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Abstract—Depressor additives based on stearyl methacrylate homopolymer and its copolymers with various
monomers (butyl methacrylate, methacrylic acid esters of C,,—C,, fraction, maleic anhydride) were synthesized in
the presence of reversible addition—fragmentation chain-transfer agents allowing control of the molecular-weight
characteristics of the polymers. The low-temperature properties of the diesel fuel containing additives based on the
above polymers were evaluated. The copolymers exhibit the better depressor effect compared to the stearyl meth-
acrylate homopolymer. Modification of the stearyl methacrylate—maleic anhydride copolymer with 1-octanol was
performed. The modified additive well competes in performance with the modern commercial depressor-dispersing
additives and can decrease the congealing point of hydrotreated diesel fuels by 20°C.
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Oil refineries producing modern diesel fuels (DFs)
for large vehicles, locomotives, and ships pay particular
attention to low-temperature characteristics of the fuels
[1-3] such as cloud point (7)), cold filter-plugging point
(CFPP), and pour point (7},,). Their optimum values en-
sure the normal operation of the engine and fuel-feeding
system at low temperatures. The low-temperature prop-
erties of DF are particularly important for countries with
cold climate. In particular, the production of winter fuel
grades is very topical for the Russian Federation with
its developing northern and northeastern regions. In-
deed, the majority of crude oils produced in Russia are
waxy crudes; i.e., they contain large amounts of linear
or branched alkanes that have relatively high crystalli-
zation points and impair the low-temperature properties
of both the crude oil itself and fuels produced from it
[2-4].

One of the way to improve the low-temperature
properties of DF, along with dewaxing and reduction of
the boiling end temperature of the diesel fraction, con-
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sists in introduction of special depressor and depressor-
dispersing additives. This approach is believed to be the
most justified from the economical viewpoint; it also
improves the efficiency and flexibility of oil refining
processes [ 1-4]. The most widely used additives of this
type are various macromolecular compounds, includ-
ing those based on alkyl methacrylates. Interest in these
polymers is due not only to their pronounced depressor
effect, but also to relatively easy modification of their
structure by copolymerization with diverse monomers
and polymer-analogous transformations enhancing the
depressor performance [5—15]. When developing de-
pressor additives, to predict their behavior in petroleum
products and enhance their performance, particular at-
tention is paid to molecular-weight characteristics of the
polymers on which the additives are based. The most
known method for controlling the molecular-weight
characteristics of polymers is controlled radical polym-
erization (CRP), including reversible addition—fragmen-
tation chain-transfer (RAFT) polymerization [16-20].
This method allows preparing (co)polymers with strict-
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Scheme 1. RAFT agents used in the study.
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ly preset molecular weight (MW), low polydispersity,
and definite structure of the polymer chain. In addition,
an indubitable advantage of RAFT polymerization is its
versatility, because its conditions coincide with those of
classical radical polymerization.

In this study, we prepared by RAFT polymerization
a series of random copolymers based on stearyl meth-
acrylate (SMA) with butyl methacrylate (BMA), alkyl
methacrylates (C,;—C,,4 alkyl methacrylates, AMA), and
maleic anhydride (MA). We also studied the effect of
the samples obtained on the low-temperature charac-
teristics of DF. Successful control of the RAFT polym-
erization is determined by the choice of an appropriate
chain-transfer agent, which, in turn, depends on the type
of the monomer being polymerized and on the reaction
conditions [18-20]. Therefore, we studied two differ-
ent RAFT polymerization agents: 2-cyano-2-propyl
dithiobenzoate (CPTB) and 2-cyano-2-propyl dodecyl
trithiocarbonate (CPTC); their formulas are shown in
Scheme 1.

The study was aimed at developing efficient methods
for the synthesis of depressor additives to hydrotreated
diesel fuels, based on homo- and copolymers of stearyl
methacrylate with preset molecular-weight characteris-
tics.

EXPERIMENTAL

Chemicals. CPTB was purchased from Aldrich
(catalog no. 722987); CPTC was synthesized according
o [21]. The monomers SMA and MA (Aldrich, cata-
log nos. 411442, M188) were used without preliminary
purification. BMA (Aldrich, catalog no. 8.00585) was
purified to remove the inhibitor by the standard proce-
dure [22]. Commercial AMA (C,,C,, fraction, Khim-
direkt Servis, Russia) containing 16 vol % toluene was
characterized by gas chromatography—mass spectrom-
etry and was used without preliminary purification.
Azobis(isobutyronitrile) (AIBN, HimReakt, catalog no.
97-98-1) used as a radical initiator was recrystallized

S CH,
H,C—(CH,) )k é/CN
’ PN S CH,

from ethanol. The solvents ethanol, hexane, toluene,
methylene chloride, and tetrahydrofuran (THF, Kom-
ponent-Reaktiv, Russia, chemically pure grade), used in
the experiments, were purified by standard procedures
[23]. 1-Octanol, p-toluenesulfonic acid (both Aldrich,
catalog nos. 8.20931 and 27818), NaHCO;, and Na,SO,
(both REARUS, Russia, catalog nos. 141638.1210 and
214850250) were used without preliminary purification.

DF (LUKOIL-Nizhegorodnefteorgsintez) was taken
from the LCh24/2000 installation before introducing
the set of additives; it corresponds to GOST (State Stan-
dard) R 52368-2005 (EH590:2009): Euro Diesel Fuel.
Technical Specification. Low-temperature characteris-
tics of the DF used: 7, = —8°C, Ty, = —15°C, CFPP =
—10°C. Dodiflow, a depressor-dispersing additive based
on ethylene—vinyl acetate copolymer, was provided by
LUKOIL-Nizhegorodnefteorgsintez.

Synthesis of additives based on stearyl methac-
rylate copolymers. The calculated amounts of SMA
and the second monomer, taken in the preset molar ra-
tios, and the AIBN initiator and RAFT agent in definite
amounts (see Results and Discussion) were dissolved
in toluene or THF (the concentration of the monomer
mixture in the solvent was 10 mol %). The solution was
placed in glass ampules and deoxygenated by threefold
freezing in liquid nitrogen, pumping to a residual pres-
sure of <1.3 Pa, and thawing. The polymerization was
performed at 60 and 80°C. After a definite time, the am-
pules with the reaction mixture were opened, the copo-
lymers were precipitated with ethanol, and the products
were dried to constant weight at reduced pressure and
40°C.

Modification of SMA-MA copolymer. The copoly-
mers were modified with 1-octanol in accordance with
[6]. A round-bottomed two-necked flask was charged in
succession with the preliminarily calculated amounts
of the copolymer, p-toluenesulfonic acid, and alcohol
in toluene. The mixture was refluxed for 30 h, cooled
to room temperature, and diluted with ethyl acetate.
The organic layer was washed with distilled water and

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 96 No. 10 2023



DEVELOPMENT OF EFFECTIVE DEPRESSOR ADDITIVES 891

5% NaHCOj; solution and was dried over Na,SO,. The
solvent was evaporated using a rotary evaporator. The
product was dried at reduced pressure and analyzed by
gel permeation chromatography (GPC) and by NMR
and IR spectroscopy.

Analysis of molecular-weight characteristics of
polymers. The molecular-weight characteristics of the
copolymers were determined by GPC with a KNAUER
liquid chromatograph (Germany) using a cascade of col-
umns (103—106 Phenomenex, the United States). An RI
Detector K-2301 differential refractometer was used as
a detector. The eluent was THF (flow rate 1 mL min™!,
T'=25°C). The calibration was performed using narrow-
dispersity polystyrene standards. The chromatographic
data were interpreted using the ChomGate program.
The number-average (M,) and weight-average (M,,)
molecular weights of the homo- and copolymers were
determined using the constants K and a for poly(methyl
methacrylate).

Determination of the qualitative and quantitative
composition of polymers by NMR and IR spectroscopy.
The composition of random copolymers based on stea-
ryl methacrylate, synthesized in the presence of RAFT
agents, was determined with an Agilent DD2 400 NMR
spectrometer operating at 400 MHz. The 'H NMR spec-
tra were recorded in CDCl; at room temperature using
the residual proton signal of the deuterated solvent as a
reference. The spectra were interpreted and simulated
using the ACD NMR processing program.

The IR spectra were recorded with an FTIR 8400S
Fourier spectrometer in the wavenumber range 4000—
400 cm—1. The copolymer samples were pelletized with
KBr.

Introduction of additives into diesel fuel. Copoly-
mers based on SMA with BMA or alkyl methacrylates
are sufficiently soluble in DF and were introduced in the
solid state. Portions of the copolymers were accurately
weighed on an analytical balance and dissolved in the
calculated amount of the fuel to obtain the concentration
on the level of 1600 ppm. For complete dissolution of
the additive, the vessel with the fuel and additive was
heated with vigorous stirring to no more than 40°C to
avoid thermal and thermal oxidative degradation. The
additives based on SMA with MA were introduced into
DF as a 1% solution of the copolymer in toluene, be-
cause direct dissolution of the solid copolymer in the
diesel fuel is difficult.

Determination of low-temperature characteris-
tics of diesel fuel. The low-temperature properties of
diesel fuel (7}, T, and CFPP) were determined in ac-
cordance with GOST (State Standard) 20287-91: Petro-
leum Products. Methods for Determining the Pour and
Congealing Points, and GOST 22254-92: Diesel Fuel.
Method for Determining the Limiting Filterability Tem-
perature on a Cold Filter. The arithmetic mean of three
replicate measurements was taken as the cloud/congeal-
ing point of the petroleum product being tested.

RESULTS AND DISCUSSION

Specific features of homo- and copolymerization
of higher alkyl methacrylates in the presence of RAFT
agents. To choose the optimum conditions for RAFT
polymerization, we took RAFT agents differing in the
structure and reactivity (Scheme 1). The screening of
the performance of these RAFT agents was performed
with SMA homopolymerization as an example.

The effect of the examined RAFT agents on the SMA
homopolymerization is somewhat different. In the case
of'using 0.005 M CPTB, the polymerization rate slightly
decreases compared to that on AIBN (Fig. 1a).

An increase in the CPTB concentration to 0.01 M
leads to a more significant decrease in the rate in the
initial time moment in contrast to the polymerization on
AIBN without introducing the RAFT agent. However,
irrespective of the dithiobenzoate concentration chosen,
the overall SMA homopolymerization rate is compara-
ble to that on the traditional initiator.

Analysis of the SMA homopolymerization in the
presence of 0.02 M CPTC shows that, in the initial steps
of the monomer conversion, the SMA polymerization
rate is comparable to that on the traditional initiator, but
at high conversions the decrease in the SMA homopoly-
merization rate is more significant (Fig. 1b).

The dependences of the molecular-weight
characteristics of the polymers obtained using RAFT
agents on the conversion are shown in Fig. 2. In the
presence of both RAFT agents, the molecular weight
(MW) of poly(stearyl methacrylate) (PSMA) linearly
increases, in contrast to PSMA obtained on the
traditional AIBN initiator with which MM does not vary
with the monomer conversion and is higher (50 000—
90 000 depending on the initiator concentration used).
The polydispersity (M,/M,) of the PSMA samples
synthesized in the presence of RAFT agents remains
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Fig. 1. Degree of stearyl methacrylate polymerization as a function of time. Polymerization in toluene solution, stearyl methacrylate
concentration 10 mol %. Synthesis conditions: (a) in the presence of 0.01 M azobis(isobutyronitrile) and 2-cyano-2-propyl dithio-
benzoate, T'= 80°C; 2-cyano-2-propyl dithiobenzoate concentration, M: (/) 0, (2) 0.005, and (3) 0.01; (b) in the presence of 0.001 M

azobis(isobutyronitrile) and 2-cyano-2-propyl dodecyl trithiocarbonate, 7= 60°C; 2-cyano-2-propyl dodecyl trithiocarbonate concen-
tration, M: (/) 0 and (2) 0.002.
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Fig. 2. (/) Number-average molecular weight and (2) polydispersity as functions of stearyl methacrylate conversion. Polymeriza-
tion in toluene solution, stearyl methacrylate concentration 10 mol %. Conditions of polymer synthesis: (a) in the presence of 0.01 M

azobis(isobutyronitrile) and 0.01 M, T'= 80°C; (b) in the presence of 0.001 M azobis(isobutyronitrile) and 0.002 M 2-cyano-2-propyl
dodecyl trithiocarbonate, 7= 60°C.

low throughout the polymerization process and at high On the whole, a study of the SMA polymerization in
conversions is 1.30 for CPTB and 1.44 for CPTC, in  the presence dithiobenzoate and trithiocarbonate shows
contrast to PSMA homopolymers obtained on AIBN  that both these RAFT agents strongly influence the

without RAFT agent (M, /M, = 2.5-3.0). course of the PSMA synthesis and allow preparation of
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Scheme 2. Mechanism of RAFT polymerization.
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polymers with the preset molecular-weight characteris-
tics (relatively low polydispersity and molecular weight
controlled in a wide range, from 4000 to 50 000), but,
to obtain PSMA samples with the narrowest molecular-
weight distribution, it is preferable to use CPTB.

The revealed features of the SMA polymerization in
the presence of dithiobenzoate and trithiocarbonate sug-
gest the realization of the RAFT mechanism (Scheme 2).
Reactions (1) and (2) will be characteristic of dithioben-
zoate, whereas in the case of trithiocarbonate additional
stages (3) and (4) are possible.

Thus, when using different RAFT agents, poly-
mers of different structure (poly-RAFT agents) can be
formed in the course of the polymerization. When using
PCTB, poly-RAFT agents 1 and 2 will be formed, and
with PCTC the formation of poly-RAFT agents 3 and 4
(Scheme 2) is possible. To prove the formation of poly-
mers of such structure, we performed modification of
SMA homopolymers obtained in the presence of both
dithiobenzoate and trithiocarbonate by replacing the
sulfur-containing groups by the cyanoisopropyl radical

|
S— P,

poly-RAFT agent 4

S—Pk"""’\

at a 100-fold excess of AIBN and 80°C for 24 h. The
modified polymers were examined by GPC. In the case
of using CPTB, the molecular-weight characteristics of
the polymer did not change noticeably (M, ;,;; = 9100,
Mw/Mn,init = 122= Mn,mod = 9200’ MW/Mn,mod = 123)
The molecular-weight distribution (MMD) curves
remained identical to that of the initial sample. This
fact suggests the presence in the polymer of terminal
sulfur-containing chains (poly-RAFT agents 1 and 2,
Scheme 2) whose replacement by the cyanoisopropyl
radical does not alter the molecular-weight charac-
teristics of the polymer. In contrast to SMA prepared
in the presence of dithiobenzoate, in decomposition
of PSMA synthesized using trithiocarbonate (CPTC)

a low-molecular-weight mode (with M, .4 = 1000,
My/M,, 1noq = 1.08) appears in the MMD curve (Fig. 3).

This fact suggests that the PSMA synthesized in the
presence of trithiocarbonate contains structures of the
type of poly-RAFT agents 3 and 4, whose heating with
excess radical initiator results in successive elimina-
tion of the polymeric substituents with a decrease in

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 96 No. 10 2023



894 KOLYAKINA et al.

Table 1. Copolymerization of stearyl methacrylate with various monomers (concentration of the monomer mixture in toluene

10%)

Compounn.| St [ o | - [N IO [ e | o [ s [ o

1 MA 50: 50 60 | 0.001 - 17 74 535 | 4.69
2 MA 50 : 50 60 | 0.001 | CPTC, 25 185 | 2.10
3 MA 50: 50 60 | 0.001 0.001 6 30 18.2 1.94
4 MA 50:50 60 | 0.001 16 48 18.9 1.88
5 MA 50 : 50 60 | 0.001 30 60 18.8 1.94
6 MA 50 : 50 60 | 0.001 82 76 188 | 2.00
7 BMA 80:20 80 | 0.01 - 3 88 267 | 232
8 BMA 80:20 80 | 0.01 CPTB, | 0.08 23 10.5 1.26
9 BMA 80 : 20 80 | 0.01 0.01 0.25 41 290 | 115
10 BMA 80: 20 80 | 0.01 0.5 63 46.1 1.13
11 BMA 80:20 80 | 0.01 1 84 58.0 1.18
12 BMA 80 : 20 80 | 0.01 3 93 64.1 1.23
13 AMA 80 : 20 80 | 0.01 - 3 83 274 | 223
14 AMA 80:20 80 | 0.01 CPTB, | 0.08 18 9.3 1.28
15 AMA 80 : 20 80 | 0.01 0.01 1 025 39 257 | 116
16 AMA 80 : 20 80 | 0.01 0.5 67 434 1.14
17 AMA 80:20 80 | 0.01 1 81 52.2 1.20
18 AMA 80:20 80 | 0.01 3 89 57.7 1.25

MM and with their replacement by the initiator frag-
ments. However, not all the polymer fractions but only
a part of them are modified (Fig. 3) because the high-
molecular-weight mode whose molecular-weight char-
acteristics virtually coincide with those of the initial
sample (M, = 11 500, M /M, ;i = 1.60; M, 100 =
14 600, M,, g = 1.57) remains.

Certain “apparent” increase in MM of the remain-
ing high-molecular-weight fraction of the product after
the modification is due to degradation of a part of frac-
tions corresponding to poly-RAFT agents 3 and 4 and to
the presence of poly-RAFT agents 1 and 2 in the PSMA
structure (Scheme 2).

Experiments on the copolymerization of SMA with
monomers of various structures (BMA, AMA, and MA)
have shown that, as in the case of the SMA homopoly-
merization, CPTC influences the copolymerization ki-
netics more strongly than CPTB does (Table 1). Such
effect of CPTC on the kinetics of both homopolymeriza-
tion and copolymerization of SMA with MA may be due
to the stability of the intermediates formed (Scheme 2).

Indeed, in a number of systems the lifetime of the inter-
mediates can be sufficiently long, leading to the “freeze”
of the polymerization or to possible occurrence of side
reactions, e.g., capture of propagating radicals or initia-
tion of new chains. The more stable is the radical inter-
mediate formed, the more pronounced is the polymer-
ization inhibition [19].

The RAFT agents also affect the molecular-weight
characteristics of the polymers synthesized (Table 1).
Certain features of the copolymerization of various co-
monomer systems should be noted. In the case of SMA
copolymerization with various alkyl acrylates (BMA,
AMA), which are similar in nature to SMA, in the pres-
ence of CPTB, MM shows a pronounced tendency to
increase with the conversion, and the polydispersity is
low (M, /M, = 1.13—1.28). As demonstrated by the ex-
ample of SMA-BMA copolymers, the MMD curves are
gradually shifted toward high MM with increasing con-
version (Fig. 4). These facts demonstrate clear control
of the molecular-weight characteristics and the RAFT
polymerization mechanism (Scheme 2).
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log MM

Fig. 3. Molecular-weight distribution of the (/) initial
poly(stearyl methacrylate) and (2) modified product obtained
in the presence of azobis(isobutyronitrile) (AIBN) at 80°C.

As seen from Table 1, in copolymerization of SMA
with MA, in contrast to the SMA homopolymerization
(Fig. 2a), M, of the copolymers synthesized in the pres-
ence of CPTC remains constant throughout the process.
Its value is considerably lower than M, of the copoly-
mer synthesized on a common radical initiator without
RAFT agent. The polydispersity coefficients for SMA—
MA copolymers synthesized in the presence of CPTC,
as well as their MM, do not noticeably change in the
course of the process and remain on the level of 2.0,
but this value is considerably lower than M, /M, for the
sample synthesized on AIBN. Thus, the dependence of
the conversion on time and the molecular-weight char-
acteristics of SMA-MA copolymers obtained in the
presence of CPTC demonstrate its role as an irreversible
chain-transfer agent capable of inhibiting the copoly-
merization. Indeed, RAFT agents and irreversible chain-
transfer agents such as, e.g., mercaptans can inhibit the
polymerization [19, 24].

Because the monomers incorporated in SMA-BMA
and SMA-AMA copolymers are close in the nature and
structure, it was impossible to determine the composi-
tion of these copolymers. The relative activities of the
above comonomers in the copolymerization can be logi-
cally assumed to be comparable because of their similar
structure and close reactivity. In contrast to the above-de-
scribed monomer pairs, SMA and MA differ essentially
in the structure and activity in the copolymerization. As

log MM

Fig. 4. Molecular-weight distribution of stearyl methacrylate—
butyl methacrylate copolymers synthesized in the presence of
0.01 M azobis(isobutyronitrile) and 0.01 M 2-cyano-2-propyl
dithiobenzoate at 80°C. Conversion, %: (1) 23, (2) 41, and
(3) 84.

demonstrated by the example of the copolymerization of
methyl methacrylate with MA, the relative activities of
the monomers in copolymerization of methacrylic acid
esters with MA differ considerably (by virtually two or-
ders of magnitude) [25]. MA itself is incapable of ho-
mopolymerization. This fact can significantly affect the
incorporation of MA into the SMA-MA copolymer in
the case of both traditional copolymerization processes
and “living” polymerization processes occurring by the
RAFT mechanism. In this connection, it was necessary
to estimate the compositions of SMA—MA copolymers
by various spectroscopic methods. Incorporation of MA
units into SMA was unambiguously proved by the pres-
ence of characteristic anhydride absorption bands in the
region of 1857 cm™! along with the characteristic ab-
sorption bands of the ester fragment of SMA in the re-
gion of 1784 cm™' (Fig. 5).

The quantitative composition of the SMA-MA co-
polymer was studied in more detail by 'H NMR spec-
troscopy. As seen from Figs. 6A and 6B, the spectra of
PSMA and SMA-MA copolymer are different. In the
spectrum of the copolymer, there are signals character-
istic of MA units at 2.6-3.0 ppm. The copolymer com-
positions were calculated from the integral intensities of
the signals corresponding to methylene protons at the
oxygen atom of the SMA ester group at 3.8-4.1 ppm
(signal d, Fig. 6B) and to methine protons of maleic an-
hydride at 2.6-3.0 ppm (signal e, Fig. 6B) [6]. The data

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 96 No. 10 2023
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Fig. 5. IR spectra of (/) poly(stearyl methacrylate) and (2) stearyl methacrylate—maleic anhydride copolymer.
¢ 1.26
(A) CH; , | )
0.4 B _CH
u (ljz O ln
O
0.3F |
CH2 d ,’)'
i
u C|le c
7
02 (CHy)ys b ‘
| 088
CH; a
0.1}
d
B 3.92
|
ok N
2.00
1 o — 1 1 1
4.5 3.5 2.5
5, ppm
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for the copolymers isolated at approximately 60-70%
conversion are given in Table 2 and demonstrate rela-
tively high fraction of MA in the copolymer at high con-
versions. In this case, the molar content of MA in the
copolymer only weakly depends on the initial composi-
tion of the monomer mixture.

Thus, the dithikobenzoate and trithiocarbonate that
we used allow efficient control of the molecular-weight
characteristics not only of PSMA and SMA copoly-
mers with higher alkyl acrylates, but also of SMA-MA
copolymers. Despite significant difference in the rela-
tive activities of methacrylates and MA, synthesis of
SMA-MA copolymers occurs to high conversions of
both comonomers to give copolymers containing up to
40 mol % MA.

Effect of polymers based on stearyl methacrylate on
the low-temperature properties of the diesel fuel. The
polymers prepared were tested as depressor additives
to base DF containing no additives. The structure, com-
position, and molecular-weight characteristics of the
additives exert the major influence on the low-temper-
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ature properties of DF [1-4]. The RAFT agents used,
depending on the chosen concentration, allow prepara-
tion of the polymers with MM clearly preset in the range
20 000-700 000 and low polydispersity, irrespective of
their kind. Therefore, in this section we will consider
the effect of the (co)polymers on the low-temperature
properties of the diesel fuels irrespective of the RAFT
agent used.

The polymers were introduced into DF in the con-
centration of 1600 ppm, which corresponds to the prac-
tically used optimum range for additives based on alkyl
(meth)acrylates [7—13]. Introduction of low-molecular-
weight homopolymers prepared in the presence of RAFT
agents into DF does not lead to noticeable changes in its
low-temperature characteristics (7, and CFPP). For ex-
ample, on adding into DF the additive based on PSMA
with M;, 20 900, 7, decreases by only 2°C (Table 2). An
increase in MM of PSMA to 40 000—70 000 enhances
the depressor effect. The congealing point depression
(AT,,) on introducing these additives is 5°C (Fig. 7). As
demonstrated by the example of PSMA homopolymers
synthesized in the presence of RAFT agents, the de-

Table 2. Low-temperature properties of diesel fuel in the presence of depressor additives of various types. Stearyl methacrylate ho-
mopolymers and copolymers with maleic anhydride were synthesized at 60°C in the presence of 0.001 M azobis(isobutyronitrile)
and 0.001 M 2-cyano-2-propyl dodecyl trithiocarbonate in toluene, conversion ~65-70%

Composition. mol % Low-terr.lp.erature charac-
Compound .. b ’ teristics of DF

no. Additive of SMA:MA | 1 sMamay | Mo | MM Ty | T, | CFPP,

monomer

mixture copolymer °C °C °C
12 None - — - - -8 —-15 -10
2 Dodiflow® - - - - -8 | 24 -10
3 Dodiflow® - - - - -8 | 25 -17
4 PSMA® - - 49000 | 3.0 -8 =20 -10
5 PSMA - - 20900 1.9 -9 -17 -10
6 poly(SMA-MA) 80 : 20 64 :36 28200 | 2.3 -13 21 -14
7 poly(SMA-MA) 60 : 40 61:39 21000 | 2.0 -13 -20 -13
8 poly(SMA-MA) 50:50 64 :36 18800 | 2.0 -13 21 -14
9 poly(SMA-MA) 40 : 60 60 : 40 21000 | 2.0 -13 =20 -13
10 poly(SMA-MA) 50:50 Modified 20800 | 2.0 -15 =35 =20

2 Initial DF.

b Commercial additive based on ethylene-vinyl acetate copolymer, introduced in the concentration of 400 (compound no. 2) and 1600 ppm

(compound no. 3).
¢ Homopolymer prepared without RAFT agent.
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Scheme 3. Modification of SMA-MA copolymer with 1-octanol.
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pressor effect is enhanced with an increase in MM of
the additives. Similar effect of additives on the low-
temperature characteristics of DF was demonstrated
by the example of PSMA prepared in the presence of
the traditional initiator, AIBN, having M, = 49 000
(Table 2). The polymers synthesized in the presence
of RAFT agents and containing terminal functional
groups, in contrast to PSMA prepared on AIBN, can
be used in the future for modifying the composition,
structure, and architecture of polymers, in particular,
for developing depressor additives with improved low-
temperature characteristics.

Similar influence of MM of the additives on the
low-temperature properties of DF was observed for the
SMA-BMA and SMA-AMA copolymers. The copoly-
mers with MM of up to 10 000 exert a minimal effect
on the low-temperature characteristics of the fuel. No
significant effect on Ty, T, and CFPP was revealed
on introducing such additives in a concentration of
1600 ppm. The depression of these parameters was as
small as 1°C. An increase in MM of the additives to
60 000 leads to improvement of their depressor effect.
The depression of T, for SMA-BMA copolymers is
8°C, and for SMA—AMA copolymers it is 11°C (Fig. 7).
However, no significant effect on 7, and CFPP was re-
vealed in this case either. In particular, 7,; and CFPP
decrease by only 3°C.

The SMA-MA copolymers showed more promise as
depressor additives (Table 2). In particular, introduction
of additives based on SMA-MA in a concentration of
1600 ppm into hydrotreated DF leads to a decrease in
the low-temperature characteristics of DF to a greater

extent compared to the PSMA homopolymer and copo-
lymers with BMA and AMA of similar MM (Fig. 7). It
should be emphasized once again that the SMA-BMA
and SMA-AMA copolymers with MM ~10 000-20 000
do not decrease T, of DF. Because the composition of
SMA—-MA copolymers obtained at high conversions is
virtually independent of the monomer ratio in the start-
ing mixture, the monomer mixture composition in the
examined interval does not noticeably influence the
low-temperature properties of DF (Table 2). Somewhat
stronger effect of SMA—MA copolymers on the depres-
sion of 7,; and CFPP (Table 2) compared to SMA copo-
lymers with alkyl methacrylates should also be noted.

It is known that modified copolymers based on MA
have more pronounced depressor properties [6]. There-
fore, we modified with 1-octanol the SMA-MA co-
polymer synthesized in the presence of RAFT agents
at the molar ratio of the starting monomers of 50 : 50
(Scheme 3).

The product obtained was characterized by 'H NMR
and IR spectroscopy. The 'H NMR spectra contain no
signals of carboxyl protons at 10—12 ppm. No charac-
teristic OH stretching vibration bands of acid groups
in the range 3100-2800 ¢m™' were observed in the
IR spectra either. These facts show that there are no
free carboxyl groups in the copolymers and that two
octyl fragments are incorporated into one MA units
(Scheme 3). The product composition was estimated
from the integral intensities of the 'H NMR signals
corresponding to the total content of methylene pro-
tons at the oxygen atom in SMA ester groups and in the
units modified with 1-octanol (3.8—4.1 ppm, signal d,
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Fig. 7. Depressor effect of additives based on stearyl methac-
rylate, synthesized in the presence of reversible addition—frag-
mentation chain-transfer agents. Concentration of additives in
diesel fuel 1600 ppm. Mn: poly(stearyl methacrylate) PSMA
1 20900, PSMA 2 70000; stearyl methacrylate—butyl methac-
rylate copolymer [poly(SMA-BMA)] 58000; stearyl meth-
acrylate—alkyl methacrylates copolymer [poly(SMA-AMA)]
58000; stearyl methacrylate-maleic anhydride copolymer
[poly(SMA-MA)] 18800; modified stearyl methacrylate—ma-
leic anhydride copolymer 20800.

Fig. 6C) and from the intensity of the signal in the re-
gion of 1.27 ppm (signal b, Fig. 6C), corresponding to
the sum of the remaining methylene groups of SMA
and I-octanol in ester moieties and of SMA methylene
units in the copolymer backbone. The solution of the
system of Egs. (1) allowed determination of the con-
tent of 1-octanol incorporated in the modified product:

2x+4y =2,
32x+20y =21, (1)
x+y+z=1,

where x is the molar content of SMA; y, molar content of
1-octanol incorporated into the copolymer upon modifi-
cation; and z, molar content of the remaining MA units.
The product modified with 1-octanol has the following
composition (mol %): [DMS : modified units : MA] =
50 : 25 : 25. The degree of modification of the SMA—
MA copolymer was 25%, or 50% based on MA units.

We have studied the effect of the modified product on
the low-temperature characteristics of DF (Fig. 7) and
found the SMA-MA copolymer modified with 1-octa-
nol considerably improves the low-temperature proper-

ties of the fuel. The depressor effect for the congealing
point is 20°C. In our opinion, this effect is associated
with changes in the copolymer structure. In particular,
long octyl fragments in the modified poly(SMA-MA)
copolymer sterically hinder the paraffin agglutination,
thus reducing the congealing point of the DF [4]. In ad-
dition, this modified copolymer with M, = 20 800 influ-
ences T,; and CFPP (Table 2) more strongly than SMA
copolymers with BMA and AMA do: In the presence
of the latter copolymers of similar MM, no noticeable
effect on the low-temperature properties was revealed.
The suggested additives based on modified SMA-MA
copolymers well compete in the depressor effect with
the widely used imported commercial additive, Dodi-
flow (Table 2), and with the known additives based on
alkyl methacrylates, with which the depressor effect on
T is 7-18°C [8, 10].

CONCLUSIONS

The use of reversible addition—fragmentation chain-
transfer agents (2-cyano-2-propyl dithiobenzoate and
2-cyano-2-propyl dodecyl trithiocarbonate) in homo-
and copolymerization of stearyl methacrylate with vari-
ous alkyl methacrylates and maleic anhydride is very
promising for preparing functional polymers in the con-
trolled mode. This approach allowed synthesis of (co)
polymers with clearly preset molecular weight and low
polydispersity indices. The effect of these (co)polymers
on the low-temperature properties of diesel fuel was
studied. The copolymers based on stearyl methacrylate
and alkyl methacrylates are more effective depressors
than stearyl methacrylate homopolymers. Modifica-
tion of the stearyl methacrylate—-maleic anhydride co-
polymer with 1-octanol allowed reaching the strongest
depressor effect for the summer diesel fuel among all
the additives tested. The modified additive allowed the
congealing point of the hydrotreated diesel fuel to be
decreased from —15 to —35°C. Therefore, the additive
that we developed can be of indubitable interest as a
depressor additive and as an effective alternative to the
presently used imported depressor-dispersing additives
to hydrotreated diesel fuel.
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