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Abstract

Objectives. To investigate the catalytic activity of calcium-containing basic catalysts for the
esterification of glycerol with higher carboxylic acids in order to develop a low-waste technology
for the production of multifunctional additives, as well as to assess the possibility of using the
reaction products for the processing of polyvinyl chloride.

Methods. The consumption of oleic acid during synthesis was monitored using a titrimetric
method of analysis with visual indication. The structure of the synthesized calcium-containing
catalysts was confirmed by infrared spectroscopy; elemental analysis was additionally
performed for calcium glyceroxide. Quantitative and qualitative analyses of the resulting
mixtures of oleic acid glycerides were carried out using chromato-mass spectrometry.
A sample of a multifunctional additive was tested in a model formulation of a medical plastic
compound based on polyvinyl chloride.

Results. It is shown that the catalytic activity of calcium derivatives in the reaction
of esterification of glycerol with higher carboxylic acids increases in the series
CaO < Ca(OH), < Ca(C,,H,,CO0), < Ca(C,H.0), < Ca(C,H,0), < Ca(C,H,0O,),, while the use of
calcium glyceroxide as a catalyst in an amount from 1 to 6 mol % increases the conversion
of carboxylic acid from 58 to 86% in 10 h of synthesis. However, varying the amount of
calcium glyceroxide from 1.5 to 6 mol % results in no observed changes in the conversion
of carboxylic acid. The multifunctional additive obtained by selecting calcium glyceroxide
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as a catalyst has a thermally stabilizing and plasticizing effect on the polymer composition.
The introduction of the developed additive into the formulation of a polyvinyl chloride
composition for medical purposes reduces the processing torque and time to reach the dry point.
By combining these factors, energy costs during production were reduced by more than
11% compared to the control composition.

Conclusions. It is established that calcium alcoholates catalyze the reaction of esterification
of glycerol with oleic (or higher) acid to increase the conversion of the initial substances
and selectivity for the formation of monoglycerides as compared with calcium oxide, hydroxide,
and oleate. By optimizing the ratio of glycerol : oleic acid : calcium glyceroxide at 1 : 1 : 0.015,
the maximum conversion of oleic acid of up to 86% in 10 h was obtained via synthesis.
The proposed method for esterification of glycerol with higher carboxylic acids in the
presence of a calcium-containing catalyst avoids the stage of purification from the catalyst
to obtain a composition with multifunctional additive properties for the processing of
polyvinyl chloride.
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AnHOMauus

Ienu. Hccnedosams kamaiumuueckyro aKmu8HOCMb KAlbUUUCO0epIKAULUX OCHOBHBbIX Kama-
AU3AMOPO8 0Nl NPOUEcca IMepuPuKAUUU 2AUUEPUHA BbLCUUUMU KAPOOHOBbIMU KUCIOMAMU
C uenvlo paspabomrKu MALOOMXOOHOU MEXHON0UU NOAYUEHUSL MHO20(PYHKUUOHATbHBIX
dobasor. IIposecmu OUEHKY BO03MOJKHOCMU NPUMEHEHUSL NPOOYKmMoe peakyuu Oasi nepe-
pabomKu NOAUBUHUNXOPUOA.

Memooul. 3a pacxodosaHuem 01euH080l KUCIOMbL 80 8peMs. CUHMe3a HAB00anu ¢ UCNONAb30-
8aHuemM mumpumempuueckozo memooa aHAAU3a ¢ eusyaivHoll uHoukayuei. CmpoeHue
CUHME3UPOBAHHDBIX KANbUULCOOPIKAUUX KAMmaaudamopog Oblio noomeepiKoeHO MemoooM
uHgpaxkpacHoii cnekmpockonuu. /ns enuyepama Kaibyust 00NOAHUMENAbHO OblLnl nposeder
anemeHmuulll aHaaus. KonuuecmeeHHblll U KauecmeeHHslll aHaNu3 NOAYUEeHHbIX cmecell
2uUUepudo8 0neuUHo80l KUCAOMbL NPOBOOUNU C UCNOABL308AHUEM XPOMAMO-MACC-CNeKmpo-
Mmempuu. Obpaszey, MHO20(pYHKYUOHANLHOU 006a8KU NPOULes UCNbIMAHUSL 8 MOOEebHOU peyen-
mype naacmukama MeOUyUHCK020 HA3HAUEHUSL HA OCHO8E NONUSUHUNXIOPUOA.
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Pesynomamet. YcmaHo8/1€HO, UMoO Kamaaumuueckast aKmueHOoCmb Npou3e00HbIX KANbUUs
8 peaxyuu smepuppukayul 21UUEPUHA BblCLUUMU KapOOHO8bLMU KUCIOMAMU 603pacmaem
e psdy CaO < Ca(OH), < Ca(C, H,COO), < Ca(C,HO), < Ca(C,HO), < Ca(C,H,O,), npu
9MOM UCNONBL308AHUE 2UUEpama KANbYUSL 6 Kauecmee Kamaausamopa 8 Koauuecmee
om 1 0o 6 wmon. % nosbluuaem KoHeepcuro KapboHoeoll Kuciomsl. ¢ 58 0o 86% 3a 10 u
npogedeHust cunmesa. OOHapYs>KeHOo, Umo Npu UMEeHEeHUU KOJIUUeCmed 21uuepama Kaabyus
om 1.5 0o 6 wmon. % KoHeepcusi KaApOOHOBOU KUCAOMbL NPAKMUUECKU HE MEHSIemcsl.
BolbpaHHblili 8 x00e uccnedo8aHull anuyepam KAAbYUsl 8 Kauecmee Kamaiu3amopa hno3eo-
Jislem noayuums MHO20PYHKYUOHANTbHYI 000a8KYy, 001a0arouyto mepmocmaduiusupyrouum
u naacmuguyupyrowum oeticmeuem HA NOAUMEpPHYH Komnosuyur. BeedeHue paspabomaH-
Holl dobasku e peuenmypy NOAUBUHUXIOPUOHOU KOMNOUUUU MeOUYUHCKO20 HA3SHAUEHUS.
CHWkaem npu nepepabomke Kpymswuili MOMEHM U cokpauiaem epemst OOCMUIKEeHUSL «CYXOoil»
mouku. Oba amux paxmopa NO3e0AUNU CHUSUMb 3ampamul IHEP2UU NPU 8blnYCcKe NPoOYyKUUU
6osniee uem Ha 11% no cpasHeHUr0 ¢ KOHMPOLHOU Komnosuyuetl.

Bbleo0bl. YCMAHOBMEHO, UMO AAKO020JMblL KAIbYUUSL KAMALUSUPYOM PeaKyuio smepudu-
Kauuu 21UYepuHa OJeUHO080T (UM 8blCUUUMU) KUCAOMOTU, NO8bLLULAIOM KOHBEPCU UCXOOHBIX
gewecms U ceneKmueHocms 00pa308GHUSL MOHO2IUUEPUOO8 NO CPABHEHUIO C OKCUOOM,
2UOpPOKCUOOM U ostleamom Kanbyust. HatideHo, umo onmumasibHoe COOMHOUEeHUEe KOMNOHEHMOo8
2IUYePUH © OJleUHO8As. Kucioma : aauyepam kaavyus cocmaeasiem 1 : 1 : 0.015 u nozeonsiem
docmutb MAKCUMANIbHOU KOHBEPCUU 0N1eUH080U Kuciombl (00 86%) 3a 10 u cunmesa. IIpedoxeH
cnocob smepupurayuuu 2UUEPUHA 8blCLUUMU KAPOOHOBbIMU KUCJIOMAMU 8 NpUcymcmseuu
Kansbyuiicooeprkawezo rkamanusamopa. [aHHulili cnocob noseossiem UCKAIUUMb Cmaouro
ouuCMKU om Kamaausamopa U NoAyuuUmb KOMNO3Uuyur, obradaruwyr ceolticmeamu MHO20-
PYHKUUOHANBbHOU 00basKu 0151 nepepabomKu NOAUBUHUSXIOPUOQ.

Knroueevle cnoea: smepucpunauuﬂ, 2JluyepuH, oJieuHosdaslt Kucsioma, ajiko2o/isimbsbl Kaslbyusi,
aiuyepam Kaslsyust

Jna yumuposanusa: 3oros Y0.J1., 3anpasauna JI.M., Hlumkun E.B., [Tono H0.B. HccnenoBanue kanbLuiiconepxammx
COCIMHEHMI B Ka4eCTBE KaTaJU3aTOPOB ITEPUPHKAIMU [IMIEPHHA BBICIIUMUA KapOOHOBBIMH KUCIOTaMU. TOHKUE XuMUuecKue
mexnonocuu. 2023;18(3):175-186. https://doi.org/10.32362/2410-6593-2023-18-3-175-186

INTRODUCTION

Global production of biodiesel, representing
an alternative fuel derived from renewable natural
resources, is currently about 40 mln tons/year [1].
As compared with traditional diesel, biodiesel offers
a combination of valuable properties that significantly
extend the life of engines running on it [2]. One
of the by-products in the production of biodiesel is
the formation of approximately 10 wt % glycerol.
Thus, according to the latest report from Global
Industry  Analysts (USA)!, the development of

! https://strategyr.blogspot.com/2016/10/the-global-market-
for-private-tutoring.html. Accessed September 22, 2022.

biodiesel fuel production technologies has led to
an increase in the amount of glycerol on the world
market. In this regard, the development of new
approaches for using glycerol to obtain products with
high added value represents an urgent task, which
solution will expand medium- and long-term prospects
for industrial uses of glycerol.

Glycerol can serve as a raw material for the
production of acrolein, 1,3-propanediol, glyceric
acid, and a number of other valuable products [3].
Representing surfactants having amphiphilic, non-ionic and
excellent emulsifying properties, mono- and diglycerides
of higher carboxylic acids are widely used in the food,
cosmetic and pharmaceutical industries [4], as well as
non-toxic plasticizers for the polymer industry [5].
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In earlier works, we proposed to use the
products of glycerol esterification with higher
carboxylic acids in the presence of calcium
compounds as a multifunctional additive for the
processing of polyvinyl chloride (PVC) [6], including
mono- and diglycerides of higher carboxylic
acids [7]. In this case, the spent calcium-containing
catalyst remaining in the reaction mass as part
of the multifunctional additive acts as a heat
stabilizer. Implementation of such approach to the
use of the obtained products significantly simplifies
the technological process, as well as reduces the
stage of isolation and purification.

The synthesis of glycerol esters with carboxylic
acids on an industrial scale is generally carried
out by esterification of glycerol with a fatty acid,
which is catalyzed by strong acids such as sulfuric
(H,SO,), orthophosphoric (H,PO,) acids, etc. [8].
However, the classical methods of esterification
have a number of disadvantages: the occurrence of
side processes, such as the dehydration of alcohols
to olefins and sulfonation of unsaturated compounds;
the formation of a large amount of acidic waste water
with a high chemical oxygen demand; corrosion
of equipment; low selectivity for the formation of
monoglycerides (40-50%).

Currently, research and development of
new catalysts for the esterification of glycerol is
underway. For example, mesoporous silicon dioxide,
metal oxides, modified zeolites, catalysts based
on heteropoly acids [9], ion exchange resins
(Amberlyst 15, Amberlyst 16, Amberlyst 31) [10],
complexes of double metal cyanides Fe—Zn [11],
and layered double hydroxides of the MgAICO,
complex [12], as well as processes based on sulfated
metal oxides [13] are being used. Such catalysts
are used to increase the conversion of raw materials
and reuse processed alcohols while obviating the
laborious stage of neutralization of the reaction
mass. However, their disadvantages include the
higher cost compared to acid catalysts, the need to use
high temperatures (180-200°C), and chemical
contamination of the product by the catalyst.

In recent decades, studies have been carried out
on the effectiveness of calcium oxide, calcium
hydroxide, and calcium alcoholates when used in

processes of transesterification of vegetable oils
with alcohols. The results presented in [14]
demonstrate that the most effective method for
increasing the catalytic activity of CaO 1is its
activation with glycerol to form calcium glyceroxide.
The studied calcium alkoxide has several
advantages compared to calcium oxide, including
higher catalytic activity during the transesterification
reaction [15, 16] and greater resistance to air [17].

While the literature describes the use of
calcium-containing compounds (CaO, CaFeO,, and
Ca(OOCR),) as catalysts for the esterification,
we did not find studies on the catalytic activity
of calcium alcoholate derivatives in the esterification
of glycerol with higher carboxylic acids.

The aim of the present work is to study the
use of calcium-containing basic catalysts for the
esterification of glycerol with higher carboxylic
acids, to carry out the process selectively for the
formation of monoglycerides and with a high
conversion of the starting materials, and to
evaluate the possibility of using the reaction
products for the processing of polyvinyl chloride.

MATERIALS AND METHODS

This work includes the wuse of reagents
manufactured by CHIMMED, Russia: glycerol
(chemically pure, 98.5%, GOST 6259-75%), oleic acid
grade B-115 (tech., 97.4%, TU 9145-172-4731297-94),
calcium hydroxide (analytical grade, 97%, GOST 9262-77°),
calcium oxide (pure, 97%, GOST 22688-77%) was
used after calcination at 900°C for 2 h, metallic
calcium (pure, 98.6%, TU 083.5.314-94), ethyl
alcohol (pure, 96%, GOST R 55878-2013%) was
used after dehydration with calcium oxide, butyl
alcohol (analytical grade, 99.7%, GOST 6006-78°),
toluene (analytical grade, 99%, GOST 14710-78"),
1% alcoholic solution of phenolphthalein (indicator),
potassium hydroxide (analytical grade, 99%), as
well as sodium hydroxide (analytical grade, 99%).

The consumption of carboxylic acid during
the esterification process was determined by the
titrimetric method with visual indication. For titration,

2 GOST 6259-75. Interstate Standard. Reagents. Glycerin. Specifications. Moscow: IPK Izdatelstvo standartov; 2001 (in Russ.).
3 GOST 9262-77. State Standard of the USSR. Reagents. Calcium hydroxide. Specifications. Moscow: IPK Izdatelstvo

standartov; 1996 (in Russ.).

4 GOST 22688-77. State Standard of the USSR. Lime for building purposes. Test methods. Moscow: IPK Izdatelstvo

standartov; 1997 (in Russ.).

5 GOSTR 55878-2013. National Standard of the Russian Federation. Rectified hydrolytic technical ethyl alcohol. Specifications.

Moscow: Standartinform; 2014 (in Russ.).

¢ GOST 6006-78. Interstate Standard. Reagents. 1-Butanol. Specifications. Moscow: IPK Izdatelstvo standartov; 2002 (in Russ.).
7GOST 14710-78. Interstate Standard.Petroleum toluene. Specifications. Moscow: IPK Izdatelstvo standartov; 2004 (in Russ.).
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a 0.1 N alcoholic solution of potassium hydroxide
and a 1% alcoholic solution of phenolphthalein
(indicator) were used.

The esterification product of glycerol and
carboxylic acids was identified using chromato-mass
spectrometric analysis (GC-MS) on a Saturn 2100T GC/MS
instrument (Varian, USA) equipped with a VF-1ms
30 M x 0.25 mm quartz capillary column x 0.25 pum
(Agilent Technologies, USA). Carrier gas was helium
grade 6.0 (with an impurity content not more than
0.00001%), carrier gas flow rate—1.2 cm*min; split
injection 1:10; injector temperature—280°C. When
programming the capillary column temperature, the
initial temperature was 80°C, isotherm time—3 min,
final temperature—300°C, isotherm time—2 min;
temperature rise rate—10.0°C/min; total analysis
time—30 min. An ion trap mass-spectrometric
detector was used. Electron ionization (EI)
mass spectra (70 eV) were recorded in the full mass
spectrum scanning (SCAN) mode in the range
from 40 to 650 m/z at a rate of 1 mass spectrum
per second.

Elemental analysis was performed using an
Elementar Vario EL cube universal elemental analyzer
(Abacus Analytical Systems GmbH, Germany).

The infrared (IR) spectra of the obtained basic
catalysts were recorded in air at room temperature
(20°C) on a Nicolet-6700 IR-Fourier spectrometer
(Thermo Scientific, USA) in the region of 400—4000 cm!
with a scanning step of 0.5 cm ™.

Synthesis of calcium oleate

Into a glass reactor equipped with a reflux
condenser, a Dean-Stark trap, and an overhead
stirrer, 0.177 mol (50 g) of oleic acid, 0.088 mol
(496 g) of calcium oxide, and 50 mL of toluene
were loaded. The reaction mixture was refluxed
for 16 h at a stirring speed of 400 + 10 rpm. Reaction
water was removed by azeotropic distillation in
a Dean-Stark trap. The obtained calcium oleate
was purified by repeated reprecipitation with
diethyl ether from toluene. Melting point 82-83°C
(~80°C [18]). IR spectrum, v, cm™: 3404 w (OH),
2917 s (C-H), 2849 s (C-H), 1573 s (COO"), 1536 s
(CO0"), 3644 w (Ca-0).

Synthesis of calcium ethoxide

Calcium ethoxide [19] was synthesized in a 250 mL
glass reactor equipped with an overhead stirrer and
a reflux condenser protected from air moisture.
Mixing speed was 300 = 10 rpm. Calcium metal in an
amount of 5 g was placed in a reactor with 100 mL of
absolute ethanol and refluxed for 8-16 h air moisture.
The resulting calcium ethoxide was stored in a

desiccator under argon over solid sodium hydroxide
(NaOH). IR spectrum, v, cm™': 3645 m (OH), 2951 w
(C-H), 2802 w (C-H), 2701 w (C-H), 1059 s (C-0),
3645 w (Ca—0).

Synthesis of calcium butoxide

Calcium butyrate was similarly synthesized
to calcium ethylate using 5 g of metallic calcium and
100 mL of butyl alcohol. The resulting calcium
butoxide was stored in a desiccator under argon
over solid NaOH. IR spectrum, v, cm™': 3645 m (OH),
2958 w (C-H), 2910 w (C-H), 2873 w (C-H), 1077 w
(C-0), 3644 w (Ca—-0).

Synthesis of calcium glyceroxide

The synthesis of calcium glyceroxide [20]
was carried out by the interaction of glycerol with
calcium hydroxide (Fig. 1). 1.36 mol (125 g) of
glycerol, 0.22 mol (16.6 g) of calcium hydroxide,
and 30 mL of toluene as azeotrope-forming
agent were loaded into a reactor equipped with a
Dean—Stark trap for removing reaction water by
azeotropic distillation, as well as a reflux condenser
and an overhead stirrer. The reaction mixture
was stirred at 450 = 10 rpm. After distilling off
the calculated amount of reaction water (duration
about 7 h), the reaction mass was cooled. The
formed precipitate was filtered off under vacuum,
washed with ethanol until completely removal of
unreacted glycerol, and dried for 1 h at 105°C.
The resulting calcium glyceroxide was stored in
a desiccator under argon over solid NaOH.
IR spectrum, v, cm™': 3229 w (OH), 2874 m (C-H),
2836 w (C-H), 1128 w (C-0), 1091 m (C-0),
3641 w (Ca-0), 1370 w [3(C-O-H)], 1306 s
[6(C-O-H)]. Elemental analysis: obtained C
(29.9 £3.0%), H (6.0 = 0.6%) [Ca(C,H.O,),]; calculated
C (32.4%), H (6.3%).

0 o
~ca”
2 HO/\(\OH + Ca(OH), — > + 2H,0
H OH HO
H H

Fig. 1. Scheme of calcium glyceroxide synthesis.

Carrying out catalytic experiments

1) To study the effect of the main catalysts
on the rate of esterification of glycerol with
oleic acid, the following calcium-containing catalysts
were chosen: calcium oxide, calcium hydroxide,
calcium oleate, calcium ethoxide, calcium butoxide,
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and calcium glyceroxide. 1 mol (92.09 g) of glycerol,
1 mol (282.46 g) of oleic acid, and 70 mL of
toluene were used. After loading one of the catalysts
from the above list (Table 1) with stirring in an
amount of 1.5 mol %, the temperature of the
reaction mass was raised to the boiling point of
the azeotrope and kept at this temperature for 4 h.
The reaction water was collected in a Dean—Stark trap.

2) To study the effect of the amount of
calcium glyceroxide on the rate of esterification of
glycerol with oleic acid, esterification was carried
out under similar conditions. The only difference
was in the amounts of catalyst used in each
experiment—from 1 to 6 mol % (Table 2)—as
well as the longer period of synthesis (10 h).
Following the end of the synthesis, unreacted
glycerol was separated in a separating funnel
and the azeotrope-forming agent (toluene) was
distilled off in a vacuum water jet pump.

Products were identified by chromato-mass
spectrometry. Oleic acid monoglyceride: m/z (I , %):
356 (3.2) [M]%, 339 (23.7), 264 (99.9), 166 (15.7),
137 (24.9), 112 (23.3), 98 (45.9), 83 (31.8), 69 (32.4),
55 (60.3), 41 (55.7). Oleic acid diglyceride: m/z
(> %): 339 (11.8), 265 (8.6), 185 (51.2), 129 (99.9),
97 (14.3), 83 (21.4), 69 (28.2), 55 (59.1), 41 (42.4).
Oleic acid: m/z (I, %): 282 (5.5) [M]+, 264 (41.9),
151 (18.9), 123 (24), 111 (30.3), 97 (65), 83 (67.8),
69 (66.4), 55 (99.9), 41 (80).

The material balance of laboratory syntheses
of the esterification of glycerol with oleic acid
was calculated to determine the technological
parameters (conversion and selectivity) on the basis
of the data obtained by gas chromatography-mass
spectroscopy.

Table 1. Loads of calcium-containing catalysts

RESULTS AND DISCUSSION

Three groups of calcium compounds were
tested as catalysts: the first group being calcium
oxide and hydroxide, the second comprising a salt
of calcium and oleic acid, while the third group
is made up of calcium alcoholates: ethyl alcohol,
butyl alcohol, and glycerol. The catalytic activity
of the obtained basic catalysts based on calcium
compounds was studied using the model of
esterification of glycerol with oleic acid.

Esterification reactions are known to occur
at several hydroxyl groups of glycerol with the
formation of mixtures of products. The interaction
of glycerol with oleic acid proceeds according
to the scheme of successive reactions. Once
sufficient amounts of oleic acid monoglyceride
have been accumulated, it becomes available for
consumption in the formation of diglyceride.

Calcium oxide and hydroxide were used to
achieve a conversion for glycerol of 27.07%
and 28.66%, respectively; for oleic acid, the
equivalent conversion rates were 28.65% and 30.17%
under the same conditions (Fig. 2). The use of
calcium oleate turned out to be even more efficient:
the conversion for glycerol was 35.54%, while,
for oleic acid, the equivalent conversion was
37.36%. However, the highest value was achieved
when using calcium alcoholates: for calcium
glyceroxide, the conversion rate was 48.48%
for glycerol and 49.56% for oleic acid.
At the same time, no significant difference was
found between ethoxide, butoxide and calcium
glyceroxide. It is likely that calcium ethoxide
and butoxide are converted during synthesis to
calcium glyceroxide.

Catalyst CaO | Ca(OH), Ca(C, H,,CO0), Ca(C,H,0), Ca(C H,0), Ca(C,H 0)),
Amount, mol % 1.5 1.5 1.5 1.5 1.5 1.5
Amount, g 0.84 1.11 9.04 1.95 2.79 3.33
Table 2. Loading amounts of calcium glyceroxide, catalyst Ca(C,H.0,),
Amount, mol % 1 1.25 1.5 2 4 6
Amount, g 222 2.78 3.33 4.44 8.88 13.33
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Fig. 2. Influence of a catalyst on the reagent conversion:
1 — no catalyst used, 2 — calcium oxide CaO,
3 — calcium hydroxide Ca(OH),, 4 — calcium oleate
Ca(C, H,,CO0),, 5 — calcium ethoxide Ca(C,H,O),,
6 — calcium butoxide Ca(C,H,0),,
7 — calcium glyceroxide Ca(C,H.O,),.

In none of the experiments was the formation
of triglycerides detected. The use of Ca(C,H,,COO0),,
Ca(OH),, and CaO showed similar selectivities
for the formation of mono- and diglycerides — at
about 95% and 2.5%, respectively (Fig. 3). The
highest selectivity (above 97%) for the formation
of monoglycerides was achieved when calcium
alcoholates were used as catalysts.

Studies of the influence of the amount of
calcium glyceroxide on the process of esterification
of glycerol with oleic acid have been carried out.
The amount of catalyst was changed in the range
from 1 to 6 mol %. The initial data on the
loading of reagents and catalyst are presented in Table 2.

During the reaction, the change in the degree
of conversion of oleic acid in the reaction system
over time was monitored. Samples were taken
during 10 h of synthesis. The results of changing
the conversion of oleic acid for each catalyst
concentration are shown in Fig. 4.

The study of the effect of the amount of
calcium glyceroxide on the conversion of oleic acid
showed that the conversion of oleic acid increas-
es with a change in the amount of catalyst from 1 to
1.5 mol % from 58% to 86% for 10 h of synthesis.
No further increase in catalyst concentration has a
significant effect on the course of the synthesis. Thus,
the optimal concentration of the catalyst—equal to
1.5 mol %—was used to achieve the maximum value
of the conversion of oleic acid with a minimum catalyst
content.
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A multifunctional additive for polymer processing
was obtained using the proposed method for
esterification of glycerol with oleic acid in the
presence of calcium glyceroxide as a catalyst. This
additive combines plasticizing agents in the form of
mono- and diglycerides of oleic acid and calcium-
containing compounds that have a thermally stabilizing
effect on chlorine-containing polymers [7]. The
main characteristics of the obtained multifunctional
additive according to the developed method are
presented in Table 3.
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Table 3. Main characteristics of the obtained multifunctional additive

Analytically controlled components Value
Content of oleic acid monoglycerides, % 82-86
Content of diglycerides of oleic acid, % 1.5-5
Mass fraction of calcium, % <0.2
Acid number, mg KOH/g 20-25

The developed additive is assigned to hazard
class 4 by the sanitary service of the Russian Federation,
which permits the use of this additive without
restrictions in any PVC products, including plastic
compounds for medical purposes.

A sample of the multifunctional additive was
tested in a model formulation of a medical plastic
compound based on ultra-high molecular weight
PVC-S8059U [21] produced by Kaustik, Volgograd,
Russia. The introduction of the additive was carried
out by partial replacement (5%) of dioctyl
terephthalate in the formulation without changing
the total mass of the composition. The production
of the PVC composition in the P-600 mixer of
the Brabender complex (Brabender Technologie,
Germany) permits automatical control of changes in
temperature and load on the mixing device during
the process [22].

The parameters for obtaining PVC compositions
in the mixer of the Brabender complex are presented in
Table 4: temperature—93-94°C; mixing time—20 min;
stirring device rotation speed—100 min™'.

When using the studied additive in the production
of PVC compositions, no technological difficulties
were observed. Both the control and experimental
compositions comprised free-flowing powders without
agglomerates. Since the torque has a lower value
(0.39 N'm) compared to the control composition
(0.41 N'm) upon reaching the dry point of the
experimental composition, the resistance exerted by
the composition during operation of the mixer is lower.
Moreover, by introducing the developed additive, it was
possible to reduce the time taken to reach the dry point.
Taken together, these factors confirm the effectiveness
of the additive, which reduces energy costs for the
production of a PVC composition by more than 11%.

Table 4. Production mode for polyvinyl chloride (PVC) compositions

Torque on the mixing device, N-m Experimental composition Control composition
Maximum 0.81 0.86
At the dry point 0.39 0.41
At the end of the test (12 min) 0.34 0.44
Time to reach the dry point, s 240 246
Speciﬁc. energy consumption during the production of PVC 6.8 77
composition, N-m/g
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Table 5. Indicators of PVC composite materials

Indicator

Experimental composition Control composition

Thermal stability at 190°C, (Congo red method), min

122 86

Melt flow rate at 190°C and a load of 10 kg through a
capillary with a diameter of 2 mm, g/10 min

17.7 11.1

The resulting PVC compositions were poured
out of the loading device into the working area
of the extruder, where a strand was formed from the
powder, from which granules were subsequently
obtained for further testing.

Indicators of the material obtained from the
control and experimental compositions are given
in Table 5.

The obtained results showed a significant
increase in the thermal stability of the PVC composition.
The increase in the thermostabilizing effect is due to
the presence of calcium-containing compounds in
the composition of the additive, which provides its
multifunctionality.

Thus, the developed method can be used to
obtain an additive, which acts as a processing
additive in the production of medical products
and improves processing performance. As well as
reducing internal friction and preventing sticking
to metal parts of processing machines, the additive
improves thermal stability and melt flow rate.

CONCLUSIONS

Calcium alcoholates are shown to catalyze
the reaction of esterification of glycerol with oleic
(or higher) acid, increasing the conversion of the
initial substances and the selectivity of monoglyceride
formation as compared to calcium oxide,
hydroxide and oleate. The obtained optimal ratio of
components—glycerol : oleic acid : calcium glyceroxide,
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