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PROGRESS REPORT No. 2 

Period f'-6oifeb.20 to Auq.19 1988
 

Durina the second semester, work has been carried out
 

followina the results already obtained in the first semester and 

as stated in our Progress Report No. 1. A summary of the 

principal activities is given below. 

1) Training Program and Consultation 

The cooperation with the University of California at 

Berkeley has continued. 

Dr.Susana Barr,-iros has iust come back from Berkeley, where 

she spent a year on a post-doc assicanement. The araduate student 

Mar ar ida oncai 1 ,s has spent a two-month period also with the 

group of Professor Prausntz. Both collaborators of this prolect 

have beern invol ved in the study of enzymatically catalyz:d 

reactions in supercritical fluids, a field of larae interest to 

ctrr proiect. Ms. Goncalves' visit to Berkeley was partially 

funded by thIs proiect Kunder the item "Trainina and Travel"). 

The -- I laborat ion with Cornell University has not involved 

mutual vis,,i1! thin iar , but a quite intensive program has been 

prepared for the ;-,cord half of the coming year. This will 

tentatively involve a po-st-doc stay in Cornell, a Summer-term 

stay by a graduate student. also in Cornell, and a visit to 

Lisbon of Prof . Zollweo one of the leaders of the Cornell group. 

Prof. Daniel Jonah, of the University of Sierra Leone. will 

spend the coming month of October in Lisbon. This vi-it was 

programmed for the first year, but was slightly delayed. 

http:f'-6oifeb.20


2) Separation of eucalyptus oil components
 

iQ Solubility Measurements
 

Using the apparatus descr bed in our previous report, we 

have been measur ing vapor-! iquid equi 1ibrium (VLE) data on 

systems containin limon.ne, cineole and supercritical fluids. 

As b iefly ment ioned in Progress Report No. I, we started to 

obtain VLE data on the ternary system limonene+cineole+carbon 

dioxide. These measurements were made at 40 C for different total 

pressures,and for a mixture of overall mass ratio of 

(approximately) 0.80 cineole to 0.20 limonene, a composition 

chosen to simulate eucalyptus oil, as obtained after the first 

step of purification. The attached pre-print, entitled Phase 

Equilibria of Systems containing Limonene, Cineole and 

3upercrltlcal Carbon Dioxide, summarises the results obtained for 

the above mentioned ternary, as well as those pieviously reported 

in our progress report no. I for the binaries. It will be 

presented ir October, in Nice, France, to the International 

Symposium on Supercritical Fluids, and published in its 

proceed i ncs. 

The results obtained so far with supercritical carbon
 

dioxide indicate that this solvent shows no selectivity in
 

extraction of either limonene or cineole. We have therefore
 

selected other solvents to carry out this extraction. In
 

particular, we looked for solvents that could enrich the vapor
 

phase in limonene, which is the impurity to be removed. As
 

limonene is a hydrocarbon, while cineole is an ether, ethane and
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ethylene (ethene) seemed to be a good choice. ioreover, each of
 

these gases forms azeotropic mixtures with carbon dioxide, which
 

we thought could be tried as solvents, conserving the advantaaes
 

of the use of carbon dioxide as a supercritical solvent. 

Figure I shows VLE data obtained at 30 C for limonene and 

for cineole in an azeotropic mixture of ethane with carbon 

dioxide (which has a composition of about 21 mol % in ethane). As 

it can be seen, the behavior of both components in the 

supercritical mixture is similar. We anticipated that this 

behavior meant, following our experience with carbon dioxide,
 

that the selectivity was not improved with the addition of
 

ethane.
 

A decision was taken to use one of the pure hydrocarbons as 

solvent. The results at 25 C for limonene+ethylene are shown in 

Figure 2. This figure suggests that the observed behavior is 

quite different from our previous results. The pressure

composition diagram of the iimonene+ethylene system shown in 

Figure 2 seems to indicate that at (about) 68 bur there are 

three phases in equilibrium: a vapor phase, a .imonene-rich 

liquid phase, and an ethylene-rich liquid phase. Confirmation of 

this kind of liquid-liquid equilibrium would probably lead to a 

much improved selectivity in the separation of cineole and 

limonene. Further studies are now in progress in order to
 

understand the phase diagram of this system.
 

ii) Countercurrent Extraction Apparatus
 

We have started the assembling of this apparatus. Tests have
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Figure 1 • 	 Vapor-liquid equilibria of limonene (0 ) and of cineol 

in an azeotropic mixture ethane+carbon dioxide at 30 0 C 
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Figure 2. Vapor-liquid equil ibria of limonenc in supercritical ethylene 

at 25"C. 



been carried out to verify the specifications of the compressor
 

and of the high-pressure liquid pump, two of the main components
 

of this apparatus.
 

There have been di ficulties related with the acquisition
 

of some items of equipment, End in particular pressure gages.
 

After a pre-selection of American makers of this kind of
 

equipment, attempts to obtain technical information and proforma
 

!o Centro de
irvoiceo have failed. Existing equipment belonging 


Ouimica 
Estrutural will be used until these difficulties can be
 

overcome.
 

iii) Thermodynamic modelling of vapor-liquid equilibrium
 

Computer programs have been written to use the well-knovn
 

Peng-Robinson equation in the correlation of the vapor-liquid
 

i). In the above mentioned preequilibrium data described under 


print, full description of the results so far obtained is
 

given.
 

3) Ccnclusion
 

A comparison between the time schedule included in our
 

proposal and the actual development of the research work
 

performed during the first year of this pro)ect shows that:
 

a) in Step 1, the development of a solubility apparatus and
 

the measurrment of solubilities are slightly ahead of the
 

submitted timetable;
 

b) in Step 2, the implementation of calculation programs was
 

started as planned;
 

c) ir Step 3, the design and construction of extraction
 

i\/ 



columns has been completed and the assembly of apparatus Is ahead
 

of the proposed schedule, while some preliminary tests have
 

already been performed.
 

As setbacks to the planned sequence of the research work, we
 

had:
 

a) a recent publication of research work performed at MIT,
 

that led us to change from propionic acid to lactic acid as model
 

substance for extractions from fermentation broths;
 

b) our findinas about lack of selectivity of pure carbon
 

dioxide as an extraction soIver-t i the purification of
 

eucalyptus oil;
 

c) difficultles of communication with American scientific
 

equipment makers, that generate delays in acquisitions.
 

The steps taken to ovarcome these problems are either
 

described above or In our previous report.
 



FINANCIAL REPORT No. 2/88
 

Period from 02/20/88 to 08/19/88
 

The total expenditure during the second semester of this
 

project (corresponding to our Vouchers No.2 an.d No.3) is summarized
 

below.
 

i) 	Item: 'Equipment'
 

High-pressure fittings US $ 94
 

Metering pump (freiaht and 
handling chnics) $ 395 

Microcomputc-1 	 $ 4,344 

Hgh - pressre tub nc, 
valves, crosses, etc. $ 2,403.5 

Mass f lowmet ter $ 3,011 

Shelter for compre~gor $ 924 

1i) Item: 'Materials and Reaaents' $ 27
 

ill) Item: 'Trainina and Travel' $ 2,009
 

iv) Item: 'Overheads' 	 $ 2,641.5
 

TOTAL $15,849.0
 



--

The followina table compares the actual expenses occured
 

during the first year of this pro3ect (August 20, 1987 to Auqust
 

19, 1988) with the budget as stated in our proposal.
 

Table 1: 	Budgeted and actual e)xpenses for the first year of
 

this proiect.
 

Item Budget 'ist. year) Actual Expenses (Ist. year)
 

(US $) (US $)
 

Equipment 31,000 	 29,999.5
 

la'erials 	 and 
Reagents 3,000 	 2,708
 

Tra'nina and
 
Travel 4,000 
 2,009
 

Consultation 2,000 


Overheads 8,000 
 6,943.5
 

TOTAL S 48,000 	 $ 41,660.0
 

As this table shows, the actual expenses have followed 

closely the expenses predicted in our initial budget. The larger 

the items 'Travel' anddifferences are found in 

. In this last item, a visit to Lisbon is planned'Consultat ion 

for the comini month of October, that will spend the budgeted 

amount, while the TrainLino and 'ravel differences will be spent 

during the second semester of the second year of the proiect, in 

the development of the already existing close links with the
 



University of Cornell.
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SUMMARY 

Using a constant-volume, static cell we measured the vapour-liquid 
equilibrium at 313 K for tMe mixtures carbon dioxide + limonene and carbon 
dioxide I cineoe illthe vicinity of the mixture critical point (pressures up to 8.2 
MPa). Data were also obtaieied for the ternary CO2 i limonene + cineole at the 
same temperature and for E,fixed overall mass ratio of approximately 0.80 cineole 
to 0.20 timoniene. 

The solubihlity behIaviour of limonene arid cineole i- supercritcal carbon 
dioxide was four ldto he qu1ite similar. The results obtained with the tori rary mixtui e 
show no selectivity in extraction of eitlher conjuonert from a liquid sample with 
carbon dioxide. 

Our data were well correlated wit'i the Peng-Robinson equation of state 
usilg 0rie interctorr xrair, ater obtained from regression of the binary vapour
lictuid uquilibriunl data. 

1,iJIi__ODULG !Or)
 

The well-ksrow, char act,-ristics of sul:re critical fluids, namely their suitability 
to the extraction of heat-la)ilie hiochemica ericl natural products, no residues being 
left in eitf e; extract or raffinatc,, make them adequate to the extraction of essential 
oil componenlts. 

Esse itial )ils are lIrgqly used in food, pharmaceutIc l, and cosmetic 
industries. " rleroue; for surprcritical beenpto e,..,se- extraction of oils have 
presented. In particular, thre higl solubility of terpenes in supercritical carbon 
dioxide has been repor ted by aInurm-er of authors. 

Stcahl and collaborators [1,2j i reasir,.d s2l]biit . as a function of pressure 
in a flow apjpf ratL, for a diversity of r-,!;rntial oil components. Coppelia and 

Barton [3] and Kalra et al. [4] measured the vapour-liquid equilibritrin of lenon 

o;. a luticor rioiert nixruro that inciuces several terpenes. However no vapour
liquidl equilihi itin data are available for mixtures of carbon dioxide with pure 



.erpmnes. 
The main purpose of this work is to examine the possibility of purifying 

eur'ahptos oil by supercritical fluid extraction. The main component ot this oil is 
1-4 ci, ,oie (C1 01180 . In tie final stages of purification it mu,.t be separated from 

cl-I alone,*e (C1 0 1- t 1 ) , a process usually carried out by fractional crystallization. 

Fle evnt th, mondynamKi,;ata are needed to eva!uate the feasibility of replacing 

thed extraction i ruyes by supercritical fluid extractio . 

We repre here measurements of vapaur-;iquid equilibrium at 313 K for the 

bina ie!, CO., limofrene and CO, - cineole in the vicinity of the mixture critical 

point Data are elso presented at Ihe same temperature for the ternary C0 2 + 
limon mhe -i cineole with a fixed overail mass r3tio of approximately 0.80cineole 
1o 0.2 ) limonene. 

EXPERIMENTAL 

Measurement- were performed in the apparatus schematically shown in 
Figu.re 1. 
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Figure 1. Schematic diagram of the experimental apparatus. 

The main piece of equi)ment is a static vapour-licuict equilibrium cell of 

approximately 30 cm 3 . It is connected to the rest of the apparatus through flexible 

tubing that allows considerable freedom of movement of lhe cell for a convenient 

mixing of its contents. 
Samples can be withdrawn from the phases on top and bottom of the cell 

through a capillary line. These samples are collected by depressudization and 

expansion through the micror,-,etering vale 5 into a small glass trap connected to 



large steel botles of calibrated volune. When valve 5 is open, the liquid solute 

condenses in the cold glass trap while the carbon dioxide expands into the steel 

bottles. Pressure in these bottles is measured with a mercury manometer and 

is used to calculate the amount of solvent gas, while the amount of the liquid solute 

is obtained by weighing of the glass trap. Inthe case of measurements with ternary 

nixtkirr4 ie urnti a cineole!limonerne is subsequentlv obtained by qas chronlatog
ra;liy. 

After filling at ati.spherc pressure witl a small amount (about 6 ci 3) of 

litid (linmonene, cineo",eor linonene -, cineole), the cell is closed and connected 

to the apparatus in a thrrmostated water batkt. 
Carbon dio:'ide ispressurized by a piston hand pump into the cell through 

valves 2 anI 3, andl eqibriuim between liquid and vapour is attained after about 

40 minutes of vigorous stirring of the whole cell After about the same time of rest 

(no stirring), the pr)sUre a read on a Beo-,don tibe manometer of 50 kPa 

prebsioi, andr the tepilii iatui erimeasured tha ca'ibratec ntercLu y thermometer 
of 0.1 K P[ocishio . 

A sanp lefr o;r thre top of the cell phase) is then with(hawn and the 
art tour it of s( t t,>ices obtair t r sirig rteirl~ceti p re descibed above. Since these 

anwtOt FitS we e al ays Very small, they V erer ietted for the vaporpIessures of the 

, Akd ot tIe ,-slem is iesred to iestore equilibsohrtes. Ihe cull is ir 'rt A iring 

rium, arid theii ailow,ed to settle aigain tQ' .ri rinutes ann a new sainple is taken 

t1em the botton 0i the cell (licuid phase) 
Ihe ca hon dioxile u,,sed in this wisr i, was 99.998 mole % pure supplied by Air 

Liqcilce, d-liniolonee was 99 moe plls supplied by Sarsyntex, and 1-8 cineoleO. 

was also 99 . puie supplied by EGA-Clesnie. 

RESULTS AND DISCUSSIONlli. 


Experimental vapour-liuid equilibrium resuits at 313 K are shown in Figure 

2 frtr CO, r linonene and inlij ire 3 for CO 2 -i cineole. 
-
Vt shori in Figures 2 an I the valpour pressUres read for the liquid 

sac pIes are slightly lower t elgas samples. This pressure drop is the result 

of thre adopted s;(-uence of expi inrrrns, as described Qnthe preceding section. 
Above tHe highest measi.de-rmssre indicateI for each system, samples 

taen forn tr)p and botto, of lad the .ule (withinathe cra composition 
exper i ierita 1rrt ),an in(ticati oir l the existence of one (supercritical) phase only 
insirle the cell. 

lhereatl:; show lt the solkbility behaviniHi of linonene and cineole in 

dei se rjrNi r axiWdte is quite similar 1his is corfirmed by the results obtained 

forr~e tertry ,ysten which irldicae that (ense G 02 dissolves equally well both 

coiuporients., /~ctClly, 0W dineole/liuror rene in the liquid and vapour phasesre ratio 
inequilibriiin, is thre srane within experimer ial error, indicating no selectivity for 
either of then aan extraction process. 
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Figure 2. Experimental and calculated vapour-liquid equilibria for 
C02+limonene at 313 K: 

0 liquid ; vapour 
calculated from Peng-Robinson equation with 
kl 2 =0.080. 
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Figure 3. Expe;irnental ;ird caiculated vapour-liquid equilibria for 
CO,+cineole at 313 K. 

A liquid ;A vapou, 
calculated from Peng-Robinson equation with 
k12 =0.075. 



Figure 4 compares Solubility data (expfes=ec il nlg of limonene per NL of 

CO 2 , 1 NL corresponding to 1dm 3 of C0 2 at 100 kPa and 293.15 K ) for limonene 

in supercritical carbon dioxide obtained by several authors. As shown, our results 

for the liquid and the vapour phases are in good ag, eement with the equilibrium 

data obtained by Coppella and Barton for lemon oil, a mixture of terpenes with 

approximately 70 mole Oo of limorlene. Agreement is also found between the data 

of Stahl and Ge, di and our results for the vapoL phase. However, since the latter 

authors have detenmined the solubilities by means of the dynamic flow principle, 

they could nt detect the mixture critical point (about 8.3 MPa for CO 2 ' limonene 

at 313 K ). Itmakes no sense to define solubilities above it as at these conditions 

CO 2 and limonene have one (supercritical) phase only. Their cu1 ve above 8.3 MPa 

1000 
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1.0. 
7,0 U ) 

Figure 4. Solubility of limonene in dense carbon dioxide at 313 K. 

Experimental: 
Coppella and Bart)n: a licuid OJvapour. 

This work: 0 licluirl; 0 vapou. 

Stahl ancl Gorard: - - -

Calculated: -Peng-Robinson equation with k 12=0.080. 



is therefore meaningless, as can be seen by comparison with our results and 
Coppella and Barton's for the liquid phase. 

For a Cluantitative description of the phase equilibrium of the systems studied 
we used the Peng-Robinson equation of state. 

For the pure components, equation of state parameter b was obtained from 
critical data. Parameter a was calculated at a given temperatrie from critical 
data and acentric factor. 

For limonene and cineole T. and PC were estimated by the methods of 
Nokay and Lydersen [5,6], respectively. The acenitric factur was estimated by the 
method of Pit,'er et al. [6]. Fable 1 shows the pure component constants used in 
this work. 

Molecular Critical Critical Acentric 
Weight Piessure Temperature Factor 

(MPa) (1<) 

C02 44.01 7.38 304.2 0.225 

Limonene 136.24 2.75 654.4 0.327 

Cineole 154.25 2.77 665 0.312 

Table 1. Pure component constants. 

For rnixtuires, a and b are composition deperndent and obtained from the 
usual quadratic mixing rules. The binary constant a1 2  is given by a12=(1 - k1 2 ) 
(a 11 c22) 1/", h'in k 1. an adjustable paramete which characterize the interac
tions of unlike i rolecules. This parameter was obtained from regression of the 
binary phase equilriun data. 

As shown in Figures 2, 3, and 4 the Peng-Rohinson equation of state can 
reproduce qujantitatively the observed phase equilibrium behaviour with a binary 
inter actinri )ara etet deter mined from the binary data. 

It was al;o fotund that the same ther niodynamic model can reproduce semi
quantitatively the ternarW-Uy data, usirnC te inter actio p arameters obtained from 
the binary data (ar ml assurning k2,3 0 for the binary limonere -r cineole). As an 
example Table 2 shoows a comparison between experimental ternary data at 313 K 
and the predictions of the Peng-Robinson equation of state using k 12-0.080, 
k 13- 0.075 and k2 3 r0. 



x(CO2) x(limonene) x(cineole) 
P (MPa) exp. calc. ex'p. calc. exp. calc. 

7.4 	 0.888 0.819 0.025 0.081 0.087 0.100 

7.6 	 0,859 0. 56 0.030 0.024 0.111 0.120 

7.75 0 867 0.888 0(031 0,012 0.102 0.100 

8.0 	 0.914 0.942 0,023 0.008 0.063 0.050 

8.2 	 0.950 0.972 0.012 0.008 0.038 0.020 

Table 2,Experimental and calculated liquid compositions for the ternary 

CO02 4 imonene -+cineole at 313 K. 
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