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ABSTRACT

Flash point is the most important variable usedHaracterize fire and explosion
hazard of liquids. Herein, partially miscible mixts are presented within the context
of liquid-liquid extraction processes. This papescribes development of a model for
predicting the flash point of binary partially misle mixtures of flammable solvents.
To confirm the predictive efficacy of the derivddsh points, the model was verified
by comparing the predicted values with the expentaedata for the studied mixtures:
methanol + octane; methanol + decane; acetone +andecmethanol +
2,2, 4-trimethylpentane; and, ethanol + tetradeca@er results reveal that
immiscibility in the two liquid phases should na lgnored in the prediction of flash
point. Overall, the predictive results of this ppepd model describe the experimental
data well. Based on this evidence, therefore,peaps reasonable to suggest potential
application for our model in assessment of fire agxplosion hazards, and
development of inherently safer designs for chelnpcacesses containing binary
partially miscible mixtures of flammable solvents.

Keywords: Flash point; Prediction; Partially miscible mix¢sr Vapor-liquid
equilibrium; Liquid-liquid equilibrium



1. Introduction

In a given liquid, the flash point is the temperatdetermined experimentally at
which the substance emits sufficient vapor to f@mombustible mixture with air
[1], with a lower flash-point value indicating réalaely greater fire and explosion
hazard [2]. Recently, the importance of flash pewas dramatically highlighted in
Taiwan after a series of explosions of essentigl and the Shengli event. In the
former series of accidents, six blasts occurrirgnfrJanuary through August of
2003, left eight people badly burnt. The fire arglesion hazard of liquids, such as
essential oils, is primarily characterized by tH&ash point [3]. The Shengli event
subsequently resulted in the temporary storagargel quantities of waste organic
solutions at various factory sites and industriarkp precincts [4,5]. Thus,
flash-point data knowledge for these mixtures h&ome increasingly important to
ensure the safety of this voluminous storage. lditesh to the usage and
accumulation of flammable liquids, such as is oetli above, the transportation
requirements for these mixtures are primarily eglao their flash-point values [6].

Flash-point data of mixtures are scarce in theditee, although composition
ranges for specific mixtures used or produced iméunstrial process can vary quite
substantially. Since the cost of flash-point dagawd from test instruments is very
expensive in Taiwan (NT$20,000/US$600 per samplejpodel for predicting the
flash point of a given mixture is useful. Partialtyiscible mixtures are used in
liquid-liquid extraction processes [7,8]. The flgstint value for a given substance
is relative to its vapor pressure [2]. As the eation of vapor pressure for partially
miscible mixtures is quite different from that fimiscible analogues, we infer that
flash point behavior for the two mixture types via# quite different. Thus, a model
that allows prediction of the flash point of paltfiamiscible mixtures is urgently
required to facilitate evaluation of fire and exgtm hazard.

Crowl and Louvar [3] (2002) have suggested a metbothe estimation of the
flash point of a liquid solution with a single flamable component. However, it was
shown to be adequate only when the flammable cosmgaomposition approaches
unity for binary aqueous-organic solutions [5], ardis not applicable to
solvent/salt systems, even in a similar compositemge [9]. Introducing activity
coefficient models to model the non-ideal behawibliquids, various models have
been proposed recently for predicting the flasmpof binary aqueous-organic and
solvent/salt systems [5,9], with successful veaificn based on comparison with
the experimental data. Previously, Affens and Mebdrl0] (1972) have developed
a predictive model to determine the flash pointdiofary hydrocarbon mixtures
based on Raoult’s law. Whitet al., [11] (1997) have reduced this model to a
simpler equation by ignoring any dependence of ltweer flammable limit on



temperature. A model for predicting the flash pa@hmulti-component mixtures of
only flammable compounds was also proposed [12]vanified using experimental

data for ternary solutions. This model can be diiepl for binary solutions, as

proposed previously [4], with prediction of flashipts verified for both ideal and
non-ideal mixtures [4,13,14]. The model for binaglutions has been applied in
deriving the criteria for determining whether a d&wn mixture may form a

minimum/maximum flash point solution (below/abovee tpure-substance flash
points) or not [13,14]. Garland and Malcolm [15D(2) developed a statistical
model to predict the flash point of a single orgaacid-water solutions: acetic acid
+ propionic acid + butyric acid + water. Howeverdeviated significantly from the

experimental measurements for multiple organic-nséutions [16].

Overall, application of the former models [3,1018l, is limited to solutions
that can be assumed as ideal within the composiaoge considered. The new
models taking into account non-ideality of the siolu through liquid phase activity
coefficients have to be used to predict efficieritlg flash point of these miscible
mixtures [4,5,9,12,16]. Non-ideality of the liqupdhase is in particular responsible
to the occurrence of extreme flash-point behavimhsas minimum and maximum
flash-point behavior [13,14]. This is similar to mmum boiling and
maximume-boiling azeotropic behavior in vapor-liquidquilibrium. In the
vapor-liquid equilibrium area, stronger non-idealay often result to the partial
miscibility of the liquid phase, eventually coupledth the occurrence of a
so-called heteroazeotrope. We suspect that sitmglaaviors happen for flash point.
However, to our knowledge no applicable model hasnbavailable for partially
miscible mixtures. In this manuscript, a modeldach mixtures was developed and
investigated using the partially miscible mixturesethanol + octane; methanol +
decane; acetone + decane; methanol + 2,2 4-trinpethiyane; and, ethanol +
tetradecane [7,8].

Based upon the definition of flash point [2], it mecessary to estimate the
vapor-phase composition of flammable substances &xosapor-liquid equilibrium
equation in order to predict their flash point. thermore, it is acknowledged that
partial miscibility occurs because of significantaraction within non-ideal liquid
solution. For such solutions, liquid-phase actiwtyefficients must be taken into
account in the vapor-liquid equilibrium equation byeans of thermodynamic
models. The original Wilson thermodynamic model ][1§ not applicable for
evaluating the liquid-phase activity coefficientsr fmixtures that exhibit a
miscibility gap [18]. Unlike Wilson’s equation, thERTL [19] and UNIQUAC
thermodynamic models [20] are applicable to bothovdiquid and liquid-liquid
equilibria [18]. The Wilson thermodynamic model wammdified as T-K-Wilson



thermodynamic model by Tsuboka and Katayama (19@5pe applicable to
liquid-liquid equilibria [21].

2. Experimental protocol

Two flash point analyzers, the HFP 360-Pensky Mwartand the HFP
362-Tag (Walter Herzog GmbH, Germany), were usechéasure the flash points
for a variety of mixtures (methanol + octane, matilat decane, acetone + decane,
methanol + 2,2,4-trimethylpentane and ethanol +atleicane) at different
compositions. The former apparatus was operatear@iog to the standard ASTM
D93B test protocol [22], and the latter accordiagASTM D56 [23]. The standard
method, ASTM D93B, is applicable for determinatiminflash points in the range
40 to 360 °C, while ASTM D56 covers -25 to 99 °@eTapparatus incorporates
control devices that program the instrument to lieasample at a specified heating
rate within a temperature range close to the erpeftash point. The flash point is
automatically tested using an igniter at specitiechperature test intervals. If the
expected flash point is lower than or equal todha&nge temperature, heating rate-1
Is used and the igniter is fired at test intervalfthe expected flash point is higher,
heating rate-2 is adopted and the igniter is fiedtest interval-2. The first
flash-point test series is initiated at a tempemtguivalent to the expected flash
point minus the start-test value. If the flash pagnot determined when the test
temperature exceeds the sum of the expected flaish plus the end-of-test value,
the experimental iteration is terminated. The folloy set of selected parameters is
used in ASTM D93B [22]: start test 23 °C; end @it 20 °C; heat rate-1 1.3 °C/min;
heat rate-2 1.3 °C/min; change temperature 11@%t;nterval-1 1.0 °C; and, test
interval-2 2.0 °C. The following set of selectedgmaeters was adopted for the
other standard ASTM D56 test protocol [23]: stastts °C; end of test 20 °C; heat
rate-1 1 °C/min; heat rate-2 3 °C/min; change teatpee 60 °C; test interval-1 0.5
°C; and, test interval-2 1.0 °C. The liquid molactron is determined from mass
measured using a Setra digital balance (EL-410Dsigeity 0.001 g, maximum
load 100 g). Both methanol and acetone were HPL&M$p-grade reagents (Tedia
Co. Inc.; USA); octane and 2,2,4-trimethylpentarerevalso sourced from Tedia.
Ethanol (99.5 vol%) was purchased from NASA eniegs (USA). Decane was
obtained from Alfa Aesar (Lancaster, England), tettadecane from Tokyo Kasei
Kogyo Co., Ltd. (Japan).

3. Mathematical formulation
Within the mutual-solubility region of a binary paily miscible mixture,
only one liquid phase is present and the variattbrthe vapor pressure with



liquid-phase composition identical to that for asaible mixture. Thus, the flash
point in such a region can be evaluated by the ogetbr a binary miscible mixture
of flammable solvents [4]:

P x,y,P*
1: X1y1$3. + 2yzsat2 (1)
Plfp PZ,fp
B .
logR™ = A -—— =12 2)

The vapor pressure of the pure substancegt its flash point,Rf?;, can be

estimated by substituting s, the flash point of componemt into the Antoine

equation (Eq. (2)). Liquid-phase activity coeffitie )y enable to tackle the
non-ideal behavior of the liquid phase that resultthe partial-miscibility. Vapor

phase is assumed to behave as a perfect gas asakunder low to moderate
pressure condition [24].

Within the partially miscible region of a binaryrpally miscible mixture, two
liquid phases are in equilibrium with compositiothsfining a so-called tie line.
Since any liquid composition located on this treeli in particular the composition
of both liquid phases in equilibrium, is in equililom with a single vapor
composition located on the so-called vapor line,38% the flash point in this
region should keep constant whatever the liquid mmsition on the liquid-liquid
equilibrium tie line.

The compositions between liquid phases in equilibrcan be estimated by the
equilibrium equality of the compound activitiesaach phase:

(xy)" = (Xiyi)ﬁ =12 3)
where a and S designate the two coexisting liquid phases. Thirigccoefficients
K in Egs. (1) and (3), should be estimated usinghibdynamic activity coefficient
models adequate for partially miscible mixtureschsitas the NRTL [19] or
T-K-Wilson equations [21]; both were employed inisttstudy (Table 1). The
temperature derived from the problem solution o.Hd) — (3) is deemed to be the
flash point in the two liquid phases.

The flash point prediction model developed for aaby partially miscible
mixture of flammable solvents is described using.HG4) - (3), and any suitable
thermodynamic model for estimating liquid-phase ivagt coefficient. The
procedure for evaluating the flash point for bingyrtially miscible mixtures is
depicted in Fig. 1. The two liquid phase region amel flash point in this region
were first estimated by Eqgs. (1) — (3). Then, fasH point in the mutual-solubility
region is calculated using Egs. (1) — (2). Theatige procedure is analogous to that
used for calculating the boiling and dew pointsnattures [26].



4. Results and discussion
4.1 Parameters used in this manuscript

The flash-point model for partially miscible mixas of two flammable solvents
was used for methanol + octane, methanol + de@stone + decane, methanol +
2,2 4-trimethylpentane, and ethanol + tetradecamxures. The prediction results
were compared with experimental data. The liquidgghactivity coefficients for
these five mixtures were estimated using the NRI] pnd T-K-Wilson equations
[21], with parameters adopted from the literattd@J27] (Table 2). The parameters
used for calculating the liquid molar volumes regdifor the T-K-Wilson equation
(also obtained from the literature [7,8]) are listen Table 3. The Antoine
coefficients were also sourced from the litera{d& (Table 4).

The flash points for the pure substances usedsrstbdy were measured using
the Flash Point Analyzer, with these values congpavech their literature-derived
analogues (Table 5). The ASTM D56 test protocol wsed for all mixtures [23]
except for tetradecane, where ASTM D93B [22] wasdusecause its flash point is
outside of the test range of the former. Flashipbterature reported data for
methanol, octane, decane, tetradecane and 2,@dttrylpentane differ from one
source to the other, however. Our experimentahffasnt for ethanol is identical to
the literature-derived values [28,29]. Our measu@nes for methanol and octane
are identical to the values reported by Oxford @mity [30]. The value for
2,2 ,4-trimethylpentane is almost identical to ttedorted by Chevron Phillips [31],
and close to that provided by the supplier, Tetl&A), and values reported by
some sources [30,32], although it is different fritrose adopted from Merck (1996)
[28] and SFPE (1995) [29]. The experimental dataafeetone is close to the Merck
(1996) [28] and SFPE (1995) values [29]. The déwest between our
measurements and the published flash points of A$Z2R3] (1999; 2000) for
decane and tetradecane are slight and acceptable.

The standard methods ASTM D56 [23] and ASTM D93R][®ere used to
measure the flash points of ethanol (1) + tetrade¢ad) in the compositior=0.01
as the flash point values are within the effectes ranges for both standards. The
flash points of the other mixtures were determinsidg ASTM D56 [23].

4.2 Comparison of predicted and measured flash points

The flash points of methanol + octane were tested the entire composition
range (Table 6). The measured values were almostaat in the region of two
liquid phases, where the methanol composition rdngetween 0.06 and 0.97
(Table 6, Fig. 2). The flash points predicted by throposed model and the
corresponding measured values are compared in Zidgredictions are all in



excellent agreement with the experimental data tverentire composition range
(Table 7, Fig. 2), when the NRTL or T-K-Wilson isad in conjunction with the
equation describing the partial miscibility (Eq))(3NVhen Eq. (3) is discarded, (see
Fig. 2) a pseudo-homogeneous liquid flash pointveurs predicted and is
substantially less than the experimental data. d&ssiits smooth concave then
convex shape is similar to the shape of pseudo-gemepus boiling
temperature-composition curve predicted in vapguil equilibrium calculations
when neglecting partial miscibility of partially saible mixtures [25]. Table 7 also
demonstrates that the model that considers panisdibility behavior is superior to
the model that does not. Thus, it can be conclilladthe property of immiscibility
should not be ignored in the two liquid phases.

The constant flash point behavior within the twguld phases coexisting region
is also observed in other mixtures of this studgthanol + decane, acetone +
decane, methanol + 2,2,4-trimethylpentane and ethartetradecane, which are
displayed in Figs. 3-6. It arises because of théiquéar behavior enounced above
that any composition on a liquid-liquid-vapor eduilum tie line is in equilibrium
with a single vapor composition [24,25]. The flaggbint being a feature of the
vapor, it is constant when the composition and txepire of the vapor is also
constant.

The predictive curves for methanol + decane andoaee+ decane are
presented in Figs. 3-4. Table 7 demonstrates kieaptedictions are acceptable for
the two mixtures, although some differences ans¢he decane-rich phase. The
reason of this deviation is attributed to the ifigbiof the liquid-phase activity
coefficient models to represent accurately the hadmposition range and in
particular the span of the two liquid phase reglbhkely comes because the set of
LLE data that was used to regress the activityfoeft model binary parameters
lacks data in the decane-rich side [8,27].

The flash points for the mixture, methanol + 2 Rifethylpentane, were
computed and compared with the corresponding exeertal data (Fig. 5; Table 6).
There are some differences between the predicéesth fhoints when the NRTL or
T-K-Wilson equation is used to estimate the relé\autivity coefficients. NRTL
provides good agreement with the experimental datx the entire composition
range. T-K-Wilson shows some deviations from theasneements for the two
liquid phases (Fig. 5, Table 7).

The experimental flash points for ethanol + tetcashe, as tested by the ASTM
D56 and the ASTM D93B standard methods are alllayga in Fig. 6. The
difference between flash-point values derived ughg two standard methods is
slight and acceptable (Fig. 6 and Table 6 for eth@omposition equal to 0.01).



The small difference between the values measuregd) USSTM D56 and ASTM
D93B is also observed in the reported measuren@ngire decane flash point
[22,23] (Table 5). The experimental and predictatligs for ethanol + tetradecane
(Fig. 6) are in good agreement in the two liquidgds, irrespective of whether the
NRTL or T-K-Wilson thermodynamic model is used tetimate the relevant
activity coefficients. However, the predictive cesv do deviate from the
experimental data in the ethanol-lean phase. Tdéledapredictive accuracy in this
region is considered the reason that the LLE datd by Matsuda and Ochi to
estimate the parameter values used for the NRTL-KrWilson thermodynamic
model are mostly in the ethanol-rich region [8].

Comparing the predictive efficiency of the NRTL of-K-Wilson
thermodynamic model, Table 7 demonstrates thatigireds are better in the two
liquid phases than over the entire composition egiog methanol + octane, acetone
+ decane and ethanol + tetradecane. However, #neneot significant difference in
predictive efficacy between the two ranges for rapthh + decane and methanol +
2,2, 4-trimethylpentane (Table 7). The observationthe former three mixtures is
attributed to the fact that the binary parametessdufor calculating the activity
coefficient were regressed from LLE data sets, [t@guin better prediction in the
two liquid phases compared to other regions. Oletla¢ predictive results are
acceptable, although there may be greater deviatidside the two liquid phases
when using the binary interaction parameters estichdrom the LLE data. In
vapor-liquid equilibrium calculations, it has albeen observed that using binary
parameters regressed on LLE data sets may nosesgras well VLE experimental
data as models with binary parameters regress&tl Brdata.

Table 8 compares experimental span and invariashfpoint average value of
the two liquid phases region and predictions witle tNRTL or T-K-Wilson
thermodynamic models for the methanol + octanehareil + decane, acetone +
decane, methanol + 2,2,4-trimethylpentane and ethantetradecane mixtures.
Agreement is remarkable for the methanol + octamx¢unme with a two liquid phase
methanol composition ranging experimentally fron08.and 0.97 and with an
experimental invariant flash-point average valu€.42°C (Fig. 2, Table 8) NRTL
(resp. T-K-Wilson) predicts [0.057 - 0.966] (re$p.064 — 0.965]) and 1.94 °C
(resp. 1.88 °C) (Table 8). As hinted by the figuragreement is also good for the
other mixtures, with better prediction for the NRTtodel over the T-K-Wilson
model in particular for the methanol + 2,2,4-trimdpentane mixture (Table 8).

The flash points for the five studied partially oiilde mixtures decrease
remarkably after addition of a small quantity oflav-flash-point liquid to a
relatively high-flash-point analogue. This phenoorens most remarkable when



ethanol is added to tetradecane, with flash postrehsing from 110.4 to 29°€
when the mole fraction of ethanol is increased.020

Both predicted values of;’ Pfat‘T /P and y;Pf“‘T /Py, for methanol

+ octane, 2,2,4-trimethylpentane + methanol andhareil + decane are greater
than unity (Table 9). Such behavior was considexeslfficient condition for a
mixture to form a minimum flash point solution [13jnd the former two mixtures
do exhibit a flash point of the mixture below the¢-substance flash points.

The value ofy;Pf‘“T /Py, for the former mixture is much greater than

those for the latter two, thus the minimum flashinpdehavior of methanol +

octane is much remarkable than those of the otler mixtures [13]. For the

mixture of methanol (1) + decane (2), methanolhis telatively low-flash-point

substance and the two liquid phase region extefmwse do pure methanol. The
variation of the flash point with composition iretlalcohol-rich single liquid phase
region is small and occurs in a narrow regianftom 0.98 to 1.0). So, for this
particular mixture, the flash point value in theotliquid phases is close to that of
the lowest boiling pure substance.

Acetone + decane and ethanol + tetradecane mikimave similarly and the
flash point value in the two liquid phases is atkuse to that of the lowest boiling
pure substance. For mixtures exhibiting such bemawvith close minimum mixture
flash point and low-flash-point pure substancerdahmight be some uncertainty to
evaluate the existence of the minimum flash poaltu@s. In that case, the model
shows is usefulness as it gives a definite answvire existence of a minimum flash

point via the computation of thg;” P> . fp/Pff’; and y;P* - /P, values

and of its numerical value.

5. Conclusion

Existence of minimum flash point solution for palty miscible mixtures has
been shown experimentally for two different mixtr&he model including activity
coefficient for the flash point prediction of biyapartially miscible mixtures of
flammable solvents is able to represent well theeerental data over the entire
composition range, provided that equation for thguidl-liquid equilibrium is
considered. Thus, it appears reasonable to profnagethis model is potentially
applicable for assessment of fire and explosioratizzin real-world environments
and producing inherently safer designs for chenpcatesses.

Nomenclature
A, B, C =Antoine coefficients



A;j = coefficient in Table 1 (J/mol)
aj = parameter in Table 1 (J/mol)
Bij = coefficient in Table 1 (J/mol-K)
bij = parameter in Table 1 (J/mol-K)
C;; = coefficient in Table 1 (J/mol
D;; = coefficient in Table 1 (J/mol3
G = defined in Table 1
g = binary parameters of the NRTL equation, J/mol
L = coefficient used for calculating liquid molarlvmes, mi-mor*
LFL = lower flammable limit
M = coefficient for calculating liquid molar volumes®-mol*-K™*
N = coefficient for calculating liquid molar volumas®-mol*-K?
P = ambient pressure (kPa)
P! = saturated vapor pressure (kPa)
P.= critical pressure (kPa)
P,f‘,; = saturated vapor pressure of componkirat flash point (kPa)
R = gas constant (8.314 J/mol-K)
T = temperature (K)
Tc = upper critical solution temperature (UCST) (K)
T = critical temperature (K)
Tif = flash point temperature of pure componexik)
T, = reduced temperature (K)
v = molar volume of liquid (imol)
x = liquid-phase composition
y = vapor-phase composition
Zra = modified Rackett equation parameter
Greek letters
a;; =NRTL parameter
[ = defined in Table 1
B, = defined in Table 1
y= activity coefficient
/1 =defined in Table 1
A = binary parameters of the T-K-Wilson equation @jm
r=defined in Table 1
Subscripts
2LP = two liquid phases
exp. = experimental data
fp = flash point



| = species

pred. = predictive value
Superscripts

a = a phase

L= [ phase
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Table 1. Some models for activity coefficients @irtlly miscible mixtures using
only pure-component and binary parameters

Name Activity coefficient for component
NRTL N N
eriGjin N x.G > %3Gy
Iny, = JN +z N — {Tij_ kN )
D Gex D IGyx, D Gy X
k k k
where
InG; =-a,r1;
%_&jﬂi
RT

O 792 = A12 + B12(Tc _T) +C12(Tc _T)Z + D12(Tc _T)S
00701, = A21 + B21(Tc _T) +Cz1(Tc _T)2 + D21(Tc _T)3

or
p =2 thT
i
RT
. | |
T-K-Wilson X +V; X 1V,
Iny, = In+‘—/\'+(ﬁ—ﬁ’v)xj
X + A X,
where
A. A
,B: ij _ ji
X N XA
vy ViV,
T VXY X LY
A :ﬁexp(_ i Ziy
EY; RT

/]12 _/]11 = A12 + BlZ(TC _T) +C12(Tc _T)2 + D12(Tc _T)3
/]21 _/]22 = A21 + Bz1(Tc _T) + C21(Tc _T)2 + D21(Tc _T)S
I
Vi

v =L +MT+NT?
or
RT.. _sonr yorr
=Tz

c,i
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Table 2. Parameters of the NRTL and T-K-Wilson equmstifor the binary systems,
methanol + octane, ethanol + tetradecane, methanol

2,2 4-trimethylpentane, methanol + decane and aeetalecane

system Tc a1, | parameters reference
(K) 12 12

NRTL equation

Methanol (1) + | 339.69| 0.2 A; 6.2439%10° | 5.2594%1(0? [7]
octane (2) Bj 1.52266:10 6.9630810

Ci -1.7556 7.8998810°

Dii 2.1136410% | -5.5322%10°
Ethanol (1) + 307.81| 0.4 A 5.78900%10° | 1.769883%10° [8]
tetradecane (2) Bij 1.71197%10 | 1.70739%10°

Ci -3.23331&10' | -6.227185

D 8.92573k10° | 1.00328%10"
Methanol (1) + | 316.84| 0.2 A 4.9391x10° | 1.2277610° [7]
2,2,4-trimethyl = 5.20026:10 5.2226810
pentane (2) Cij -4.88841 1.47937

Djj 8.89406x10° | -4.7404k10°
Methanol (1) + | 363.92| 0.4 Aj 7.05547%10° | 1.81587k10° [8]
decane (2) = 2.640328&10 | 1.45224810°

Ci -2.78124%10" | -1.878796

Dii 1.95713&10° | 1.12252%10°?
Acetone (1) + - 0.3 aj 7914.504 2941.470 [27]
decane (2) bij -25.143 7.858

T-K-Wilson equation

Methanol (1) + |339.69| - A; 6.9802&%10° | -2.4186X10° [7]
octane (2) Bij -6.58055 6.0001¥10

Ci 1.77902 -1.28347

Dii -2.1666(x10° | 1.3494&10°
Ethanol (1) + 307.81] - A; 5.75942310° | -2.75806%10° [8]
tetradecane (2) Bii -9.587516:10 | 1.0808781(C°

Ci 9.962493 -6.356456

Dii -2.30214810" | 1.37095&10"
Methanol (1) + | 316.84| - A 7.8946%10° | -2.6621k10° [7]
2,2,4-trimethyl Bi -7.6573%10 | 6.2606410
pentane (2) Cij 6.2988 -2.08306
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Dii -1.1752%10" | 3.2149(:10°
Methanol (1) + | 363.92 Aj 6.7244710° | -3.68597%10° [8]
decane (2) Bij 1.81515%10 5.28331810

Ci 3.56418310" | -7.31343310"

-2.01708310°

5.33563%10°
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Table 3. Pure component parameters used for caluglajuid molar volumes

component | Lx10° Mx10° Nx10 Te P, Zra | reference
me-mol* | m®mol*K?* | m*mol*-K?| K MPa
methanol 3.68717  -2.19582 1.1708% 512.84097| 0.23230| [7,8]
ethanol - - - 513.926.148| 0.25041 [8]
octane 12.7105  5.64444 2.20316 - . [7]
2,2,4-trimethyl| 13.7850| -1.02976 3.52000 - - - [7]
pentane
decane - - - 617.702.110| 0.25074| [8]
tetradecane - - - 693.00L.570| 0.24322 [8]
Table 4. Antoine coefficients for solution comporséht
Material A B C Reference
Methanol 5.20277 1580.080 -33.650 [18]
Ethanol 5.33675 1648.220 -42.232 [18]
Acetone 4.21840 1197.010 -45.090 [18]
Octane 4.05075 1356.360 -63.515 [18]
2,2,4-trimethyl 3.93646 1257.850 -52.383 [18]
pentane
Decane 4.06853 1495.170 -79.292 [18]
Tetradecane 4.13790 1740.880 -105.430 [18]

2 log(P/bar)=A-B/[(T/K)+C]
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Table 5. Comparison of flash-point values adoptethfthe literature with
experimentally derived data for some alcohols

Component Experimental dataC) Literature {C)
Methanol 10.a: 0.4 12 [28,29]
10 [30]
Ethanol 13.G: 0.3 13 [28,29]
Acetone -18.6 0.4 -18 [28,29]
Octane 15.20.4 13 [29]
15 [30]
Decane 51.8 0.5 44 [29]

52.8+ 2.3 [22]
50.9+ 2.3 [23]

Tetradecane 11041.0 99 [30]
107 [31]
121 [33]

109.3+ 4.8 [22]

2,2,4-trimethylpentane -840.7 -7%[30,32]
-12 [28,29]
-8 [31]

& provided by Tedia
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Table 6. Measured flash point for

partially miscibietures

X1 Methanol (1) | Methanol (1) | Acetone (1) +| Methanol (1) + | Ethanol (1) +
+ octane (2) | + decane (2) | decane (2) 2,2,4-trimethyl | tetradecane (2)
(°C) (°C) (°C) pentane (2) (°C)
(°C)
0 15.0 51.8 51.8 -8.1 110°4
0.01 115 32.3 30.0 - 41%3
39.5
0.02 8.3 18.5 16.0 - 29.4
0.03 6.4 15.0 4.0 - -
0.04 - 12.5 - - -
0.05 4.5 11.0 -2.0 -9.0 24.3
0.06 2.3 - - - -
0.1 2.0 11.5 -12.4 -10.1 20.0
0.12 - - -15.5 - -
0.13 - - -16.5 - -
0.15 - - - - 17.6
0.2 2.3 10.9 -17.5 -10.4 14.2
0.22 - - -17.5 - -
0.25 - - -17.5 - -
0.27 - - -17.6 - -
0.3 2.2 10.2 -18.0 -10.4 14.5
0.4 2.2 10.4 -17.8 -10.5 14.5
0.5 1.9 10.4 -18.4 -11.0 135
0.6 2.2 10.1 -17.9 -10.5 13.7
0.7 2.1 10.1 -18.2 -10.3 14.2
0.8 2.0 10.3 -18.5 -10.3 13.9
0.9 1.9 9.6 -18.3 -10.5 13.0
0.92 - - -18.6 - -
0.93 - - -18.4 - -
0.95 2.2 9.3 -18.6 -10.4 13.0
0.97 2.3 - -18.6 -9.9 13.4
0.98 2.7 8.9 -19.9 -6.6 -
0.985 5.0 - - - -
0.99 6.5 9.0 -19.2 -1.2 -
0.995 7.4 - -18.5 5.7 -
1.0 10.0 10.0 -18.6 10.0 13.0
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4 ASTM D93B

Table 7 Deviation between calculated and experinhéiath points, AT, & for the

studied ternary solutions comparing models

Mixture Model for partially miscible | Model ignoring partial

mixtures miscibility

NRTL T-K-Wilson NRTL®? | T-K-Wilson®

Methanol (1) + octane  0.37" 0.50° 2.05 1.27
(2) 0.18° 0.21°
Methanol (1) + decane  1.08" 1.03° 1.43 3.02
(2) 0.97° 1.05°
Acetone (1) + decand  1.65" - 2.78 -
(2) 0.73°
Methanol (1) + 0.42° 1.34° 1.39 1.29
2,2,4-trimethylpentane  0.17°¢ 1.62°
2)
Ethanol (1) + 6.21° 5.36" 6.29 5.69
tetradecane (2) 0.56° 0.55°¢

?deviation of flash poinfAT,, = Z‘Tfp,exp_ ~ T wea.|/ N
N

b ATs, over the entire composition range

¢ ATy, for two liquid phases
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Table 8. Comparison of estimated values for equulibh composition between liquid
phasesy; 2 p, and its flash poinfl, p, with corresponding experimental data

system Estimated value Experimental data
NRTL T-K-Wilson
X1,2LP Tap X12LP Top X1,2LP Tap
() Q) Q)

Methanol (1) + octane 0.057 1.94 0.064 1.88 0.06 2.12
(2) 0.966 0.965 0.97
Methanol (1) + decang 0.040 9.33 0.037 | 9.23 0.05 | 10.23
(2) 0.982 0.988 0.98
Acetone (1) + decane| 0.130 | -18.50 - - 0.12 | -17.78
(2) 0.989 0.95
Methanol (1) + 0.191 | -10.42 0.386 | -9.16 0.20 | -10.41
2,2,4-trimethylpentang 0.973 0.928 0.97
2)
Ethanol (1) + 0.217 13.67 0.237 | 13.45 0.20 | 13.82
tetradecane (2) 0.930 0.958 0.95

Table 9. Values ofy"R™| /R for different binary solutions

,fp

o ) sat sat oo~ sat sat
system n P T /Pl,fp Vo P, T, /Pz,fp
P . TP

2,1

NRTL T-K-Wilson NRTL T-K-Wilson

Methanol (1) + octane (2) 24.3931 39.8223 22.0796 6.9259

Methanol (1) + decane (2) 143.3447 114.0020 4.93052 6.2316

Acetone (1) + decane (2) 275.9230 - 0.375489 -

2,2,4-trimethylpentane (1) { 52.12461 73.0221 3.061445 2.2447
Methanol (2)

Ethanol (1) + tetradecane (2) 357.1958 393.6342 1204 0.0177
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Flash points of flammable
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of the liquid-liquid
equilibrium, X, p
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Fig. 1. Procedure for evaluation of flash pointpartially miscible mixtures of

flammable solvents.
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|:| experimental data
NRTL
————— T-K-Wilson
12 — - — NRTL (without considering partial miscibility)
— — — T-K-Wilson (without considering partial miscibility)
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Fig. 2. Comparison of predicted flash point and experimental data for methanol (1)
+ octane (2).
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Fig. 3. Comparison of predicted flash point and experiment data for methanol (1)
+ decane (2).
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Fig. 4. Comparison of predicted flash point and experimental data for acetone (1)

+ decane (2).
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N |:| experimental data
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————— T-K-Wilson
10 — - — NRTL (without considering partial miscibility)
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Fig. 5. Comparison of predicted flash point and experimental data for methanol (1)
+ 2,2 ,4-trimethylpentane (2).
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4= |:| experimental data (ASTM D56)
100 /\  experimental data (ASTM D93B)
NRTL
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— - — NRTL (without considering partial miscibility)
80
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Fig. 6. Comparison of predicted flash point and experimental data for ethanol (1)
+ tetradecane (2).
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