voc or NOT VOC?

Method to calculate the vapour pressure of hydrocarbon solvents
from simple physico-chemical properties

Erik Olsen

The determination of vapour pressures
for solvents of low volatility can be very
difficult and time-consuming, especially
for complex substances such as hydro-
carbon solvents. Therefore the need for
a simple calculation tool was identified
in order to determine whether such sol-
vents are VOCs under the definition of the
EU Solvent Emissions Directive (or VOC
Directive). The tool should be simple to
run, widely accessible and, after valida-
tion, aimed to ensure consistent desig-
nation of the VOC status of hydrocarbon
solvents in the EU. A suitable tool based
only on distillation range and aromatic
content of the product has been devel-
oped and validated with experimental
data. The tool is applicable to hydrocar-
bon solvents with an initial boiling point
above 200°C (ASTM D 86). It can be used
by solvent suppliers but also by solvent
users such as the coatings, adhesives and
printing inks producers.

The Solvent Emissions Directive [1] (EU Directive
1999/13/EC) limits emissions of Volatile Organic
Compounds (VOCs) in many industrial processes.
This directive defines a VOC as any organic com-
pound having a vapour pressure of 0.01 kPa or
more at 293.15°K (20°C), or having a correspon-
ding volatility under the particular conditions of
use. The directive, however, does not specify any
reference method to be used to determine the
vapour pressure of organic substances.

Seven methods to

measure vapour pressure

In OECD Guideline 104 (adopted on 27 July
1995) [2] for the testing of chemicals, seven
methods to measure vapour pressure are in-
cluded. Each method has its own range of
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Figure 1: Overview of methods to measure vapour pressures according to OECD Guideline 104

(27 July 1995)

applicability and variability (Figure 7). The
gas saturation method is interesting since it
covers a wide range including the cut-off
value of the directive. At vapour pressures
below 0.1 kPa, many of the measurement tech-
niques, such as ASTM D323 [3], are not appli-
cable. For suitable methods, sample prepara-
tion and handling, and actual measurement

are extremely time-consuming hence, in prac-
tice, such methods cannot be applied routinely.
Another difficulty stems from the fact that
most commercial hydrocarbon solvents are
complex mixtures of hydrocarbons with up
to 50 or more individual components. Fur-
thermore, compositions can vary slightly
from batch to batch.

The issues associated with meas-
urement could be overcome if a
user-friendly calculation tool was
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Figure 2: Validation of the calculation tool

to determine whether a hydrocar-
bon solvent is a VOC under the
Solvent Emissions Directive.

It is important to note that hydro-
carbon solvents, in spite of their
complex composition, are regard-



ed as substances and therefore have one vapour
pressure value, just as they have one flash point
value.

The objective of this work was to develop and
validate a calculation tool, hereunder desig-
nated VP Tool", applicable for the determi-
nation of the vapour pressure of hydrocar-
bon solvents based on readily available
physico-chemical properties of the substances.

Approach to validate
the calculation tool

The calculation tool was designed, as explained
later, to use only distillation data and
composition details of the product as
input. To validate the calculation
method, data were compared with
measurement results for a number of
products of known composition. This
is schematically shown on Figure 2.

In a second stage, the VP Tool was
used to calculate the vapour pressure
of commercial products and com-
pared with results obtained by indi-
vidual companies using other calcu-
Jation tools. Some products have al-
so been analysed using the static
method for vapour pressure deter-
mination (5 to 10% estimated re-
producibility).

Boiling point (°C)

Using the gas saturation
method

The gas saturation method is explained
in detail in OECD Guideline 104 [2].
The principle of this method is to slow-
ly pass a flow of nitrogen through a
horizontal thermostated tube con-
taining sufficient sample of the test
substance for gas saturation. (Fig-
ure 3). The nitrogen stream saturat-
ed with vapour is led through char-
coal tubes to collect the vapours
(ASTM D 3686 [4]). Quantitative
analysis of the charcoal tubes is
carried out by gas chromatography
(ASTM D 3687 [5]).

Ln (vapour pressure) in Pa at 20 °C

In order to obtain reliable results with the gas

saturation method, sampling and analytical

procedures must be carefully controlled to en-

sure that:

e Vapours are truly saturated

e Liquid sampling composition is constant

e Experimental conditions are stable through-
out the experiment

¢ Quantitative measurement of vapours ad-
sorbed on the charcoal is reliable
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Figure 3: Scheme of the sampling apparatus
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These requirements were fulfilled during our
experiments.

The vapour pressure is calculated as follows:

p = W/V x RT/M (1)

where:

p = vapour pressure (Pa)

W = mass of adsorbed test substance (g}

V = volume of nitrogen through charcoal
tube (m3)

70 80 90 100

R =8.314 ) mol”" K1)

T = temperature (°K)

M = molar mass of the test substance
(g mol)

Calculation of vapour
pressures from the physico-
chemical properties

In the petrochemical industry, it is well
recognised that petroleum fractions (and there-
fore hydrocarbon solvents} can be characterised
with two parameters: (1) a "size" parameter
such as the distillation range and (2) a "struc-
ture" parameter such as the ratio of aromat-
ics to non-aromatics. The distilla-
tion characteristics {according to
ASTM D 86 [6]) and the aromatics
content are usually part of the spec-
ifications of commercial hydro-
carbon solvents. ASTM D 86 meas-
ures the boiling point tempera-
ture as a function of the volume
of the test substance distilled in
astandard apparatus at atmospheric
pressure. An example of a distilla-
tion curve is shown in Figure 4.

The distillation curve obtained us-
ing ASTM D 86 can be divided in-
toa number of fractions in line with
the volume intervals recorded. Sub-
sequently each fraction is regard-
ed as a "pseudo-component”.
Taken together, these pseudo-com-
ponents mimic the distillation prop-
erties of the actual sample. The boil-
ing point of each pseudo-compo-
nent is the average of the boiling
points at the beginning and at
the end of the volume interval con-
cerned. (Figure 4).

For the VP Tool, thirteen points were
chosen to describe the distillation
curve, in line with the reporting for-
mat of ASTM D 86. This corresponds
to twelve pseudo-components.

Figure 5: Relationship between vapour pressure and boiling point for
pure hydrocarbons (data from DIPPR, 1998)

The vapour pressure of each pseudo-

component can be determined us-
ing a regression of vapour pressures versus boil-
ing points (Figure 5). The regression was ob-
tained from boiling point and vapour pres-
sure data available for pure hydrocarbons in
the DIPPR database [7]. For hydrocarbon com-
pounds it is widely accepted that mixtures
can be regarded as ideal and that their vapours
behave as perfect gases. The total pressure of
a mixture of ideal gases is the sum of the
partial pressures pi of the individual gas
components (Raoult's law):



Pmixture = Epi =2 XiPi (2]
where:
P iture = Vapour pressure of

hydrocarbon solvent
p; = partial pressure of
pseudo-component i
X, = molar fraction of pseudo-com
ponent i
P, = vapour pressure of pseudo-
component i

In order to calculate the total vapour pres-
sure according to equation (2), the molar
fractions of the pseudo-components have to
be derived from volume % using the liquid
molar densities. A plot of the molar densities
of various hydrocarbon families versus their
normal boiling points is shown in Figure 6. To
simplify the calculation, only aromatic and
paraffinic regression curves from Figure 6
were used.

From the distillation temperature data and
the aromatics content (ASTM D 1319 [8]) the
molar density of each pseudo-component
can be calculated using the regression curve
of mono-aromatics for the aromatic fraction
and the regression curve of n-paraffins for
the non-aromatic part.

Samples of known composition

Six mixtures of hydrocarbon compounds of
known composition were prepared. Five of
those mixtures were made of various amounts
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Table 1: Comparison of calculated vapour pressures for samples of known composition

and measurement with the gas saturation method

(values in Pa at 20°)

Sample A B C D E F
VP Tool calculation 6.3 2.8 2.4 6.4 6.5 8.9
SUBTEC calculation™ 47 2.6 2.2 4.7 49 12.1
Gas Saturation

Measurement 3.8 2.2 2.0 4.1 43 10.0"

Table 2: Comparison of VP Tool with existing (company internal) calculation methods

for commercial samples

Sample | Il [l v
Distillation range (°C), ASTM D 86 207-242 218-242 192-234 222-237
Aromatics content (vol%), ASTM D 1319 0.0 16.5 99.8 0.0
Vapour pressure (Pa at 20° C):

VP Tool calculation 1.3 10.0 348 10.2
Company 1 model 9 8 38 -
Company 2, model 1 14.5 14.1 43.7 14.2
Company 2, model 2 - 1.2 - 10.8
Company 3, model 10.7 6.5 39.5 6.1

Table 3: Comparison of VP Tool results with measured vapour pressures for commercial samples

(Pa at 20°C)
| ] ] v
VP Tool calculation 1.3 10.0 34.8 10.2
Gas Saturation Measurement - - - 54
Static Measurement at University Lab 31 29 65 26
Static Measurement at Company 2 - 1.7 - 10.6
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of n-paraffins in the C11-C15 range. The sixth
mixture contained approximately 18% of 1,4-
diisopropylbenzene, in addition to n-paraffins.

The new VP Tool program, based on the
aforementioned methodology, was used to
calculate the vapour pressures of the six test
samples of known composition (samples A to
F). A comparison was made with the calculat-
ed results obtained with the Subtec program
[9] and with the vapour pressure measure-
ments using the gas saturation method
(Table 7).
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carbon types (data from
DIPPR, 1998)

Vapour pressures calculated with the VP Tool
tended to be higher than vapour pressures
obtained by measurement or with the SUB-
TEC software, except for sample F that con-
tains about 18% of an aromatic compound.
The bias between the measured and the cal-
culated vapour pressures using the VP Tool
ranges from 0.4 to 2.5 Pa with an average of
1.5 Pa (about 30%). These discrepancies are
considered acceptable since they fall well with-
in the variability found from actual measure-
ments by various methods at these vapour pres-
sure levels (Figure 1).
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Using the gas saturation
method

The gas saturation method is explained
in detail in OECD Guideline 104 [2].
The principle of this method is to slow-
ly pass a flow of nitrogen through a
horizontal thermostated tube con-
taining sufficient sample of the test
substance for gas saturation. (Fig-
ure 3). The nitrogen stream saturat-
ed with vapour is led through char-
coal tubes to collect the vapours
(ASTM D 3686 [4]}). Quantitative
analysis of the charcoal tubes is
carried out by gas chromatography
(ASTM D 3687 [5]).

Ln (vapour pressure) in Pa at 20 °C

In order to obtain reliable results with the gas

saturation method, sampling and analytical

procedures must be carefully controlled to en-

sure that:

® Vapours are truly saturated

e Liquid sampling composition is constant

¢ Experimental conditions are stable through-
out the experiment

e Quantitative measurement of vapours ad-
sorbed on the charcoal is reliable
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Calculation of vapour
pressures from the physico-
chemical properties

In the petrochemical industry, it is well
recoghised that petroleum fractions (and there-
fore hydrocarbon solvents) can be characterised
with two parameters: (1) a "size" parameter
such as the distillation range and (2) a "struc-
ture" parameter such as the ratio of aromat-
ics to non-aromatics. The distilla-
tion characteristics (according to
ASTM D 86 [6]) and the aromatics
content are usually part of the spec-
ifications of commercial hydro-
carbon solvents. ASTM D 86 meas-
ures the boiling point tempera-
ture as a function of the volume
of the test substance distilled in
astandard apparatus at atmospheric
pressure. An example of a distilla-
100 tion curve is shown in Figure 4.

The distillation curve obtained us-
ing ASTM D 86 can be divided in-
to a number of fractionsin line with
the volume intervals recorded. Sub-
sequently each fraction is regard-
ed as a "pseudo-component”.
Taken together, these pseudo-com-
ponents mimic the distillation prop-
erties of the actual sample. The boil-
ing point of each pseudo-compo-
nent is the average of the boiling
points at the beginning and at
the end of the volume interval con-
cerned. (Figure 4).

For the VP Tool, thirteen points were
chosen to describe the distillation
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These requirements were fulfilled during our
experiments.

The vapour pressure is calculated as follows:

p = WV x RT/M (1)

where:

p = vapour pressure (Pa)

W = mass of adsorbed test substance (g)

V = volume of nitrogen through charcoal
tube {m?)

curve, in line with the reporting for-
mat of ASTM D 86. This corresponds
to twelve pseudo-components.

Figure 5: Relationship between vapour pressure and boiling point for
pure hydrocarbons (data from DIPPR, 1998)

The vapour pressure of each pseudo-

component can be determined us-
ing a regression of vapour pressures versus boil-
ing points (Figure 5). The regression was ob-
tained from boiling point and vapour pres-
sure data available for pure hydrocarbons in
the DIPPR database [7]. For hydrocarbon com-
pounds it is widely accepted that mixtures
can be regarded as ideal and that their vapours
behave as perfect gases. The total pressure of
a mixture of ideal gases is the sum of the
partial pressures pi of the individual gas
components (Raoult's law):
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versity laboratory is thought to re-
sult from low level water contami-
nation, a well-known interference
effect.

VP Tool:
a suitable standard

In Figure 7, the VP Tool results are
plotted against the measurement
data. The plot indicates that the VP
Tool generally takes a conservative
approach as most results of the
calculations give slightly higher
vapour pressures than the actual
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Figure 7: Comparison of vapour pressures obtained by

VP Tool calculation and measurement methods

Commercial hydrocarbon
solvents

Four commercial hydrocarbon solvents with
expected vapour pressures below 50 Pa at 20°C
were selected: two solvents free from aromatics
(< 0.1%), one containing approximately 17%
aromatics, and a pure aromatic solvent.

Calculated vapour pressures obtained with var-
ious models for four commercial hydrocar-
bon solvents are shown in Table 2. Results of
the calculations show that:

e The differences between the various mod-
els can be significant, reinforcing the need
for a standard tool.

e Data obtained with the VP Tool fall within
the range of calculated values obtained by
different company models.

A limited number of measurement data are
available on the commercial products, asshown
in Table 3. Again, the VP Tool generated a high-
er vapour pressure than the gas saturation
method for the one commercial sample
where data was available, but was in line
with the results obtained by the static
method at Company 2. The higher value
achieved with the static method by the uni-

12 measurements.

Taking into account the unavoidable
sources of error inherent to vapour
pressure determination for low
volatility products and the as-
sumptions that needed to be made
to keep the tool simple, the VP Tool is be-
lieved to be suitable as a standard tool to cal-
culate vapour pressures of commercial hy-
drocarbon solvents. Since the VP Tool was
not validated over a broad range of vapour
pressures, it is proposed to limit its applica-
tion range to products with initial boiling points
higher than 200°C by ASTM D 86 method
(corresponding to vapour pressures lower than
approx. 0.1 kPa).

Based on this study, the members of CEFIC-
HSPA {Hydrocarbon Solvents Producers Asso-
ciation) have accepted the tool as an indus-
try standard. The VP Tool can be freely down-
loaded from the European Solvents Industry
Group website: www.esig.org. [ |
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Results at a glance

e A new computer programme called VP
Tool has been developed to calculate, at
20°C, the vapour pressure of complex hy-
drocarbon solvents having a relatively
low volatility. The calculation method is
based on a set of pseudo-components se-
lected in such a way that they represent
an accurate approximation of the hy-
drocarbon solvent composition.

¢ The VP Tool is recommended by HSPA
(Hydrocarbon Solvents Producers Associ-
ation) as an industry standard to calculate
vapour pressures of hydrocarbon solvents
around the 0.01 kPa (10 Pa) level and sub-
sequently determine their VOC status un-
der the EU Solvent Emissions Directive.

The VP Tool has shown a good correla-
tion with time-consuming experimental
measurements and with various compa-
nies' calculation methods.

o The VP Tool is simple to use and applica-
ble to hydrocarbon solvents with an ini-
tial boiling point above 200°C.

e VP Tool can be downloaded from the
European Solvents Industry Group web-
site: www.esig.org




