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1. Introduction

Flammable substances, such as organic solvents, are commonly used in labora-
tories and industrial processes. The flash point (FP) is one of the most important
parameters used to characterize the ignition and explosion hazards of these liq-
uids [1]. The lower flammable limit (LFL) provides information on the funda-
mental physical and chemical processes of combustion. The FP of a given liquid
can be experimentally determined, and the resulting temperature may then be
adjusted to the standard sea level atmospheric pressure of 101.3 kPa, the pres-
sure at which a substance emits sufficient vapor to form a combustible mixture
with air [2].
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As the temperature increases, there is a concomitant increase in both the va-
por pressure and the amount of evaporated, flammable liquid in equilibrium
with the air. When the temperature is reached at FP, a simple ignition source is
able to combust the vapor mixture [3]. Experimental FP data for the multi-
component mixtures have become important in ensuring safe storage of flamm-
able materials and, for this reason, studies for predicting the FP of pure sub-
stances and mixtures are increasingly important.

Benzene, toluene and xylene are the most used solvents in the rubber products
such as tire manufacturing, rubber bands, rubber gloves and appliance moldings.
The several alcohols and their mixtures are very useful in the rubber industry [4]
[5]. The most common of these solvents is xylene which is used as a solvent in
the manufacturing of chemicals, tires, agricultural sprays, adhesives and coat-
ings, as an ingredient in aviation fuel and gasoline, and as a feedstock in manu-
facturing various polymers, including phthalic anhydride, isophthalic acid, te-
rephthalic acid and dimethyl terephthalate [6]. The purpose of this study is to
determine the FPs for flammable binary mixtures commonly used as industrial
solvents such as alcohols and xylene.

In the present work, the FPs at 101.3 kPa were determined using a SETA
closed cup flash point tester on the following solvent mixtures: {methanol (1) +
p-xylene (2)}, {ethanol (1) + p-xylene (2)} and {2-propanol (1) + p-xylene (2)}.
The measured FP data for these binary systems were compared with predicted
values from a variety of local composition activity coefficient models, including
the Wilson, Non-Random Two-Liquid (NRTL) and UNIversalQUAsiChemical
(UNIQUAC)models [7] [8] [9].

2. Material and Methods
2.1. Materials

Commercial, analytical-grade chemicals were used in this investigation. p-Xylene
(C¢H,y, M=106.17 g-mol ™", CAS-RN 106-42-3, 99.9 %) was obtained from Fluka
Co. Methanol (CH,O, M = 32.04 gmol™', CAS-RN 67-56-1, 99.9%), Ethanol
(C,H(O, M= 46.07 gmol™', CAS-RN 64-17-5, 99.9%) and 2-propanol (C;H,O, M
=60.10 g-mol ™, CAS-RN 67-63-0, 99.9%) were supplied by J. T. Baker Chemical
Co. All of the chemicals were dried using molecular sieves with a pore diameter
of 0.4 nm. The water contents of the chemicals were determined by Karl-Fischer
titration (using a Metrohm 684 KF-Coulometer) and were found to be less than
6 x 107 g/g. The purities of the chemicals were assessed by gas chromatography.
The reported values for the purities, FPs and UNIQUAC parameters [10] [11]
are listed in Table 1.

2.2. Procedure

A SETA closed cup flash point tester (Series 8 SETAFLASH, model 82000-0,
Surrey, UK) was used to measure the FPs for the miscible mixture samples. The
SETA closed cup flash point tester was operated according to the standard test
method, ASTM D 3278 [12]. Detailed descriptions for the measuring system and
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Table 1. The purities and UNIQUAC parameters of chemicals used in this work.

Flash Point (K)

UNIQUAC
. G.C. analysis at 101.3 kPa Q
Chemicals
(wt %) . b b

This work Reference’ r-value q-value

Methanol >99.9 283.45 284.15 1.4311 1.4320

Ethanol >99.9 286.65 286.15 2.1055 1.9720

2-propanol >99.9 286.85 285.15 2.7791 2.5080

p-xylene >99.9 298.45 300.15 4.6578 3.5360

“Ref [10]; "Ref [11].

procedure can be found in the previous work [13] [14]. Mixture samples for the
experiments were weighed using a microbalance (Ohaus DV215CD) with a pre-

cision of 1 x 107° g. Further details are also appeared in elsewhere [13] [14].

3. Results and Discussion

Le Chatelier’s rule [15] for a mixture of flammable vapor and air may be ex-
pressed as follows:
y.
1 = = 1
Z LFL; v
where y; is the vapor phase composition of a flammable substance 7and LFL; is
the lower flammable limit of the pure component 7 The LFL, is expressed in re-

lation to the pure component 7 vapor pressure at its FP, Rsﬁ-‘tp ,as

= (2)

where Prepresents the ambient pressure. The FP of a pure substance is typically
measured at standard atmospheric pressure. Under this condition, the vapor
phase can be assumed with behaving ideally. With the non-ideal liquid phase
containing flammable substances in the presence of the non-condensable com-
ponents of air, the vapor-liquid equilibrium of component 7 is described by the
modified Raoult’s law:

yiP =x7,P* (3)
where y;is activity coefficient for the liquid phase.

As proposed by Liaw ef al. [16], one can substitute Equation (2) and Equation
(3) into Equation (1), resulting in Equation (4), which allows evaluation of FPs
for flammable liquid mixtures:

IR @
i Pi,FP

The saturated vapor pressure for a pure substance 7 can be obtained by the
Antoine Equation [17]:

B

log P (mmHg)= A——— 5
g P> ( 9) CoT7C (5)

Antoine constants (A, B and C in Equation (5)) were adapted from the litera-

ture [11] and are given in Table 2.
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Table 2. The Antoine constants of the pure components.

Antoine coefficients?

Components
A B C
Methanol 8.08097 1582.27 239.726
Ethanol 8.11220 1592.86 226.184
2-propanol 8.00308 1505.52 211.600
p-xylene 6.99053 1453.43 215.300
*Ref [11].

Assuming the solution behave ideally, the activity coefficients of the liquid
phase are equal to unity. Therefore, Equation (4) was reduced according to
Raoult’s law and expressed as [14]:

X Psat lesat X Psat

z — 1 + 2" 2 =1 (6)

sat sat sat
Rre Rre Pore

The temperature that satisfies Equation (6) is obtained to be the flash point of
the ideal solution.

For non-ideal liquid mixtures, activity coefficients (y;) were estimated with the
optimum binary interaction parameters of the Wilson, NRTL and UNIQUAC
equations, described below [6] [7] [8].

Wilson Equation:

|“7i=—|“(inAuj +1— Zn: - (7)
j=1 k:lZXJA

j=1

with
N !
L =—Lex
! V2 P~ RT
NRTL Equation:
275Gy, X,G; 2 %74Gy
Iny, =- +Z T —— (8)
ZGkiXk i Z ki X« ' szij
k k k
with
U —Uj
7 :]R—T Gij :exp(—aijrij)
UNIQUAC Equation:
Iny, =Iny° +Iny} 9)
J. J.
Iny® =1-J,+InJ, -5q,| 1-—+In—
Lo
R Ty
Iny =q|1-InS;-> 6, =+
i Sj
with
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L L ! S = Z A

‘Ji = ! i =
erxj quxj i
] J

Hop =\ Ui —Uj
o :& Tij :exp%

i Zquj
J

The binary parameters used to calculate the activity coefficients were taken
from the references and are provided in Table 3 [18] [19].

The experimental binary FP data for the three systems tested as part of this
work, {methanol + p-xylene}, {ethanol + p-xylene} and {2-propanol + p-xylene},
are given in Table 4. The experimentally determined binary data were compared
with the predicted values from the Wilson, NRTL and UNIQUAC models. The
binary parameters of each model equation were used to calculate the activity
coefficients of liquid mixture under the same conditions employed in the expe-
riments, and the initial temperature for calculation was assigned the numerical
average FP of the pure components. Then, the FP was obtained from adjustment
of initial temperature by satisfying the Le Chatelier’s rule (Equation 4). The ob-
jective function (OF) used was

A
OF =min Z—iy'sat'

i i,FP

) |-1 (10)

The average absolute deviations (A.A.D) between the measured and calculated
values are included in Table 4.
A.A.Dis defined as:

N

T.exP _Tcal
AAD=Y1— 1
i=1

N

(11)

where T is the experimentally determined FP of component i, and T, is
the predicted FP of component .

The data of each binary system at 101.3 kPa pressure are plotted in Figures 1-
3. The parameters for the activity coefficient models are given in Table 3, along
with the A.A.D between the experimental and predicted values. All FP data

agreed very well, as illustrated in the figures. Minimum flash point behavior was

Table 3. The optimized binary parameters of the Wilson, NRTL and UNIQUAC equa-
tions for each binary system.

Wilson NRTL UNIQUAC
Systems A Al Aw Ay . N
J-mol™ J-mol™ J-mol™ J-mol™ J-mol™ J-mol™

{Methanol (1) +

lene (2)}* 8528.95 1351.52  4919.00 5586.05  0.4910 —-571.78  6100.37
p-xylene

{Ethanol (1) +

lene (2)}° 7331.13  857.87  3585.84  5226.78  0.5257  —-898.74  4480.60
p-xylene

{2-propanol (1) +

Jene (2)}° 6014.68 132293  2963.21  4543.33  0.5095  -582.39  2798.40
D-xylene

*Ref [18]; "Ref [19].

%%
035: Scientific Research Publishing



K.J.Han,S.J. In

Table 4. The experimental and predicted FPs for each binary system at 101.3 kPa.

Mole factions Flash points (K)
. Predicted value
Experimental
Xl value
Raoult’s law Wilson NRTL UNIQUAC
{Methanol (1) + p-xylene (2)}
0.0000 298.45 - - - -
0.0501 285.75 297.37 283.72 284.02 284.57
0.1059 283.25 296.22 281.54 281.72 281.51
0.2443 281.35 293.62 280.56 281.00 280.51
0.2983 281.05 292.69 280.45 280.87 280.57
0.4012 280.65 291.02 280.32 280.57 280.72
0.5102 280.55 289.40 280.23 280.29 280.77
0.6122 280.45 287.99 280.16 280.11 280.73
0.7010 280.35 286.85 280.12 280.04 280.70
0.8002 280.45 285.65 280.16 280.05 280.79
0.8996 280.85 284.52 280.57 280.30 281.36
0.9499 281.65 283.98 281.31 280.94 282.08
1.0000 283.45 - - - -
A.A.D - 8.45 0.66 0.59 0.60
{Ethanol (1) + p-xylene (2)}
0.0000 298.45 - - - -
0.0506 288.15 297.56 287.33 287.43 287.82
0.0980 286.15 296.77 285.44 285.49 285.35
0.1972 285.05 295.24 284.39 284.60 284.17
0.3005 284.65 293.80 284.04 284.26 284.10
0.3985 284.25 292.56 283.86 283.98 284.12
0.5000 283.95 291.37 283.72 283.75 284.08
0.5967 283.65 290.33 283.62 283.59 284.01
0.6992 283.45 289.30 283.59 283.54 284.01
0.7995 283.55 288.36 283.75 283.64 284.24
0.8998 284.05 287.48 284.39 284.16 284.95
0.9497 284.75 287.06 285.16 284.91 285.62
1.0000 286.65 - - - -
A.A.D - 7.11 0.41 0.29 0.56
{2-propanol (1) + p-xylene (2)}

0.0000 298.45 - - - -
0.0491 289.25 297.53 288.75 288.82 289.92
0.1016 288.05 296.62 286.40 286.51 287.15
0.2018 286.45 295.04 285.11 285.17 285.19
0.2993 285.55 293.69 284.69 284.75 284.72
0.4006 285.35 292.42 284.45 284.51 284.59
0.4982 284.95 291.32 284.30 284.31 284.51
0.5996 284.75 290.27 284.19 284.19 284.44
0.7003 284.45 289.31 284.16 284.15 284.42
0.8065 284.35 288.38 284.33 284.28 284.60
0.8958 284.95 287.65 284.86 284.83 285.24
0.9461 285.55 287.26 285.53 285.51 285.86
1.0000 286.85 - - - -
A.A.D - 5.98 0.63 0.52 0.85
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Figure 1. The comparison of the flash point prediction
curves with the experimental data for the binary system
{methanol (1) + p-xylene (2)} at 101.3 kPa.
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Figure 2. The comparison of the flash point prediction curves with

the experimental data for the binary system {ethanol (1) + p-xylene
(2)} at 101.3 kPa.
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Figure 3. The comparison of the flash point prediction curves with the

experimental data for the binary system {2-propanol (1) + p-xylene
(2)} at 101.3 kPa.

observed in all the binaries. Minimum flash point is caused from minimum
boiling azeotrope in vapor-liquid equilibrium of the mixture. Moreover, the
minimum flash point behavior values of each binary system were estimated us-
ing the best fitted model, NRTL. They are x; = 0.745, 7= 280.03 K for the system
{methanol + p-xylene}, x; = 0.693, T = 283.54 K for the system {ethanol +
p-xylene} and x; = 0.683, 7= 284.14 K for the system {2-propanol + p-xylene}.
For the investigated systems, the A.A.D between the predicted and measured
FP values were less than 0.85 K, except when calculated by Raoult’s law. Among
the models, the NRTL model yielded results closest to the experimentally deter-
mined values. The minimum values of A.4.D by NRTL are 0.59, 0.29 and 0.52 K

for {methanol + p-xylene}, {ethanol + p-xylene} and {2-propanol + p-xylene},
respectively.

4. Conclusion

Flash point data for {methanol + p-xylene}, {ethanol + p-xylene} and {2-pro-
panol + p-xylene} binary systems were determined at atmospheric pressure.
Minimum flash point behavior was observed in all three binaries. Moreover, the
minimum flash point behavior values of each binary system were estimated us-
ing the best fitted model. The measured FP data agreed well with the predicted
values derived from the Wilson, NRTL and UNIQUAC models, with the NRTL

model providing the most comparable results. The average absolute deviations
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between the measured and predicted FPs were less than 0.85K.
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