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ABSTRACT: Introduction. Polyvinyl chloride (PVC) is one of the most important polymers in the economy. Due to its versatility,
this material is now found in a wide variety of products used in everyday life. A wide range of physical and mechanical properties is
given to it by the use of additives, the main of which are plasticizers. The most common in terms of consumption are orthophthalic
acid esters, in particular, dibutyl phthalate (DBP), dioctyl phthalate (DOP), diisononyl phthalate (DINP), diisodecyl phthalate (DIDP).
Phthalates are well combined with polymers, give them high physical and mechanical properties, therefore plastic compounds
based on them are widely used in the construction sector, engineering, as well as in agriculture and in everyday life. Numerous
studies of products made from plasticized PVC, conducted in different countries, have established the adverse effects of DOP on
human health, which led to the limitation of its areas of application. Legislative bans and growing consumer pressure are forcing PVC
compound manufacturers to look for an environmentally friendly replacement for DOP. Methods and materials. In this research
work, the possibility of creating more environmentally friendly PVC compounds using a mixture of plasticizers: industrial dioctyl
phthalate and diisononyl phthalate and dibutoxyethyl phthalate (DBOEP) developed by us was studied. The choice of the plasticizers
is based on the fact that DINP and DBOEP, in contrast to dioctyl phthalate, belong to the 3rd hazard class. Results and discussion.
In the course of the correlation-regression analysis, a close functional relationship was obtained between the additives used and
the characteristics of PVC, which was confirmed by the calculated coefficient of determination. Using the method of nonlinear
programming applied to the constructed third-order polynomial dependencies, it was found that in the basic PVC composition
formulation it is promising to replace up to 25 wt.h. DOP on DINP plasticizer. The joint use of industrial plasticizers DOP and DINP,
as well as the developed DBOEP in the formulation of PVC compositions, indicates an increase in plasticity and manufacturability.
This can probably be explained by the synergistic effect of the studied plasticizers. The dependence of the properties and content
of plasticizers DBOEP and DINP in the form of a second-order surface was studied on the basis of the obtained experimental data,
the level lines of the constructed function of two variables were studied, as a result of which it was found that the greatest effect
is achieved at a dosage of: DOP - 25 wt.h., DINP - 5 wt.h. and DBOEF - 20 wt.h. Conclusion. The obtained research results show
that the proposed formulation of the PVC composition makes it possible to reduce the toxicity of the plasticizers used by 50 % and
improve the physical, mechanical and technological characteristics of the compounds.

KEYWORDS: diisononyl phthalate, dioctyl phthalate, correlation, optimization methods, non-linear programming, elongation at break,
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INTRODUCTION

Modern industry has been constantly requiring im-
provement of the technical and consumer prop-
erties of polymeric materials for the manufacture of a
wide range of products. Therefore, research works on the
preparation and study of the properties of new polymer
composites based on known large-tonnage polymers are
relevant [1-5].

One of the most commonly used bulk polymers in
industry is polyvinyl chloride (PVC). Both unplasticized
and plasticized PVC are used in a variety of ways for the
production of building and finishing products, packaging
materials for food and pharmaceutical products, plastic
compounds for light industry and in many other areas of
consumer and industrial goods production [6—12].

When obtaining plasticized PVC, various plasticizers
are used, which impart plasticity and elasticity during
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processing and operation. Both the additives simplify the
dispersion of the mixture components, lower the tempera-
ture of the technological processing of polymer composi-
tions, increase the frost resistance of plastic compounds,
but can adversely affect heat resistance. Some types of
plasticizers are able to increase the fire, light and heat
resistance of polymer composites.

About 100 different plasticizers are currently produced
worldwide and only 50 of them are commercially im-
portant, while 80% of the global market for these addi-
tives is accounted for by seven plasticizers. Most of them
(100—150 items) are phthalate type plasticizers, and in
most cases orthophthalic acid esters are used, such as
dibutyl phthalate (DBP), di-(2-ethylhexyl) phthalate (di-
octyl phthalate or DOP), diisononyl phthalate (DINP)
and diisodecyl phthalate (DIDP), because of the three
existing isomeric forms of phthalic acid (orthophthalates,
isophthalates, terephthalates), the former are the most
popular due to availability, low cost and high modifying
properties [13—24]. In this regard, it is not surprising that
the interest of researchers in studying the possibilities of
expanding the range of orthophthalic acid ester plasticiz-
ers does not weaken at the present time.

DOP has optimal plasticizing properties at a low cost
and today remains the standard international plasticizer
for PVC, the requirements for other plasticizers are con-
sistent with the characteristics of DOP. The leading po-
sition of dioctyl phthalate to this day is determined, first
of all, by the development of the production of flexible
PVC — the largest consumer of DOP [18, 22—24].

However, in contrast to all these advantages, DOP has
a significant drawback. According to an examination by
European scientists, PVC products plasticized with DOP
turned out to be hazardous to health, which led to a ban
on the production and sale of certain products in Europe.

In connection with the above, the proportion of DOP
consumption tends to gradually decrease. Although the
replacement of DOP with other plasticizers is not al-
ways possible, since this entails an increase in the cost
of the product, and, in addition, such qualities of the
final product as flexibility and transparency are not al-
ways achieved, nevertheless, tightening requirements are
forcing companies producing plasticizers, allocate funds
for the search and development of other safe plasticizers
for PVC materials.

Therefore, in recent years, the requirements for the
operational and technological properties of materials ob-
tained on the basis of polyvinyl chloride have been steadily
growing, which, in turn, tightens the quality requirements
for the additives used.

An effective method for improving the environmental
safety of flexible PVC is to replace toxic dioctyl phthal-
ate with safer phthalates [25, 26]. In this regard, we have
studied the possibility of creating more environmentally
friendly PVC compounds using a mixture of plasticizers:

industrial dioctyl phthalate and diisononyl phthalate and
dibutoxyethyl phthalate (DBOEP) developed by us. The
choice of these plasticizers is based on the fact that DINP
and DBOEP, in contrast to dioctyl phthalate, belong to
the 3 hazard class.

METHODS AND MATERIALS

When studying the effectiveness of the action of
phthalate plasticizers, an industrial formulation was
taken as the basis, the composition of which is given in
Table 1. PVC compositions were prepared in a laboratory
mixer and plasticized on rollers at a temperature of 160°C.
As plasticizers, industrial phthalate plasticizers dioctyl
phthalate and diisononyl phthalate and dibutoxyethyl
phthalate, developed by us earlier, were chosen, the pro-
duction method and physicochemical properties of which
are given in [27, 28].

The plasticizer is suitable for producing films at nor-
mal pressure and heating at 160°C for 10 min, if the criti-
cal dissolution temperature (C,) of the polymer in the
plasticizer corresponds to (90—135)°C, and above this
temperature the dissolving power of the plasticizer de-
creases [20, 21].

The fact that the PVC processing temperature depends
on the C, of the polymer is satisfactorily confirmed in
practice. According to the studies, the critical temperature
of PVC dissolution in the developed plasticizer was 119°C
(for comparison, the value of this indicator for serial DOP
is 118°C).

In the first series of tests, film samples plasticized
with dioctyl phthalate were made (sample I). Diisononyl
phthalate was introduced into the formulation as a partial
(samples 11—X) and full substituent for DOP (sample XI).
At the same time, the total amount of plasticizers in PVC
compounds remained constant. The ratio of plasticizers
in the formulation is given in Table 2. The physical and
mechanical properties of PVC compounds were deter-
mined in accordance with GOST 11262, the test results
of which are graphically shown in Fig. 1-3.

At the next stage, the functional relationship between
the additives used and the characteristics of PVC was

Table 1
The composition of the PVC formulation

T T The amount of input
component, wt.h.
PVC 100
Plasticizer 50
Calcium stearate 1.5
TOSS 2.5
Diphenylolpropane 0.25
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Table 2

The ratio of dioctyl phthalate and diisononyl phthalate in PVC composition

The content of the plasticizer, wt.h./100 The content of the plasticizer,
Sample wt.h. PVC Sample wt.h./100 wt.h. PVC
number number
General DOP DINP General DOP DINP
| 50 50 — VI 50 25 25
11 50 45 5 VII 50 20 30
1 50 40 10 VIII 50 15 35
v 50 35 15 IX 50 10 40
X 50 5 45
A" 50 30 20
XI 50 — 50
2]
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Fig. 1. Effect of plasticizer concentration on the tensile
strength of PVC composition

studied, and the optimal content of DINP and DOP in
the PVC composition was determined.

A mathematical model was compiled, on the basis of
which a polynomial dependence of the third degree was
established in the form [29]:

H=ax'tax’+ax+a, (1)

where H — is a physical-mechanical or technological
indicator; a, a,, a,, a,— parameters of the polynomial re-
gression model (1) calculated by the least squares method;
x — is the content of DINP plasticizer, parts by mass.

The results of correlation and regression analysis for
the data obtained as a result of the experiment are given
in Table 3.

Fig. 2. Effect of plasticizer concentration on elongation
at break of PVC composition

According to the results of statistical analysis, the pa-
rameters of the model (1) and the coefficient of determi-
nation were determined, which amounted to 0.98—0.99,
which indicates a very high relationship between the con-
tent of the plasticizer DINP and the properties of the
samples under consideration.

Regression models (1) are applicable both for predict-
ing properties and for calculating the optimal content of
the plasticizer in the formulation. To implement the opti-
mization problem, we used nonlinear programming based
on numerical methods for determining the extremum
of a certain objective function under given constraints.
Any property represented as a model (1) can act as an
objective function. The mathematical expectations (mean
values) of each of the considered properties are chosen
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Fig. 3. Effect of plasticizer concentration on thermal
stability PVC compositions

as limitations. The problem statement for this study was
formulated as follows:

H=a,x’+a,x*+a,x+a, ~max (tensile strength,
MPa)

Restrictions:

a,x’ ta,x’+a,x+a, >315
(Elongation at break, %)

a,x’ ta,x’+a,x+a,>107
(Thermal stability at 175°C, min)

The solution of the nonlinear programming problem
was carried out using the tool “Search for a solution”.
This tool is an additional add-on for the spreadsheet
processor MS Excel 2010. As a result of solving the
problem, it was found that the most optimal content of
DINP is 25 mass.h. A decrease in the content of DOP in

the mixture leads to a decrease in the plasticity of PVC,
which can be judged from the values of relative elonga-
tion and tensile strength of the studied samples. With an
increase in the dosage of DINP more than 25 mass.h,
a deterioration in the physico-mechanical characteris-
tics of the plastic compound is observed in comparison
with the composite containing DOP. Comparison of
samples I and VI shows that with partial replacement of
DOP with DINP, the strength increases from 29.9 MPa
to 32.8 MPa, and the relative clongation at break de-
creases from 340% to 320%, the thermal stability of the
studied samples increases from 95 min to 111 min. But,
nevertheless, the complete replacement of DOP by DINP
(sample XI) leads to an increase in strength to 35.7 MPa
and a significant decrease in elongation at break to 265%,
while thermal stability increases slightly. Thus, replacing
50% of dioctyl phthalate with diisononyl phthalate makes
it possible to obtain more environmentally friendly plastic
compounds with physical, mechanical and technological
characteristics that meet the requirements of regulatory
standards.

In the next series of tests, we prepared film samples
modified separately with individual plasticizers (XII, plas-
ticized with DOP; XVIII with DINP; XIX with DBOEP)
and with a mixture of DOP and DINP with the addition
of dibutoxyethyl phthalate (XIII—XVII). In order to fur-
ther reduce the content of industrial phthalate plasticizers
in the basic formulation of the initial composition, the
influence of the concentration of additives on the physi-
cal, mechanical and technological characteristics was
studied. The content of plasticizers in the formulation is
given in Table. 4, the test results are graphically depicted
in Fig. 4—7.

We have studied the dependence of the properties and
content of plasticizers DBOEP and DINP in the form
of a second-order surface based on the analysis of the
experimental data obtained (Table 4 and Fig. 4—7) using
factor analysis methods [30]:

H=b,+bx+by+bxy+bx’+by’ 2)

where H — is a physical and mechanical property or
technological indicator; b, b,, b, b, b, b, — parameters

Table 3
Results of statistical analysis
Model parameters Determination
Name of indicator fficient
a, a a a, coefficien
Tensile strength, MPa 0.0001 —0.0088 0.2699 29.788 0.99
Elongation at break, % —0.0011 0.0525 —1.3373 341.970 0.98
Thermal stability at 175°C, min —0.0005 0.0255 0.2628 94.797 0.98
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Table 4
The content of plasticizers in the PVC composition
The content of the plasticizer, wt.h./100 The content of the plasticizer,
Sample wt.h. PVC Sample wt.h./100 wt.h. PVC
number number
General | DOP DINP | DBOEP General | DOP DINP | DBOEP
XII 50 50 — — XVI 50 25 10 15
XIIT 50 25 25 — XVII 50 25 5 20
XIV 50 25 20 5 XVIII 50 — 50 —
XV 50 25 15 10 XIX 50 — — 50
g
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Fig. 4. Effect of the concentration of plasticizers on the

tensile strength of the PVC composition

Fig. 5. Effect of plasticizer concentration on elongation
at break of PVC composition
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Fig. 6. Effect of plasticizer concentration on thermal

stability PVC compositions

Fig. 7. Influence of the concentration of plasticizers
on the melt flow index of the PVC composition
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Fig. 8. Line map of the level of dependency of tensile
strength from the content of DBOEP and DINP

Fig. 9. Map of lines of the level of dependence of relative
elongation at a break from the content of DBOEP and
DINP
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Fig. 10. Map of lines of the level of dependence of ther-
mal stability from the content of DBOEP and DINP

of the second order model (2) calculated by the least
squares method; x — is the content of DINP plasticizer,
mass parts; y — is the content of DBOEP plasticizer, parts
by mass.

As is known, level lines are widely used to study sec-
ond-order surfaces, which clearly show the behavior of a
function in space, thereby making it possible to estimate
its optimal values.

On fig. 8—11 shows maps of the lines of the level of
dependence of the physical, mechanical and technologi-
cal characteristics of samples XII—XIX.

As can be seen from fig. 8—11, sample XVII show the
best indicators of strength and relative elongation at break,
has a significantly higher MFI value compared to the
original plastic compound, samples XIII—XVII show high
thermal stability values. Thus, the most promising for
further research is sample XVII containing 25 wt.h. di-
octyl phthalate, 5 wt.h. diisononyl phthalate and 20 wt.h.
dibutoxyethyl phthalate per 100 wt.h. PVC.

Fig. 11. Map of the lines of the level of dependence of the
melt flow index from the content of DBOEP and DINP

RESULTS AND DISCUSSION

The data obtained show that the combined use of
industrial plasticizers DOP and DINP, as well as the
developed DBOEP in the formulation of PVC composi-
tions (samples XIII—XVII) leads to a decrease in tensile
strength and an increase in relative elongation, which
indicates an increase in plasticity. This can probably be
explained by the synergistic effect of the studied plasti-
cizers. With an increase in the content of the plasticizer
dibutoxyethyl phthalate in the mixture, which is char-
acterized by a higher specific gravity in comparison with
DINP, there is a natural increase in the melt flow index
of the PVC compound (from 15.2 to 17.7 g/10 min),
which indicates an increase in the processability of PVC
composites made according to the developed recipes.
The greatest effect is achieved at a dosage of: DOP —
25 wt.h., DINP — 5 wt.h. and DBOEP — 20 wt.h. per
100 wt.h. PVC.
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CONCLUSION: — the use of dibutoxyethyl phthalate in place of dioctyl
phthalate makes it possible to reduce the ecological

— the use of the developed PVC compound formulation burden on the environment.
based on a synergistic mixture of plasticizers: dioctyl Thus, the proposed formulation of the PVC com-

phthalate (25 mass parts), diisononyl phthalate (5 mass  position makes it possible to reduce the toxicity of the
parts) and dibutoxyethyl phthalate (20 mass parts) —al-  plasticizers used by 50% and improve the physical,
lows to improve the strength and relative elongation at ~ mechanical and technological characteristics of the
break, thermal stability and melt flow index; compounds.
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