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The critical temperatures and pressures of phthalates with the straight side alkyl cthind 2-[COO(CH)H]2

(nis from 1 to 11) as well as bis(2-ethylhexyl) phthalate have been measured. No literature data are available for
the critical properties of phthalates. Since phthalates decompose at temperatures well below their critical

temperatures, the method of pulse heating of a wire probe immersed into the liquid under study has been used.
The method minimizes the effect of thermal decomposition because residence times are only from (0.035 to 1)

ms. The experimental critical properties of phthalates have been compared with the values calculated using the
group-contribution methods by Constantinou and Gani and Marrero and Gani.

Introduction decreases to the level of apparatus sensitivity. The probe
temperature is determined from its resistance. The values of
the critical pressur@,' and the critical temperaturg' deter-
mined in such a way are always lesser than the true ones. It is
an inherent feature of the pulse-heating method. The true critical
constant.; and T, of a stable compound are calculated by the
following equation:

Phthalates (esters of 1,2-benzenedicarboxylic acid) are pri-
marily used as plasticizers for poly(vinyl chloride). They are
also used in other plastics, solid rocket propellants, lacquers,
coating agents, printing inks, perfume oil solvents, etc. The
critical properties of phthalates have probably never been
measured. In this paper, we report experimental critical tem-
peratures and pressures of 11lndilkyl phthalates with the
straight side alkyl chainsdEl,—1,2-[COO(CH)H]2 (nis from
1 to 11) as well as bis(2-ethylhexyl) phthalate. The critical
temperatures of phthalates investigated by us are from (772 to
886) K. The thermal decomposition of phthalates begins at
temperatures about (525 to 575)KConsequently, phthalates
are thermally unstable at their critical points, and the pulse-
heating method with an ultralow residence time was used for
the measurements.

pe=Ppelmy T,=T¢lz, (1)

Here 1frp and 1to are correction factors® To calculate the
correction factors, the thermophysical properties of the substance
under study near the critical point are required. They are
estimated by the principle of corresponding states using the
formulas given in our previous papemhese formulas contain

a similarity parameter of the compound under investigation.
Usually we use the acentric factor or the analogous parameter

Experimental Section suggested by Filippo?:

Method. The pulse-heating method and apparatus have been Pyp(T/T, = 0.625)
described in detail in previous publicatiofis. The method is A=10
based on measuring the pressure dependence of the temperature

of the attainable superheat (spontaneous boiling-up) of a liquid wherep,, is the vapor pressure. The Filippov parameters and
with the help of a thin wire probe heated by pulses of electric the critical properties of phthalates were calculated by an
current. When the pressure in the liquid approaches the critical jioration method. For the first iteratiop” and T" were used
pressure, the temperature of the attainable superheat approacheg; the critical constants. The vapor precssure of phthalates with
the critical temperature. The liquid under investigation fills a |, = 2 and 4 was calculated by the Antoine equation using the
chamber, the pressure in which may be changed with a PreSSyarameters taken from the NIST Chemistry WebBbdke

and is measured with a dial gauge. In the liquid, a thin wire vapor pressure of phthalates with= 1, 3, and 8 and for bis-

probe is placed. The probe is heated by pulses of electric Cu”em(z-ethylhexyl) phthalate was estimated by the following equa-
in such a manner that by the end of a pulse the liquid boils-up tjqp-

at the surface of the probe. At the moment of boiling-up a
perturbation of the probe temperature arises. The pressure in | —p_ C 2
the chamber increases until the negative temperature perturbation NPy = T @)

C
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Table 1. Sources and Purities of Phthalates Used in Critical Point Measurements

before measuring after measuring
critical constants critical constants
acidity purity/% acidity purity/%
phthalate CASRRN supplier wt % as phthalic acid chrom pms wt % as phthalic acid chrom pms

dimethyl 131-11-3 Eastman 0.0028 99.97 99.9 99.9 99.9
diethyl 84-66-2 Eastman 0.0016 99.9% 99.9 99.9 99.8
dipropy! 131-16-8 103 0.13 99.9 99.9 0.18 99.9 99.9
dibuty! 84-74-2 Eastman 99 99.8 99.9
dipentyl 131-18-0 10$ 0.074 99.9 99.8 0.059 99.7 99.9
dihexyl 84-75-3 109 0.030 99.9 99.9 0.12 99.9 99.9
diheptyl 3648-21-3 105 0.089 99.9 99.9 0.030 999 99.9
dioctyl 117-84-0 108 0.059 99.7 99.9 0.089 995 99.8
bis(2-ethylhexyl) 117-81-7 105 0.37 99.% 99.9 0.33 98.9 99.9
dinonyl 84-76-4 109 0.059 99.9 99.9 0.074 998 99.9
didecyl 84-77-5 108 0.059 99.7 99.9 0.059 999 99.9
diundecyl 3648-20-2 105 0.089 99.8 99.9 0.089 999 99.9

a Chemical Abstracts Service Registry Numbesupplier data¢ Gas chromatography datilnstitute of Organic Synthesis, Ural Branch of the Russian
Academy of Science$.Liquid chromatography data.

Table 2. Critical Temperatures of Phthalates: Experimental Values Table 3. Critical Pressures of Phthalates: Experimental Values and
and Comparison with Predictive Methods Comparison with Predictive Methods
1 Te/K 1 pd/MPa
substance * exptl ref9 ref 17 substance ? exptl ref9 ref 17
dimethyl phthalate 1.003 729 755.9 742.3 dimethyl phthalate 1.048 2. 7#0.1 2741  2.788
diethyl phthalate 1.004 7769 774.4 765.9 diethyl phthalate 1.054 2.260.08 2259 2.323
dipropyl phthalate 1.004 7849 791.2 787.4 dipropyl phthalate 1.057 1.990.07 1.899 1.992
dibutyl phthalate 1.005 79E 9 806.6 807.0 dibutyl phthalate 1.061 1.660.06 1.624 1.748
dipentyl phthalate 1.005 8Lt 9 820.7 825.1 dipentyl phthalate 1.064 1.480.05 1409 1.562
dihexyl phthalate 1.005 81F%9 833.9 841.8 dihexyl phthalate 1.067 1.340.05 1.237 1.419
diheptyl phthalate 1.005 8309 846.1 857.5 diheptyl phthalate 1.070 1.240.04 1.098 1.305
dioctyl phthalate 1.005 8469 857.6 872.1 dioctyl phthalate 1.074 1.080.04 0983 1.213
bis(2-ethylhexyl) phthalate 1.005 8359 853.5 868.7 bis(2-ethylhexyl) phthalate ~ 1.074  1.670.04 0.982  1.220
dinonyl phthalate 1.005 8589 868.4 885.9 dinonyl phthalate 1.077 1.020.04 0.888 1.138
didecyl phthalate 1.006 87010 878.6 898.9 didecyl phthalate 1.080 0.940.03 0.808 1.076
diundecyl phthalate 1.006 88610 888.2 911.2 diundecyl phthalate 1.083 0.890.03 0.740 1.024
AAED/K 10.6 21.3 AAEY/MPa 0.076  0.097
a1/ro is the correction factor in eq LAAE = (LN)(Z|T — T¢9), a1/mg is the correction factor in eq RAAE = (1/N)(F|pS® — pc),
whereN is the number of experimental data point§,’ is the experimen- whereN is the number of experimental data poirg§y is the experimen-
tal value of the critical temperature, am@*"C is the calculated value of the tal value of the critical temperature, apﬁf'°is the calculated value of the
critical temperature. critical temperature.

parameterd8 and C were determined from the values pf'
andT{' and normal boiling points also taken from the Interhet.
For phthalates witm from 5 to 7 and from 9 to 11, we calcu-
lated the normal boiling temperatures using the group-
contribution method by Constantinou and Gaand then the
vapor pressure by eq 2. One can find in the NIST Chemistry
WebBook the boiling points of these phthalates but without
referring to the origin of these data, so we prefer the way of
Eﬁggrstthaen dn;f,}g_o?n tgd (;:t? gs’taerzltllennmﬁf frl]rgeci;sa r; raeTi at[)j;ng ori?igg]e phthalate, so the corrections factors of the phthalates are larger
point but measured at a low pressure, our experience showsthan thf’se oh-pentane on-hgxane.
that using eq 2 frequently gives an unreal, high acentric factor. ~ The ideal gas heat capacity of the compound under study
After that, the values ofro andzo and with the use of eq b and the factoiGr are also needed to calculate the correction
and T, were calculated. For the second iteration, the Filippov factors. The ideal gas heat capacity was estimated by the method
parameter and the critical constants were calculated using the0f Rihani and Doraiswamy as presented by Reid ét Hhe
values obtained after the first iteration. Two iterations were factorGr= dIn J/oT, whereJ is the rate of bubble nucleation
enough because the valuesmfandro have little sensitivity to N @ superheated liquid, was measured as described in our
the variations of Filippov's parameter. For example, fongi- ~ Previous papérand estimated at 1.5K.
octyl phthalate, a change of 10 % Mcauses a change about A thermally unstable compound decomposes in the course
0.2 % intp and 0.01 % irrp. This warrants using the calculated  of heating so that the critical pressure and the critical temperature
normal boiling points for phthalates with= 5, 6, 7, 9, 10, of such a compound determined as described above may depend
and 11. on the time from the beginning of the heating pulse to the
The values of the corrections factorstd and 1t are given moment of boiling-upt*. The true critical constants of an
in Tables 2 and 3. The magnitude of the correction factors unstable substance are determined in this case by extrapolating
depends on the thermophysical properties of a substance undethe dependencigg(t*) and T(t*) to t* = 0. The procedure of
study. The main tendency is as follows: the greater is the extrapolation was given in detail previous.To use the

acentric factow or the lower is the Filippov parametérof a
substance, the greater are the corrections factors. For instance,
for such compounds aspentane ¢ = 0.252,A = 1.70) or
n-hexane ¢ = 0.300,A = 1.44) 1fro = 1.006, 1t, = 1.0006,

and 1frp = 1.010 and M = 1.001, respectively.According

to our estimations, the acentric factors and the Filippov
parameters of phthalates vary fram= 0.557,A = 0.620 for
dimethyl phthalate tav = 0.656, A = 0.481 for diundecyl
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a 818 ; : Uncertainties. The uncertainties of the critical properties
measured by the pulse-heating method were discussed in detail
816 in our previous paperfd:1314The uncertainties of the results of
measuring the critical pressure and temperature of a stable
814 compound may be written as follows:
X
812 u(pe) = Uy + U, + U

W(T)=v,+uv,+ v,

Here u; is the uncertainty with which an experimenter deter-
mines the pressure at which the temperature perturbation
decreases to the level of the apparatus sensitivityis the
uncertainty of measuring this pressure with a dial gauge, and
Uz is the uncertainty of calculating the correction factargl/

The uncertainty; has the same nature as v- is the uncertainty

of measuring the probe temperature from its resistanceyand

is the uncertainty of estimating the correction factaplfhe
uncertaintiesl; andv; can be reduced by repeated experiments
to the values 0.0 and 0.00T¢". The uncertainties, and v,
depend on the equipment used and are evaluated by us to about
0.0047" and 0.007. The uncertainties of calculating the
correction factors are not easy to estimate because the formulas

1.28

0.01 ‘ — ‘011 - for their calculatio” were obtained by solving a rather complex
#ims thermophysical problert?. Up to now we have preferred to
Figure 1. Apparent critical temperature (a) and critical pressure (b) of evaluate the total uncertaintismndv by comparing the values
di.n-hexy| phtha]ate in the pu]se-heating experimemS the time from Obta|ned in the measurements W|th the |I'[el’a'[ure data on the
the beginning of a heating pulse to the moment of boiling-up. The solid critical constants of some “standard” substances (pentane,
lines correspond to the extrapolation proceddre. hexane, heptane, water, naphthalene, and benzene). However,

today, having measured the critical constants of about 130
procedure, it is necessary to know the kinetic parameters of thesubstances of different chemical nature, we are able to draw
reaction of decomposition: the order of reactiom the some conclusions. We estimate the valugandvs at 0.016
activation energ¥, and the preexponential factBr as well as and 0.007, for “usual” substances and at 0.GR&nd 0.007,
the derivativesx = (dT¢/dxy)c andp = (dpJ/dxp). that character- for compounds with hydrogen bonding or with high acentric
ize the critical curve of the system (the substance under studyfactorsw > 1.

+ products of decomposition) near the critical point of the pure  For unstable compounds, additional uncertaintigand v4
substance. Hereg, is the mole fraction of decomposition appear if the procedure of extrapolafidis used. The magnitude
products; the derivatives are calculated at the critical point.  of these uncertainties depends on the rate of decomposition of

The critical constants of phthalates were measured by us with@ substance under study. The higher the rate is, the larger the
the help of probes (1, 2, and 3) cm in length at heating tithes ~ Uncertainties are.
= (0.035, 0.06, 0.11, 0.22, 0.44, and 1.00) ms. Several samples We estimate the uncertainties for phthalates at |@.@4hd
(from 2 to 3) of each compound were used. The volume of the 0.011T¢, whereTc is the absolute temperature. It corresponds
sample was about 2 émThe sample volume has no effect on t0 from (& 0.03 to+ 0.1) MPa for the critical pressure and
the values of the experimental critical properties because duringfrom (& 9 to = 10) K for the critical temperature (see Tables
the pulse only a layer near the probe about®lf in thickness 2 and 3).
is heated. As an example, the results of measuring the critical Sources and Purities of the Compounds Studiddhe sources
temperature and pressure of dihexyl phthalate are shown inand purities of the phthalates studied are given in Table 1.
Figure 1. Each point in Figure 1 is the result of averaging over Dimethyl, diethyl, and dibutyl phthalates were obtained from
all of the samples and all of the wire lengths. As a rule, the Eastman Chemical Company; the rest of the phthalates were
results reported are an average over about 10 measurement$ynthesized and purified by Y. Yatluk from the Institute of
Saido and co-workets!2 experimentally found the kinetic ~ Organic Synthesis of the Russian Academy of Sciences
parameters of decomposition for dibutyl, dihexyl, bis(2-ethyl- (Ekaterinburg) using the standard procedtfBefore and after
hexyl), dioctyl, and didecyl phthalates. However, the parameters measurjng the _critical constants, t_he purities of the samples were
o and3 are unknown. They and the critical constants of a pure determined using proton magnetic spectroscopy (Bruker DRX
substanceT(t* = 0) and pt* = 0) were calculated by 4_00). Add|t|on§1IIy, gas chromatography_(Shlmadzu GS-Ha) for
processing the experimental data using the least-squares methodimethyl to diheptyl phthalates and liquid chromatography
and the formulas given in ref 10. The solid lines in Figure 1 (Merck-Hitachi) for dioctyl to diundecyl phthalates were used.
are the result of the calculation. The critical properties of The acid values of the phthalates were determined by titration
phthalates investigated by Saido and co-workers were estimated/€rsus KOH; then they were recalculated into the mass fraction
in such a way. For the rest of phthalates, the critical constants ©f Phthalic acid.
were determined by averaging the apparent critical constants
over the heating times from (0.035 to 0.22) ms because our
measurements showed that the apparent critical temperatures The critical temperatures and pressures of the phthalates
and pressures did not depend on the heating time in this interval.measured in this work are presented in Tables 2 and 3 and in

Results and Discussion
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Figure 2. The internal consistency of the critical pressure data n

was checked by plotting/p)°® againstn (Figure 3), where Figure 6. Percent deviations of the experimental critical pressures from
M is the molar mass andlis the number of Ckigroups in the the values calculated by group-contribution methods as a function of the
side chains of phthalates@,—1,2-[COO(CH),H].. A way to number of CH groups in the side chainsfor di-_n-alkyl phtha[ates eHa—
check the self-consistency of the critical temperature is to 12{COO(CH)H]. GC methodsM, Constantinou and Gahio, Marrero
consider the ratid/T, as a function of, whereTy is the normal 29 Gant

boiling temperature (Figure 4). We, however, were able to find {5 21.3 K. In our opinion, it is not a bad result as well because
in the literature the normal boiling temperatures only for the critical temperatures of the phthalates investigated lie in the

dimethyl to dibutyl and for dioctyl phthalatés. range (772 to 886) K. The method by Constantinou and Gani
Tables 2 and 3 also contain the values calculated by the underestimates the critical pressures of phthalates whereas that
group-contribution methods by Constantinou and &amid of Marrero and Gani overestimates them (see Figure 6). Both

Marrero and Gant? Both the Constantinou and Gani method methods give values that are close to the experimental critical
and the Marrero and Gani method give the critical temperaturespressures for comparatively low molar mass phthalates. How-
that are higher than the experimental ones for all the phthalatesever, the greater the molar mass is, the larger is the deviation
studied except for dimethyl and diethyl phthalates (see Figure of the estimated values from the experimental ones.

5). The method by Constantinou and Gani predicts the critical The critical temperature and the critical pressure of bis(2-
temperatures of the phthalates with an average absolute erroethylhexyl) phthalate are lower than those of its isomer with
of 10.6 K, which is close to the uncertainty of the experimental straight side chains, di-octyl phthalate, but the differences are
data; for the method by Marrero and Gani, this quantity is equal small.
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Conclusion (5) Nikitin, E. D.; Pavlov, P. A.; Bessonova, N. V. Critical constants of

. . n-alkanes with from 17 to 24 carbon atonis.Chem. Thermodyn.

The critical temperatures and pressures of phthalates with 1994 26, 177—182.
straight side alkyl chains from dimethyl to diundecyl phthalate (6) EilipDOV_, ;- “ljl-PodobiS Soisty Vgshchesi\tA(Similaritl)g% Substance
i _ ropertle , Moscow nlverS|ty ress: oscow, .

ahs Welll ashb|s(_2 ethylktle_xyl) pﬁthlglate havg been meaﬁutr;lad fby (7) Brown, R. L.; Stein, S. E. Boiling Point Data. NIST Chemistry
the pu. S.e' eating tec nique. No Iiterature ata are available for WebBookNIST Standard Reference Database No. 69; Linstrom, P.
the critical properties of phthalates. The critical constants of J., Mallard, W. G., Eds.; National Institute of Standards and Technol-
phthalates have been calculated using the group-contribution  0gy: Gaithersburg, MD, June 2005 (http://webbook.nist.gov).

; ; ; (8) Reid, R. C.; Prausnitz, J. M.; Sherwood, T.TKe Properties of Gases
methods of Constantinou and Gani and Marrero and Gani. The ™ 7= Liquids 3rd ed.: McGraw-Hill: New York, 1977.

method of Constantinou and Gani predicts the critical temper- (9) Constantinou, L.; Gani, R. New group contribution method for
atures of the phthalates studied quite well, with an average estimating properties of pure compound$ChE J.1994 40, 1697
absolute error that is approximately equal to the uncertainty of 1710. ,
the measurements. The method of Marrero and Gani gives the(1®) 2".“!“”' E. D.; Popov, A. P.; Bogatishcheva, N. S.; Yatluk. Y. G.

. . ritical temperatures and pressures of straight-chain saturated dicar-
average absolute error for the critical temperature about twice boxylic acids (G to Ci4). J. Chem. Eng. Dat2004 49, 1515-1520.
as large as the uncertainty of the measurements. Both methodg11) Saido, K.; Kuroki, T.; Ikemura, T.; Kirisawa M. Studies on the thermal
predict the critical pressure well enough in the beginning of decomposition of phthalate esters. IX. Thermal decomposition of bis-
the homologous series of dialkyl phthalates, but the deviation (2-ethylhexyl) phthalate). Anal. Appl. Pyrolysid.984 6, 171-181.

. . . ... (12) Saido, K.; Tomono, K.; Taguchi, H.; Ishihara Y.; Kuroki, T. Kinetic
of the estimated values from the experimental ones rises with study on phthalatesl. Oleo Sci2001 50, 875-881.

increasing molar mass. (13) Nikitin, E. D.; Popov, A. P.; Bogatishcheva, N. S.; Yatluk. Y. G.
Vapor-liquid critical properties oih-alkylbenzenes from toluene to
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