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ABSTRACT

The phase behaviour of acids and n-alkanes in erpeasl CO,, ethane and propane is
compared. Literature data was assembled and, wiemressary, additional phase behaviour
measurements were conducted, specifically for etiéth dodecanoic acid and tetradecanoic
acid. The results show that propane and ethanesbeha similar manner with G&howing
different trends. The phase transition pressur@ropane and ethane for an acid with N
carbon atoms is similar or slightly higher thanttbhan n-alkane with 2N+2 carbon atoms.
For CQ the phase behaviour of an acid is considerably ddhen that of an n-alkane with
2N+2 carbon atoms. The difference in the phaseweaof n-alkanes and acids in €O
compared to that in propane and ethane can, praitlability, be attributed to the presence of
the quadrupole moment in G@toms.

INTRODUCTION

A recent study on the high pressure phase behagiquopane — long chain acids (more than
8 carbon atoms) revealed that, in the presenceupérsritical (SC) propane, two acid

molecules appear to associate to form a dimerQm]molecular scale, the hydroxyl group of
one molecule associates by means of hydrogen bgpmdih the double bonded oxygen of the
other molecule, and vice versa. This hydrogen bor{det chemically bonded) double acid

now behaves very similar to an alkane with doub& iumber of carbon atoms. Due to the
central position of the newly formed functional gpo it has a limited effect on the phase
behaviour. The doubled bonded acid is observedrempetally where, in SC propane, the

phase behaviour of an acid with N carbon atomangas to that of an alkane with 2N carbon

atoms. The question now arises as to whether thsocaation of acids is a general

phenomenon in SC fluids or only limited to certaglvents.

This question leads to the aim of this study, ngnaetomparison of the phase behaviour of
n-alkanes and acids in various SC solvents. By eoim@ the phase behaviour of both
n-alkanes and acids in SC fluids and then compatiieg phase behaviour of acids and
n-alkanes with 2N carbon atoms the above menti@uestion can be answered, namely if
the phase behaviour of an acid mimics that of atkane with 2N carbon atoms in all SC
fluids.

The study will be conducted with three popular ®vents: CQ, propane and ethane. €©

the most popular SC solvent while propane and etlaae attractive alternatives due to their
improved solubility and selectivity compared to £0®he study will limit itself to the phase
behaviour of acids of 8 or mole carbon atoms. Thasp behaviour will be considered at
temperatures just above the critical temperaturehef solvent (range 378 to 408 K for
propane and 313 to 370 K for ethane and,)CDhis temperature range is considered as it is
typical of industrial processes.



PUBLISHED PHASE EQUILIBRIUM DATA

Phase behaviour data for n-alkanes in all threes@@ent have previously been published
[2-5] and the data are sufficient for the purposkthis paper. Recently [1,6] data has been
published for the phase behaviour of acids in pnepand in CQ However, data for acids in

ethane is limited to that of CBCOOH at three terapges. A summary of the data used in
this work is given in Table 1.

Table 1: Summary of literature data used in this wek

Homologous series Acids/n-alkane Ref.
n-alkanes — propane  nC32, nC36, nC38, nC38, nG244 MC54 and nC60 [2,3]
n-alkanes — ethane nC16, nC24, nC28 [4]
n-alkanes — C© nC12, nC16, nC20, nC24, nC28, nC36 [5]
acids — propane C7COCH, C9COOH, C10COOH, C13COQH]
C15COO0OH, C17COOH, C19COOH, C21COOH

acids — ethane C8COOH [1]
acids - CQ C7COOH, C9COOH, C10COOH, C11COOH[7,8]

C13COOH, C15COOH, C17COOH

Additional measurements for at least two acids withane are thus required. nC11COOH
and nC13COOH were selected for additional measurtnte facilitate a good comparison.

EXPERIMENTAL METHOD AND RESULTS

A static synthetic method, using two previously stomcted setups, each consisting of a
variable volume high pressure view cell, was usethéasure the phase equilibria data. The
view cells have been described in detail in presipublications [3,9] and a description of the
experimental method specifically applicable to pimase behaviour of acids in SC fluids has
also previously been published [1,6]. High pressphase equilibria measurements of

C11COOH and C13COOH in SC ethane were measuredttendesults are shown in
Figure 1.
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Figure 1: Measured phase equilibria data for (a) CLJCOOH and (b) C13COOH in SC ethane



As for the case of propane, an increase in systenpérature leads to an increase in phase
transition pressure. This oberservation is in agexe with the work of Buyn et al. [7].
Additionally, it is noted that the phase transitnessure of C11COOH is lower than that of
C13COOH at the same temperature and both theseor@nis have a higher phase transition
pressure than C8BCOOH, as measured by Buyn et]aHgivever, further measurements are

required to quantify the exact relationship betwgennumber of carbon atoms and the phase
transition pressure.

COMPARISON OF THE PHASE BEHAVIOUR OF ALKANES IN SC FLUIDS

A comparison of the phase behaviour of nC32 in anepand NnC20 and nC36 in € given

in Figure 2 and typical relationships between tysesn temperature and the phase transition
pressure are given in Figure 3 for nC36 in proparein CQ.
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Figure 2: Phase behaviour of (a) nC32 in propane [3(b) nC20 in CGO, [5] and (c) nC36 in CQ [5] at
various temperatures

The phase behaviour seen in Figure 2 (a) is typit#iat of n-alkanes in propane and ethane
with total solubility being achieved at moderategsure (< 30 MPa for nC36 — ethane [10]
and < 20 MPa for nC60 — propane [2]). Figure 3sfaws that a general linear relationship
exists between the system temperature and the phasstion pressure. As temperature
increases so does the phase transition pressueeliidar relationship between temperature



and the phase transition pressure has previously peven for both ethane [10] and propane

[2] and can be used to determine the phase trangtessure at temperatures other than those

for which measurements were conducted with an acgusimilar to that of experimental

measurements.
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Figure 3: Pressure-temperature plots at various castant composition for nC36 in (a) propane [2] and
(b) CO- [9]

The phase behaviour of n-alkanes in Qiiffers significantly from that of n-alkanes in
propane and ethane. Figure 2 (b) and (c) showsfahdbwer n-alkanes (nC20 and lower)
total solubility can be achieved but at considerdfiigher pressures, while for higher n-
alkanes a miscibility gap appears in the mixtuigcad region. Figure 3 (b) shows that the
relationship between the system and the phaseitteampressure is no longer linear. In fact,
the data suggests the presence of temperaturesiongri.e. an increase in system temperature
leads to a decrease in system pressure at cedadfitions. These temperature inversions are
typical of symmetric systems where the SC fluichad a good solvent of the solute. Figure
2 (c) shows the existence of a three phase regiothé system nC36 — G@ver the entire
temperature range investigated and such three plegsens are present for a range of n-
alkanes in this homologous series. The literativews that three phase regions are also
present for n-alkanes in propane [11] and in etl{a2¢ but at lower temperatures, below
those considered in this work.

Figure 4 shows how the phase behaviour of n-alkangsopane, ethane and g€CGhanges
with a change in the number of carbon atoms ohthtane.

For propane and ethane as SC solvent Figure h¢ajg shows that an increase the number
of carbon atoms leads to an increase in the pmaasition pressure. Previous studies have
shown that for both propane [2] and ethane [13 ihcrease is linear and this linear increase
can be used by means of interpolation to prediet phase behaviour of systems not
measured. Typical linear relationships betweenptingse transition pressure and the number
of carbon atoms for propane are shown in Figure) 4Gn the other hand, for GQOwhile the
phase transition pressure increases with increasrgon number, the increase is not linear;
the gradient increases as the number of carbonsatwreases.
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Figure 4: Phase behaviour of alkanes in (a) propanat 408 K [2], (b) ethane at 353 K [4] and (c) C@at
348 K [5] and pressure — carbon number plot for alknes in propane x = 0.20 and x = 0.60 [2]

Generally, propane and ethane, having a similaicgtre, behave in a similar manner while
CO, behaves totally differently. GOs a poorer solvent of n-alkanes, most probably tue
the presence of the quadrupole and interactior@ded therewith.

COMPARISON OF THE PHASE BEHAVIOUR OF ACIDS IN SC FL UIDS

A comparison the phase behaviour of C13COOH in gmep ethane and G@& given in

Figure 5 while selected relationships between yiséesn temperature and the phase transition
pressure are shown in Figure 6. For all three S@8ts an increase in temperature leads to
an increase in phase transition pressure for C11QAMis increase has also been noted for

higher and lower acids between C7COOH and C21CQ®drbpane [1], ethane (this work)
and CQ [6].

As seen in Figure 6, the increase in phase transfiressure with increasing temperature is
generally linear with exceptions only at acid maastions of lower molecular weight acids
in CO, — see x = 0.0180 and to a lesser extent x = 0.0®0Bigure 6 (c). Neither the
experimental measurements conducted in this wotkeodata used here provide evidence of



three phase regions. However, Peters [11] sugtiestpresence of a three phase region for
the homologous series acid — propane. As the hagoabseries acid — ethane and acid - CO
are less symmetrical, these systems may also digbleee phase regions but further
experimental measurements are required.
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Figure 5: Phase behaviour of C11COOH in (a) propangl], (b) ethane (this work) and (c) CQ [6] at
various temperatures

A comparison of the phase behaviour of varioussaridoropane and CQs shown in Figure
7 while typical pressure — carbon number plotdlierhomologous series propane — acids and
CO,— acids are shown in Figure 8.
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Figure 6: Pressure-temperature plots at constant aoposition for C11COOH in (a) propane [1], (b) ethae
(this work) and (c) CO,[6]

Figure 7 (a) shows that an increase in the numbearbon atoms leads to a regular increase
in phase transition pressure, with Figure 8 (aali as the work of Schwarz et al. [1]
confirming that the relationship is linear. Thealgresented in this work, together with that
of Buyn et al. [7] indicates that such relationshgtso hold true for ethane. However, further
data is required to confirm the linear relationship

At first appearance the relationship between thespransition pressure and the number of
carbon atoms for C{appears to be linear. However, Figure 8 (b) revémisthe relationship
displays an increasing gradient as the phase ti@mgiressure increases. This increasing
gradient is more prominent at lower mass fractacids and lower temperatures.
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COMPARISON OF THE PHASE BEHAVIOUR TRENDS OF N-ALKAN ES AND
ACIDS

From the discussion presented above, the phase&ibehaf n-alkanes and acids can now be
compared. The results show that in the temperaturge considered, for individual systems
of all homologous series except that of n-alkame€®, an increase in temperature leads to
an increase in phase transition pressure. Thigaseris generally linear with exception of the
low mass fraction region of lower acids in £€@n the other hand, temperature inversions
are present in the n-alkane — £@@mologous series.

With regard to the presence of three phase reginssfficient information exists to provide
clarity with regard to three phase regions for @&l — ethane and acid — €lbmologous
series. The literature does, however provide ewidenf three phase regions for all other
homologous series considered in this paper [5,11H.B& therefore highly likely that for the
homologous series acids — ethane and acid > t@®e phase regions are also present, only



outside the measured region. However, only highemdar weight n-alkanes in G@how
three phase regions in the temperature rangesdsyadi

Comparing the behaviour of various compounds ifSiesolvents, it is seen that generally an

increase in the number of carbon atoms of the mtdeleads to an increase in the phase
transition pressure for each homologous series. th®rseries of n-alkanes and acids in

propane and ethane a linear relationship existsdmet the phase transition pressure and the
number of carbon atoms. However, for £&s solvent the relationship is not linear; the

gradient increases with increasing carbon numbéhn Wie increasing gradient being more

prominent for n-alkanes than for acids.

Comparing the behaviour of the various solvenis sieen that in all cases the phase transition
pressure of propane is the lowest, followed by tfagthane and C{has the highest phase
transition pressure. In many cases for the higbendiog members miscibility gaps exist for
CO.. In all cases, the phase transition pressure efatid is higher than that of the
corresponding n-alkane, indicating that all thr€es®lvents can be used to separate n-alkanes
and acids with the same number of carbon atoms.

This work has shown that generally the phase bebawf n-alkanes and acids in propane
and ethane is similar with exception that the pheaesition pressures for ethane are higher
than those of propane. The lower phase transitiessprres of propane are most probably due
to the decreased asymmetry of the systems due ion¢heased molecular mass of the solvent.
CO, as SC solvent behaves differently, most probably t the presence of the quadrupole.
Although CQ is not a polar molecule, the quadrupole creategomsgof varying polarity
around the molecule thus decreasing its solubiitpon-polar n-alkanes and in the mainly
non-polar acids (due to the long hydrocarbon bacs&ho

COMPARISON OF THE PHASE BEHAVIOUR OF ACIDS WITH ALK ANES OF
DOUBLE THE NUMBER OF CARBON ATOMS

A previous study on the phase behaviour of acidgwapane [1] showed that for propane the
phase behaviour of acids is very similar to that-alkanes with double the number of carbon
atoms. The reason for this observation can bedrheek to the formation of acid dimers in
SC solution. The dimer is formed through a hydrogend between the hydroxyl group of
one molecule with the double bonded oxygen of ttiteromolecule and vice versa. This
association, often encorporated in state of theguhtions of state such as those of the SAFT
family [14], can be represented schematically devics:

R——C C——R

The question now arises whether such relationdmpd true for ethane and GQand where
differences are observed what the origin of thederdnces may be. Figure 9 shows a
comparison of the phase behaviour of C11COOH arz4rg3s well as C13COOH and nC28
in propane, ethane and €Qn all cases, experimental data or pressure —pdeature
interpolation of experimental data is used exceptnfalkanes in propane. Here pressure —
carbon number extrapolations to lower carbon nunhiaee been used to generate the phase
equilibrium data. Although it has been proven tiase relationships can be extrapolated to



lower carbon numbers [4], the results are morenohdication of the phase behaviour rather
than an accurate prediction.
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As mentioned above, seen in Figure 9 (a) and (H)discussed by Schwarz et al. [1], for
propane the phase behaviour of the acid mimicsahah alkane with double the number of
carbon atoms. Schwarz et al. [1] showed similanltedo those presented in Figure 9 (b) for
comparisons between C15COOH and nC32, C17COOH @86d,rand C21COOH and nC44.
The slight deviations observed for C11COOH and n@R4ower temperatures can in all
probability be attributed to the method of generatf the nC24 data.

Figure 9 (c) to (f) shows that the same trendsnateobserved for ethane and £&s SC
solvent. Considering the comparison of the phaseweur in ethane shown in Figure 9 (c)
and (d) it is noted that the phase transition pressf the acid is higher than that of the n-
alkane with double the number of carbon atomshéf phase behaviour of C11COOH and
nC28 are compared at the same temperature it is thed the phase behaviour is rather
similar. The postulation of Schwarz et al. [1] does take the effect of the oxygen atoms into
account and the dimer should rather be regardednaalkane with 2N+2 carbon atoms.
Considering this effect, together with the polanfythe oxygen the experimental observation
of C11COOH mimicking nC28 can be explain. With mehdo propane, it should be
remembered that the phase behaviour is at highgretures and the effect of the oxygen
atoms will thus be lower due to diminished influerfeee electrons of the oxygen atoms. In
addition, for propane the difference between thasphbehaviour of two n-alkanes differing
with only one carbon atom is smaller than for ethGadompare gradients of pressure — carbon
number plots for propane [1] with those for eth§l®). The phase behaviour of an acid with
N carbon atoms will thus still be similar to anlkeae with 2N+2 carbon atoms.

On the other hand, G&hows totally different trends. The acid is coresadbly more soluble
than the n-alkane with double the number of carbimms. As mentioned by Schwarz and
Knoetze [6], the difference may be due to the queole moment of the COmolecules
interacting with the oxygen atoms of the acid. &b#l, in all likelihood, still forms the dimer,
only now CQ is able to dissolve the acid better than n-alkami¢is double (or 2N+2) the
number of carbon atoms due to the interaction batwitae CQ@ molecule and the oxygen
group in the middle of the dimer.

CONCLUSION

The aim of this paper is to compare the phase hemawf n-alkanes and acids in SC
propane, ethane and @CExperimental data and interpretation thereof $laswn that in
general the n-alkanes and acids do not behavediteyently in propane or ethane with an
acid having N carbon atoms behaving similarly tonaalkane with 2N+2 carbon atoms. In
propane and ethane the relationship between themsyemperature and phase transition
pressure at constant composition is linear for kbth acid and the n-alkane. Similarly, a
linear relationship exists between the phase tiianspressure and the number of carbon
atoms at constant mass fraction alkane or acidcandtant temperature for these solvents.
However, for CQ neither the relationship between the system teatper and the phase
transition pressure nor the relationshop betweenmntimber of carbon atoms and the phase
transition pressure at constant acid or alkane finasgson and constant temperature is linear.
Additionally, an acid having N carbon atoms behadiferently to an n-alkane with 2N+2
carbon atoms when the supercritical solvent is,.Clherefore for C@ as SC solvent the
presence of the quadrupole moment and its interactvith the acids molecule has a
significant effect on the phase behaviour.

11



ACKNOWLEDGEMENTS

The financial assistance of Sasol Technology (Rtg) and the Department of Trade and
Industry (DTI) of South Africa through the Techngjoand Human Resources for Industry
Programme (THRIP) towards this research is herekp@vledged. Opinions expressed and
conclusions arrived at are those of the authorsamadchot necessarily to be attributed to the
sponsors. The assistance of Ms. M. van Ster withesof the experimental measurements is
hereby acknowledged.

NOMENCLATURE

CNCOOH Linear carboxylic acid with a total of N 4carbon atoms
nCX Normal alkane with N carbon atoms
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