylamine was 68.6%, mass spectrum (EI, 70 eV),
m/z (I, %): 193.0 (4) [M*2], 192.0 (32) [M']],
190.1 (4), 119.8 (65), 106.0 (15), 92.0 (8), 91.1 (100),
65.0 (9), 41.0 (5). The yield of di-1-hexylamine
(byproduct) was 24.2%, mass spectrum (EL, 70 eV),
m/z (I, %): 187.0 (12) [M*2], 186.1 (100) [M*1],
184.3 (2), 114.2 (34), 44.0 (84), 41.0 (7). The yield of
N-hexyl-1-benzylimine (byproduct) was 5.3%, mass
spectrum (EI, 70 eV), m/z (I, %): 191.0 (5) [M*2],
190.1 (31) [M*1], 189.0 (2) [M*], 174.0 (7), 160.0 (100),
146.1 (10), 131.9 (34), 118.0 (54), 104.0 (23), 91.1 (78),
77.1 (11), 65.0 (11), 41.0 (13.5).

N-Benzyl-1-octylamine (3j). Hydrogen at a flow
rate of 0.3 L/h and a mixture of benzyl alcohol (1e)
and l-octylamine (2¢) with a molar ratio of
le : 2¢ = 1.1 : 1 were fed to the Ni’/NaX catalyst at
a flow rate of 1.8 L/(kg_,h) at 220°C. The conversion
of 1-octylamine was 98.5%. Selectivity was 53.3%.
N-Benzyl-1-octylamine, yield 52.5%, mass spectrum (EI,
70 V), m/z (I, %): 220.1 (51) [M*2], 218.2 (5) [M],
128.0 (8), 121.0 (7), 119.9 (80), 106.0 (13.6), 92.0 (7.4),
91.1 (100), 65.0 (8), 41.0 (7). Benzyl-1-octylimine
(byproduct), yield 6.3%, mass spectrum (EI, 70 eV), m/z

(L %): 218.1 (97) [M*2], 216.2 (7) [M], 174.1 (19),
160.0 (100), 132.1 (26), 118.2 (41), 91.1 (45), 77.2 (5),
65 (7),51.0 (6), 41.0 (14). Di-1-octylamine (byproduct),
yield 40.2%, mass spectrum (EI, 70 eV), m/z (I, %):
2433 (16) [M*2], 2423 (100) [M*], 142.2 (9.4),
44.0 (44).

N-1-Hexyl-1-octylamine (3k). Hydrogen at
a flow rate of 3 L/h and a mixture of 1-octanol (1f)
and 1l-hexylamine (2b) with a molar ratio of
1f:2b=2:1 at a flow rate of 1.8 L/(kg_,h) at 220°C
were fed to the Ni%MgO catalyst. The conversion of
I-hexylamine was 99%. Selectivity was 98%. The
yield of N-1-hexyl-1-octylamine was 97%. Mass
spectrum (EI, 70 eV), m/z (I, %): 215.1 (14.5) M*2],
214.2 (83) [M'1], 212.3 (4), 142.0 (21), 114.0 (31),
44.0 (100).

1-Octylpiperidine (31). Hydrogen at a flow rate of
4 L/h and a mixture of 1-octanol (1f) and piperidine (2f)
with a molar ratio of 1f : 2f =3 : 1 at a flow rate of
1.8 L/(kg_,h) at 180°C were fed to the Cu’Ni%NaX
catalyst. Piperidine conversion was 93.7%. Selectivity
was 100%. The yield of 1-oct-1-yl-piperidine was
93.7%. Mass spectrum (EL, 70 eV), m/z (I, %):
199.1 (4) [M*2],198.2 (25) [M '], 196.2 (8), 98.2 (100),
70.2 (8).

1-Octyl-1-azacycloheptane (3m). Hydrogen at
a flow rate of 2 L/h and a mixture of 1-octanol (1f)
and hexamethyleneimine (2g) with a molar ratio of
1f: 2g =3 : 1 with a flow rate of 1.8 L/(kg_,,h) at 240°C
were fed to the NiO/Ale3 catalyst. Hexamethyleneimine
conversion was 97%. Selectivity was 100%. The yield
of 1-octyl-1-azacycloheptane was 97%. Mass spectrum
(EL, 70 eV), m/z (I, %): 211.0 (10) [M], 99 (7),
98.1 (100).

el

CONCLUSIONS

The reported studies confirm that heterogeneous
catalysts containing nickel (or nickel and copper)
nanoparticles obtained by chemical reduction and
deposited on various carriers (zeolite NaX, magnesium
oxide MgO, y-Al,O;) in amine alkylation reactions
with alcohols in the temperature range of 160-240°C
and at atmospheric pressure exhibit high catalytic
activity to obtain target products with yields of up
to 99% and selectivity of 53—100% in a continuous
process mode.
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Abstract

Objectives. The work set out to investigate the potential for developing an efficient cobalt catalyst for Fischer—Tropsch synthesis through
low-temperature activation by reduction in hydrogen directly in the synthesis reactor. Such an approach could be used to enhance the
overall economic viability of the process.

Methods. The reduction of a zeolite-containing catalyst with a heat-conducting system based on thermally expanded graphite in an
aluminum oxide binder carrier was investigated within the temperature range of 300—400°C. The degree of reduction of the powdered
catalyst (to remove diffusion restrictions) was determined by conducting temperature-programmed reduction subsequent to the reduction
at the studied temperature. Autosorb-1C and STA 449 F1 (Netzsch, Germany) devices were used in this work. The identified activation
mode was evaluated at a Fischer—Tropsch synthesis pilot plant at INFRA (Moscow, Russia).

Results. Activity and selectivity values of the catalyst reduced at 325°C are determined from chromatographic analysis of the products.
Low-temperature (325°C) reduction is shown to provide better catalytic parameters due to the implementation of a larger number
of highly dispersed cobalt-oxide structures fixed on the hydrated surface of the support, resulting in the appearance of Co®" centers with
increased activity and selectivity for the formation of Cs, hydrocarbons.

Conclusions. The described catalytic system demonstrates the potential advantages in carrying out reductive activation in hydrogen
at 325°C as opposed to the conventional 400°C. This approach markedly enhances the economic viability of the entire process,
particularly for small-scale installations, due to the reduced thermal stability of the steel material reactor.
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AHHOTaUuS

Heﬂﬂ. HSy‘II/ITb BO3MOXKHOCTD ITOJTY4YCHUA BBICOK03(1)(1)CKTI/IBHOI‘O KOOAJIETOBOTO Karajim3aTropa Uil CHHTE3a cDI/IIHepa—TpOHHIa IIpyu HU3-
KOTeMHepaTypHOﬁ AKTUBAIlUU BOCCTAHOBJIIEHHUEM B BOAOPOAC HEMOCPEACTBECHHO B PCAKTOPE CHMHTE3a C LEJIbIO MMOBBIIICHUS 06H18I71 9KO-
HOMHYECKOIH IMIPUBJICKATEJIbHOCTH IIpoLecca.

MeTtonbl. BocCTaHOBIICHHE 1ICOIUTCOACPIKAILCTO KaTaINu3aTopa ¢ TEIJIONPOBOJAIIEH CHCTEMOH Ha 0a3e TepMOPACIINPEHHOTO rpaduTa
B COCTaBE HOCUTES C alFOMOOKCHIHBIM CBS3YIOLIMM H3Y4€HO st Auana3oHa temieparyp 300-400°C. MeTonom TepMOoIporpaMMHpO-
BaHHOTO BOCCTAHOBJICHHUS, IPOBOIMMOIO II0CJIE BOCCTAHOBICHHS P U3y4aeMOl TEMIIepaType, ONpe/essiach CTEeHb BOCCTAHOBIIC-
HUS IOPOIIKOOOpa3HOTo (s CHATHA TU(Qy3HOHHBIX OrpaHUYEHH) Kataiam3atopa. B pabore ncnonb3oBansl mpubopsl Autosorb-1C
u STA 449 F1 (Netzsch, I'epmanust). HaliieHHBIH pe)XMM aKTUBALMU WCIIBITaH HA OMBITHOW yCTaHOBKe cuHTe3a Dumepa—Tpormma
B OO0 « UH®PA» (Mockaa, Poccus).

Pesynbrarbl. [IpeacTaBieHbl ONpeaeieHHbIe 3 XpOMaTOrpaduyecKoro aHaau3a MPOJYKTOB 3HAYCHUSI aKTUBHOCTH M CEJIEKTHBHOCTH
B cunte3e dumepa—Tpomnma BoccraHoBneHHOro npu 325°C karanuzaropa. [lokazano, yro Hu3kotemneparyproe (325°C) BoccTaHOB-
JeHre 00ecrevnBaeT JIydIline KaTaIuTHYECKUe apaMeTphl 3a CUET pealn3aliy OOJBIIEro KOJIMYeCcTBa 3aKPeIICHHbIX Ha THAPATUPO-
BaHHOH MOBEPXHOCTH HOCHTEJS BBICOKOIMCIIEPCHBIX KOGAIBT-OKCHIHBIX CTPYKTYD, 00YC/IaBIMBAIOIINX BO3HUKHOBEHHE 1IeHTpoB Co%™
C TIOBBINIEHHON AKTHBHOCTBIO M CEIEKTHBHOCTBIO 00pa3oBaHus yriesonoponos Cs,.

BoiBoabl. /st vicclie[OBaHHOI KaTaaUTHYECKON CHCTEMBbI OKa3aHa BO3MOXKHOCTB U JKEJIaTeNIbHOCTh BOCCTAHOBHUTEIBHON aKTHBALIUH
B Bojopoze npu 325°C Bmecto crannapTHbIX 400°C. DTO CyIIECTBEHHO IMOBBIIIAET YIKOHOMUYECKYIO NPHUBIIEKATEIBHOCTD IIpoliecca
B LIEJIOM, OCOOCHHO /ISl MAJIOTOHHA)KHBIX YCTaHOBOK M B CBSI3U CO CHW)KCHHEM TPeOOBaHMII K TEPMOYCTOMYMBOCTH MaTepuasa CTallb-

HOTI'0 p€aKTopa.

KniouyeBbie cnoea

BOCCTaHOBJICHHUE, TEPMOPACIIMPEHHbIH rpadut

Ana uunTnpoBaHua

cunTte3 Oumepa—Tpomnina, K0OATBTOBBIN KaTaau3aTop, HU3KOTEMIIEPAaTypPHOE
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Conomonuk MN.I'., Mopnkosuu B.3., TopmkoB A.C. HccnenoBanue BO3MOXKHOCTH ONTUMHU3ALUKN TEMIIEPATypPHOTO PEXKKUMa BOCCTaHOBJIE-
HUs Katanu3aropoB cuHTe3a dumiepa—Tpormia. Toukue xumuueckue mexronoeuu. 2025;20(1):27-36. https://doi.org/10.32362/2410-6593-

2025-20-1-18-26

INTRODUCTION

A substantial body of research and industrial
experience with catalysts for Fischer—Tropsch
synthesis (FTS) has demonstrated that their properties
are contingent upon a number of factors, including
the chemical and phase composition of the systems
(including the realized porous structure), as well the
conditions of formation, activation, and operation in
the process.

The reduction procedure, which has historically
been conducted on disparate equipment with subsequent

loading of the operational system into the synthesis
reactor or directly in the FTS reactor with selective
conditioning, is of paramount importance for the efficient
and economically viable production of hydrocarbons for
a multitude of applications.

Depending on the nature and concentration of
the active metal and the type of carrier, as well as
the temperature (250-500°C) and reduction time,
the volume and linear velocity of the gas and its
composition vary from pure hydrogen to its mixtures
with inert gas and CO,, including direct activation in
synthesis gas [1-11]. It is obvious that activation in
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synthesis gas can potentially reduce (in the case of
sufficiently high catalytic activity) the costs of the
FTS process. As noted in [12], synthesis gas reduction
contributes to the formation of cobalt carbides (Co,C,
x =2, 3), which improve activity by converting from
carbides to metallic cobalt with a hexagonal close-
packed (hcp) crystal phase. In other cases, inactive
Co,C blocks the active centers of the metal, leading to
deactivation of the catalyst. The observed improvement
in activity is largely due to an increase in the number
of working cobalt centers due to the high dispersion of
the metal; however, CO conversion and selectivity for
the formation of Cg, remain significantly lower than
in the presence of a catalyst reduced in pure hydrogen.
As found for the model Co/SiO, catalyst offering
a relatively weak metal-carrier interaction [13], the
structural parameters of cobalt previously reduced
in hydrogen do not significantly change due to
aggregation up to 500°C. At the same time, the presence
of CO in the reducing gas leads to the formation of
carbonaceous compaction products on the metal
surface (at 300-500°C), which reduce the availability
of reactants for catalysis.

High-performance catalysts for FTS with
thermally conductive additives in the form of flaked
aluminum [14], carbon fiber or thermally expanded
graphite [15-17] may differ significantly from each
other in terms of activation conditions that should be
developed for specific systems.

The interaction of a catalytically active metal
and its precursors with carriers of various natures
is a complex phenomenon that gives rise to
a number of effects. The crucial presence in this
process of an aluminum oxide binder (boehmite and
pseudoboehmite) plays a role in the formation of
granules with distinctive properties. These differences
are attributed to the varying chemical structures and
the manner in which substances are produced by
different manufacturers. As shown by the example of
the reduction of catalysts with a thermally conductive
network of metallic aluminum [18], the reduction of
cobalt oxides with hydrogen occurs simultaneously
with the appearance of metallic cobalt and disordered
defective nonstoichiometric cobalt oxides, removal of
reaction water from a porous system, oxidation with
water of different genesis of already reduced cobalt,
and the formation of boehmite from aluminum.
Temperature-dependence additionally conditions its
subsequent transformations with the production of
protospinel and spinel cobalt-containing structures in
various ratios.

It is important to note that the temperature of
reduction and heat treatment can result in the formation
of different dispersion of excess cobalt crystallites

relative to the interaction with the corresponding
carrier. Such conditions can also lead to the
development of distinct crystallographic modifications
in the metal cobalt itself. The hcp phase prevails in
massive cobalt crystallites at low temperatures (up to
298 K). Up to a temperature of 500°C, it coexists with
the face-centered cubic (fcc) phase, which stabilizes
at average temperatures of about 200°C, while above
500°C, the hcp phase again becomes dominant [19].
Nevertheless, the structure and crystallographic
structure of intermediate CoO oxides are also
influenced by deformation stresses in crystallites when
cobalt nanoparticles are realized in catalysts. This is
dependent on the location of particles on different
carriers and production conditions, specifically on
their dispersion and surface chemistry [20, 21].

The reduction of catalysts in hydrogen on a number
of carriers (on silicon, aluminum, and titanium oxides
at 250, 300, and 350°C) [22] showed a significant
difference in the realized states of cobalt for different
carriers. For example, on silica gel, the CoO phase is
observed at temperatures above 190°C. Up to 380°C,
29% of CO remains in the oxide form, while the mixed
phase of Co® (fcc/hep) occurs after 310°C: the size of
the crystallites of Co® (hcp) making up about 15% of the
total is about 5 nm; the content of the phase of Co? (fcc)
is twice as large, and it is dominant. Up to the reduction
temperature of 430°C, the sizes of the crystallites do
not change and there is no sintering. Moreover, when
activated at 250°C, this system has the necessary
catalytic properties, allowing a significant reduction
in both capital and operating costs, which is especially
important for small installations.

From a technological standpoint, achieving the
minimum requisite reactor heating temperature
is conducive to the reduction process, which also
informs the specifications for the material used in its
construction. The restoration of the catalytic system
represents a critical procedure for the entire FTS,
necessitating a comprehensive understanding of the
fundamental issues and conditions that are essential for
normal operation. From both applied and theoretical
standpoints, investigating this problem for a modern
industrial FTS catalyst, such as the impregnating
catalyst INFRA S2 on a granular carrier with high
thermal conductivity containing thermally expanded
graphite (TEG) or, synonymously, penografite [23], is
a worthwhile endeavor.

The purpose of this study was to determine under
laboratory conditions the temperature dependence of
the degree of reduction of the FTS catalyst with a highly
efficient heat-conducting network due to the percolation
effect and to test a catalytic system having a low reduction
temperature at a pilot plant.
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EXPERIMENTAL

The paper investigates a carrier and a 20% cobalt
catalyst (of one batch) S2 based thereupon, which were
prepared at INFRA (Russia). The starting materials for
extrusion and for catalyst preparation were boehmite
DISPERAL P2 (produced by SaSol, Germany);
zeolite HB Zeolyst™ CP 814C (Zeolyst, USA); thermally
expanded graphite TEG-50/4 (R&D UNIKHIMTEK,
Russia); Co(NO,),6H,0 (GOST 4228-78', analytical
or reagent grades without nickel, SPC ‘Baltiyskaya
Manufaktura’, Russia). The corresponding solutions are
obtained on the basis of distilled water.

Cylindrical granules of the carrier of the initial
mass composition (50% DisperalP2 + 30% zeolite H3
with a modulus of 38 + 20% TEG) and a size of
1.5 x (2-4) mm were obtained by extrusion, then
impregnated with a solution of cobalt nitrate and
calcined in accordance with the existing regulations at
the INFRA catalytic factory. In order to ascertain the
correct data for determining the degree of reduction
(without the confounding effect of diffusion factors),
the granules were subjected to mechanical grinding
in an agate mortar. The resulting powder fraction was
0.2—0.4 mm. A single sample of the powder subsequently
used in all subsequent experiments was thermally
vacuumed (350°C, 3 h, 1073 mmHg) in a cuvette on
an Autosorb-1C device (Quantachrome Instruments,
USA). The initial powdered catalyst S2 lost 9.67%
of its mass, which corresponds to a cobalt content
of ~17 wt % in the studied sample. This value
converges with the spectrophotometrically determined
concentration of 20% cobalt in a freshly calcined
carrier, with a calculated cobalt content of 18 wt %.
The aforementioned figures are elucidated as follows:
100 g of the calculated catalyst, containing 20% cobalt
(by preparation), comprises 80 g of dry carrier and
20 g of Co metal. Following decomposition of nitrate
to Co,0,, these dry calculated 100 g should actually
weigh 107.24 g (considering the weight of cobalt
oxide 27.24 g instead of 20 g of Co®). The actual wet
catalyst has lost 9.67% of its mass, i.e., every 100 g of
the studied sample contains 90.33 g of an idealized dry
catalyst with cobalt in the oxide form of Co;0,. A total
of 16.85 g of metallic cobalt is present in the 90.33 g of
the substance under examination. This figure is based
on the proportion of 20 g of cobalt per 107.24 g of the
dry catalyst used for preparation. However, the weight
of the sample with 16.85 g of cobalt was initially
100 g; therefore, the concentration of metallic cobalt

in the initial catalyst under study was 16.85%. Thus,
the actual concentration of cobalt in the granules loaded
into the reactor is 17-18 wt %.

The catalyst powder was activated directly in the
U-shaped flow cell of the device under the conditions
of the catalytic experiment (i.e., 300-400°C and
appropriate time). The restoration was carried
out with hydrogen grade B 6.0 (analytical grade,
TU 2118-06-18136415-06, Moscow Gas Processing
Plant, Russia) followed by partial blow-off in helium
grade “A” (TU 0271-135-31323949-2005, Moscow Gas
Processing Plant, Russia) from sorbed reaction
water and residual hydrogen. After initial reduction,
the sample in the cuvette was cooled to 40°C during
vacuuming. In the same cell, without contact with air,
the catalyst was restored at a volume flow rate of dry
hydrogen (30-60) - 103 h™! to a temperature of 980°C
on Autosorb-1C with fixation of thermoprogrammed
reduction curves after preliminary reduction (TPR-PR)
at a given activation temperature.

It should be noted that, in contrast to a granular
catalyst in a reactor, the maximum possible reduction
level is achievable under these conditions, which are not
complicated by diffusion.

In order to accurately quantify the consumption of
hydrogen, the katharometer signal was recorded for the
drained gas stream that passed through a low-temperature
(95 to —80°C) regenerated zeolite trap following the
reaction. The weight of the samples was recorded before
and after the experiment. The experimental TPR-PR data
were processed in the Origin Pro8 program? with baseline
subtraction. The degree of reduction was quantified by
measuring the ratio of the total effect areas in the range
of 50-980°C from the S2 catalyst (which exhibited
complete reduction) and that following preliminary
reduction in the specified modes.

An STA 449 F1 complex thermal analysis device
(Netzsch, Germany) was also used to study the
systems.

The catalyst activated at a temperature of 325°C for
6 h with a volumetric flow rate of 3000 h™! of hydrogen
in a 0.5-inch reactor (12 cm? of granular catalyst S2,
bulk density 0.658 g/cm?) was tested in an experimental
installation according to the previously described
method [24]. The data obtained during testing were
compared with the results in the standard activation
mode (400°C, 3000 h™! H,, 1 h). The composition of
synthesis gas and gaseous, as well that of liquid products,
was analyzed on a Crystal-Lux 4000M chromatograph
(Meta-Chrome, Russia).

I GOST 4228-78. Interstate Standard. Reagents. Sodium hydroxide. Specifications. Moscow: IPK Izdatelstvo standartov; 1978 (in Russ.).

2 https://www.originlab.com/. Accessed December 23, 2024.
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RESULTS AND DISCUSSION

Figure 1 presents a summary of the data pertaining to the
degrees of reduction of catalysts at varying temperatures
and pretreatment times.

The control of reproducibility of the results for
a number of experimental points with different sample
weights (the initial sample of the S2 catalyst with a zero
degree of reduction and restored for 1 h at 350 and
400°C), as well as when processing TPR-PR curves with
a change in the zero-line parameters, showed that the
discrepancy from the average was no more than 5%.

For the described method, the potential for minor
discrepancies in the measured values of the degree of
reduction as aresult of the consumption of hydrogen when
interacting with the free surface of thermally expanded
graphite in the catalyst composition is not a significant
concern due to the comparison of identical samples
following duplicate processing. While the diffusion of
metal over the surface with different treatments may
result in slight alterations to the absolute figures, it does
not impact the reduction dynamics, which are contingent
upon the experimental conditions. The diffusion of metal
over the surface with different treatments may result in
slight alterations to the absolute figures, but does not
impact the dynamics of the degree of reduction, which
is contingent upon the experimental conditions. At the
same time, the intensity of the TPR signal of the initial
S2 carrier after 10 h of thermal vacuum treatment at
300°C is significantly less than after 3 h. This suggests
the presence of a substantial number of recoverable
surface centers, which necessitates the comparison of
samples with strictly identical characteristics to offset
the impact of the catalyst surface.

As follows from the thermogravimetric data,
catalysts in the helium flow for the range 700-900°C
have sharp mass losses that are not typical for carrier
components (including TEG). In the case of catalyst
granules having a diameter of 1.5 mm in the temperature
range of 723-862°C, these losses are about 9.2 wt %,
and for granules with a diameter of 2.5 mm in the
temperature range of 800-885°C—about 8.1 wt %. If
we assume that all of losses are due to the formation of
CO or CO, during thermolysis due to the autothermal
reduction of cobalt oxides with carbon [25], then,
counting on the transformations of Co;0, (also for
Co,0;), this gives a complete conversion of metal
oxides to Co® when CO, occurs. Thus, almost all of the
deposited oxidized cobalt is reduced by carbon in this
temperature range. This means that in the initial catalyst,
the oxidized metal (including in the form of embedding
structures and protospinel formations) is located on the
surface of the TEG in the form of polylayers fixed to this
component of the carrier or in sufficient proximity to

it, which allows for the possibility of high-temperature
diffusion-thermal interaction with carbon to determine
the efficiency of heat removal in the FTS. Accordingly,
at low temperatures, due to strong interaction with
the carrier, their reduction is difficult. Nevertheless,
the quantitative loss of the degree of reduction can be
partially compensated for the catalyst in FTS by the
increased activity of highly dispersed cobalt located on
the oxidized metal. According to the data of [17, 25],
cobalt oxide crystallites on the carbon surface (TEG,
nanotubes) are characterized by a particle size less than
20nmthatis close to optimal in FTS in terms of selectivity
with Cs, . At the same time, the amount of cobalt in direct
contact with carbon recorded by the mapping method of
energy dispersive X-ray spectroscopy and a scanning
electron microscope in [17] is small, being (as found for
the model catalyst only on TEG) mainly located at the
ends of carbon plates.

The degree of reduction varies slightly after 1 h of
treatment in the range of 300-350°C and increases
only at 380—400°C (Figs. 1 and 2). At the same time,
the number of disordered spinel and protospinel cobalt-
containing phases fixed on the surface in the temperature
range 500-800°C [18] varies slightly. When reduced at
temperatures up to 350°C, low-temperature peaks from
surface hydrated structures are almost constant; however,
when reduced at 380°C, due to better dehydration of the
surface, a solid solution of CoO in Co,0, is formed,
which is fixed by the maximum TPR-PR characteristic
of large particles of cobalt oxides of about 400°C.

Degree of reduction, %
—_ [\*) [9%) N W (=)
SER=-ER-NR-TR-R-)
[ (]
o
-
.

N O
~
W

300 325 350 375 400 425
Temperature, °C

Fig. 1. Degree of reduction of S2 catalyst (fraction

of 0.2-0.4 mm) at different temperatures and reduction times.
The samples were pre-annealed in vacuum at 350°C for 1 h,
then reduced during 1 h (black and white circles) or 4 h
(square). A white-circle sample was additionally pre-heated
at 400°C in He flow for 5 h

As follows from the analysis of Figs. 1 and 3, an
increase in reduction time at low temperature (300°C)
does not affect the degree of reduction (black circles
and square, Fig. 1); however, pretreatment for 5 h in an
inert gas flow at 400°C more than halves (white circle,
Fig. 1) the degree of reduction. The latter is attributable
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to the intensification of interaction with the carrier
and the emergence of spinel-type cobalt-containing
structures that are irremediable under these conditions
(see Figs. 3 and 4).

At the same time, the maximum value of the reduction
of residual phases from Co;0, to CoO also decreases
(the first maximum) with increasing temperature (Fig. 2).
However, as can be seen from Figs. 3 and 4, its relative
intensity increases in the case of prolonged reduction or
thermolysis. This indicates their active formation due to
surface diffusion both during thermolysis and reduction,
as well as subsequent oxidation due to functional surface
groups of cobalt-containing structures. It is evident
that the reduction in the observed degree of reduction
resulting from the use of non-dried hydrogen in a humid
environment will be relative.

The table compares the results of catalytic testing of
the S2 catalyst (synthesis gas H, : CO =2 : 1) recovered
under selected activation conditions (325°C, 3000 h™! H,,
6 h) in a single-section tube reactor of INFRA of the
pipe-in-pipe type with the results for standard conditions
(400°C, 3000 h™! H,, 1 h) having an equal bulk density
of the catalyst (0.66 g/cm?).

The data were obtained under stationary conditions
following a gradual increase in temperature and
synthesis gas consumption. The necessity for the
development of a catalyst to prevent overheating
arises from the fact that this phenomenon is associated
with deactivation as a result of the agglomeration
of cobalt particles and increased interaction with
the carrier.

As can be seen from the table, the most significant
differences are observed in the selectivity of the
formation of Cs, hydrocarbons, which is maximal with
low-temperature reduction of absolutely identical initial
catalysts with the same gas and hydrodynamics in the
reactor.

This is in good agreement with the increase found
for the S2 catalyst at a low reduction temperature or
during prolonged thermolysis of the content of oxidized
cobalt states (steinerite phases) due to interaction
with surface hydroxyls. The same processes are
observed in systems comprising a heat-conducting
network of metallic aluminum, as well as in catalysts
lacking a heat-conducting component on carriers of
diverse natures. It is obvious that during the primary
low-temperature reduction, a large number of Co%"
structures are realized on which Cs, hydrocarbons are
selectively formed [26].

When considering the dynamics of temperature
influence and the magnitude of initial reduction
on catalytic parameters, it is important to note that
the relevant figures obtained are only determined
for these systems following a period of 6-7 days
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Fig. 2. Curves of thermoprogrammed reduction (TPR) after
reduction of S2 catalyst for 1 h at different temperatures, °C:
1—300; 2 — 325; 3 —350; 4 — 380; 5 — 400
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Fig. 3. TPR curves of the initial S2 catalyst (/) and after
preliminary reduction of the catalyst at 300°C for 4 h (2)
and 300°C for 1 h (3)
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Fig. 4. TPR curves of the initial S2 catalyst (/) and after

preliminary thermolysis of the catalyst at 400°C for 5 h
with reduction at 400°C for 1 h (2) or without thermolysis (3)
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Table. Comparison of catalytic performance of catalysts reduced at different temperatures

L . o Gas hourly space CO conversion, Selectivity of Cs, Productivity, Cs,,
Activation conditions RE el ] o, formation, % o/(L-h)
325°C, 3000 h™ ' Hy, 6 h 242 56.4 63.7 207.4
3000
400°C, 3000 h™' H,, 2 h 243 53.9 54.9 173.3

of catalyst development. This can be accompanied by
additional activation of the systems (when restored in
synthesis gas, an acceptable conversion is achieved
after a week of development [8]), as well as their
deactivation.

Thus, a catalyst with a higher initial degree of
reduction and sufficiently large cobalt agglomerates is
partially deactivated during the FTS due to the deposition
of synthesized high-molecular hydrocarbons and metal
coalescence with the formation of even larger aggregates
with lower activity. For small crystallites formed in the
S2 catalyst at a low reduction temperature, there is less
mobility due to the bond with the surface and better
activity both due to the realized structure and due to
their large number (Figs. 3 and 4). At the same time, for
unambiguous conclusions, it is necessary to determine
the actual degrees of reduction of systems following
prolonged operation and the extraction of catalysts from
the reactor.

CONCLUSIONS

Zeolite-containing cobalt catalysts for FTS with a highly
efficient heat-conducting network based on graphite of
the TRG brand were studied by the TPR method after
preliminary reduction with hydrogen at 300-400°C.
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Abstract

Objectives. Elastomeric materials based on styrene—butadiene—styrene (SBS) triblock copolymers occupy approximately three-quarters
of the global thermoplastic elastomer market; in the Russian elastomer market, their share exceeds 80%. Their primary applications
include the production of shoe sole materials, anticorrosion coatings, waterproofing, and roofing mastics. The predominant form of
degradation of such rubber products, which occurs in the presence of heat and oxygen, is known as thermal-oxidative aging. However,
the creation of new functional materials based on modified styrene—butadiene block copolymers will enable the development of materials
with enhanced resistance to thermal-oxidative degradation. Chlorinated paraffins, comprising a constituent mixture of polychlorinated
n-alkanes, can be applied as halogen-containing modifiers for thermoplastic elastomers to enhance their strength and thermal properties.
The aim of the present study is to create climate-resistant elastomeric composite materials based on modified SBS triblock copolymers
and investigate the influence of a low molecular weight polychlorinated n-alkane modifier (chlorinated paraffin) on their thermal-
oxidative stability.

Methods. Composite materials based on the SBS triblock copolymers with various amounts of chlorinated paraffin were prepared using
the solution blending method. Fourier-transform infrared spectroscopy (FTIR) was used to analyze the impact of the amount of added
modifier on the kinetics of thermal-oxidative degradation. The molecular mobility of the elastomers following thermal-oxidation was
studied using the paramagnetic probe method to determine the correlation time that characterizes the rotational mobility of the probe in
the elastomer matrix. The strength characteristics of the modified elastomer were investigated using a universal testing machine. The
kinetics of the thermal-oxidative process were studied using the manometric solid-phase oxidation method.

Results. The results show that oxidation of SBS thermoplastic elastomers occurs mainly in the butadiene blocks. The degradation of
unmodified elastomers is caused by chemical bond breakage reactions in the macromolecules. However, due to the sensitivity of double
bonds in the polybutadiene segment of SBS, this thermoplastic elastomer is susceptible to light, ozone, and heat.

Conclusions. The multifunctional effect of the halogen-containing modifier on the elastomer leads to increased thermal-oxidative
stability of the SBS triblock copolymer thermoplastic elastomer.
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polychlorinated n-alkanes (chlorinated paraffin), solid-phase oxidation,
electron paramagnetic resonance, FTIR spectroscopy
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AHHOTaUUuS

Hesn. DmacroMepHBIe MaTepUallbl HA OCHOBE TPHOJIOK-CONONUMEPOB cTupona—OyraaneHa—ctupona (CBC) 3aHIMArOT MpUMEpHO TpU
YEeTBEPTH MHPOBOTO PHIHKA TEPMOIITACTUIHBIX AITACTOMEPOB, a UX oM mpeBbimaeT 80% Ha poccuiickoM peIHKe dmactoMepos. K che-
paM UX IPUMEHEHHSI OTHOCSTCS IIPOM3BOJICTBA OOYBHBIX MOJIOIIB, aHTHKOPPO3HOHHBIX MOKPBITHH, IHAPON30ISIIHOHHBIX ¥ KPOBEIbHBIX
MAacTUK. Pe3nHOBBIC W3/1eIIHs TOIBEPIKEHBI B PA3HOi CTENCHHU MOBPEKICHHIO B PE3yIbTaTe HarpeBa u Bo3aeicTus kuciaopona. Crape-
HHE 3JaCTOMEPHBIX M3/ICJIMH B MPUCYTCTBUM TEILIa H KHCIOPO/A H3BECTHOE KaK TEPMOOKHCIIHTEIBHOE CTapEeHHe, SBIsieTcs mpeobia-
JIAIOIIMM METOZIOM CTapeHHMsi JaHHbIX MarepuaioB. Co3aHne HOBBIX (DYHKIMOHAIBHBIX MaTepUajoB Ha OCHOBE MOAU(UIIMPOBAHHBIX
OJI0K-COIOIMMEPOB CTHPOJIA U OyTaJHeHa T03BOJIUT Pa3padoTaTh MaTepHAIIBI C MOBBIIICHHON yCTOWYHBOCTBIO K TEPMOOKHCIIHTEIbHOMH
JeCTPYKIUH. XJIOpPHPOBaHHbIE MTapadUHbI MPEICTABIAIOT CO00H CIOKHYIO CMECh MOIMXIOPUPOBAHHBIX H-aJKAaHOB H MOTYT OBITh IPH-
MEHEHBI B Ka4eCTBE TaJOTeHCOACPKAIINX MOAN(PHUKATOPOB TEPMOILTIACTUYHBIX JIACTOMEPOB JUTSl TIOBBIIICHHUS UX IPOYHOCTHBIX U TEp-
MHYECKHX CBOWCTB. Llenp paboThl — cO3/1aTh KIMMATHYECKH CTOMKHE 3IaCTOMEPHbIC KOMITO3HIIMOHHbBIE Marepualibl Ha OCHOBE MO-
IpHUINPOBaHHBIX TpHOIOK-conomuMepoB CbC u uccnenoBars BIMsSHUE MOAN(DUKATOPA HAZKOMOJIECKYISIPHOTO TONUXIOPUPOBAHHOTO
H-aJKaHa (XJoprapaduHa) Ha TEPMOOKUCIUTENBHYIO CTA0MIBHOCTD TpHuOIoK-comonumepa CBC.

Mertoabl. MeTOZOM PACTBOPHOTO CMELICHHS MOJNYYEHbI KOMIIO3UIIMOHHBIE MaTepHalibl Ha 0CHOBE TpubIok-conoiumepa CBC ¢ pas-
JIMYHBIM KOJIMYECTBOM XJsopnapaduua. MHdpakpacHas crnekrpockonus ¢ npeodpasoBanneM Pypbe Obula HUCIIONB30BaHA IS aHATHM3a
BIIMSIHHSL KOJIMYECTBA JI00aBICHHOI0 MOAN(UKATOPA HA KMHETHKY TEPMOOKHCIUTEIBHOI AeCTPYKIMH. MOJIEKYIAPHYIO TOABHKHOCTD
9JIACTOMEPOB 10CJIC TEPMOOKHCIICHHS M3y4alld METOJIOM IapaMarHUTHOTO 30H[a, ONPEENss BpeMsi KOPPEIILIU, XapaKkTepusyoliee
BpAIaTeNIbHYIO MOJIBKHOCTh 30H/1a B MaTpHULIE iacTomepa. [IpouHOCTHBIC XapaKTepUCTHKN MOAU(MHUIIMPOBAHHOTO 3IacTOMEpa Hecie-
JIOBAJI HAa YHUBEPCAJILHOM HCIbITATEIbHON MaliHe. KHHETHKY TepMOOKUCIUTENBHOTO POLecca U3YYalld METOIOM MaHOMETPHYECKO-
r0 TBepA0(ha3HOrO OKHCICHUS.

Pe3yabTarhl. Pe3ynbTaThl MOKa3bIBatoOT, YTO OKHCICHUE TEPMOIUIACTUYHBIX 3nactoMepoB CBC MpoucxXoanT mpeuMyIecTBeHHO B Oy-
TaJIMEHOBBIX ONoKax. JlecTpyKims HEMOAM(PUIIMPOBAHHBIX IACTOMEPOB BbI3BaHA PEAKIMSAMH Pa3pbiBa XUMHUYECKHX CBS3eH B MakKpo-
MoJieKkyaax. M3-3a 4yBCTBUTENBHOCTH JABOMHBIX CBsi3el B monnOyTaaneHoBoM cermenTe CBC naHHbINA TepMONIacTUYHBIN d1MacToMep
4yBCTBHUTEJIEH K BO3JEHCTBUIO CBETA, 030HA U TEILIA.

BoiBoabl. [anorercouepxaiinii MogupUKaTop 0Ka3biBaeT MHOIO(YHKIIMOHAILHOE BO3IEHCTBHE HA DIIACTOMED, TTOBBILIAs TEPMOOKHUC-
JIMTENBHYO CTA0MIIBHOCTD TPUOIOK-COMOIMMEpa TepMoILTacTuaHoro anacromepa CBC.
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The influence of halogen-containing modifier on the thermo-oxidative stability

of styrene—butadiene—styrene triblock copolymers

Irina S. Almatova,
etal.

INTRODUCTION

Significant expanded areas of application for elastomeric
composite materials and products based on styrene—
butadiene—styrene (SBS) indicates increased attention
to this type of material. Thermoplastic elastomers are
of great interest due to the possibility of purposeful
combination of the physicochemical properties of the
original elastomers. SBS triblock copolymer, which
shares many characteristics with styrene—butadiene
rubber, is the most widely used thermoplastic
elastomer worldwide. However, SBS exhibits weak
thermal oxidation stability, restricting its processing
to temperatures up to 80°C [1, 2]. The unsaturation
of the polymer indicates the presence of a double
carbon—carbon bond —C=C- in its main chain, making
it vulnerable to oxygen in the surrounding environment.
The aging of composite elastomeric products as a result
of oxidative degradation, leads to a deterioration in their
physical and mechanical properties, including fatigue
characteristics, which directly affects the lifespan of
such products. The production of SBS is continuously
expanding and has become an important part of the
petrochemical industry. Similar to butadiene rubbers, the
double bonds in the polybutadiene segment of SBS are
sensitive to light, heat, and oxidation. This susceptibility
leads to yellowing, crosslinking, and hardening, which
can adversely affect its performance [3]. Elastomers are
significantly influenced by environmental factors such
as temperature, radiation, oxygen, ozone, ultraviolet
radiation, humidity, etc. [4]. Thermal oxidation due to
exposure of the material to heat in the presence of air,
which has a substantial impact on the lifespan of such
products, involves the combined effects of thermal
energy and atmospheric oxygen on the elastomer.

While butadiene polymers and copolymers experience
both scission and crosslinking during thermal oxidation,
scission slightly predominates. Although research on
their degradation remains limited, degradation processes
in SBS triblock copolymers are known to occur in both the
polystyrene and elastomer phases. The elastomer phase is
more susceptible to degradation due to its low triglyceride
level, which enhances oxygen permeability [5]. Research
into the impact of thermo-oxidative aging on SBS
structure reveals thermo-oxidative aging to be a critical
factor leading to structural damage and performance
deterioration in SBS [6-8]. Understanding the type and
quantity of oxygen-containing groups in aged SBS under
various conditions is essential for reconstructing the
SBS molecule. While several studies have qualitatively
analyzed the structure and properties of aged SBS,
quantitative results are rarely reported. Wang et al.
used Fourier-transform infrared spectroscopy (FTIR) to
study SBS thermal oxidation involving the emergence

of polar hydroxyl and carbonyl groups to reveal that the
1,4-polybutadiene portion degrades more easily than the
1,2-polybutadiene portion [9]. Munteanu ef a/. examined
the thermo-oxidative behavior of SBS with different
structures and detected hydroxyl and carboxyl groups on
the molecular chain through FTIR [10]. Singh ef al., who
used dynamic contact angle, FTIR spectrometry, and
scanning electron microscopy to investigate changes in
SBS following ultraviolet irradiation, propose a photo-
oxidation aging mechanism [11]. Prasad et al. analyzed
SBS aging after dissolution in various solvents using
13C nuclear magnetic resonance to identify epoxides
and alcohols as photoproducts [12]. The effects of
aging on rubber materials can manifest as increased
hardness [13], reduced surface energy, and decreased
surface roughness [14].

Over the past 50 years, significant elaborations
have been made to increase the oxidative resistance of
elastomers by studying the causes and consequences of
their degradation when exposed to oxygen and ozone in
the air. Resistance to thermo-oxidative degradation is
a critical criterion for rubber products used in outdoor
applications. The degradation of rubber is well known
to result from its reaction with molecular oxygen. This
reaction can be mitigated by reducing the number of
double bonds or by introducing functional groups that
can deactivate these bonds. A described method for
modifying SBS with maleic anhydride (MAH) involves
an increase in the induction temperature and oxidation
time of SBS-g-MAH compared to pure SBS due to the
reduction of double bonds and a—H in the polybutadiene
segment. This suggests that the thermo-oxidative
stability of SBS-g-MAH is superior to that of SBS in
polymer-modified asphalt applications.

Previously, the enhancement of flame resistance
in highly flammable SBS was investigated through
chemical modification with phosphorus-containing
substances [15]. It was found that phosphorus-modified
SBS undergoes charring, which correlates with the
reduced flammability of the modified elastomer. The
resistance of polymer composites to ultraviolet radiation
is typically improved by introducing antioxidants [16]
and ultraviolet absorber/ultraviolet stabilizers into the
polymer matrix [17]. However, due to the tendency of
such additives to migrate to the polymer surface, only
short-term protection is provided. Currently, chemical
modification of elastomers with organic halogen-
containing (primarily chlorine-containing) compounds is
widely researched and implemented. Chlorinated rubbers
are used to produce elastomeric materials offering a wide
range of desirable properties, including heat-, flame-,
gasoline-, oil-, and ozone resistance, as well as resistance
to aggressive environments, nonflammability, high
strength, and gas impermeability [18]. The introduction
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of polar groups can also be used to enhance resistance to
oil, ozone, flame, and solvents [19]. In order to increase
the physical properties of rubbers to satisfy the growing
demand for materials offering specific properties for
extreme conditions, chemical modification of polymers
becomes a crucial factor [20]. The halogenation of
thermoplastic elastomers represents a convenient means
to increase their compatibility with polar polymers,
providing versatile curing possibilities that enhance
adhesion, resistance to aging, and chemical resistance.

MATERIALS AND METHODS

A radial SBS (SBS R 3000A grade) triblock copolymer
supplied by Sibur, Russia, having a styrene/butadiene
ratio of 30 : 70 and melt mass-flow rate <1 g/10 min
(200°C, 5 kg), was used as the polymer matrix.
SBS R 3000A is widely used for modifying bitumen,
plastics, rubber products, and protective coatings.

Industrial chlorinated paraffins (CPs) are constituent
mixtures of polychlorinated n-alkanes that vary in chain
length and degree of chlorination. Technical CP mixtures
(CP-66T) obtained from Kaustik, Volgograd, Russia,
which contain 69.5 + 0.1 wt % chlorine, appear as
a yellow-tinged, partly clotted powder. CPs produced by
chlorinating alkane mixtures are used in complex products
having thousands of homologs and congeners. CP-66T,
which typically has one chlorine that can be changed to
almost every carbon atom, is classified as a long-chain
chlorinated paraffin. The mean carbon formula of CP
(C4oH;4Cl,,) reveals the approximate average number
of chlorine and hydrogen atoms per carbon atom;
accordingly, 1 g of CP contains 0.695 g of chlorine.

SBS/CP composites were prepared by incorporating
various amounts (2, 5, 10, 15, and 20 g per 100 g
of resin (phr)) of chlorinated paraffin using the
solution blending compounding method according
to the formulation in the table. After casting
the SBS/CP solutions into glass Petri dishes, the solvent
was evaporated at room temperature of 22 + 2°C until
a constant weight was obtained.

A sample of 0.5 g dried SBS/CP was dissolved in
a beaker including 50 mL of toluene at room temperature
22 + 2°C over a period of 3 days. The solution
concentration was adjusted to contain 1% solution (w/v).
The sample for measurement of the Fourier-transform
infrared spectroscopy (FTIR) spectroscopy was
prepared as follows. A transparent thin film of raw SBS
and SBS/CP was made on a transparent KBr window
with dimension of 20 x 20 x 3 mm (width x length x
thickness) by coating from 1% solution. The solution
(0.2 mL) was dropped and coated thinly on a KBr
window using a glass capillary. A sample coating on
a KBr window was maintained to evaporate toluene in

Table. Formulation of chlorinated paraffin and thermoplastic
elastomer solutions, mass parts per 100 mass parts of SBS (phr)
and wt %

Copolymer SBS CI® Toluene Total
SBS-0, phr 100 0 695 795
wt % 12.58 0 87.42 100

SBS-2, phr 100 2 695 797
wt % 12.55 0.25 87.20 100

SBS-5, phr 100 5 695 800
wt % 12.50 0.62 86.88 100
SBS-10, phr 100 10 695 805
wt % 12.42 1.24 86.34 100
SBS-15, phr 100 15 695 810
wt % 12.35 1.85 85.80 100
SBS-20, phr 100 20 695 815
wt % 12.27 2.45 85.28 100

a dark at room temperature for 5 days. Thermal oxidation
was performed on transparent thin films of the original
SBS and modified SBS samples, applied to a KBr optical
window, and then thermostated for 120 h at a temperature
of 70°C.

The chemical composition of the samples was analyzed
using FTIR with a Lumos FTIR microscope (Bruker,
Germany). Spectra were recorded at a temperature of
22 + 2°C in the wavenumber range of 4600-650 cm™!.
The spectra were processed using Bruker OPUS software.
Transmission FTIR can be used to study rubber oxidation
due to its high sensitivity to carbonyl groups.

Electron paramagnetic resonance (ESR) spectra
were obtained using a EMX spectrometer (Bruker,
Germany) with 100 kHz magnetic field modulation.
The experiment was conducted at 22°C at a modulation
amplitude of <0.5 G, microwave power of 2.1 mW,
sweep width of 100 G, and 1,024 recorded points.
2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) chosen
as a spin probe had a radical concentration not exceeding
1 - 1073 mol-dm™3. TEMPO introduced into the sample
at 30°C was initially in the vapor phase. ESR spectral
data were obtained without saturation, verified by the
signal intensity dependence on the microwave field
power. The probe rotation correlation time t, was
determined using the equation involving the width of the
low-field spectral component (A ) and intensities of
high/low-field components (7, ,):

T, = AH, | > [(1/1)% 1] % 6.65 x 10710 (s).

40 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):37-46



The influence of halogen-containing modifier on the thermo-oxidative stability

of styrene—butadiene—styrene triblock copolymers

Irina S. Almatova,
etal.

Data were mathematically processed using WINESR
and SIMFONIA (Bruker, Germany) software.

The influence of the amount of chlorinated paraffin
introduced into the SBS thermoplastic elastomer matrix on
the kinetics of thermo-oxidation of the samples was studied
using the manometric solid-phase oxidation method for
determining the resistance of elastomers to the impact
of oxygen at elevated temperatures. Since the oxidation
reaction is always accompanied by the absorption of oxygen
from the surrounding medium of the oxidizing substance,
the oxidation process can be recorded by measuring the
amount of oxygen absorbed by the elastomer. In this case,
the oxidation rate was determined by the amount of captured
oxygen using a manometric device. Rubber oxidation was
conducted in the temperature range of 120°C + 2°C and
p(O,) = 500 torr. Solid KOH was used to absorb volatile
oxidation products. The experiment was carried out for
400 min. The sample weight was 0.1 = 0.001 g.

The tests for determining the -elastic-strength
properties were conducted on a Tinius Olsen universal
testing machine (USA) designed for axial tensile testing in
accordance with GOST 270-75'. Samples were prepared
in the form of rectangular blades with dimensions of
100 x 10 mm; the length of the working section was
60 mm. The blade breakage speed was 50 mm/min. Each
data point was confirmed by five measurements.

RESULTS AND DISCUSSION

Figure 1 present the FTIR spectra of the received SBS
(SBS-0) and SBS/CP blends with different chlorinated
paraffin amount (SBS-2, SBS-5, SBS-10, SBS-15, SBS-20).

The FTIR spectra of SBS triblock copolymers with
different chlorinated paraffin contents clearly show the
following absorption bands: 699 cm™! (styrene block
vibrations), 730 cm™! (cis-1,4-polybutadiene vibrations),
910 cm™! (vinyl bonds vibrations), and 965 cm™! (trans-
1,4-polybutadiene vibrations). The absorption intensity
at 699 cm™!, which remained constant during sample
oxidation, was used as an internal standard for quantitative
calculations of the degree of oxidation. The kinetics of
carbonyl group accumulation, represented as the ratio of the
optical absorption bands at 1731 cm™! and 699 cm ™! over
the thermostation time, is indicated in Fig. 2.

Transmission FTIR was successfully used to study
the oxidation of rubber due to the high sensitivity of
the carbonyl groups. The kinetics of oxidation of the
original SBS sample and SBS with various amounts
of chlorinated paraffin were studied using FTIR
spectroscopy (transmission mode) (Fig. 3).

Thermal oxidation of unsaturated elastomers follows
an autocatalytic free radical chain reaction. Consequently,
the progression of oxidation can be tracked by the
enhance in oxygen-containing functional groups, such as
carbonyls (C=0). Here, the absorption intensity of the
carbonyl stretching vibration at 1731 cm ™! is used as an
indicator of the degree of oxidation [21].

The ESR spectra of radical probes in SBS-0, SBS-2,
and SBS-20 samples before and after 120 h of thermo-
oxidation are indicated in Fig. 4, while the correlation
time dependencies for the samples over the oxidation
period are exposed in Fig. 5.

According to molecular dynamics data, the
introduction of more than 10% chlorinated paraffin
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(b)

Fig. 1. FTIR spectra of SBS-0, SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20: (a) in the wavelength range 3200—2600 cm™!,

(b) in the wavelength range 2000-600 cm™

1
standartov; 1978 (in Russ.).

GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: IPK Izdatelstvo
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Fig. 2. FTIR spectra of SBS-0, SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20 after 120 h of thermo-oxidation (70°C)
in the wavelength range 4000-600 cm™!

into the SBS matrix increases the correlation time
of the radical probe, thereby reducing the segmental
mobility of the elastomer chains. This indicates
that chlorinated paraffins do not act as plasticizers
in the mixture, since plasticizers typically increase
the molecular mobility of elastomers. The unified
approach presented in the literature suggests that
lower molecular mobility in elastomers due to reduced
intermolecular interactions results in higher thermal
and thermo-oxidative stability. This approach is
valid only for SBS-2 and SBS-5 samples, where the
initial correlation time of the radical probe increases
compared to the original SBS; according to FTIR
spectroscopy, this indicates reduced molecular
mobility and enhanced thermo-oxidative stability.
L L L L L L L The introduction of more than 5% chlorinated paraffin

0 20 40 60 80 100 120 significantly increases the initial correlation time,

Oxidation time, h . . . . .

including an extreme rise after 96 h of oxidation,

Fig. 3. Dependence of ratio between integrated absorbance which indicates further reduced molecular mobility
values of bands at 1731 cm™! and 699 cm™! during active oxidation. SBS-0, SBS-2, and SBS-5
on the oxidation time samples do not exhibit a sharp increase in correlation

Optical density ratio A1731 cm™' / A699 ¢cm™!
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Fig. 4. ESR spectra of the spin probe incorporated in SBS-0, SBS-2, and SBS-20 before and after 120 h of thermal oxidation
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Fig. 5. Dependence of the rotational correlation times
of TEMPO spin probe in SBS-0, SBS-2, SBS-5, SBS-10,
SBS-15, and SBS-20 on the oxidation time

time after 96 h of thermo-oxidation. Correlation time
is defined as the time required for a molecule to rotate
by one radian. The EPR spectrum of the nitroxide
radical provides information about the nature of its
microenvironment. Introducing nitroxide radicals into
the studied systems allows the aggregation parameters
and dynamics of these processes to be examined
using ESR. Kinetic curves of oxygen absorption by
the original SBS thermoplastic elastomer and SBS
samples with different chlorinated paraffin contents at
120°C are shown in Fig. 6.

According to analysis of the oxygen absorption
time dependence for modified SBS samples with
different amounts of the modifier and the received SBS

100

80 [

60

40

0, absorption, mol/kg

20

0 100 200 300 400
Oxidation time, min

Fig. 6. Oxygen absorption kinetic curves for as-received SBS
(SBS-0) and SBS with different chlorinated paraffins amounts
(SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20) at temperature
120°C and oxygen pressure 500 torr

sample, all samples exhibit high hermos-oxidative
stability during the initial oxidation stage (up to
200 min) at a low initial oxidation rate. The induction
time for oxidation is the same for all samples. A sharp
acceleration in the oxidation process observed in
samples with 10, 15, and 20 wt % chlorinated paraffin
after 200 min is due to a rapid increase in oxygen
absorption by the elastomers. During this oxidation
stage, the oxygen absorption rate can be reduced by
introducing 2 wt % of chlorinated paraffin to enhance
hermos-oxidative stability. Various studies suggest
that low-molecular-weight additives that transfer free
valence during co-oxidation with the elastomer can be
used to inhibit oxidation.
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In SBS samples with 10, 15, and 20% chlorinated
paraffin, a heterogeneous system forms in which
modifier molecule aggregates act as inclusion phases
to offer a more developed surface than tightly packed
polymer chains. Aggregation of modifier molecules at
concentrations above 5 wt % is due to the accumulation
of unreacted modifier to form clusters. The consequent
creation of micropores offering a more developed
surface allows higher oxygen diffusion compared to
a homogeneous system based on SBS and SBS with low
modifier concentrations. The observed reduction in the
autocatalytic oxidation stage rate in SBS-2 and SBS-5
samples may result from decreased conformational
mobility of thermoplastic elastomer chains in the
presence of low-chlorinated paraffin additives and the
absence of aggregate formation. The introduction of
2 wt % chlorinated paraffin reduces the initial oxidation
and autocatalysis rates, serving to inhibit oxidation and
increase the activation energy of autocatalysis in the
elastomer mixture.

The dependence of physicomechanical properties on
the amount of modifier introduced is shown in Fig. 7.

40 r

Tensile strenght, MPa

SBS-0 SBS-2

SBS-5 SBS-10 SBS-15 SBS-20

Fig. 7. Mechanical properties of the initial samples SBS-0,
SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20

Analysis of the strength characteristics of the
original SBS-0 and samples with different modifier
amounts revealed the following trend: the introduction
of up to 5 wt % chlorinated paraffin into SBS maintains
the strength characteristics at the level of the original
SBS-0. Small amounts of low-molecular-weight
halogen-containing modifiers do not significantly affect

the elastomer strength properties. SBS-10, SBS-15,
and SBS-20 form a distinct group with higher strength
characteristics compared to SBS-0, SBS-2, and SBS-5
samples. This trend aligns with ESR spectroscopy data,
indicating that reduced polymer molecule flexibility,
or molecular mobility, results in a stiffer polymer with
higher modulus of elasticity and strength.

CONCLUSIONS

According to FTIR spectroscopy data, the introduction
of 2 and 5 wt % chlorinated paraffin results in uniform
distribution of modifier molecules within the elastomer
phase, which interact with elastomer macromolecules
during swelling. However, higher chlorinated paraffin
concentrations hinder uniform distribution due to
the aggregation of chlorinated paraffin molecules as
reflected in increased radical probe correlation time
in samples with over 5% paraffin. The mechanical
characteristics are significantly improved in samples
with 10 to 20 wt % paraffin. As unreacted chlorinated
paraffin accumulates, its particles aggregate due to
thermodynamic affinity to form polar-polar interactions
within the nonpolar polymer matrix. Consequently, the
introduction of more than 5 wt % chlorinated paraffin
creates a heterogeneous system with an unstable
inclusion phase based on chlorinated paraffin aggregates,
which is more diffusively accessible to oxygen during
oxidation processes.
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Abstract

Objectives. The work set out to synthesize Schiff base ligands containing a hydrazone moiety of (Z)-2-((£)-1-hydroxyethylidene)-
hydrazineylidene)-2-phenylacetic acid, as well as their praseodymium, samarium, europium, and gadolinium complexes, and to study
their structure.

Methods. The structure of ligands was identified by infrared (IR), ultraviolet (UV), and nuclear magnetic resonance (NMR) spectroscopy.
The structure of the complexes was confirmed by elemental analysis, IR and UV spectroscopy, and thermogravimetric analysis.

Results. The Schiff base ligands containing a hydrazone moiety of (2)-2-((E)-1-hydroxyethylidene)hydrazineylidene)-2-phenylacetic
acid, as well as their praseodymium, samarium, europium, and gadolinium complexes, were synthesized using the authors’ procedure.

Conclusions. NMR and IR spectroscopic data confirm that the Schiff base ligand is in the keto form. There are three absorption bands
in the wavelength range of 205-306 nm in the UV spectrum of the ligand. A bathochromic shift is observed in the spectrum of all
complexes. The molar ratio of ligand and metal in the complexes was 3 : 1.
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HAYYHAA CTATbA

CuHTe3 n xapakrepmncTtuka KOMnjiaekcoB
METaJIJIOB peiKO3eMeJibHbIX 3JIEMEHTOB
Ha HOBOM ocHoBaHuu Lndpoda

IT. AG6acoBa®, A.A. MemxunoB, P.X. Ucmanios, A.M. Iamaxkanos, IT.A. dary/1aeBa

Munucmepcmeo nayku u obpasosanus Azepbanioicanckoi pecnyonuxu, Mncmumym xamaniuza u Heopeanuieckol Xumuu
umenu akaoemuxa M. Haeueea, Baxy, AZ 1143 Azepbaiioscan

™ demop ons nepenucku, e-mail: veliyeva_g23@yahoo.com

AHHOTaUuS

Lean. Cunresuposars auranasl ocHoBanus lIndda, conepxarmue ruapa3oHoByIo acTh (Z)-2-((£)-1-ruapoKCHITIIINICH ) THIPA3HHHI-
JHJICH)-2-(EHIITYKCYyCHOM KHCIIOTHI, M UX KOMILIEKCHI IIPa3eonMa, caMapys, eBPOIHS U TaJoJHHUs, a TaKXKe HCCIEN0BaTh UX CTPYK-
Typy.

Metoasl. CTpyKTypa IuranaoB OblIa naeHTH(UIMpoBaHa ¢ nomonibio nadpakpacuoit (MK) u ynerpaduonerosoit (YO) criekrpocko-
ITUH ¥ CHEKTPOCKOIHH SIAEPHOTO MarHUTHOTO pe3onanca (IMP). CTpykTypa KOMIIIEKCOB ObLIa TTOATBEPIK/ICHA C TIOMOIIBIO YJIEMEHTHO-
ro anann3a, UK- u YO-crekTpockonuu u TepMOTpaBUMETPHIECKOTO aHAN3a.

Pesyabrarel. Jlurangsr ocHoBanms Iludda, comepkamme ruapazoHoByr0 4acTh (£)-2-((E)-1-THAPOKCHATHINICH ))IUAPA3UHIIH-
JieH)-2-(eHUITYKCYCHOM KHCIJIOTBI, U MX KOMIUIEKCHI C MPAa3CoqHMOM, CaMapyueM, EBPOIIUEM M TaJOJIMHUEM ObUIM CHHTE3HPOBAHBI 110
METOJIUKE aBTOPOB.

BoiBoabl. [lanusie IMP- n MK-criekTpockonuu NOATBEPKIAIOT, 4To Jurana Ha ocHoBe [llndda naxoqurces B kero-popme. B YD-criek-
Tpe JUraHjaa UMEIOTCS TPH MOJOCH MOMIOMIEHHs B Iuana3zone AauH BoiaH 205-306 HM. B cmekTpe Bcex KOMIUIEKCOB HabmiomaeTcs

KnioueBblie cnoea

OJICMCHTHI, KOMHJIQKCOOﬁpaSOBaHI/Ie

Anga yuuTMpoBaHuUa

TUAPA30HbI, q)eHI/IJ'II‘J'II/IOKCI/IJ'IOBaH KHcCJ10Ta, OCHOBaHHEC LHI/I(b(ba, PEAKO3EMEIIbHBIC

0aToXpOoMHBIN cABUT. MONsIpHOE COOTHOIIEHHE JIMTaHAa U MeTaJlla B KOMIUIEKCax cocTaBmio 3 : 1.

MocTtynuna: 30.05.2024
Oopab6oTaHa: 14.10.2024
MpuHara B nevyatb: 24.12.2024

Abbasova G.G., Medjidov A.A., Ismayilov R.H., Pashajanov A.M., Fatullayeva P.A. Synthesis and characterization of rare earth metal
complexes with novel Schiff base. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(1):47-54. https://doi.org/10.32362/2410-6593-2025-

20-1-47-54

INTRODUCTION

With the existence of an azomethine bond affecting
biological activity [1-3], Schiff bases are a special
type of ligands with a variety of donor atoms that
exhibit remarkable ways of coordinating to transition
metals [4—6]. The salen-type Schiff bases obtained by
the condensation of salicylaldehyde (sal) and primary
ethylenediamine (en) are thought to be workable ligands
for coordination chemistry, due to the possibility of
arranging their steric and electronic features by the
primary amine and aldehyde. Due to the inclusion of
donor centers for metal ions in their composition, which
allow for the design of different geometries with other
ligands, a significant number of metal complexes have
been synthesized using salen-type Schiff bases [7].
Schiff bases, containing imine or azomethine groups,

and their metal complexes are used in encapsulation and
separation processes, in industry, and in supramolecular
chemistry as catalysts, corrosion inhibitors, pigments,
and dyes [8—14]. Over the past few decades, numerous
studies have been carried out on the use of this class
of compounds, especially in medicine, due to the
presence of diverse biological and pharmacological
properties, including antimicrobial, anti-inflammatory,
analgesic, antifungal, anti-tuberculosis, antiviral,
anticancer, antiplatelet, antimalarial, anticonvulsant,
cardioprotective, anthelminthic, antiprotozoal,
antitrypanosomal, and antischistosomal [15-30].
Versatile applications of Schiff bases and their
metal complexes stimulate interest in developing their
synthesis methods. Hence the development of new
effective, easy, and selective synthesis methods is still
relevant for chemists. The aim of the work is to synthesize
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Schiff base ligands, containing a hydrazone moiety of
(2)-2-((E)-1-hydroxyethylidene)hydrazineylidene)-
2-phenylacetic acid, along with their praseodymium,
samarium, europium, and gadolinium complexes.

EXPERIMENTAL

Materials and methods

All chemicals and solvents were purchased from
commercial suppliers and were reagent grade. Salts
were obtained from Merck, Germany, while solvents
were procured from Qualikems, India. Phenyl glyoxylic
acid and acetyl chloride purchased from Sigma-Aldrich
(USA) were used without further purification.

Electronic absorption spectra were recorded
on an Evolution 60S ultraviolet-visible (UV-VIS)
spectrophotometer (Thermo Fisher Scientific, USA)
in ethanol. Infrared (IR) spectra (KBr pellets) were
recorded on a spectrophotometer Nicolet IS10 (Thermo
Fisher Scientific, USA) in the range 5004000 cm ™.

'H and '3C nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker (300 MHz)
spectrometer (Bruker, Germany) in CD,O at room
temperature (19-20°C). Thermogravimetric analysis was
performed using a NETZSCH STA 449F3 derivatograph
(NETZSCH, Germany). The elemental analyses were
performed at the Tubitak analytical laboratory, in Ankara,
Turkey, using a CHNS-932 analyzer (Leco, Germany).

Synthesis
of (Z)-2-(2-acetylhydrazineylidene)-
2-phenylacetic acid (LH,)

The starting hydrazide was synthesized according to the
following procedure.

The mixture of 4 mL of triethylamine and 10 mL
of anhydrous hydrazine was stirred with a magnetic
stirrer. To this mixture, 14.4 mL of acetyl chloride was
added with the rate of 1 drop in every 5 s. The reaction
mixture was cooled with ice to avoid overheating. The
resulting white slurry was separated and recrystallized
from ethanol to give pure needle acetylhydrazine, having
a melting temperature 7 mp. — 10+ 3°C.

To obtain the target (£)-2-(2-acetylhydrazineylidene)-
2-phenylacetic acid (LH,), phenylglyoxylic acid and

1

acetylhydrazine was taken in a molar ratio of 1 : 1. After
dissolving 450 mg (5 mmol) of phenylglyoxylic acid in
5 mL of ethanol, 222 mg (5 mmol) of the acetylhydrazine
solution in 5 mL water was added with stirring and heating to
70°C. From the resulting yellowish homogenous solution,
bright yellow thin needle-like crystals precipitated within
one day. The obtained crystals were filtered, recrystallized
from ethanol, and dried over CaCl, in a desiccator.
T mp.’ 157 £ 2°C. Yield was 525 mg (85%). Calculated
for C,,H,,N,05: C 58.25; H 4.85; N 13.59%. Found:
C 58.35; H 4.98; N 12.95%. '"H NMR (300 MHz, CD,0):
6 7.91-7.48 (4d, t, SH at benzene ring); 2.10 (s, 3H CH,).

Preparation of metal complexes with LH,

To obtain metal complexes with LH,, solutions of the
corresponding metal salts in methanol and the ligand in
ethanol were used. For this purpose, solutions of Pr(NO;),,
Sm(NO,);, Eu(NO,);-6H,0, and Gd(ClO,),6H,0 salts
in molar ratio of 1 : 3 to the ligand were used. Solutions of
metal salts and the ligand were stirred upon mild heating.
Following filtration, the obtained light yellow and yellowish-
orange precipitates were washed with distilled water, and
then with alcohol. The obtained complexes were dried over
CaCl, in a desiccator until constant weight was reached.
The melting points of praseodymium, samarium, europium,
and gadolinium complexes were 200°C, over 260°C,
230°C and over 250°C. Yields were 172, 179, 197, and
173 mg, for 75, 72, 79, and 69%, respectively. Calculated
for Me(C, HgN,0;)5: C47.65; H 3.59; N 11.11%; C 47.06;
H 3.56; N 10.98%; C 46.96; H 3.55; N 10.95%; C 46.64;
H 3.52; N 10.88%. Found: C 47.59; H 3.65; N 11.35%;
C 46.95; H 3.65; N 11.05%; C 46.91; H 3.68; N 11.02%;
C46.72; H3.59; N 11.01%, respectively, for praseodymium,
samarium, europium, and gadolinium complexes.

RESULTS AND DISCUSSION

(2)-2-(2-acetylhydrazineylidene)-2-phenylacetic
acid is a potential tridentate dianionic ligand. Such
a two-charged ligand can be realized at the expense of
carboxylic and enolized acetyl groups (compound 3)
as presented in Scheme 1. However, NMR and IR
spectroscopy data point to the presence of the keto form
in ligand (compound 2).

0 OH

g -
N N
OH 0 | oH CH, | o CHj
+H2N—HN4< — —
© CH; 0 - m
2 3

Scheme 1. Synthesis of the ligand and its tautomeric forms. 1. Phenylglyoxylic acid. 2. Keto form. 3. Enol form
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Electronic spectra

Electronic absorption spectra of compounds were recorded
in ethanol in the UV region at room temperature (Fig. 1).
There are three absorption bands in the wavelength range
0f 205-306 nm in the spectrum of the ligand.

2.7
2.5
2.3
2.1
1.9
1.7
1.5
1.3
1.1
0.9
0.7
0.5
0.3
0.1
0.1

Absorbance, a.u.

200 220 240 260 280 300 320 340 360 380 400

Wavelength, nm

‘ Fig. 1. UV-spectra of LH, and complexes

The band appearing at 306 nm and corresponding
to low energy side is considered to be n—r" transition
of conjugation between the lone pair of electrons of
nitrogen atom in azomethine group and a conjugated
7 bond of benzene ring.

Other peaks appearing at higher energy sides of 205 and
223 nm are associated with " and n—nt" transitions of
carbonyl moiety and aromatic ring [28, 31]. Complexation
of ligand with metal ions results in a bathochromic shift
in the spectra of all complexes. Thus, in the spectra of all
complexes, a broad peak is observed in the wavelength
range of 250-260 nm due to the coordination and the
formation of chelate rings in the complexes [32].

IR spectroscopy

The IR spectra of ligand and its complexes are studied.
It is known from the literature that the band of stretching
vibrations of the non-ionized and non-coordinated

Table. Absorption bands of the ligand and its complexes

COO™ group lies in the range of 1750-1700 cm™!, while
the ionized and coordinated COO™ group lies in the
range of 16501590 cm™! [33]. No ligand absorption
band at 1745 cm™! corresponding to the non-coordinated
carboxyl group is observed in the spectra of complexes.
On the contrary, peaks corresponding to the coordinated
carboxyl group are observed in the spectra of all
complexes at 1570, 1589, 1571 and 1507 cm™!, for Pr,
Sm, Eu, and Gd, respectively. These bands are observed
because the hydroxyl group of the ligand is ionized to
form a bond with the central ion.

As described in [33], bands of stretching vibrations
of the C=N group appear at 1590-1604 cm!. Bands
resulting from CN stretching vibration are observed in
the spectra of complexes as shifted peaks (1603, 1608,
1604, 1575 cm™!, respectively, for Pr, Sm, Eu, and Gd
complexes) comparatively with the ligand (1605 cm™!)
due to involvement of the iminic nitrogen atom in
coordination [34]. Bands corresponding to the peptide
bond (16551630 cm™!) [35] are slightly shifted (1676,
1669, 1629, and 1594 cm™!, respectively, for Pr, Sm, Eu,
and Gd) as compared with the bands in the spectrum of
the ligand (1685 cm™!) due to S(NH)+v(CN) coupled
vibrations. This indicates that oxygen atom in the
amide group is involved in coordination. The spectra of
both the ligand and the complexes have some medium
peaks that may be attributed to stretching vibration of
v(NH) 3000-3200 cm™'. It shows that NH group was
not coordinated with metal. This band also proves that
the coordination form of the ligand is the keto form. All
bands characterizing the ligand and complexes are given
in the Table.

NMR spectroscopic studies

The NMR spectrum of the obtained ligand is consistent
with literature data. The 'H NMR spectrum of the ligand
exhibits some peaks in the range of 7.91-2.10 ppm
(Fig. 2). Peaks in the range of 7.91-7.48 ppm are accepted
as benzene ring protons. One s upfield peak observed at
2.10 ppm is suitable for representing the hydrogen atoms
in the methyl group.

Substance I\i:?t;zz(;(g?j:l;d Cacrﬁgjgiln ;(e)ip C=N stretching vibration S(NH)+v(CN)
Ligand 1745 - 1605 1685
Praseodymium - 1570 1603 1676
Samarium - 1589 1608 1669
Europium - 1571 1604 1629
Gadolinium - 1507 1575 1594
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Fig. 2. (a) "H NMR spectrum of LH, in CD,0;
(b) 13C NMR spectrum of LH, in CD,0

Thermogravimetric analysis

The thermal decomposition of the obtained complexes
was studied in the temperature range 25-995°C with
a heating rate of 40.0°C/min, according to the data of

Peak = 136.94°C

thermogravimetric analysis. Figures 3 and 4 depict
thermogravimetry and differential thermal analysis
curves for the samarium and europium complexes,
respectively.

Thermogravimetric analysis data show that the
decomposition proceeds in four stages. For the europium
complex at the first stage (25-198°C), a weight loss
of 6.861-23.652% occurs due to the removal of
crystallization water. The second stage, which is observed
with the weight loss of 16.381% in the temperature
range of 198-322°C, occurs due to the elimination of
carbonyl group and coordination bond between nitrogen
and metal. At the next stage, decomposition starts at
the temperature of 322°C, and lasts until 448°C; the
corresponding weight loss (16.321%) is accompanied by
breaking the bond of the carboxyl group to the metal.
The last stage observed in the temperature range of
447-980°C, which involves a weight loss of 14.322%,
corresponds to the complete destruction of the organic
part. The remaining mass (~22.5%) corresponded to the
europium content (19.8% theoret.) in the sample.

In the case of samarium complex (Fig. 4), the first
stage is accompanied by a weight loss of 6.467%
at a temperature of 25-137°C. The second stage
of decomposition occurs in a temperature range of
137-198°C with a weight loss of 28.656%, while the
third stage is observed in the temperature range of
198-398°C. The significant weight loss observed during
decomposition, which mainly occurs in stages 2 and 3, is
due to the elimination of carbonyl group and coordination
bond between nitrogen and metal. The last stage, which

23810 9297 Area =-1235.386 mJ 104.4
0 W Delta H =-159.9667 J/g 100
Delta 6.467%\137.12°C
50
= 567.53°C 90
-5 O 6 235.69°C ~3.408%/min
w “4244%/min
0 100
= -0
S E 4 351.84°C 20 |
< g Delta Y = 28.456%._198.61°C ~11.363%/min
B % L
o 3 60
o
5 2 100 B
= 201 2 =
g 00
g = 5
E 3 150 =
54 -25 T
A Delta Y = 27.479%._,398.68 40
_ 200
30 20
Delta Y = 18.819%
35 250 164.45°C 20
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Fig. 3. Derivatogram of the complex of Sm with Schiff base
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‘ Fig. 4. Derivatogram of the complex of Eu with Schiff base
is observed in the temperature range of 398-980°C and
involves a weight loss of 18.819%, corresponds to the
fragmentation and complete destruction of the organic
ligand. The remaining mass ~18.6% (19.6% theoret.)
. . . . 2)
following heating up to 980°C is predicted to be c 1? XN
Sm,0;. In all cases, metal percentages calculated from H 3 |
thermogravimetric curves are suitable for the results of Il\I o 0 N\H
elemental analyses. N \ /\\
. . . \
Based on the results of physicochemical studies and || //Me =0 (C)H3
the spectral data of the literature [28-35], the following © o o
proposed structure of the metal complexes is assumed )\\
(6] yZ ~
(Scheme 2). H;C H/N\N ) \

CONCLUSIONS

A new Schiff base ligand was synthesized together
with its complexes with rare earth elements. The
ligand and complexes were characterized by
various physicochemical methods. Metal to ligand
stoichiometry in the composition of complexes was
found as 1 : 3.

‘ Scheme 2. Proposed structure of the metal complexes
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Abstract

Objectives. Thallium halides, in particular KRS-5 (TIBr—TII), represent one of the most promising classes of optical crystals for
applications in the mid- and far-infrared ranges. Nevertheless, the high-quality standards applied to materials used for such applications
present considerable challenges in the manufacture of single thallium halide crystals. In particular, when failing to adhere to exacting
growth conditions, the samples exhibit polycrystalline characteristics, rendering them unsuitable for utilization. Given the high cost of
experiments carried out to ascertain the optimal conditions for growth, computer modeling may present a viable alternative. When taking
such an approach to satisfy the specific requirements, it becomes possible to analyze key effects as standalone entities, thus avoiding
unnecessary complications resulting from the introduction of a high number of simultaneous unknown variables. Thus, the aim of the
present work is to simulate the growth conditions of KRS-5 crystal to ascertain the causes of polycrystallinity in the samples and identify
the optimal parameters for obtaining single crystals.

Methods. In order to solve the problem, the finite element method was used. This method is employed for the calculation of temperature
distribution, mechanical stresses, convective effects, the rate of spreading of the crystallization front, deformations due to thermal
expansion, and other phenomena that arise during the process of crystal formation. The MATLAB package, which includes a module for
solving partial differential equations, was used to simulate the crystal growth ampoule. The problem of temperature gradient was solved
in axisymmetric approximation.

Results. A computer simulation was employed to calculate the temperature distribution within the material during the growth process.
This was used to determine the position and shape of the crystallization front. It is established that polycrystalline samples develop as
a consequence of the crystallization front assuming a flat configuration. The optimum temperature in the furnace was determined. The
work demonstrated the successful growth of a KRS-5 crystal under the calculated conditions.

Conclusions. The calculations used to identify the underlying cause of polycrystallinity in the samples enabled a determination of the
optimal parameters for single crystal growth. On the basis of the calculations, a growth experiment was conducted on the KRS-5 sample.
The obtained sample met the requisite criteria for commercial utilization.

Keywords Submitted: 20.09.2024
finite element method, temperature gradient calculation, optical crystals, thallium halide, KRS-5 Revised: 30.10.2024
Accepted: 24.12.2024

For citation

Erohin S.V., Zaramenskikh K.S., Kuznetsov M.S., Pilyushko S.M. Optimization of KRS-5 single crystal growth process by calculation
of temperature gradient using finite element method. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(1):55-62. https://doi.
org/10.32362/2410-6593-2025-20-1-55-62

© S.V. Erohin, K.S. Zaramenskikh, M.S. Kuznetsov, S.M. Pilyushko, 2025 55


https://doi.org/10.32362/2410-6593-2025-20-1-55-62
https://elibrary.ru/wczoao
mailto:fizteh1993@gmail.com
https://doi.org/10.32362/2410-6593-2025-20-1-55-62
https://doi.org/10.32362/2410-6593-2025-20-1-55-62

Optimization of KRS-5 single crystal growth process Sergey V. Erohin,
by calculation of temperature gradient using finite element method etal.

HAYYHAA CTATbA

OnTumusaumsa npouecca pocta MOHOKpUcTanna
KPC-5 c nomowiblo pacyeTa rpaameHTa tTemnepartypbl
MEeTOA0M KOHE4YHbIX 3JIEMEHTOB

C.B. Epoxun™, K.C. 3apamenckux, M.C. Ky3nenos, C.M. ITnaiomko

Tocyoapcmeennulil. HAYUHO-UCCTIEO0BAMENLCKULL U NPOEKMHBIUL  UHCTMUMYN  PeOKOMEMANLTUYECKOU NPOMbIULLEHHOCTNU
«l'upeomemy umenu H.II. Caxncuna, Mockea, 111524 Poccus

™ demop ona nepenucku, e-mail: fizteh1993@gmail.com

AHHOTaUuS

Henn. Ianorenuapt taums, B yactHoctd, KPC-5 (TIBr—TII), sisrorcst onHuME 13 HanOoJiee MePCIeKTHBHBIX ONTHYECKHX KPHCTAILIOB
CpeHero ¥ anbHero HHppakpacHoro auanazoHa. OJHaKo BEICOKHE TPeOOBAHMUS K KaUeCTBY MaTepraa PUBOAST K CyIIECTBEHHBIM CIIOXK-
HOCTSIM IIPON3BOJICTBA JAHHBIX MOHOKPHCTAIIIOB, T.K. IIPH HECOOIONCHHUHN TOYHBIX YCIOBHH pocTa 00pasIibl OIYYar0TCs TOIUKPHCTAIIIN-
YECKHMH, HEIPUTOTHBIMY JUISI KOMMEPUYECKOTO HCIIOIB30BaHMs. JIJIst olpe/iesieHHs ONTHMAaJIbHBIX YCIOBHI pOCTa HEOOXOUMO IIPOBEICHUE
JIECATKOB JIOPOrOCTOSIIIUX SKCIEPUMEHTOB. B TakoM cilydae anbTepHaTUBHBIM PEIICHUEM SIBISIETCS KOMIBIOTEPHOE MOJearpoBaHue. B 3a-
BHCHMOCTH OT TPpeOOBaHMH MOYKHO aHAJIM3UPOBATH KIIFOUEBBIE TAPAMETPHI 10 OTJCITEHOCTH, HE YCIIOXKHSISI MOJIEIb MHOXKECTBOM HEH3BECT-
HBIX OZIHOBpeMeHHO. L{erbio qanHoit paboTHI sIBIIsIETCs onpeieNieHne ycioBuii pocta kpucramia KPC-5 BEUHCIUTETEHBIMU METOAAMU IS
YCTaHOBJICHHSI IIPUYMH HOJIMKPUCTAJUIMIHOCTH 00pa3loB U HAXOXKACHNS ONTUMAIIBHBIX I1aPAaMETPOB ITOTyYEHHS] MOHOKPHCTAILIOB.

MeTtoasl. /s peneHus mocTaBIeHHON 3a/1a9l HCIIOIBb30BAT METO/I KOHEYHBIX 3JIEMEHTOB, C TIOMOIIBI0 KOTOPOTO MOKHO BBITIOJTHHTH
pacyeTsl TeMIIepaTypHOTO pacIIpeIelICHNs, MEXaHNIECKUX HANPsDKCHUH, KOHBEKTUBHBIX 3()(hEKTOB, CKOPOCTH pacrpocTpaHeHus (HpoH-
Ta KPUCTAIUTH3AIUH, JeGopMannii 13-3a TEIIOBOTO PACHIMPEHUS M IPYTUX SBJICHU, BOSHUKAIOIIUX B IPOIecce KPUCTALIO00pa3oBa-
Hust. [l mocTpoeHust MoJieNy aMItyiibl ueroiib3oBancs naker MATLAB ¢ Mmonynem st perieHust ypaBHEHHH B YaCTHBIX IIPOU3BOAHBIX.
3amaya 0 TeMIIepaTypHOM I'PaIMEHTE PEIIaiach B 0CECUMMETPHYHOM MPUOITKESHUH.

Pe3yabrarsl. C TOMOIIBI0 KOMIBIOTEPHOTO MOAEIUPOBAHUS PACCUUTAHO PACTIPEAEICHNE TEMIIEpaTyp B MaTepHae B IPOLECcce POCTa,
Ha OCHOBE YeT0 ONPEAEIeHO MoNoKeHne U hopma ppoHTa KpHcTamuTi3auy. CaenaH BBIBOJ, YTO MONUKPUCTAININYHBIE 00PA3Ibl PACTyT
B pe3ynbTaTe MPOXOKACHHS (PPOHTA KPUCTAIUTH3ALNHN TIIOCKOH (hopmbl. OnpeseneHa onTHManbpHas TeMIeparypa B Iedn, HeoOXoaumas
T POPMHUPOBAHUS BEITYKJIOTO (pOHTa KpucTaumn3anuu. [IpogeMoHCTpupoBaH BeIpalieHHbIH MoHOKpucTamt KPC-5.

BbiBoabI. PacueTsl mo3BONMIM OBICTPO ONMpPEIEINTh IPUYUHY HOTMKPUCTAINIMYHOCTH 00pa31OB, MOJYYUTh ONTHMAJIbHbIE ITapaMeTpPbI
pocTa MOHOKPHCTAIJIOB U Ha OCHOBE MX MpoBecTH skcnepuMeHT pocta KPC-5. B momydenHom oOpasie He HaOmonanach OnoyHas
CTPYKTYpa, 1 KPHCTAJUI YCIIELIHO MO/IBEPrajICsi MEXaHM4eCKol 00paboTke.

Kniouesble cnoBsa MocTtynuna: 20.09.2024
METOJ KOHEUHBIX IEMEHTOB, PAcueT TPaJNCHTa TeMIIEpaTyp, ONTHIECKHIE KPHCTAILIH, HAopa6oTaHa: 30.10.2024
rajorenuz tamms, KPC-5 MpuHaTa B nevatb: 24.12.2024

Ang uMTMpoBaHns

Epoxun C.B., 3apamenckux K.C., Kysnemos M.C., ITmwmomxo C.M. Onrummzamus mnpouecca pocra MoHokpucramia KPC-5
C IOMOIIBIO pacueTa IpaJleHTa TeMIIepaTypbl METOJOM KOHEUHBIX IEMEHTOB. Toukue xumuyeckue mexnonoeuu. 2025;20(1):55-62.
https://doi.org/10.32362/2410-6593-2025-20-1-55-62

INTRODUCTION

Thallium halides exhibit uniform transparency across
a broad wavelength range that encompasses the visible
and mid-infrared regions from 0.35 to 50 pum. The
transmission is up to 70% with a reflection coefficient
of 30%. Absorption bands are not present within the
transmission range. Depending on the composition,
thallium halides are used in various fields. Among
the thallium halides, KRS-5 crystals (Kristalle
aus dem Schmelzfluss, German; 42.5% TIBr and

57.5% TII) are the most promising for applications
in space astrophysics, thermal imaging, and
spectrophotometry. The crystals have mechanical,
chemical, and vibrational strength and moisture
resistance, which makes them suitable for use in
atmospheric conditions without special protection. The
combination of the characteristics of KRS-5 crystals has
the potential to enhance the properties of equipment in
the range of up to 10 um, thereby providing a foundation
for the development of novel devices operating in the
range from 10 to 50 um [1, 2].
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Thallium bromide, a semiconductor with a band gap
of 2.68 eV, is also promising. Due to its large atomic
numbers (81 and 35) and high density (7.56 g/cm?), it
has excellent gamma radiation stopping ability [3, 4],
which makes it ideal for detecting radiation at room
temperature. Thallium bromide is also a promising
material for positron emission tomography, as it provides
very good energy resolution and the possibility of 3D
segmentation, as well as detection efficiency superior to
that of widely used scintillators [5, 6]. However, despite
the good resolution of TIBr-based detectors, there is
still instability in their operation. Attempts to solve this
problem including adding iodine I or chlorine Cl atoms
to the crystal [7], as well as doping with compensatory
impurities [8, 9].

The growth of thallium halide crystals can be
achieved using the Bridgman—Stockbarger method,
which is particularly suited to the generation of single
crystals of this composition [10]. Nevertheless, there
are a number of problems in the production of these
crystals, especially those having diameters over 50 mm.
While key properties of these materials are their purity
and structural perfection, methods for achieving material
with an impurity content of no more than 107> wt % are
not sufficiently worked out; consequently, the defect-free
crystals often turn out to be far from perfect [11-13]. The
technological process for obtaining single thallium halide
crystals is additionally complicated by the toxicity of the
material. The degree of polycrystallinity of the KRS-5
crystal significantly depends on the growth parameters
in a multizone furnace. However, due to equipment
wear, previously tested modes do not always provide
the necessary quality of single crystals; the consequent
search for new growth conditions through trial and error
can entail unacceptable costs both in terms of expensive
materials and time.

In this case, a computer simulation can serve as
a solution [14]. Numerical methods have long proven
themselves as an effective way to solve technological
problems. When taking such an approach, it becomes
possible to analyze key effects as standalone entities, thus
avoiding unnecessary complications resulting from the
introduction of a high number of simultaneous unknown
variables. For example, calculations of temperature
distribution, mechanical stresses, convection effects,
propagation velocity of the crystallization front,
deformations as a result of thermal expansion, as well
as other phenomena occurring during crystal growth, are
available within the framework of numerical methods.
This work presents a solution to a simplified problem of

searching for a temperature distribution to determine the
growth parameters of high-quality crystal samples.

MATERIALS AND METHODS

All calculations were performed in the MATLAB package!
using the Partial Differential Equation Toolbox (PDEs?)
module for solving partial differential equations. The issue
of temperature distribution was addressed by means of an
axisymmetric approximation. The height of the ampoule
model was 0.35 m, the radius was 0.04 m, and the angle
at the tip of the cone was 45°C. The ampoule model was
divided into a grid with triangular elements no larger than
0.005 m 1in size with a quadratic division of the grid nodes
and a mesh growth rate of 1.5.

The following properties of the KRS-5 crystal
were taken: heat capacity C = 151 W-s/(kg°C),
thermal conductivity £ = 0.544 W/(m-°C), and density
p = 7.37 g/ecm3 [15]. Crystal growth was carried out in
Giredmet (Russia) from a charge comprising a compound
of two salts of iodide and thallium bromide (Giredmet,
Russia) in an EDG11-D4 Sunfire furnace (MELLEN,
USA).

RESULTS AND DISCUSSION

The growth of single crystals of vertically directed
crystallization can be achieved in a multizone furnace
without the necessity for a membrane to separate the
cold and hot zones. In this case, instead of moving
the ampoule with the melt, it is possible to change the
temperature of the heating elements and thereby shift the
position of the crystallization isotherm (Fig. 1a).

A charge of the KRS-5 composition is placed in
an ampoule made of heat-resistant glass, after which
the ampoule is suspended inside the furnace (Fig. 1b).
Subsequently, the temperature within the entire
working area increases to a level above the melting
point causing the material to enter a molten state. The
temperature of the heating elements is then consistently
reduced to values below the crystallization temperature
of KRS-5, commencing with the elements situated
beneath the ampoule containing the material. This
subsequently results in the formation of a crystalline
phase within the ampoule. However, the acquisition
of high-quality samples relies on more comprehensive
information pertaining to the growth parameters
in question. For example, Fig. 1c shows a sample
of polycrystalline KRS-5 obtained by maintaining
a temperature gradient of up to 10°C/cm and a crystal

I MATLAB. version 9.14.0 (R2023a). Natick, Massachusetts: The MathWorks Inc.; 2023.
2 Partial Differential Equation Toolbox. version 9.14 (R2023a). Natick, Massachusetts: The MathWorks Inc.; 2023.
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Fig. 1. (a) Schematic representation of a multizone furnace:
(1) insulator; (2) working zone; (3) ampoule with KRS-5;

(4) heating elements. The temperature of each heating element
is regulated independently, allowing for the coexistence

of the crystal phase and the melt within the ampoule
(illustrated by dotted lines and waves). (b) Photo

of a multizone furnace and an ampoule with powder that is
suspended within the heating zone. (c) KRS-5 crystal grown
in the furnace (photo above). If the temperature regime is not
correct, the crystal falls apart during processing (photo below)

growth rate of no more than 1.5 mm/h. Since one of
the key applications of KRS-5 is optics, the obtained
samples are subsequently subjected to mechanical
processing. Polycrystalline samples cannot withstand
such processing and are therefore unsuitable. The
growth of polycrystals may be attributed to a number of
factors, including the shape of the crystallization front,
stresses at the ampoule/material contact boundary,
convection mechanisms, and the presence of multiple
crystallization centers. Since the process of searching
for a solution by selecting parameters is both costly
and time-consuming, a decision was taken to employ
numerical modeling.

In order to ascertain the shape of the crystallization
front, it was considered to be sufficient to concentrate on
the calculation of the isotherms within the ampoule, i.e.,
without considering convection or mechanical stresses
at the interface between the material and the ampoule.
Should the necessity arise, the latest effects may be
incorporated into the complex model.

To carry out finite element modeling, an axisymmetric
2D model of an ampoule with a material was created
in the MATLAB package, see Fig. 2a. As part of the
task, the standard equation of thermal conductivity was

solved:
or
P ™
where T is the temperature; ¢ is the time. The elements
were given the characteristics of heat capacity (Cp),
thermal conductivity (k) and density (p) corresponding
to the KRS-5 crystal. Given that a sufficiently slow rate
of crystal growth allows the system to reach thermal

equilibrium, the effect of the heat of crystallization was
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Fig. 2. (a) Model of the ampoule made of heat-resistant
glass. The blue color shows the mesh. Each element has

the properties of the KRS-5 material. The positions

of the heating elements are indicated by T1-T8.

(b) The temperature of the heating elements (solid line)

and the corresponding temperature at the center of the flask
(dashed line) at two points in time are illustrated. The arrow
indicates where the dependencies shift over time

not considered in the problem. The temperature of the
heating elements was fixed at the edges of the model.
The dimensions of the temperature-controlled sites
and the size of the model were in accordance with the
specifications of the experimental setup. The position
of the crystallization front was further assumed to
correspond to the position of the crystallization isotherm
(T, =414°C).

The temperature of the heating elements changed
over time according to the following algorithm: first, the
temperature of all heaters was equal to the maximum
temperature: 71 = 72 = ... = T8 = T_ . Then the
temperature of the first heater changed according to the
ratio
-1

T1=T,,. -
M| 1000

T

Tax ~ min)

where ¢, is the time of the start of cooling of the
element 71 (min); 7 is the calculation time (min). After
cooling the element T'1 to 7. , the temperature on the
element 72 was changed similarly. The temperatures
T ., and T varied in different calculations in the
ranges 330-360°C and 430-460°C. The profile of
temperatures and heaters depending on height is shown in
Fig. 2b. At these specified parameters, the crystallization
isotherm exhibits a shift of 2.5 cm over the course of
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1000 min, which corresponds to a crystal growth rate of
1.5 mm per hour.

Figure 3 shows the 3D surfaces of a part of the
model having a temperature below the crystallization
temperature of 414°C; a change in the shape of the
isotherms is seen when the temperature of the heaters is
switched both in the cone region and in the cylindrical
region of the ampoule. Figures 3a and 3b show
a comparison of two temperature regimes in which,
at the same difference in maximum and minimum
temperatures, a fundamentally different form of the
crystallization isotherm is observed. If the range is
shifted so that the maximum temperature is close to
the crystallization temperature 7, the shape of the
isotherm is convex (Fig. 3a). In the converse case, if
the minimum temperature is close to T, the shape of
the crystallization isotherm is concave.

In quasi-stationary mode, when the growth rate
is markedly slower than the rate of establishment
of temperature equilibrium, it is postulated that the
position of the crystallization front correlates with
the crystallization isotherm. The morphology of the
crystallization front exerts a considerable influence
on the quality of the developing crystal. For example,
according to studies conducted in the 20th century [16],
the convex boundary of the crystallization front prevents
the appearance of new nucleation centers on the path of
further growth of the main crystal; this is due to the part of
the crystal that has advanced into the melt being furthest
from the walls, where the formation of new nuclei is most
likely. It is also crucial to highlight that the ampoule cone

t=7600 min

(®)

is the area with the highest likelihood of defect growth.
The greater the angle at the tip of the cone, the greater
the probability of polycrystallinity. Therefore, the shape
of the ampoule is of great importance, as it affects the
probability of polycrystalline formation.

Furthermore, the degree of polycrystallinity exhibited
by the crystal may be contingent upon the morphology
of the crystallization front. Since polycrystallinity is
often formed as a result of accumulation of dislocations,
which move mainly perpendicular to the growth
boundary, dislocations can be “pushed out” of the crystal
with a convex front without creating a high density
of defects [17]. Thus, in order to obtain high-quality
samples, it is necessary to use the mode shown in Fig. 3a.
From calculations, it is also possible to determine the
magnitude of the gradient in the crystallization front
zone. According to the isotherms at Figs. 3a and 3b, the
gradient in the center of the ampoule is 11°C/cm for the
first mode and 14°C/cm for the second.

According to the calculated regime, a new KRS-5
crystal was grown in a multizone furnace. The sample
is presented in Fig. 3c. The quality control of the
crystals was conducted through visual examination
in well-illuminated conditions without the utilization
of a microscope or other optical instruments. The
observation was carried out at sharp angles to the surface
of the samples. Under such inspection conditions,
blocks due to imperfection of the crystal structure are
visible. However, no block structure was observed in
the obtained sample and the crystal was successfully
machined.

460 °C

440

420

400

380

360

©

340

Fig. 3. (a), (b) 3D models of the crystallized part of the material inside the ampoule in the case of two temperature regimes:
(a) 330—430°C; (b) 360—460°C. The color gradient shows the temperature distribution within the material. Three isotherms, for 410,
414, and 418°C, are marked with black lines. (c) Processed sample of KRS-5 crystal obtained using the temperature regime (a)
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CONCLUSIONS

Using the finite element method implemented in the
MATLAB package, the temperature distribution in
a multizone furnace was obtained. Given that the
crystallization front is located along the crystallization
isotherm in the case of sufficiently slow crystal growth,
it can be posited that the polycrystalline nature of
previously grown crystals stems from the flat shape
of the crystallization front, which, in turn, leads to the
emergence of multiple crystallization centers, thus
giving rise to a polycrystalline structure. Subsequently,
new growth parameters were established to set the
corresponding temperature values on the heating
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Abstract

Objectives. To study the structure and properties of lithium ferrites obtained by preliminary solid-phase synthesis of samples based
on Fe,0;-Li,CO;—Sm,0; powder mixtures having various concentrations of samarium oxide (0, 4.7, and 14.7 wt %) at 900°C and their
subsequent high-temperature sintering at 1150°C.

Methods. The structural and morphological characteristics of the synthesized and sintered samples were studied by X-ray powder
diffraction analysis, scanning electron microscopy, thermogravimetric analysis, and differential scanning calorimetry.

Results. The preliminary synthesis gives a two-phase composite structure containing unsubstituted lithium ferrite Lij, ;Fe, O, having
a spinel structure and a perovskite-like SmFeO, phase. An increase in the Sm,0; content from 4.7 to 14.7 wt % in the initial
Fe,0,-Li,CO;—Sm,0; mixture leads to an increase in the amount of the secondary SmFeO, phase in the synthesized samples from 4.9 to
18.2 wt %. The high Curie temperature values (631-632°C) and obtained values of the enthalpy of the o—f3 phase transitions in lithium
ferrite indicate that the main product in all synthesized samples is the ordered a-Li, sFe, ;O, phase. Subsequent sintering at elevated
temperatures leads to a decrease in the SmFeO, phase content to 3.8 and 16.5 wt % and to an increase in the content of the lithium ferrite
phase. The sample not modified with samarium contains a significant amount of the disordered B-Li, sFe, ;O, phase, as confirmed by the
reduced values of the Curie temperature and phase transition enthalpy. The density of such a sample is 4.4 g/cm3. The introduction
of samarium ions leads to the preservation of the ordered a-Li, sFe, sO, phase during sintering. The density of the sintered samples
decreases to 4.3 and 4.1 g/cm? with an increase in the concentration of samarium oxide introduced at the synthesis stage to 4.7 and
14.7 wt %, respectively.

Conclusions. The introduction of samarium oxide to low concentrations (up to 4.7 wt %) during ferrite synthesis leads to the formation
of a two-phase composite structure during sintering, which mainly consists of an unsubstituted lithium ferrite phase having more regular
polyhedral grains and a low content of the secondary perovskite-like phase. The formation of the secondary phase, whose properties
differ from those of ferrite, along with the characteristics obtained for such samples, which include a slight decrease in density while
maintaining a high Curie temperature corresponding to the main magnetic phase, make ferrites modified with low concentrations of rare
earth elements promising for further study of their electromagnetic properties in the microwave range.
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AHHOTaUuS

TPOHHOI MHKPOCKOIIUH.

KniouyeBbie cnoea

TBepaO0(ha3HbIN CHHTE3, CTIEKaHNE

Ang uMTMpoBaHns

TUTHEBBIN (eppuT, OKCH] camMapusi, TIEPOBCKUT, MUKPOCTPYKTYa,

Lean. VccnenoBanue CTPyKTYphI U CBOWCTB JIMTUEBBIX (PEPPHUTOB, MOIYUEHHBIX ITyTEM IPEBAPUTEILHOTO TBEPAO(PA3HOTO CHHTE3a
00pa3IoB Ha OCHOBE MOPONIKOBBIX cMeceit Fe,0,—Li,CO;~Sm,0; ¢ pasnuunoii KoHneHTpanuei okcuaa camapus (0, 4.7, 14.7 mac. %)
rpu 900°C u nocienyromero UX BeICOKOTeMIIepaTypHoro criekanus npu 1150°C.

Metoapl. CTpyKTypHBIC 1 MOP(OIOTHUECKHE XapaKTePHCTHKN CHHTE3MPOBAHHBIX U CIICUYEHHBIX 00PA3IlOB MCCIIENOBAHBI METOAAMH
peHTreno(}a3oBOro M TePMOTPaBUMETPHUYECKOTO aHAIIN30B, TU(depeHIIaTbHO-CKAaHNPYIOMEH KaJOpUMETPHH W CKaHUPYIOMISH 3IIeK-

PesyabTarsl. B pesynbrare npeaBapuTeIbHOTO CHHTE3a HMPOUCXOAUT 00pa3oBaHUE ABYX(Aa3HOW KOMIIO3HLIMOHHOH CTPYKTYpBI, COIEp-
Kauled HezamemeHHbIi mmrueBbid (eppur Lij sFe, sO, co cTpyxTypoil mmmnenm u neposckutononobuyro dhasy SmFeO,. Yeenuuenne
coneprkanns Sm,0; ¢ 4.7 o 14.7 mac. % B ucxonnot cmecu Fe,0;—Li,CO;—Sm, O, IpUBOIUT K yBENNIEHUIO BO BPEMS CHHTE3a KOJHYE-
cTBa BTopraHOU (azer SmFeO; ¢ 4.9 o 18.2 mac. % B oOpasnax. Beicokue 3Hadenns temmneparypbl Kropu, pasrbie 631-632°C, a Taxke
MOTyYCHHBIE 3HAYCHHS SHTAIBINH (a30BbIX MIEPEXO0B 0i— 3 B TUTHEBOM (heppuTe CBUACTEIBCTBYIOT 00 OCHOBHOM 00pa30BaHUH yIIOPS-
nogenHol a-¢aser Lij sFe, s0, Bo Beex cuaTe3npoBannbix 0bpasuax. [locmeyromee criekanne Mpy MOBBINIEHHOH TEMIIEPATYPE MPUBOIUT
K yMEHBIIEHHIO cofepkanus paszel SmFeO; n yBenuuenuto (asel murueBoro deppura. [pu sToM 06pasen, He MOTU(QHUIMPOBAHHBIA Ca-
MapHeM, COZIEPKUT 3HATUTENBHOE KOMYECTBO pasynopsaoueHHoi B-daser Lij sFe, s0,, 9T0 ObUIO MOATBEPIKIEHO 3aHMKEHHBIMU 3HAYE-
HUSIME Temrepatypbl Kiopu 1 suTansmmum dasosoro nepexona. [oTHOCTB Takoro o6pasua 4.4 r/cv>. BBeieHre HOHOB caMapusi PUBOIUT
K COXPaHEHHIO BO BPEMSI CIIEKAHNS YIIOPSIOIeHHOH oL-hasbr Li, sFe, sO,,. IIpr 5TOM IIOTHOCTH CHIEIeHHBIX 00PA3II0B yMEHBIIMIIACK 110 4.3
n 4.1 r/eM> ¢ yBemITueRneM KORIICHTPAIIHH BBOJMMOTO Ha ITaTle CHHTE3a OKCHIA CAMApHs COOTBETCTBEHHO 710 4.7 1 14.7 Mac. %.

BbiBoabl. BBeeHne Manbix KOHIEHTpaluii okcuaa camapust (1o 4.7 mac. %) npu cuHTe3e Gpeppura NPUBOIUT K GOPMHUPOBAHHUIO BO
BpeMsI CriekaHust AByX(a3HoH KOMIO3UIIMOHHOM CTPYKTYPBI, XapaKTepPHU3YIOIIeiicsi OCHOBHBIM COZIEPKaHHEM HEe3aMeIeHHOMH JTNTHEeBOM
(beppuToBoii (Basel ¢ Hosee NPaBUILHBIMI MHOTOTPAHHBIMH 3€PHAMH M HEOOJIBIIINM COACPIKAHUEM BTOPHYHOI EPOBCKUTOIONOOHOM
(azbl. PopMupoBaHHEe BTOPUYHOIT (ha3bl, KOTOpas UMEeT OTIIMYHbIE OT (heppuTa CBOICTBA, a TAKKE MOMYUCHHbIC XapaKTePHCTUKH 15
TakuX 00pa3IloB, BKIIOYAIOIINE HE3HAYNTEIbHOE YMEHBIIIEHHE HX INIOTHOCTH C COXPaHEHNEM BBICOKOTO 3HaUeHUs TeMmnepaTypsl Kiopu,
COOTBETCTBYIOLIEI OCHOBHOW MarHuTHOII (hase, 1enatoT GpeppuThl, MOAU(PUIMPOBAHHBIC HU3KUMHU KOHIIEHTPALUAMH PEIKO3EMENIbHBIX
3NEMEHTOB, MEPCIIEKTUBHBIMU AJIS AaNbHEUIIEro U3ydeH s UX MMEKTPOMArHUTHBIX CBOMCTB B CBEPXBBICOKOUACTOTHOM JIMANa30HE.
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INTRODUCTION

Ferrites having a spinel structure are widely used in
microwave devices, such as isolators, circulators, phase
shifters, and absorbers [1-5], as well as in magnetically
controlled photocatalysts [6]. The tightening of operating
conditions for devices based on such ferrites determines
the importance of research into the creation of new ferrite
materials offering a required set of properties, as well as
the development and improvement of their production
technology.

Unsubstituted  lithium ferrite  Lij sFe, O, (or
LiFesOg), which has a high Curie temperature and
a high saturation magnetization, is successfully used
in practice, e.g., as ferrite cores in memory devices, for
power conversion in electronics, in antennas and high-
speed digital tapes [7, 8]. However, the use of lithium
ferrites in microwave technology is limited by their
excessive magnetic and dielectric losses. Therefore,
lithium-containing ferrites often have more complex
compositions [9—12] associated lower values of losses,
anisotropy, and coercivity, as well as higher density, etc.
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Recently, the properties of ferrites with rare-carth
elements (REEs) have been actively studied. Many
scientists explored the effect of various REEs on the
properties of ferrites of Li [13], Ni [14-16], Co [17, 18],
Li-Ni [19-21], Ni-Zn [22], Ni-Mn [23], Co—Mn [24],
and Cu—Co [25]. At the same time, it has been
shown[14,16,20,22,24,25] that the properties of ferrites
can be modified by substituting REE ions in the ferrite
structure. For this purpose, various chemical synthesis
methods are used, such as the sol-gel method [14, 22, 25],
citrate method [16], coprecipitation [18], microemulsion
method [20], hydrothermal method [24], etc. In other
works [13, 15, 17, 21, 23], when producing ferrites by
various methods that include the widespread solid-phase
synthesis method, it has been shown that the addition
of REEs simultaneously with substituted ferrite phases
leads to the formation of a small amount of secondary
perovskite-like phases based on REEs. Such phases
can have a significant effect on the properties of the
synthesized ferrites. However, there is insufficient data
on the production of lithium ferrites with REEs using
preliminary synthesis of ferrites by the solid-phase
method and subsequent high-temperature sintering.

Our previous studies showed [26] that the solid-phase
synthesis of lithium ferrites from Fe,0;-Li,CO;~Sm,0,
mixtures, regardless of the conditions of mechanical
activation of the initial powders, gives a two-phase
product consisting of unsubstituted lithium ferrite
Li, sFe, ;O, and SmFeO;. This work is aimed at studying
the structure and properties of lithium ferrite produced
using a two-stage technology based on preliminary
solid-phase synthesis of ferrite with the addition of
REE (Sm,05,) at various concentrations and subsequent
high-temperature sintering to obtain ferrite ceramics.

The process conditions for the synthesis and sintering
of this group of ferrites are also considered in
detail.

EXPERIMENTAL

The production of the ferrites under study (Fig. 1) is
based on the mechanical mixing of oxide powders and
carbonate powders. Let us consider in more detail the
process stages of synthesis and sintering of the ferrite
under study.

Figure la presents the stage of the preliminary
synthesis (ferritization) of lithium ferrite. Prior to their
synthesis, powders of the initial reagents Li,CO; (special
purity grade 20-2, Vekton, Russia), Fe,O, (analytical
purity grade, Vekton, Russia), and Sm,0; (99.99%,
MOS International Co., China) were dried in a laboratory
oven at a temperature of 200°C for 180 min and then
weighed on an AUW-D scale (Shimadzu, Japan) to obtain
weight proportions in accordance with the proposed
formulas:

Li2C03 + 5F6203 — (1)
— 4Li, sFe, ;O, + CO, (sample NO),

Li,CO, + 4.88Fe,0, + 0.12Sm,0, — )
— 4Li, {Sm, ,(Fe, ,,0, + CO, (sample N1),

Li,CO; + 4.6Fe,0, + 0.45m,0; — (3)
— 4Li, ;Sm ,Fe, ;0, + CO, (sample N2).

Next, the initial reagents were mixed to obtain
a Fe,0;-Li,CO;~Sm,0; powder mixture in weight ratios
0of 91.5: 8.5 : 0 (sample NO), 87.1 : 8.2 : 4.7 (sample N1),
and 77.5:7.8:14.7 (sample N2) in two steps.

Preparing powder reagents, including drying in an oven at 200°C
for 3 h, weighing in certain proportions in accordance
with the chemical formula of ferrite, mixing

!

Dry mixing the reagent mixture in a planetary mill using steel balls
and jars at 300 rpm for 15 min

!

Compacting samples using a hydraulic press to give them
the required shape

!

Synthesis of ferrite powders by heating a mixture of reagents
in a laboratory oven at 900°C for 4 h

Y

Control of properties of synthesized powders

Grinding tablets into powder
and adding a 10% aqueous solution
of polyvinyl alcohol

Y

Compacting samples using a hydraulic press to give them
the required shape

Y

Sintering ferrite ceramics
in a laboratory furnace at 1150°C for 2 h

\

Control of ferrite ceramic properties

(@)

(b)

Fig. 1. Process flow diagrams for the (a) synthesis and (b) sintering of ferrites
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At the first step, the powders were gradually mixed by
rubbing through fine steel sieves with a cell size of 100 pm.
At the second step, for the mixing to be more thorough and
for the obtained mixture to be more uniform in volume, the
powders were mechanically ground in a planetary ball mill
with steel grinding jars and balls at 300 rpm for 15 min.

Next, the samples were compacted into 2-mm-thick
pellets 15 mm in diameter to create closer contacts
between particles and thus encourage the synthesis
reaction to occur better and more completely. The
samples were synthesized in a laboratory furnace in air
at a temperature of 900°C for a holding time of 240 min.
Following synthesis, the phase composition and Curie
temperature of the obtained samples were determined.

Figure 1b presents the stage of the high-temperature
sintering of lithium ferrite. First, the synthesized samples
were ground again and stirred. Then, the samples were
recompacted into pellets of the described shape.

The compactibility of powders is typically improved
by adding various binders (plasticizers) to promote
mutual adhesion of individual particles, followed
grinding the mass in a mortar. The main requirement for
all binders is that they should be completely removed
from the compacted parts when heating to 600°C. In this
work, a 10% aqueous solution of polyvinyl alcohol was
used as a binder.

The samples were compacted in a hydraulic press
using steel molds. It is known that the pressing pressure
depends on the pellet size and the design of the mold. In
the work, the compaction parameters of the samples were
selected experimentally: pressing pressure—200 MPa;
pressing time—3 min. The set pressure was 20% lower
than the maximum pressure at which the sample has not
yet delaminated.

The molded samples were sintered at a temperature
of 1150°C for 120 min. High-temperature sintering in the
furnace consisted of three steps: heating at a certain rate
to the sintering temperature, isothermal holding at this
temperature, and cooling. The heating and cooling rate
was 5 deg/min.

The purpose of the sintering stage is to obtain ferrite
products with a certain set of properties. Sintering is
known to be accompanied by recrystallization processes
consisting in the formation and migration of intergranular
boundaries. This forms a microstructure that largely
determines the properties of the resulting ferrites. Thus,
the purpose of the high-temperature sintering in this
work is to ensure the formation of lithium ferrite of cubic
structure having a certain grain size and porosity, as well
as minimum internal stresses in crystallites at a given
chemical composition.

' URL: http://www.icdd.com. Accessed October 3, 2023.

The sintered samples were sent for analysis of
their phase composition, microstructure, and Curie
temperature. X-ray powder diffraction analysis (XRD) of
the samples was carried out with an ARL X" TRA X-ray
diffractometer (Thermo Fisher Scientific, Switzerland).
Phases were identified using the PDF-4+ powder
database of the International Center for Diffraction
Data (ICDD'"). The microstructure of the samples was
studied with a TM-3000 scanning electron microscope
(Hitachi, Japan). The average grain size was calculated
from scanning electron microscopy (SEM) results. The
density of the samples was determined by hydrostatic
weighing. The Curie temperature of lithium ferrites and
phase transitions in them were studied, respectively,
by thermogravimetry (TG) with the application of an
external magnetic field (thermomagnetometry), as well
as differential scanning calorimetry (DSC) using an
STA 449C Jupiter thermal analyzer (Netzsch, Germany).

RESULTS AND DISCUSSION

The results of X-ray powder diffraction analysis
(Fig. 2) showed that the preliminary synthesis and high-
temperature sintering of REE-free samples (sample NO)
produce a spinel magnetic phase. The X-ray powder
diffraction patterns of sample NO correspond to the ordered
phase o-Li, sFe, ;O, (PDF No. 04-015-5965) and the
disordered phase B-Li, sFe, ;O, (PDF No. 00-017-0114)
with cubic space groups (Fd3m).

In samples N1 and N2, a secondary crystalline phase
identified as SmFeO, (PDF No. 00-039-1490) is formed
along with the spinel phase. SmFeOj; is an orthoferrite
with a perovskite-like crystal structure and orthorhombic
space group (Pnma).

Thus, initial reactions (2) and (3) in samples N1 and
N2 have different forms. In the case of the formation of the
Li, sFe, ;O,and SmFeO, phases, the excess lithium, which
is initially loaded at the stage of mixing the initial reagents,
is released in the reaction products. Previously [27], it
was detected that part of the lithium oxide formed by the
decomposition of lithium carbonate during the synthesis
of lithium ferrites sublimates at a temperature above
900°C and volatilizes together with oxygen. Therefore,
the interaction reactions in the Fe,0;-Li,CO;~Sm,0,
system can proceed in samples N1 and N2 according to
the following equations, respectively:

Li,CO, + 4.88Fe,0, + 0.12Sm,0, — @)
—> 3.808Li, Fe, ;0, + 0.24SmFeO; + 0.048Li,0 + CO,,

Li,CO; +4.6Fe, 05 + 0.45m,0, — (5)
— 3.36Li, sFe, ;0, + 0.4SmFeO, + 0.16Li,0 + CO,.
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Fig. 2. X-ray powder diffraction analysis of (a) synthesized and (b) sintered ferrites NO, N1, and N2

from 4.7 (sample N1) to 147 wt % (sample N2) in
the Fe,0;-Li,CO;~Sm,0; mixture leads to an increase
in the concentration C of the secondary phase SmFeO; in
the synthesized samples from 4.9 to 18.2 wt %. Accordingly,
the content of lithium ferrite decreases (Table 1).

Figure 3 shows the crystal lattices of the identified phases
as generated by the PowderCell 2.4 powder pattern calculation
program?. The quantitative contents of the synthesized
phases presented in Table 1 depend on the concentration of
the introduced Sm,0;. An increase in the Sm,O; content

N2

= Yl e
NN ﬁ
=

v
\NWil, A &Q“ >

S

@

Fig. 3. Crystal lattices of (a) SmFeO, and (b) Li sFe, s0,

2 Kraus W., Nolze G. POWDERCELL — a program for representation and manipulation of crystal structures and calculations of the resulting
X-ray powder patterns. J. Appl. Cryst. 1996:29;301-303.
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Table 1. Phase composition and properties of synthesized ferrites
Sample Phase composition Lattice parameter, A C, wt % T, °C
NO Li, sFe, 0, a=b=c=28.329 (x0.002) 100.0 632.4
Li, sFe, sO, a=>b=c=28.330(+0.002) 95.1
N1 a=15.592 (£0.002); 632.5
SmFeO, b=7.706 (£0.003); 4.9
¢=15.400 (+0.003)
Lij sFe, sO, a=>b=c=28.331(+0.002) 81.8
N2 a=15.594 (£0.002); 631.9
SmFeO, b=17.705 (£0.003); 18.2
¢=15.400 (+0.003)

Note: C is the concentration; 7. is the Curie temperature.

In the sintered samples (Fig. 2b; Table 2), the
concentration of the LijsFe, O, phase slightly
increases, while the amount of the secondary phase
SmFeO; decreases in comparison with the synthesized
samples. The lattice parameters obtained in this work are
in satisfactory agreement with the literature data [27].

The quantitative analysis of the phase content of
two polymorphs of Lij, sFe, ;O, (o and B) using the
X-ray powder diffraction patterns recorded in this
study is complicated by the angular coincidences of
these reflections (close lattice parameters). Unlike
B-Li, sFe, ;O,, the o polymorph has superstructural
reflections at 20 =~ 15° (110), 23.9° (210), and 26.2° (211).
The presence of high-intensity superstructural reflections
in the diffraction patterns indicates ordering of the lithium
spinel structure. Therefore, we assessed and explained

Table 2. Phase composition and properties of sintered ferrites

the obtained results by analyzing the changes in the
intensities of the superstructural reflections (110), (210),
and (211) (Table 3). According to these data, the intensities
of superstructure reflections for samples NO and N1 are
high following preliminary synthesis, their sum being
greater than that for sample N2. This shows a large
amount of a-Li; sFe, O, in these samples, whereas the
low intensities for N2 samples are likely to be due to an
increase in the amount of the perovskite phase.

The intensities of superstructure reflections for
sintered sample NO are low, their sum being smaller than
that for samples N1 and N2. This indicates the presence
of a large amount of the B-Lij,sFe, ;O, phase, which
could have formed during high-temperature sintering
due to a violation of the stoichiometric composition in
oxygen within the single-phase composition [28].

Phase . o 3 o
Sample compaditen Lattice parameter, A C, wt % D, um p, g/cm T, °C
NO Liy sFe, 0, a=b=c=8332(0.002) 100.0 7.9 44 622.6
Lij sFe, O, a=b=c=28.327(£0.002) 96.2
N1 a=5.594 (£0.002); 29 4.3 628.5
SmFeO, b="17.706 (£0.003); 3.8
¢=5.401 (+0.003)
Lij sFe, sO, a=>b=c=28.329 (+0.002) 83.5
N2 a=5.592 (£0.002); 1.7 4.1 630.0
SmFeO, b=17.707 (£0.003); 16.5
¢=5.400 (+0.003)

Note: C is the concentration, D is the average grain size, p is the density, and 7. is the Curie temperature.
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Table 3. Intensities of the maxima of superstructural reflections (110), (210), and (211) for a-Li, sFe, sO,

Synthesis Sintering
Sample
(110) (210) (211) > (110) (210) (211) >
NO 51 79 66 196 30 35 29 94
N1 54 83 58 195 50 73 53 176
N2 27 36 30 93 29 45 37 111

The SEM results (Fig. 4) demonstrate different
particle morphology in the studied samples. A structure
having high density (p = 4.4 g/cm3, Table 2), low
porosity, and large irregular shaped grains (average grain
size D = 7.9 um, Table 2) is characteristic of lithium
ferrite without the addition of REE.

The results of scanning electron microscopy of
samples N1 and N2 confirm the previous conclusions
about the formation of a two-phase product during the
production of ferrite from the Fe,0,-Li,CO;~Sm,0,
powder mixture. In the SEM images, two shades can
be clearly distinguished, one being the main spinel
ferrite phase (gray), while the other represents the
secondary phase SmFeO, (white). The presence of
the secondary phase leads to a decrease in the density
of the samples during sintering (Table 2), especially at
high concentrations of introduced Sm,0;, as well as to
a decrease in the average grain size. At the same time,
sample N1 with a small addition of REE has ferrite grains
having a more regular polyhedral shape characteristic of
lithium ferrite.

The peaks in the DSC curves (Fig. 5) due to the a—f
phase transition in Li, sFe, O, confirm the formation of
a certain amount of ordered a-phase of lithium ferrite
during synthesis and sintering. The areas of these peaks
depend on the amount of lithium ferrite. The enthalpy of
the o—f transition at a high content of a-Li sFe, O, is

HL x5.0k 20 um

@

Fig. 4. SEM images of sintered samples: (a) NO, (b) N1, and (c) N2

known to be 12—13 J/g [29]. In the preliminary synthesis
of ferrites, the DSC peak areas are approximately within
this range of enthalpies for all samples (Fig. 5a). The
Curie temperature range of ~630-632°C obtained from
derivative TG curves was reported [30—32] to correspond
to unsubstituted lithium ferrite with the chemical formula
a-Lij sFe, sO,.

The high-temperature sintering of samples without
the addition of REE in a dilatometer leads to an increase
in the weight step in the TG measurements, which is
related to the high magnetization of the obtained samples
(Fig. 5b). At the same time, the Curie temperature
is reduced (622°C), which may be a consequence of
a violation of the stoichiometric composition of the
samples due to the release of lithium and oxygen to form
a disordered B-Li, sFe, ;O, phase. The excessively low
Curie temperature for B-Lij sFe, O, is confirmed by
literature data [33]. The small area (2 J/g) of the DSC
peak for samples NO also indicates a high content of the
disordered P phase.

The area of the DSC peaks for samples N1
and N2 (Fig. 5) is 12.2 and 11.6 J/g, which values are
close to the enthalpy of the a— [ transformation in lithium
ferrite. For sintered sample N2, which contains a large
amount of REE, the weight step in the TG measurements
decreases due to a decrease in the concentration of the
magnetic phase of lithium ferrite. In the studied samples,
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Fig. 5. Thermomagnetometric and differential scanning calorimetric analyzes of samples NO, N1, and N2

obtained by (a) preliminary synthesis and (b) sintering

neither X-ray powder diffraction nor thermal analyses
revealed the formation of substituted lithium ferrite
phases during preliminary synthesis or during high-
temperature sintering.

CONCLUSIONS

In this work, the structure and properties of lithium
ferrite obtained by preliminary solid-phase synthesis
and subsequent high-temperature sintering from the
initial reagents Fe,0;-Li,CO;-Sm,0; were studied
by XRD, TG, DSC and SEM analyses. The interaction
between the initial reagents was shown to lead to the
formation of a product consisting mainly of lithium
ferrite Li, sFe, O, (a.and B polymorphs) having a spinel
structure, while the SmFeO, phase had a perovskite-like
structure. The quantity of the latter increased with an
increase in the Sm, O, content in the initial mixture. Along
with the obtained values of the enthalpy of a—f phase
transitions in lithium ferrite, the high Curie temperatures
indicate that the main product in all synthesized samples

wastheordered a-Li, sFe, ;O phase. Sintering atelevated
temperature resulted in a slight decrease in the content of
the SmFeO; phase and an increase in the lithium ferrite
phase. As confirmed by the reduced values of the Curie
temperature and the phase transition enthalpy, the sample
not modified with samarium contained a significant
amount of the disordered B-Li,sFe, O, phase. The
introduction of samarium ions at the synthesis stage led
to the preservation of the ordered a-Li, sFe, ;O, phase
during sintering, whose morphology depends on the
concentration of the secondary phase SmFeO;. In
the case of the introduction of a low concentration of
Sm, 05 (up to 4.7 wt %), the structure of the samples
was characterized by the presence of more regular
polyhedral grains. In this case, the density of the
samples insignificantly decreased while maintaining
a high Curie temperature corresponding to unsubstituted
lithium ferrite. The obtained results can support future
more detailed studies of the electromagnetic properties
of lithium ferrites modified with low concentrations of
REE:s in the microwave range.
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Abstract

Objectives. To develop and subsequently verify the calculation block of the mass transfer process in the pervaporation membrane
module based on a HybSi® ceramic membrane using experimental data as a basis for the verification process.

Methods. The task was implemented using a mathematical simulation within the Aspen HYSY'S application package, which is designed
for modeling chemical engineering processes. The differential equations of the mathematical model were represented as a system of
difference equations, which were then solved numerically with an adaptive area step. The membrane pervaporation module of area S
during its modeling is divided into » intervals, based on ensuring within the ith interval the condition that the temperature change AT is
less than 1°C. A model was constructed to simulate the performance of the membrane module under isothermal and adiabatic operating
conditions.

Results. The mathematical model of the pervaporation process employed in the developed computational membrane pervaporation
module considers variations in the concentration and temperature of the feedstock flux along the surface of the HybSi® membrane. The
performance of the software module was evaluated by comparing the calculated results with the available experimental data for the
dehydration of ethanol and isopropanol. The results demonstrated a high degree of agreement for three isotherms (60, 70, and 80°C) and
two variations of pressure on the permeate side (5 and 20 mm Hg). Modeling of the operation of the membrane module with the area of
1 m? in adiabatic mode showed that the processes of alcohol dehydration on HybSi® membranes are accompanied by significant thermal
effects associated with heat consumption to provide evaporation through the membrane due to large transmembrane fluxes.

Conclusions. The comparative analysis of the results of modeling the HybSi® membrane module in isothermal and adiabatic modes
of operation demonstrated that the calculation of the membrane module without consideration of thermal effects results in significant
errors. These include an overestimation of the permeate flow rate by up to 50% and an underestimation of the water concentration in the
retentate by up to 1.3—1.8 times. It can be reasonably deduced that the omission of thermal effects in design calculations will result in a
considerable underestimation of the requisite membrane module surface area.
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MoapenupoBaHue npouecca

MeMOpaHHOro pa3aeneHns XXNaKom cmecu

B cpene Aspen HYSYS

A.B. Maasirun™, 1.1. Emeassaunos, P.B. Cemun, A.P. ®azabieB, H.H. 3uatannos, A.B. Kiunos

Kazanckuii nayuonanvuwiii ucciedosamensckull mexnonocuveckuil ynueepcumem, Kasanw, 420015 Poccus

™ demop ons nepenucku, e-mail: MalyginAV@corp.knrtu.ru

AHHOTaUuS

Iean. Pa3paboTka n nocneyromas Bepr(pHKaIys Ha OCHOBE SKCIIEPHMEHTAIBHBIX JaHHBIX PACUETHOTO OJIOKA IPOIiecca MacCOIepeHo-
ca B TIepBaropaluoHHOM MEMOPAHHOM MOJLyJie Ha OCHOBE Kepamudeckoi Mem6panst HybSi®.

Metoasbl. 3aada pemanach IpH ITOMOIIN MAaTeMaTHIECKOTo MOJEIHPOBaHHs B NpHuKiIagHoM nakere Aspen HYSYSS, npennaznauenom
JUISL MOAEIHMPOBAHMS XUMUKO-TEXHOIOTHYECKNX TporeccoB. Jluddepenmansapie ypaBHEHNsI MaTeMaTHIECKONH MOJENIH ObIIH Tpef-
CTaBJIEHBI B BHJIE CHCTEMBI Pa3HOCTHBIX YPaBHEHHUH, KOTOpasi pelranach YUCICHHBIM CIIOCOOOM C aIaNTHBHBIM IIIArOM IO IUIOMIA/N.
MeMmOpaHHBII epBaopaniOHHEIH MOTYITb IUTOMIAABI0 S B XOZIe €r0 MOJSIHPOBAaHHS pa30MBaeTCs Ha 1 HHTEPBAJIOB, HCXO/s n3 obecrie-
YeHHs BHYTpH /-TO MHTEpBaJia yCIOBHS, YTOOBI n3MeHenue temmneparypsl AT 6buto mensine 1°C. PaboTocnocoOHOCT POrpaMMHOTO
MOJTYIIsl POBEPsUIach Ha OCHOBE CPABHEHHMS PE3yIIbTaTOB PAcueTa C MMEIOIINMHUCS SKCIIEPUMEHTATBHBIMI JAHHBIMH 110 00€3BOKUBAHHIO
9TaHOJIA ¥ M30IIponanoiaa. MozxenupoBanue paboThl pa3paboTaHHOTO MEMOPAHHOTO MOYJISI IIPOBOJIIIOCH B H30TEPMUIECKHX H ana-
0aTHYECKHUX PEeKUMAX.

Pesyabrarsl. Mcnonb3yemas B pa3pabOTaHHOM PacCYETHOM IIEPBANOPALMOHHOM MEMOPaHHOM MOJIyJIe MaTeMaTH4eCKasi MOZIEIIb ITPoLec-
ca MepBaopaIiy yIUTHBACT H3MEHEHHE KOHIICHTPAINH H TEMITEPaTyphl TIOTOKA CEIPbs B0 TTOBepXHOCTH MeMOpansl HybSi®. TToka-
3aHO XOpolee coracoBanue s Tpex uzorepu (60, 70 u 80°C) u IByX BapHaHTOB JABICHHS CO CTOPOHBI epmeara (5 u 20 MM pT. CT.).
MoenupoBaHie MEMOPAHHOTO MOYJIS IUTOMAB0 1 M2 B aAHabaTHUeCKOM PEXKMME PaBOTHI TIOKA3aI0, 4TO IIPOHECCH 00e3BOKNBAHUS
crmpToB Ha MemOpanax HybSi® conpoBox/iaiorcs 3HAYMTEIBHBIMU TEILIOBBIMU () EKTaMK, CBA3aHHBIMU C PACXOOM TeIlIa Ha MCIIa-
peHue uepe3 MeMOpaHy BBHIY OONBIINX TPaHCMEMOPaHHBIX TIOTOKOB [UIs TaHHOH MeMOpaHBI.

BuiBosbl. CpaBHATENbHbII aHATN3 PE3yNETaTOB MOAETHPOBaHHS MeMOpanHoro Moy HybSi® B m3orepmumueckom u agnabarndeckom
pexumax paboThl MOKa3al, YTO pacyeT MeMOpPaHHOTO MOAY/sS 0e3 ydeTa TEeIUIoBbIX 3()(EKTOB NPUBOAUT K CYIIECTBEHHBIM OMIMOKAM:
B OMpe/ieNieHnH pacxosa nepmeara — 70 50%, B onpeneneHnn KOHIEHTPpauK BoAbl B petante 10 1.3—1.8 pa3. [losToMy BeIONHEHHE
MPOEKTHBIX pacyeToB Oe3 y4yeTa TeIIoBbIX 3(G(HekToB OyaeT NPUBOANTH K CYLIECTBEHHOMY 3aHIKEHUIO TPeOyeMOi TOBEPXHOCTH MEM-

OpaHHOTO MOJYJIS.

KniouyeBbie cnoea
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Maunsirun A.B., EmenbsnoB U.U., Cemun P.B., ®azneie A.P., 3ustounos H.H., Knunos A.B. MoaenupoBatue mpoiiecca MEMOPaHHOTO
pasneneHus xuakoi cMecu B cpene Aspen HYSYS. Touxue xumuueckue mexnonoeuu. 2025;20(1):75-88. https://doi.org/10.32362/2410-

6593-2025-20-1-75-88

INTRODUCTION

The separation processes of multicomponent liquid
mixtures represent a fundamental aspect of chemical
technology. The most energy-intensive processes
are those involved in the separation of azeotropic
mixtures, including extractive and azeotropic
distillation, extraction, etc. [1]. In order to enhance
the efficiency of liquid mixture separation processes, a
range of measures are currently being explored. These
encompass the thermal integration of technological

process flows and the modification of the agents
employed in the separation process itself [2, 3]. In this
instance, an alternative to the aforementioned processes
may be the separation of liquid mixtures by the
pervaporation method, which represents a promising
avenue of development within the field of membrane
technologies. Initially, pervaporation was regarded as
a potential technology for the dewatering of alcohols.
The world’s first industrial scale pervaporation plant
was constructed for the purpose of ethanol dehydration
at a pulp and paper mill in Germany [4]. Depending on
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the membrane used, pervaporation can be a successful
approach for solving complex separation processes,
including dehydration of organic solvents [5-7],
extraction of organic compounds from aqueous
solutions [8], separation of organic mixtures [9, 10],
removal of sulfur components [11], and water
desalination [12]. Currently, membranes made of
organic (polymer), inorganic (ceramic, zeolite) and
hybrid (combined organic and inorganic) materials are
used in the processes of pervaporation [13].

The topic of membrane technology in production,
encompassing its development, design, and
implementation, has recently been the subject of
growing interest. Mathematical modeling of chemical
technology processes constitutes a principal instrument
for the investigation, conceptualization, and optimization
of industrial procedures. In practice, universal modeling
programs (UMP) for mathematical modeling of chemical
technological processes and systems are used to solve
these problems. The products of Aspen Technologies,
Chemstations, and Invensys Systems are most widely
used for modeling membrane separation processes [14].
Unfortunately, the libraries of the UMP calculation
modules, including Aspen HYSYS (4spen Technologies,
USA), which was used in this work, do not have a
built-in module for modeling pervaporation processes.
However, the open architecture of Aspen HYSYS
offers the advantage of enabling the creation of bespoke
thermodynamic and kinetic models, as well as models
of equipment units, through the utilization of the
integrated programming language. This presents the
opportunity to develop a calculation module for the
pervaporation process in Aspen HYSYS. The inclusion
of the calculation module of the pervaporation in the
UMP allows users to design both individual membrane
installations themselves and technological systems that
include these installations.

When modeling the separation of liquid mixtures
according to the pervaporation method using UMP, issues
of solvent dehydration are mainly considered: ethanol
when feeding the initial mixture in liquid form [15-17]
(on an industrial PERVAP 2210 membrane and a silicon
dioxide-based membrane) and when feeding the initial
mixture in a vapor phase state [18] (membrane with a
selective layer of polyvinyltrimethylsilane); isopropanol
(on an industrial PERVAP 2210 membrane) [19];
isobutanol (on industrial membranes PERVAP 4060
and 1510) [17, 20]; acetic acid (on a membrane based on
silicon dioxide) [16].

Due to their being among the first polymer
composite membranes made available for commercial
use, PERVAP membranes are the most represented in
research. When describing the process of pervaporation
on polymer membranes, the dissolution—diffusion

model, originally proposed by R. Reitenbach [21],
is used. Later, due to problems in describing the
process of pervaporation of water—alcohol mixtures
with a high-water content in the initial mixture, it
was improved [22]. This model has proven itself well
in the calculation of organophilic and hydrophilic
pervaporation processes on polymer composite
membranes [20, 23]. The separation properties of
polymer membranes strongly depend on their structural
materials and manufacturing methods used, as well as
membrane thickness and operating conditions, such
as temperature and partial pressure differences above
the membrane. This leads to the need to determine the
parameters of the transmembrane flow model from
experimental data for each membrane [24].

In the present work, the HybSi® ceramic pervaporation
membrane [25-27], another commercially available
membrane designed to solve the problems of alcohol
dehydration, was considered. A HybSi® membrane
represents a three-layer composite membrane in which
a selective layer of an organo-inorganic hybrid material
with an inorganic silicon dioxide base is applied to a
supporting layer of amorphous silicon dioxide, which is
located in turn on the inner surface of ceramic porous
tubes made of a-Al,O.

Mathematical model of the membrane
pervaporation module

As a basis for the model of the membrane module, a
three-parameter mathematical model of the stationary
process of pervaporation separation of a water—alcohol
binary mixture on a HybSi® membrane was used [27]:

B _ ,P
B(xf —xB)+ jn% :P]@sa, (1)
m
B_ P
B(xﬁ—x5)+f(1—x§)=f’£1—(p36 pB)sa, @
m
xg _ B(xg —x§)+jx§ ’ 3)

J
where j is the total molar flux of the two components
through the membrane, mol/(m?s); x , and x, are the
molar fractions of component 4 (water) and B (alcohol),
respectively; the upper indices F, B, P correspond to
the concentrations of the components in the initial
mixture, at the boundary with the membrane and in the
permeate, respectively; & is the thickness of the
selective layer of the HybSi® material, o = 200 nm;
B is the mass transfer coefficient, mol/(m?-s); pg and
pf are the partial pressures of component 4 at the
boundary with the membrane in solution and in
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permeate, respectively, Pa; Pj' and Pg' are the
permeability coefficients for component 4 and B,
respectively, mol/(m-'s-Pa); ¢, is the share of active
pores of the selective membrane layer:

1
6 = 4
b1+ Cxghy @)

where C is the molar density of the mixture, mol/m?; k is
the dimensionless coefficient:

kp =8.078-107° exp(—@j.

The permeability coefficients Pj' and Pg' for the

components were determined by the following
expression:
o (agr+c,)s,
=2 5)
M(p¥-p)

where T'is the temperature, °C, M is the molecular weight
of the component; pV is the saturated vapor pressure of
the component, Pa; p is the pressure from the permeate,
Pa; C, and C, are the coefficients of linear approximation
of the flow of the pure component through the membrane
(see Table).

Table. Linear approximation coefficients for the flow of
matter [27]

Substance C, C,
Water 0.2775 —10.2183
Ethanol 0.004 —-0.16
Isopropanol 0.000915 —0.05315

The partial pressure of the component from the initial
mixture was determined by the formula p5 = pYy5xE,
where p}{ is the saturated vapor pressure of component 4;
v8 is the activity coefficient of component 4 in the
liquid phase. The Non-Random Two Liquid model was
used in the calculations. The partial pressure
in the permeate was determined by the formula
pf = p-xf .

A feature of the pervaporation process is the
presence of a phase transition of components from
a liquid state to a vaporous one, for which energy,
i.e., the heat of vaporization, is required. In [27], an
isothermal pervaporation regime was provided during
experiments to determine the characteristics of the
membrane at a constant driving force of the process. In

practice, the process occurs under adiabatic conditions
within the membrane module, the energy required for
permeate formation being derived from the feed stream.
Consequently, the temperature of the retentate will
decline throughout this process. In accordance with the
dissolution—diffusion model [28], a decline in temperature
can influence the rate of permeate sorption on the
membrane and diffusion capacity of permeate within the
membrane, as well as the driving force of pervaporation.
Consequently, the overall selectivity and permeate flow
will change significantly with a drop in temperature,
which may not be observed in other membrane processes
occurring without a phase transition. Therefore, the
applied membrane area in the module should be limited
to a size that provides an acceptable temperature drop.
If the temperature drops below 50°C, the pervaporation
process is usually stopped [17].

In most cases, during the pervaporation process,
the evaporation heat is supplied only from the initial
mixture, so the temperature gradient develops mainly in
the direction of the flow of the initial mixture. In this
case, the thermal balance for the membrane module will
be written as follows [29]:

ch AT =—-PAH, (6)

where F and P are the molar flow rates of the initial
mixture and permeate; Cg is the heat capacity of the
initial mixture; A H is the heat of permeate vaporization;
AT is the temperature drop between the input and output
streams of the module. From the Eq. (6) The temperature
drop in the membrane module can be determined:

PAH

AT ==
F
FCt

(7

To describe the flow structure inside the HybSi®
membrane module, consisting of cylindrical tubes inside
which the raw material flow must move at a linear
velocity of at least 2 m/s [26, 27], an ideal displacement
model was used:

dF __jT)ds

dz dz ®)
dT i(T)AH dS

& _& )

dz FCE &z

The system of Egs. (8) and (9) can be used calculate
the process of pervaporation in a membrane module with
an area of § taking into account the model of substance
transfer through the membrane (1)—(3).

Since there are no built-in mathematical functions
in HYSYS, the system of differential Egs. (8) and (9)
was presented as a system of difference equations
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Fig. 1. Schematic of membrane module modeling

to be solved numerically with an adaptive area step.
The process conditions should be close to isothermal
AT < 1°C; therefore, the magnitude of the temperature
change was checked at each step. If this condition was
not met, the area step was reduced until the process
became isothermal. In the task, an assumption was made
about the constancy of the composition and temperature
of the raw materials at each step. Thus, the membrane
pervaporation module with an area of S was divided into
n intervals. Figure 1 shows a schematic of the membrane
module modeling.

The amount of permeate passed through the
membrane at the ith step was determined as follows:

B =(Z1)as. (10)

where AS; is the area step; J; is the flow of the
Ith component; & is the number of components passing
through the membrane. The feed stream £, determined
at the last step will be retentate R coming out of the
membrane module.

Creating a custom membrane
pervaporation module in Aspen HYSYS

The equations of the mathematical model (8), (9) and their

corresponding solution methods for the pervaporation

process were refined for direct use in HYSYS without
the need for external special programming.

The program code of the membrane module
is implemented using the built-in  editor
MacroLanguageEditor and includes three main
routines:

1) Initialize(), which defines the view of the window of
the technological object;

2) Execute(), which includes the equations of the
mathematical model and calling methods for
calculating the properties of a mixture of components;

3) StatusQuery(), which generates messages about the
status of program code execution.

Permeate

The developed pervaporation process module is
universal to the input mixture of components. The
selection of the key components of permeate and
retentate is carried out by the user based on their ID in
the list of components of the mixture. The calculation
of vapor-liquid equilibrium, physicochemical and
thermodynamic properties of mixtures of substances is
performed in real time based on the user-selected package
of properties in HYSY'S. The pervaporation module has a
unique identifier in HYSYS that allows it to be accessed
from third-party applications. An enlarged algorithm for
calculating the pervaporation module, objects and their
main properties are shown in Fig. 2.

Container.Feeds1 defines the module’s input stream
object (.Item(1)), its properties, and access methods.
Container.Products] contains a set of permeate and
retentate output streams (.Item(0), .Item(1)). The initial
data of the process is defined in the form of user variables
through a graphical interface, the current values of internal
variables are displayed as a spreadsheet.SpreadsheetOp
using an .Operations object.

The parameters of the components that make up
the mixture are accessed by the component name
“CompName” in the form:

ActiveCase.Flowsheet.FluidPackage.Components.
Item(“CompName”).

The parameters of the selected thermodynamic
package are accessed through the property.
PropertyPackage of the FluidPackage object:

ActiveCase.Flowsheet.FluidPackage.PropertyPackage.

After the membrane module added by the user
in the project is adjusted to the conditions of the
pervaporation process, the calculation is carried out.
As a result of the solution, permeate and retentate
streams are transferred from the developed module
to the HYSYS environment in the required HYSYS
package format, which can be sent further along the
separation process scheme.
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Fig. 2. Enlarged algorithm for calculating the membrane module

Comparison of calculation results
in Aspen HYSYS with experimental data

The adequacy of the developed module was tested for
binary water—alcohol mixtures. Figures 3 and 4 show a
comparison of the calculation results of the pervaporation
process for a mixture of ethanol-water and isopropanol—
water at a permeate pressure of 5 and 20 mm Hg with
experimental data presented in [27].

Virtual Stream

SimulationCase.Flowsheet

MaterialStreams(“streamname’)DuplicateFluid

Permeate and retentate flows

ActiveObject.Products1.Item(0).MolarFlow
ActiveObject.Products1.Item(1).MolarFlow
ActiveObject.Products].Item(0). Temperature
ActiveObject.Products].Item(1). Temperature
ActiveObject.Products1.Item(0).MolarEnthalpy
ActiveObject.Products1.Item(1).MolarEnthalpy
ActiveObject.Products1.Item(0)
.ComponentMolarFlow Value
ActiveObject.Products].Item(1)

.ComponentMolarFlowValue

As can be seen from the results presented of modeling
the operation of the membrane module in isothermal
mode, the data obtained are in good agreement with
the experimental data for 3 isotherms at different
permeate pressures, representing a test of the operability
of the module and the correct use of the HYSYS data
structure in it.
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Fig. 3. Total permeate flow J through the HybSi® membrane depending on the concentration of water in the feed x&,:
(a) ethanol-water, 5 mm Hg;
(b) ethanol-water, 20 mm Hg;
(c) isopropanol-water, 20 mm Hg.
Geometric shapes are experimental data [27]
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Fig. 4. Flow of individual components through the HybSi® membrane depending on the concentration of water in the feed xa,.
The left graphs show the flow of water J, the right graphs show the flow of alcohol J:

(a) ethanol-water, 5 mm Hg;

(b) ethanol-water, 20 mm Hg;

(c) isopropanol-water, 20 mm Hg.

Geometric shapes are experimental data [27]
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SIMULATION RESULTS AND DISCUSSION

The next stage of the research was to calculate the
membrane module in adiabatic mode. Figure 5 depicts
a comparative analysis of the dehydration process of
ethanol and isopropanol. In the first case (Fig. 5a), the
simulation results are presented depending on the water
content in the initial mixture on a membrane module with
an area of 1 m2. In the second case (Fig. 5b), the results
of modeling the separation of a mixture of alcohols with
an initial water content of 15 wt % as a function of the
membrane module area are obtained. In both cases the
simulation was carried out with a permeate side pressure
of 20 mm Hg and a capacity of 100 kg/h for the initial
mix.

If taking the value of the temperature difference
between the inlet and outlet of the membrane module to
be equal to 5°C, an isothermal operating mode can be
assumed to be approximately maintained. Then, as can
be seen from Fig. 5a, when isopropanol is dehydrated on
a module of equal area, the area of isothermal operation
for the concentration of water in the initial mixture will
be smaller. At an inlet temperature of 60°C, these are
mixtures of isopropanol and ethanol having an initial
water content of no more than 4.75 and 10.4 wt %,
respectively. Similarly, the water content in these
mixtures at 70°C will be 2.95 and 5.23 wt %; at 80°C, 2.1
and 3.3 wt %, respectively. In addition, the temperature

— 85— 60°C, 20 mmHg, Et-W
80 ——3¢— 70°C, 20 mmHg, Et-W
—a&— 80°C, 20 mmHg, Et-W
- - m-- 60°C, 20 mmHg, Ip-W
\ - - x-- 70°C, 20 mmHg, Ip-W
- - A-- 80°C, 20 mmHg, Ip-W

f
w» mas. ft.

(2)

X

change at the outlet of the module for isopropanol is
characterized by a greater drop than for ethanol. This
behavior is fully correlated with the values of the total
fluxes for these alcohols (see Fig. 3): for an isopropanol
mixture, the total flux is greater than for an ethanol
mixture all other things being equal.

As can be seen from Fig. 5b, when dehydrating
isopropanol with a water content of 15 wt % in the
feedstock, the size of the module in which conditions
are maintained close to the isothermal regime is
smaller compared to ethanol. Ethanol at 80°C requires
~1.6 times the membrane area than isopropanol. When
the temperature drops to 60°C, the area difference
increases to ~1.8 times. From this point of view, when
modeling the operation of the pervaporation module on
a HybSi® membrane, it is advisable not to be guided by
the same size of membrane modules, but rather by the
constant temperature of the retentate at the outlet of the
module, which, as shown by the example of commercial
polymer membranes, is more advantageous [30]. In this
case, an additional amount of heat must be added to the
retentate flow after each module to increase the driving
force of the process.

Figure 6 shows the results of modeling the process
of first stage dehydration of ethanol and isopropanol
with an initial water content of 15 wt % in the initial
mixture on membrane modules with different surface
areas. The simulation of the membrane module operation

851
= 60°C, EtW

| % 70°C, ELW
80 — A 80°C, E-W
- m-- 60°C, Ip-W

A T — %~ 70°C, Ip-W

N - - A- - 80°C, Ip-W

S, m2

(b)

Fig. 5. Retentate temperature T at the outlet of the HybSi® membrane module for a mixture of ethanol-water (Et-W)

and isopropanol-water (Ip—W) depending on the composition xgv and area S:

(@) S=1m?
(b) mixture with a water content of 15 wt %
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was carried out in adiabatic mode and without taking
into account thermal effects (in isothermal mode), at a
pressure on the permeate side of 20 mm Hg. Figure 6
shows the values of the total permeate flow and the
concentration of water in the retentate at the outlet of
a single membrane module as a function of its surface
area.

As can be seen from Fig. 6, the discrepancy between
the total permeate flow for ethanol in isothermal and
adiabatic modes of operation will be 20.9% at 60°C
and 30.1% at 80°C for a module with an area of 1 m?.

For modules with a larger area (2 m?), the discrepancy
will already be at 34.7 and 44.3% for 60 and 80°C,
respectively. For isopropanol, with a module area of
1 m?, the total flow discrepancy will be 30.6% at 60°C
and 38.0% at 80°C, and with a module area of 2 m?, the
discrepancy will already be 46.8 and 51.8% at 60 and
80°C, respectively. A similar pattern is observed for the
water concentration in the retentate: in the isothermal
mode, where it decreases significantly, the discrepancy
between concentrations can reach 1.3-1.8 times
compared to the adiabatic mode.
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Fig. 6. Total permeate flow J and water concentration in the retentate X£V in isothermal and adiabatic modes of operation:

(a) ethanol-water, the water content is 15 wt %;
(b) isopropanol-water, the water content is 15 wt %
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As can be seen from the results presented (Figs. 5
and 6), the processes of alcohol dehydration on HybSi®
membranes are accompanied by significant thermal
effects. In order to avoid errors in determining the required
surface area of membrane modules, these effects must
be taken into account in the development and design of
membrane modules. In addition, the error in determining
the required surface area of the membrane module is not
constant, but increases with the temperature of the raw
materials supplied.

If we compare the flow rates through HybSi®
membranes with commercial PERVAP 2210 polymer
membranes [31], the permeate flow at a water content of
5 wt % is several times higher for ceramic membranes
under the same process conditions. This suggests that a
smaller total surface area of HybSi® membrane modules
is required to perform the alcohol dehydration process.

CONCLUSIONS

In order to calculate the process of pervaporation
on a HybSi® ceramic membrane, an algorithm was
developed along with a software module in the
Aspen HYSYS UMP. A three-parameter mathematical
model of initial separation (1)—(3) was used as the basis
for the development of the module. This model was
supplemented with the heat balance Eq. (6) to determine
the temperature change of the raw material stream (7)
passing through the module. Comparison of the
simulation results with experimental data for dehydration
of ethanol and isopropanol at different feed temperatures
and permeate pressures confirmed the reliability of the
developed membrane pervaporation module (Figs. 3
and 4).

The research results showed that the processes
of alcohol dehydration on HybSi® membranes are
accompanied by significant thermal effects (Fig. 5) due
to large transmembrane currents (Fig. 3). Calculating
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