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bstract

A mathematical model is presented for predicting the flash point of miscible mixtures. This model is reducible and adequate for some specified
ystems as proposed previously. Except for multiple aqueous-organic solutions, the predictive capability of the reduced form for other miscible
ixtures, including binary aqueous-organic solutions and flammables-only analogues, has been verified previously. The model was validated

sing the ternary aqueous-organic solutions, water + methanol + ethanol/isopropanol. The results of the study confirm that the model predicts
he flash points of these solutions by utilizing the flash points of the individual components. Further, if the binary interaction parameters for a

ernary aqueous-organic solution are not accessible, a model based upon the binary interaction parameters of the binary solutions may provide
very acceptable means of predicting the flash point for such a ternary solution through comparison of the predicted and experimental data, as
emonstrated in this study.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In Taiwan, essential oils have caused a number of explosions,
ith six blasts leaving eight people badly burnt from January

hrough August of 2003. Essential oils, reputedly antiseptic and
elpful for strengthening the immune system, are flammable
iquids. The major proportion of most commercialized essential
ils is the highly inflammable liquid isopropanol. The fire and
xplosion hazard for a flammable liquid solution is primarily
elated to its flash point. In addition, in the Shengli event [1,2]
aste organic solvents were illegally dumped into the Kaop-

ng River (southern Taiwan), causing serious water pollution in
000, leading to the government requirement that large quan-
ities of waste organic solutions must be stored temporarily at
arious factory sites or industrial park precincts. To ensure the
afety of this storage, therefore, flash point data for flammable
iquid solutions are important. Around the time of the Shengli
vent, waste solutions were diluted with water to diminish hazard

t plants located in the Hsinchu Science-based Industrial Park
Taiwan) [2]. However, test results using the Flash Point Ana-
yzer indicate that the flash points of such waste solutions remain
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ow despite dilution with large amounts of water. If detailed flash
oint variation with composition data for the specified aqueous-
rganic solution had been available at the time of the Shengli
vent, this attempted dilution of waste solutions to reduce the
ssociated hazard might not have occurred.

The flash point of a given liquid is the experimentally deter-
ined temperature at which such a substance emits sufficient

apor to form a combustible mixture with air [3]. A lower flash
oint value indicates that a liquid is more hazardous relative to
n analogue with a higher value [4]. The flash point data for
pure substance can be obtained from various sources, such

s MSDS (Material Safety Data Sheets), the SFPE (Society of
ire Protection Engineers) handbook [5], or the Merck index
6]. Flash point data for a variety of liquid mixtures are scarce
n the literature, however. Since the composition ranges for spe-
ific materials used or produced in an industrial process can vary
uite substantially, a significant amount of time is required to
rocure satisfactory data using the Flash Point Analyzer. If a
odel for predicting the flash point of a given solution could

e successfully derived, however, the flash point would be pre-
icted relatively easily based on a limited amount of initial basic

ata.

Crowl and Louvar [7] have suggested that the flash point
f a liquid solution with only one flammable component, such
s a binary aqueous-organic solution, can be estimated using

mailto:hjliaw@mail.cmu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2006.01.078
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Nomenclature

A, B, C Antoine coefficients
Aij binary parameter
g binary parameters of the NRTL equation (J/mol)
MW molecular weight (g/mol)
P sat

i saturated vapor pressure of component i (kPa)
P sat

i,fp saturated vapor pressure of component, i, at flash
point (kPa)

q van der Waals surface area
R gas constant (8.314 J/mol)
r relative van der Waals volume
T temperature (K)
Ti,fp flash point temperature of pure component, i (K)
u binary parameters of UNIQUAC equation (J/mol)
v-

l molar volume of liquid (m3/mol)
x liquid-phase composition

Greek letters
αij NRTL parameter
γ activity coefficient
λ binary parameters of the Wilson equation (J/mol)
ρ density (g/cm3)

Subscripts
exp. experimental data
fp flash point
i species i
pred. predictive value
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mined when the test temperature exceeds the sum of the expected
aoult’s law. However, our previous study [2] demonstrates that
his method is only adequate for a composition range where
he composition of the flammable component approaches unity.
herefore, a model for predicting the flash point for a given
inary aqueous-organic solution was proposed [2], and predic-
ion of the experimental data successfully verified. Affens and

cLaren [8] developed a model to predict the flash points of
inary hydrocarbon solutions using Raoult’s law. White et al.
9] reduced this model to a simpler equation by ignoring any
ependence of the lower flammable limit (LFL) on temperature;
hese workers then used the derived equation to estimate the flash
oint of two aviation-fuel mixtures: JP-4/JP-8 and JP-5/JP-8. We
ave demonstrated that neither the Affens and McLaren’s model
or the equation of White et al. is able to effectively predict the
easured flash point for a non-ideal solution [1]. Since no model

or effectively predicting the flash point of solutions with more
han one flammable component has been proposed, especially
or non-ideal solutions, it has been suggested that the flash points
f these solutions may be determined experimentally using any
f the available test methods [3,7]. In our previous study [1],
mathematical model to predict the flash point of binary liq-
id solutions with two flammable components was proposed,
ith successful prediction of the experimental results verified

or both ideal and non-ideal solutions.
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o
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The prediction models for the flash points of liquid solu-
ions referred to above were all developed for binary solu-
ions. A model for predicting the flash point of a multi-
omponent solution comprised of only flammable compo-
ents has been proposed previously [10] and verified with
xperimental data for ternary solutions. Garland and Mal-
olm [11] developed a statistical model to predict the flash
oint of an organic acid–water solution, acetic acid + propionic
cid + butyric acid + water. However, the main assumption of
his model, namely the linear relationship between the flash
oint and the composition of the solution components, appears
o deviate from the observation for an aqueous-organic solu-
ion, where the flash point is highly non-linear with respect to
ater composition [2]. Even if Garland and Malcolm’s model

ould roughly predict their finite experimental data, the predic-
ive efficacy of such a model is questionable because it appears
o be only adequate over a limited composition range for a given
olution. As no model currently exists for flash point-prediction
or aqueous-organic solutions with more than one flammable
omponent, such as those often present in many real-world sit-
ations such as semiconductor manufacture, there is an urgent
eed to develop a model for solutions of this type. If a model
ould be developed which not only predicts the flash points of
hese solutions but also those of binary aqueous-organic and
ammables-only analogues, all the models referred to above
ould be superseded. The objective of this study, therefore,
as to establish such a general model, which is reducible to

he analogues proposed previously [1,2,10]. Except for multi-
le aqueous-organic mixtures, the predictive capability of the
educed form of this general model has been verified. As alco-
ols, such as methanol, ethanol and isopropanol (IPA), are
requently used for semiconductor manufacture, mixtures of
ater + methanol + ethanol/isopropanol were selected for inves-

igation.

. Experimental protocol

A Flash Point Analyzer (HFP 362-Tag; Walter Herzog
mbH, Germany) was used to measure the flash point
f two ternary aqueous-organic solutions, water + methanol +
thanol/isopropanol, at different compositions. The Flash Point
nalyzer incorporates control devices that program the instru-
ent to heat the sample at a specified rate (heating rate) within
temperature range close to the expected flash point. The flash
oint is automatically tested using an igniter at specified temper-
ture intervals (test interval). If the expected flash point is lower
han or equal to the change temperature, which is set to 60 ◦C
ccording to the standard ASTM D56 method [12], a heating
ate of 1 ◦C/min is used and the igniter is fired at test interval-1.
f the expected flash point is higher, a heating rate of 3 ◦C/min is
sed and the igniter is fired at test interval-2. The first flash point
est takes place at a temperature equivalent to the expected flash
oint minus the start-test value. If the flash point is not deter-
ash point plus the end-of-test value, the device’s heater cuts
ut. The Flash Point Analyzer is operated according to a stan-
ard test method, namely ASTM D56 [12], with the following
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et of selected parameters: start test 5 ◦C; end of test 20 ◦C; test
nterval-1 0.5 ◦C; test interval-2 1.0 ◦C. The liquid mole frac-
ion was determined from mass measured using a Setra digital
alance (EL-410D: sensitivity 0.001 g, maximum load 100 g).

Milli-Q plus was used for water purification; methanol was
PLC/Spectro Grade (Tedia Co. Inc., USA); isopropanol was
erified using an ACS standard (Pharmco Product Inc., USA);
nd, ethanol (99.5 vol.%) was obtained from NASA enterprises
USA).

. Flash point-prediction model

.1. Mathematical formulation

At the flash point of a liquid solution, the modified equation
f Le Chatelier should be followed [10]:

=
∑ xiγiP

sat
i

P sat
i,fp

(1)

Essentially, for prediction of the flash point for a liquid solu-
ion with certain non-flammable components, it is only neces-
ary to consider the vapor-phase composition of the flammable
onstituents. Thus, for a multi-component solution with M non-
ammable components, components kl (l = 1,. . ., M), Eq. (1) is
odified:

=
∑

i�=kl

xiγiP
sat
i

P sat
i,fp

(2)

The saturated vapor pressure variation with temperature for a
ure substance, i, can be estimated using the Antoine equation:

og P sat
i = Ai − Bi

T + Ci

(3)

The vapor pressure of the pure substance, i, at its flash point,
sat
i,fp, as presented in Eq. (2), can be estimated by substituting
i,fp, the flash point of component i, into the Antoine equation.

The activity coefficients γ i in Eq. (2), can be estimated using
he Wilson [13], NRTL [14] or UNIQUAC equations [15], with
ll employed in this study.

The general flash point-prediction model developed for a
iscible solution is described using Eqs. (2) and (3) and any

quation for estimating activity coefficient. We suggest that the
emperature that satisfies these equations is the flash point of a

iscible solution.
For a liquid mixture with only flammable components, Eq. (2)

s reduced as the one developed previously to describe the flash
oint for a multi-component flammable solution [10]. This pro-
osed model is also reducible for a binary mixture of flammable
iquids as proposed previously [1].
.2. Reduced form for an aqueous-organic solution

The water vapor in an aqueous-organic solution is non-
ammable. Where the other components are all flammable, Eq.

s
a
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B
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2) is reduced to:

=
∑

i�=1

xiγiP
sat
i

P sat
i,fp

(4)

ith the water (vapor) denoted as component 1.
For a binary aqueous-organic solution, Eq. (4) becomes the

ne for applicable to a binary aqueous-organic solution as devel-
ped in our previous work [2].

For a ternary aqueous-organic solution, Eq. (4) reduces to:

= x2γ2P
sat
2

P sat
2,fp

+ x3γ3P
sat
3

P sat
3,fp

(5)

Thus, Eqs. (3) and (5) constitute the flash point-prediction
odel for a ternary aqueous-organic mixture. The temperature

erived from the problem solution of the equations is deemed to
e the flash point of this ternary aqueous-organic mixture.

In this study, a general flash point-prediction model for a mis-
ible mixture has been derived. This model can be simplified for
ome specified systems, including mixtures with only flammable
omponents and aqueous-organic solutions. The former reduced
orm has been verified to predict the experimental data for both
inary and ternary mixtures [1,10,16]. The predictive efficacy
f the latter analogue for a binary aqueous-organic solution has
lso been verified for the experimental data for various binary
queous-organic solutions [2]. If this general model for a misci-
le mixture can predict the flash point of ternary aqueous-organic
olutions, it has the potential for generalization to all misci-
le mixtures, including aqueous-organic solutions and mixtures
ith only flammable components. Thus, not only can the mod-

ls proposed previously [1,2,10] be integrated into one general
nalogue as proposed in this manuscript, but also the predic-
ion of a mixture’s flash point may be extended to more-diverse
ituations. As part of this study, therefore, the effectiveness of
he reduced form of such a general model, simplified for ternary
queous-organic solutions (as above), was verified for the exper-
mentally derived data.

The procedure for evaluation of the flash point for a ternary
queous-organic solution is depicted in Fig. 1. The iterative pro-
edure is analogous to that used for calculating the boiling and
ew points of mixtures [17].

. Results and discussion

.1. Parameters used to predict the flash point of ternary
queous-organic solutions

The model for a ternary aqueous-organic solution was used to
redict the flash point of water + methanol + ethanol/isopropanol
ystems. The results thus obtained were compared with the
orresponding experimentally derived data. This study also com-
ared the predictive capability of our proposed model with
arland and Malcolm’s statistical analogue [11]. The aqueous
olutions of methanol, ethanol and isopropanol are all non-ideal,
nd the activity coefficients corresponding to the flammable
omponents for such solutions are all greater than unity [18–20].
y contrast, the binary solution of methanol + ethanol behaves
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Fig. 1. Procedure for evaluation of flash

lmost like an ideal solution [19]. The liquid-phase activity coef-
cients for the flammable components of these ternary aqueous-
rganic solutions were estimated using the Wilson [13], NRTL
14] and UNIQUAC equations [15]. These estimated activity
oefficients were subsequently used in this proposed model to
redict the corresponding flash points for the ternary aqueous-
rganic solutions.

The parameters required for our model include the Antoine
oefficients for the flammable components and the binary inter-
ction parameters of the Wilson, NRTL or UNIQUAC equations.
n addition, it is necessary to input the flash points of the solu-
ion components into this model to predict the mixture flash
oint. The Antoine coefficients were sourced from the liter-
ture [21]. The binary interaction parameters of the Wilson,
RTL and UNIQUAC equations for these two mixtures were

lso derived from the same literature [21]. The values of these
inary interaction parameters were obtained by regression of the
apor–liquid equilibrium measurements for the ternary aqueous-
rganic solutions. The relative van der Waals volume parameter

r) and the surface area parameter (q) for the pure components
eeded for the UNIQUAC equation and the corresponding spe-
ific volumes necessary for the Wilson equation is listed in
able 1.

m
f
t
f

able 1
elative van der Waals volumes (r) and surface areas (q) for the pure components fo

he Wilson model

omponent vl
i (cm3 mol−1)a MW [6]

ethanol 40.73 32.04
thanol 58.68 46.07

sopropanol 76.53 60.10
ater 18.07 18.02

a vl
i = MWi/ρi.
for a ternary aqueous-organic solution.

The three equations used in this study for estimating the
ctivity coefficients for a multi-component mixture require only
inary (i.e., two-body information) interaction constants, and no
ernary (or higher) constants appear [22]. This research attempts
o compare the predictive efficacy of the model for the ternary
queous-organic solutions using binary interaction parameters
btained from a ternary or binary system. These binary interac-
ion parameters for binary systems were adopted from different
eports (Table 2) [18–21,23].

The flash points of the pure flammable substances used in
his study were measured with the Flash Point Analyzer. Table 3
ompares the measured values for the solution components with
hose adopted from the literature. The experiment and literature-
erived values of the flash point for ethanol are the same [5,6].
here appear to be slight, but acceptable, deviations between
ur measurements and the flash points reported for methanol
nd isopropanol, however. The flash points quoted in the SFPE
andbook [5] and Merck Index [6] were measured using the

losed-cup method, although interestingly, the standard test

ethod is not mentioned in either source. It is reported in the

ormer that the results of flash point measurement depends upon
he apparatus employed. The measured difference in flash points
or methanol and isopropanol between the values applied for this

r the UNIQUAC model, and specific volumes (vl
i) for the pure components for

ρ (g cm−3) r [22] q [22]

0.7867 [19] 1.4311 1.432
0.7851 [19] 2.1055 1.972
0.7853 [18] 2.7791 2.508
0.9972 [19] 0.9200 1.400



42 H.-J. Liaw, Y.-Y. Chiu / Journal of Hazardous Materials A137 (2006) 38–46

Table 2
Binary interaction parameters of the Wilson, NRTL and UNIQUAC equations for binary systems of water, methanol, ethanol and isopropanol

System Binary interaction
parametera

Wilson NRTL UNIQUAC

Methanol (1) + ethanol (2) A12 68.35 [23] 0.0 [19] −238.94 [23]
A21 −66.46 [23] 0.0 [19] 383.90 [23]
α12 – 0.0 [19] –

Methanol (1) + isopropanol (2) A12 70.54 [23] 110.50 [23] −187.48 [23]
A21 −66.79 [23] −126.32 [23] 280.61 [23]
α12 – 0.3047 [23] –

Water (1) + methanol (2) A12 908.46 [18] 437.996 [19] −271.26 [18]
A21 −359.74 [18] −94.804 [19] 736.01 [18]
α12 – 0.4 [19] –

Water (1) + ethanol (2) A12 481.44 [20] 633.907 [19] −109.37 [20]
A21 179.66 [20] 24.862 [19] 299.46 [20]
α12 – 0.4 [19] –

Water (1) + isopropanol (2) A12 650.35 [18] 814.68 [21] −41.70 [18]
A21 380.59 [18] 231.98 [21] 283.10 [18]
α12 – 0.5601 [21] –

a Wilson: Aij = (λij − λii)/R; NRTL: Aij = (gij − gjj)/R; UNIQUAC: Aij = (uij − ujj)/R.

Table 3
Comparison of flash point values adopted from the literature with experimentally derived data for some alcoholsa

Component Experimental data (◦C) SFPE (◦C) [5] Merck (◦C) [6]

Methanol 10.0 ± 0.4 12 12
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thanol 13.0 ± 0.3
sopropanol 12.9 ± 0.3

a Closed-cup test.

ork and the corresponding values reported in the two sources
bove may be attributable to existing differences in the standard
est method.

.2. Comparison of predicted and measured flash points

The measured flash points for the water + methanol + ethanol/
sopropanol systems are listed in Table 4 and shown in
igs. 2 and 3. These measurements vary substantially with water
omposition (x1) in the range, 0.9 < x1 < 1, however, this varia-
ion was modest in the range, x1 ≤ 0.9. Given the steepness of
he slope for flash point versus water composition in the range,
.9 < x1 < 1, the number of experimental data points in this range
s denser than for other analogous ranges in this study.

The predictive capability of Garland and Malcolm’s statistical
odel [11] was tested. The respective derived best-fit equations

or the two systems, water (1) + methanol (2) + ethanol (3) and
ater (1) + methanol (2) + isopropanol (3), using all the derived

xperimental data in this study are:

= 6.358 + 43.146x1 − 1.698x2 (6)

= 7.462 + 34.259x1 − 0.108x2 (7)
here x1 and x2 denoted the respective mole fractions
f water and methanol. Fig. 2 compares the predicted
ash points from Eq. (6) with the experimental results for
ater + methanol + ethanol. It is evident that the differences

l
(

p

13 13
12 11.7

etween the measured and predicted flash points (red surface
n Fig. 2) are quite substantial, indicating failure to describe the
xperimental data. This substantial deviation may be attributed
o the observed non-linearity of flash point versus x1, which
eviates markedly from the linear assumption of the model
n question [11]. Table 5 indicates that the flash point devi-
tion for water + methanol + isopropanol is even larger than
hat for water + methanol + ethanol. Since the measured flash
oints of the above two mixtures vary modestly for x1 ≤ 0.9,
hich is nearly consistent with the linear assumption of Gar-

and and Malcolm’s model [11], our experimental data for this
ange were used to determine the parameters of such a model.
he resulting respective equations of Garland and Malcolm for
ater (1) + methanol (2) + ethanol (3) and water (1) + methanol

2) + isopropanol (3) are:

= 12.214 + 18.937x1 − 2.776x2 (8)

= 11.969 + 16.393x1 − 1.308x2. (9)

For water + methanol + ethanol, Fig. 2 depicts the large devia-
ions between the measured and predicted flash points (blue sur-
ace) from Eq. (8) for the range 0.9 < x1 < 1, although the predic-
ions are consistent with the experimental data for x1 ≤ 0.9. Simi-

ar deviation is also observed for water + methanol + isopropanol
Table 5).

The predicted flash points of our general flash point-
rediction model, based upon the binary interaction parameters
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Table 4
Measured flash points for water (1) + methanol (2) + ethanol/isopropanol (3)

x1 x2 Measured flash points (◦C) x1 x2 Measured flash points (◦C)

Water (1) + methanol
(2) + ethanol (3)

Water (1) + methanol
(2) + isopropanol (3)

Water (1) + methanol
(2) + ethanol (3)

Water (1) + methanol
(2) + isopropanol (3)

0 0 13.0 12.9 0.6 0.1 22.1 19.5
0 0.1 12.5 12.8 0.6 0.2 21.4 21.5
0 0.2 12.4 12.6 0.6 0.3 20.7 21.6
0 0.3 12.1 12.4 0.6 0.4 24.1 24.1
0 0.4 11.9 12.3 0.7 0 23.0 19.1
0 0.5 11.5 12.0 0.7 0.1 25.1 20.5
0 0.6 11.3 11.6 0.7 0.2 23.5 22.5
0 0.7 11.0 11.5 0.7 0.3 26.0 26.0
0 0.8 10.6 11.1 0.8 0 24.5 20.0
0 0.9 10.4 10.5 0.8 0.1 26.1 24.5
0 1.0 10.0 10.0 0.8 0.2 31.1 31.1
0.1 0 14.5 14.5 0.85 0 26.0 –
0.1 0.1 14.3 14.2 0.9 0 30.0 22.5
0.1 0.2 14.1 14.0 0.9 0.1 43.5 43.5
0.1 0.3 14.0 13.9 0.91 0.01 – 21.9
0.1 0.4 13.5 13.5 0.91 0.02 35.0 22.1
0.1 0.5 13.2 14.2 0.91 0.03 36.1 25.8
0.1 0.6 13.0 13.1 0.91 0.04 37.4 29.5
0.1 0.7 12.5 12.5 0.91 0.05 39.8 31.4
0.1 0.8 12.1 12.0 0.91 0.06 39.5 33.5
0.1 0.9 11.5 11.5 0.91 0.07 42.4 35.3
0.2 0 16.2 15.5 0.91 0.08 45.5 40.5
0.2 0.1 16.0 15.4 0.92 0.06 44.5 –
0.2 0.2 15.5 15.5 0.92 0.07 48.1 –
0.2 0.3 15.3 15.3 0.93 0.05 47.0 –
0.2 0.4 15.1 15.0 0.93 0.06 48.9 –
0.2 0.5 15.0 15.0 0.94 0.04 49.0 –
0.2 0.6 14.5 14.5 0.94 0.05 51.5 –
0.2 0.7 14.1 14.2 0.95 0 41.0 29.0
0.2 0.8 13.0 13.0 0.95 0.01 44.9 –
0.3 0 17.5 16.5 0.95 0.02 47.5 35.1
0.3 0.1 17.3 16.8 0.95 0.03 50.4 39.5
0.3 0.2 17.1 16.5 0.95 0.04 54.5 46.0
0.3 0.3 17.0 16.4 0.95 0.05 58.3 58.3
0.3 0.4 16.5 16.5 0.955 0.045 60.5 60.5
0.3 0.5 16.5 16.4 0.96 0 45.0 33.0
0.3 0.6 15.9 16.1 0.96 0.02 52.1 –
0.3 0.7 15.9 15.9 0.96 0.03 58.5 –
0.4 0 19.0 17.5 0.96 0.04 63.0 63.0
0.4 0.1 18.9 17.5 0.965 0.035 68.1 68.1
0.4 0.2 17.8 18.0 0.97 0 51.0 35.0
0.4 0.3 18.5 18.1 0.97 0.01 54.9 –
0.4 0.4 18.5 17.9 0.97 0.02 62.5 –
0.4 0.5 17.9 17.5 0.97 0.03 70.8 70.8
0.4 0.6 18.2 18.2 0.972 0.028 72.5 72.5
0.5 0 20.5 18.1 0.975 0 53.5 –
0.5 0.1 21.2 18.9 0.98 0 58.5 42.5
0.5 0.2 20.0 19.0 0.98 0.01 68.1 52.1
0.5 0.3 19.5 19.5 0.9875 0 70.0 –
0.5 0.4 19.0 19.5 0.99 0 – 53.1
0 0.
0

o
s
t
s
c
a

s
m

.5 0.5 21.2 21.2

.6 0 21.5 18.5

f a ternary solution [21], were also compared with the corre-
ponding measured values (Fig. 3 and Table 5). Fig. 3 depicts

he predicted flash points for the water + methanol + isopropanol
ystem using different equations to estimate activity coeffi-
ients, with each entirely consistent with the experimental data
lthough there are slight differences between them. Table 5

f
r
m
t

995 0 – 68.0

hows that the predictions for water + methanol + ethanol are
ore in agreement with the experimental data than those
or water + methanol + isopropanol over the entire composition
ange. By contrast, the best results of Garland and Malcolm’s
odel [11] only match the measurements for water composi-

ion in the range x1 ≤ 0.9 for these two mixtures (see Fig. 2
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ig. 2. Comparison of flash point-prediction surfaces based upon Garland and
alcolm’s statistical model with experimental data for the water (1) + methanol

2) + ethanol (3) system.

nd Table 5). Even where Eqs. (8) and (9) are used to describe
ash points for the range x1 ≤ 0.9 (where Garland and Malcolm’s
odel performs best), its predictive capability is markedly lower

han that of the proposed model, using any of the tested equations
o estimate activity coefficients. It appears reasonable to con-
lude, therefore, that our model is markedly superior to Garland
nd Malcolm’s paradigm [11] in terms of predictive capability
or ternary aqueous-organic solutions.

In addition, the parameters for Garland and Malcolm’s model

11] need to be determined using experimental data prior to
ts application. Essentially, this model just fits the experimental
ata, rather than predicting the experimental reality. By contrast,
he parameters of our flash point-prediction model are simply

o
fl
w
l

able 5
eviation between calculated and experimental flash points, �Tfp

a, for the studied te

ixture Garland and Malcolm

Eqs. (6) and (7)b Eqs. (8) and (

ater + methanol + ethanol 6.08d (5.60e) 6.81d (1.02e)

ater + methanol + isopropanol 7.73d (6.25e) 4.01d (1.65e)

a Deviation of flash point: �Tfp =
∑

N

∣∣Tfp,exp . − Tfp,pred.

∣∣ /N.

b Parameters obtained by fitting with all experimental data.
c Parameters obtained by fitting with our experimental data for water composition
d �Tfp for 0 ≤ x1 ≤ 1.
e �Tfp for 0 ≤ x1 ≤ 0.9.
f Based upon binary parameters of a ternary solution.
g Based upon binary parameters of binary solutions.
ction parameters of a ternary solution with experimental data for the water
1) + methanol (2) + isopropanol (3) system.

asic thermodynamic information that can be sourced from the
iterature. Thus, the proposed model offers accurate prediction
f the measured flash point, rather than curve fitting.

The failure of Garland and Malcolm’s model [11] arises
rom non-linearity in flash point versus x1. This non-linearity is
ttributed to two factors. One is that the mixtures of polar com-
onents, as used in this study, exhibit significant interactions
etween them and thus display strongly non-ideal behavior. The
ther is that water has no contribution to the vapor pressure of

ammables; thus the flash point exhibits highly non-linearity
ith water composition in the range near pure water [2]. The

inear assumption of Garland and Malcolm’s model [11] is,

rnary solutions comparing models

Our flash point-prediction model

9)c Wilson NRTL UNIQUAC

0.76d,f (0.57)e,f 0.62d,f (0.53)e,f 0.70d,f (0.55)e,f

1.87d,g (0.81)e,g 2.41d,g (0.48)e,g 0.95d,g (0.77)e,g

2.55d,f (0.56)e,f 2.85d,f (0.70)e,f 1.53 d,f (0.56)e,f

1.90d,g (0.95)e,g 1.82d,g (0.79)e,g 0.65d,g (0.42)e,g

≤0.9.
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herefore, not only unsuitable for non-ideal solutions but also
ts model structure is unable to describe the behavior of aqueous
olutions. By contrast, our approach does consider non-ideality
f the liquid phase and the effect of non-flammables on flash
oint, and is, thus, intrinsically superior.

.3. Predictive results when binary interaction parameters
f binary solutions are used

The flash points for the two tested ternary solutions
ere calculated using the binary interaction parameters

or binary solutions (Table 2), and the measurements for
ater + methanol + ethanol were plotted against the correspond-

ng experimental data (Fig. 4). Even where the binary interac-
ion parameters for the NRTL, Wilson and UNIQUAC equa-
ions were adopted from different sources, there were only
mall differences between the predicted flash points using
he above equations to estimate activity coefficient (Fig. 4).
he predictions are all in good agreement with the experi-
entally derived data. The predictive capability for the other
ixture, water + methanol + isopropanol, is as good as that for
ater + methanol + ethanol, as demonstrated by the flash point
eviation presented in Table 5.

From Table 5, we see that the predictive efficacy of the
odel based upon the binary interaction parameters of binary

olutions is equivalent to the ternary analogue using the

ater + methanol + isopropanol solution, although the former

ppears less accurate for water + methanol + ethanol. Regard-
ess, the predictive efficacy of our model, based on the binary
nteraction parameters of either the binary or ternary solutions,
dous Materials A137 (2006) 38–46 45

as far superior to that of Garland and Malcolm [11] for the
wo tested mixtures. Further, a model based upon the binary
nteraction parameters of binary solutions may provide a very
cceptable means of predicting the flash points for ternary
queous-organic mixtures if the binary interaction parameters
or the ternary solution are not accessible from literature.

It has been reported that aqueous-organic solutions will not
ash when the water content is high enough [11], thus, the appli-
ability of the model proposed in this manuscript for aqueous-
rganic solutions is limited to the composition range where the
apor phase is flammable.

. Conclusion

The statistical model proposed by Garland and Malcolm [11]
s not adequate for estimation of the flash point of a ternary
queous-organic solution where water composition approaches
nity. By contrast, our model for miscible mixtures accurately
redicts the flash points over the composition range where the
ixtures will flash. The failure of Garland and Malcolm’s model

11] is a consequence of the fact that this type of model does
ot consider the non-ideal behavior of mixtures and the model
tructure can not, therefore, describe the behavior of aqueous
olutions. By contrast, our proposed model does consider non-
deality of the liquid phase and the effect of non-flammables on
ash point. Further, this derived model is reducible for some
pecified systems, as proposed previously [1,2,10], including
inary aqueous-organic and flammables-only solutions. Thus,
his general flash point-prediction model has the potential to
ccurately calculate the flash points of all miscible solutions,
ncluding aqueous-organic systems and mixtures consisting
nly of flammables. Importantly, these predictions can then be
pplied to assess fire and explosion hazards in real-world envi-
onments and thus produce inherently safer designs for chemical
rocesses.

In this study, predictions based on the binary interaction
arameters of binary solutions, instead of a ternary analog, pro-
uced good agreement with the experimental data for ternary
queous-organic solutions. Since the former parameters are rel-
tively easy to access, it appears reasonable to suggest that our
roposed flash point-prediction model has the potential for wide
pplication in real-world situations.
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