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Abstract

The objective of this investigation was to develop a vapor pressure (VP) acquisition system and
methodology for performing temperature-dependent VP measurements and predicting the en-
thalpy of vaporization (AHv.p) of volatile organic compounds, i.e. VOCs. High quality VP data were
acquired for acetone, ethanol, and toluene. VP data were also obtained for water, which served as
the system calibration standard. The empirical VP data were in excellent agreement with its ref-
erence data confirming the reliability/performance of the system and methodology. The predicted
values of AHy,, for water (43.3 k]J/mol, 1.0%), acetone (31.4 kJ/mol; 3.4%), ethanol (42.0 k]J/mol;
1.0%) and toluene (35.3 kJ/mol; 5.4%) were in excellent agreement with the literature. The com-
puted values of ASy,, for water (116.0 J/mol-K), acetone (95.2 J/mol-K), ethanol (119.5 J/mol-K)
and toluene (92.0.J/mol-K) compared also favorably to the literature.
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1. Introduction

Vapor pressure (VP) is a significant physical property of liquid volatile organic compounds (VOCs). These
types of compounds have low boiling points, readily evaporate, and are highly flammable. Solvents, paint thin-
ners, hydraulic fluids, dry cleaning chemical, gasoline, and aviation fuel(s) are a few examples of VOCs and
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VOCs mixtures. These VOCs are common place in the everyday life of consumers. A substantial number of
VOCs are human and environmental toxins. Most VOCs have their origin from oil refineries since they are typ-
ically produced by the fractional distillation of crude oil [1]. The VP of a VOC is temperature-dependent, and
numerous thermodynamic parameters can be readily computed using VP data. For example, the enthalpy of va-
porization (AH,,,) and entropy of vaporization (AS,,,) are two thermodynamic entities that can be derived from
VP data of VOCs. In the petroleum industry, simulations of AH,,, are used extensively for carrying out assess-
ment and optimization of processes [2].

Ethanol (EtOH) and toluene are two of the many VOCs that are typically in the formulation of automotive
gasoline. Commercial gasoline is refined product of crude oil consisting of a mixture of hydrocarbons, additives,
and blending agents. EtOH is the most commonly employed bio-fuel in gasoline formulations, where it is an
oxygenated additive that is used to improve the performance (anti-knocking) and reduce automotive emissions
[3]. Toluene is one of the numerous aromatic compounds found in gasoline formulations. The typical aromatics
found in gasoline blends are benzene, toluene, ethylbenzene, and xylenes (BTEX). Their total composition (BTEX)
in a gasoline blends can range from 20% - 50% v/v (volume/volume). Toluene is also a well known gasoline
surrogate fuel (TRF = toluene reference fuel) [4]. In a review article by Pitz et al. [5] it recommended that three
of constituents in any gasoline and diesel fuel surrogate should be n-heptane, iso-octane, and toluene [6].

VP is a fundamental physicochemical property that is widely used for ascertaining the level of volatile com-
pounds emitted into the atmosphere from diesel fuel and automotive gasoline. The Reid vapor pressure (RVP) is
the method of choice for determining the volatility of commercial gasoline in the refinery industry. It is deter-
mined at 37.8°C (100°F/311.0 K) and a vapor to liquid ratio of 4:1. The protocol for performing RVP measure-
ments is described by ASTM D-323 (American Standard for Testing Materials). However, the true vapor pres-
sure (TVP) is probably more conducive for determining the concentration of combustion contaminants emitted
into the atmosphere. TVP is the pressure exerted by a vapor in equilibrium with its liquid phase at a specific
temperature. An alarming number of derailment accidents in 2014 during the transport of crude oil compelled
the United States Department of Transportation (USDOT) and Trans Canada, USDOT counter-part agency, to
issue an emergency testing order to ensure safe transportation of crude oil via rail. To meet this safety order, the
true VP of crude oil and gasoline would be measured at a series of temperature and not just one temperature as
prescribed by the RVP [7].

The objective of this investigation was to acquire high quality VP data using an enhanced VP acquisition sys-
tem at a series of temperatures for three VOCs. The targeted VOCs were acetone, EtOH, and toluene. Acetone is
a common solvent that is typically found in homes as fingernail polish remover. EtOH is a gasoline octane-
booster, and toluene is a surrogate fuel. The VP of distilled water was also measured as a reference/calibration
standard. Measurements were performed on these model VOCs in order to examine the viability, efficiency, and
optimize the performance of our enhanced VP acquisition system. The volatility of a fuel in the petroleum in-
dustry is typically described either by a distillation curve, the RVP, and enthalpy of vaporization (AH,4p). It can
also be characterized by all three, where AH,,, is characteristically derived from VP. Accordingly, the acquired
data were also used to predict the enthalpy of vaporization (AH,,,) and compute the entropy of vaporization
(AS,qp) Of these VOCs. The results of this investigation are presented in this paper.

2. Experimental

2.1. Materials

The VOCs acetone, anhydrous ethanol (EtOH), and toluene were purchased from the Aldrich Chemical Com-
pany. These chemicals were used without purification and handled using proper safety procedures as stipulated
in their Material Safety Data Sheet.

2.2. Methodology

Temperature-dependent VP data was acquired for distilled water, acetone, EtOH, and toluene using our in-house
VP acquisition system. The apparatus and protocol used by the system is based off of the “Boiling-Point Me-
thod”, which is well recognized in the literature [8]. In this procedure, liquid vapors are in equilibrium with its
boiling liquid at a specific externally applied pressure. A 250 ml round-bottom (rb) flask served as the liquid re-
servoir and contained 100 ml of VOC during data acquisition. A portable direct-drive vacuum pump (Welch
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GEM model) was utilized as the external vacuum source. A digital vacuum regulator (Model 200 DVR, manu-
factured by J-KEM Scientific) was coupled to the vacuum pump and employed to accurately control the pres-
sure (0.1 torr) above the liquids.

The VOCs and water were heated using a Biichi model B-490 water bath interfaced with a J-KEM Scientific
digital temperature controller (DTC). The liquid reservoir was submerged in the water bath to equilibrate the
sample at a predetermined set temperature in which the VP would be measured. For temperatures above 100°C,
a heating mantle was used in lieu of the water bath. The temperature of the sample was measured by placing the
thermocouple sensor component (+0.1°C) of the DTC in the center of the liquid(s).

The DVR and DTC were interfaced to a desktop PC via a USB cable. Temperature (T) and pressure (P) data-
were logged real-time, every 20 seconds, into an excel spreadsheet. The resultant VP data can be readily eva-
luated in the excel spreadsheet or exported for processing using a different software package. At least nine VP
measurements were acquired at each specified temperature to ensure reproducibility of the data. This would
correspond to a total acquisition time of at least three minutes. A schematic diagram of the experiment enhanced
VP acquisition system is illustrated in Figure 1.

3. Result and Discussion

Our in-housed built VP acquisition system was used to amass VP data for distilled water, acetone, ethanol, and
toluene in this investigation. The variation of VP with temperature is well described by the phase equilibrium
Clapeyron equation that is expressed by Equation (1):
dP AH, P
= (1)
dT RT
The variables P and T in Equation (1) are the vapor pressure and the absolute temperature (K = Kelvin) re-
spectively. The enthalpy of vaporization is denoted by AH,,, and R is the gas constant (8.314 J/mol'K). The

PC, monitor

and keyboard
Ballast bulb DTC
Condenser _
—
Water-In |_...
—
] — /
I::: |
tb flask l ol
DVR
L ]
\ v Stop-cock

Water-Out

Heating Mantle Vacuum Pump

Figure 1. Schematic diagram of the enhanced vapor pressure acquisition system used.
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integration of the Clapeyron equation yields the Clausius-Clapeyron, which is a linear equation represented by
Equation (2):

AH,,
InP=——2,4C 2
RT

The enthalpy of vaporization can be predicted from Equation (2) from a plot of the natural logarithm of pres-
sure (InP) versus the reciprocal absolute temperature (1/K). A straight line is generated with a slope equal to
—-AH,4/R and an intercept denoted by the constant C [9]. This is the method utilized to compute AH,4, in this
study. A plot of the empirical VP data of water as the In P vs. 1/T (K) is shown in Figure 2.

A linear least square regression fit was applied to each set of VP data in order to predict AH,,, and calculate
AS,, for each VOC. Using the water VP data as an example, a linear least square regression fit of the data re-
sults in an equation for the line of best fit equal to y = 20.657 — 5215.1x. This can be translated to the form of
Equation (2) as:

-5215.1

InP= +C (3)

A value of 43.4 kJ'mol * was predicted as the enthalpy of vaporization (AH,4p) of water after multiplying the
slope of the resultant line fit by 8.314 J/mol'K, i.e. the gas constant. The predicted value for water deviated by
only 1.0% from the literature value for water [10] [11]. The correlation coefficient (R) for the line fit was
0.99989, which indicate an excellent fit to the data since the value is close to 1. The entropy of vaporization is
computed by dividing AH,, of water by it normal boiling point temperature in Kelvin (100.0°C, 373.2 K); this
corresponds to a AS,,, of 116.3 J/mol-K for water.

The predicted values of AH,,, for acetone, EtOH and toluene were 31.4 kJ/mol, 42.0 ki/mol, and 35.3 kJ/mol
respectively using the line of best fit through the empirical VP data. The plot of the In P versus 1/T (K) for ace-
tone, EtOH, and toluene are shown in Figures 3-5 respectively. The AH,,, of acetone, EtOH and toluene de-
viated by 3.4%, 1.0% and 5.4%, which compare favorable with the literature values [11]. The computed values
for AS,,, of acetone, EtOH and toluene were 95.2 J/mol, 119.5 J/mol'K and 35.3 J/mol'K respectively, where
AS,p Of each VOCs is equal to AHyap/Th, kelvin-

Table 1 is a synopsis of the VP data amassed for water, acetone, EtOH, and toluene. It contains the predicted
value of (AH,s), the computed values of (AS,,p), the slope of the line fit, and the correlation coefficient. From
Table 1, it is readily apparent that the experimental data parallels the literature data, which are shown in paren-
theses. The results of this investigation clearly demonstrate the enhanced viability and efficiency of our en-
hanced VP acquisition system for amassing VP data.
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Figure 2. Plot and linear least squares fit of the VP of water.
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Plot of Vapor Pressure vs. Temperature of
—&—InP(torr) Acetone as InP vs.1/T(K)
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Figure 3. Plot and linear least squares fit of the VP of acetone.

Plot of Vapor Pressure vs. Temperature
EtOH as InP vs. 1/T(K)
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Figure 4. Plot and linear least squares fit of the VP of EtOH.

Plot of Vapor Pressure vs. Temperature of

Toluene as InP vs. 1/T(K)
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Figure 5. Plot and linear least squares fit of the VP of toluene.
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Table 1. Summary of predicted and computed results from VP data amassed from the enhanced VP acquisition system.

Liquids Temp. °C (Lit. value) Pzﬁ?zm gr. ?:I%‘;;" ﬁrislgl?
Water 15.2 12.5(12.953) 43.3 kJ/mol
21.0 18.8 (18.650) 116.0 J/mol-K
29.6 31.6 (34.864) Slope = -5215.1
39.8 55.0 (54.156) R =0.99989
49.7 91.5 (91.14)
59.5 148.1 (146.0)
69.3 230.9 (226.7)
79.3 351.6 (345.4)
88.9 520.1 (504.2)
94.7 636.8 (627.0)
994 766.1 (743.85)
Acetone 15 79.1 31.4 kd/mol
7.3(7.7) 98.6 (100) 95.2 J/mol'K
39.2(39.5) 396.0 (400) Slope = -3777.1
55.9 (56.5) 753 (760) R = 0.99965
EtOH 18.0 (19.0) 39.2 (40) 42.0 kd/mol
33.9(34.9) 96.2 (100) 119.5 J/mol-K
62.0 (63.5) 387.0 (400) Slope = -5056.6
78.1(78.4) 761.6 (760) R = 0.99998
Toluene 30.4 (31.8) 39.8 (40) 35.3 kJ/mol
49.9 (51.9) 123.5 (100) 92.0 J/mol-K
89.9 (89.5) 418.2 (400) Slope = —4247.5
107.9 (110.6) 759.7 (760) R = 0.99548

4. Conclusion

Vapor pressure (VP) data were acquired for water, acetone, ethanol, and toluene using the in-house built en-
hanced VP acquisition system. The empirical data were used to predict the enthalpy of vaporization (AH,,) from
the Clausius-Clapeyron equation and compute the entropy of vaporization (AS,4,) for water and the VOCs. The
acquire VP was in excellent agreement with the literature data for the liquids. The predicted values of AH,,, and
the computed values for AS,,, compared quite favorable to the literature values. These results confirm the perfor-
mance/reliability and efficiency of the VP acquisition system and its experimental protocol. Future studies will en-
tail the use of the system to examine viscose oils such as mineral oil and motor oil as well as mixtures of VOCs.
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