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A n ew a ppa r a t u s for t h e m ea su r em en t of solid solu bilit ies in su per cr it ica l flu ids is descr ibed in det a il. It is ba sed on a n a n a lyt ica l open -flow m et h od: t h e com posit ion of t h e ph a se is obt a in ed by a n a lyses, a n d t h e solven t flows con t in u ou sly t h r ou gh t h e solid solu t e. Solu bilit ies of n a ph t h a len e in su per cr it ica l CO 2 in t h e pr essu r e r a n ge of 8-30 MP a a r e r epor t ed for t h e isot h er m s 308.15 a n d 318.15 K. Th e solu bilit y da t a a r e t h en cor r ela t ed u sin g t h r ee den sit yba sed m odels.

In tro d u c tio n

Supercritica l fluids (SCFs) a re widely used in a broa d field of a pplica t ion s. P a r t icle gen er a t ion is gen er a lly h a n dled wit h t h e RE SS (r a pid expa n sion of a su percr it ica l solu t ion ) a n d SAS (su per cr it ica l a n t isolven t ) pr ocesses, wh ich a r e of pa r t icu la r in t er est . To develop these techniques, knowledge of the solubility of the solid com pou n ds in t h e cor r espon din g m ediu m is t h e ba sic in it ia l in for m a t ion r equ ir ed. Solu bilit y is a good m easu r em en t of t h e in t er a ct ion bet ween species. Th e a ccu r a t e det er m in a t ion of t h e in flu en ce of pr essu r e a n d temperature on the solubility level provides insight into t h e in flu en ce of t h ese va r ia bles on ext r a ct ion beh a vior .

Several experimental techniques have been developed for in vest iga t in g h igh -pr essu r e equ ilibr ia 1 . Two types of m et h ods ca n be u sed, depen din g on t h e wa y t h e com posit ion is m ea su r ed: syn t h et ic m et h ods a n d a n alyt ica l m et h ods. Syn t h et ic m et h ods in volve t h e in dir ect determination of equilibrium composition without samplin g. 2,3 Th ey r equ ir e t h e pr epa r a t ion of syst em s of given t ot a l com posit ion a ccor din g t o ea ch poin t in t h e (T ,x) or (P,x) dia gr a m s a n d a r e t h u s t im e-con su m in g. In a n a lyt ica l m et h ods, t h e com posit ion s of t h e ph a ses in equ ilibr iu m a r e obt a in ed by a n a lyses a ft er sa m plin g. Th ese m et h ods a r e t h e m ost widely u sed for det er m inin g solid-flu id equ ilibr iu m . Two t ypes of a n a lyt ica l m et h ods ca n be dist in gu ish ed a ccor din g t o t h e wa y equ ilibr iu m is obt a in ed: closed-cir cu it m et h ods a n d open -cir cu it m et h ods. In t h e closed-cir cu it m et h od su bgr ou p, t h er e a r e t h e pu r e st a t ic m et h ods, in wh ich t h e syst em is a llowed t o a t t a in a n equ ilibr iu m st a t e in a ppr opr ia t ely st ir r ed con dit ion s, 4,5 a n d t h e ph a serecirculation static methods, in which at least one phase cir cu la t es, pr ovidin g t h e a git a t ion n ecessa r y t o a ch ieve thermodynamic equilibrium. In the open-circuit method gr ou p, eit h er on e of t h e ph a ses 6 or t h e wh ole m ixt u r e 7 is cir cu la t ed. In bot h ca ses, it is essen t ia l t h a t t h e r esiden ce t im e of t h e flowin g ph a se, in exper im en t a l con dit ion s, is lon ger t h a n t h e t im e n eeded t o r ea ch t h e equ ilibr iu m .

A n ovel a ppa r a t u s h a s been developed t o m ea su r e solu bilit ies in pu r e a n d m ixed solven t s. It is ba sed on a n open -cir cu it a n a lyt ica l m et h od. Th e equ ilibr iu m cell wa s design ed t o a ch ieve st ir r in g a n d efficien t m a ss t r a n sfer in or der t o r ea ch t h er m odyn a m ic equ ilibr iu m . A ba ck-pr essu r e r egu la t or (BP R) m a in t a in s a con st a n t pr essu r e t h r ou gh ou t t h e lin e. At t h e ou t let , wh er e t h e su per cr it ica l flu id is expa n ded, a liqu id solven t st r ea m is u sed t o collect t h e solu t e. Th e a ppa r a t u s is design ed t o a void solid pr ecipit a t ion a n d pot en t ia l cloggin g, pr oblem s en cou n t er ed wit h m ost of t h e open -cir cu it t ech n iqu es u sed t o m ea su r e solu bilit ies in su per cr it ica l fluids. The solubility of the solid in the supercritical fluid is ca lcu la t ed fr om t h e m ea su r ed da t a .

Ex p e rim e n ta l S e c tio n

1. Ma te ria ls . Th e sou r ces a n d pu r it ies of t h e va r iou s com pou n ds u sed a r e given in Ta ble 1. Th ese m a t er ia ls wer e u sed wit h ou t a n y fu r t h er pu r ifica t ion , except for ca r efu l dega ssin g of n a ph t h a len e.

2. Equ ip m e n t a n d P ro c e d u re s . Th e flow dia gr a m of t h e a ppa r a t u s is sh own in F igu r e 1. Th e m a in pa r t s of t h is a ppa r a t u s a r e t wo h igh -pr essu r e pu m ps, a m ixer , a h ea t er , a h ea t exch a n ger , a n equ ilibr iu m cell, a ba ckpr essu r e r egu la t or , a n d a sepa r a t or .

Liqu id ca r bon dioxide is com pr essed a t a m bien t t em per a t u r e by m ea n s of a syr in ge pu m p P 1 (Isco, model 260D) to the desired pressure. The Isco pump can be operated in either constant-flow or constant-pressure m ode for flow r a t es r a n gin g fr om 0.1 µL min -1 to 90 mL min -1 a n d pr essu r es u p t o 50 MP a . Th e pot en t ia l cosolven t is in t r odu ced by m ea n s of a n ot h er syr in ge pu m p P 2, in a pa r a llel flow, a t a flow r a t e depen din g on t h e desir ed com posit ion . To a ch ieve h om ogen eou s m ixin g of t h e t wo liqu id solven t s, t h ey a r e cir cu la t ed t h r ou gh a m ixer , M. Th e m ixer is a specia l device bu ilt specifica lly for t h is set u p. Th e h igh -pr essu r e flu id t h en pa sses t h r ou gh a h ea t er , H , wh ich is m a de of a br a ss body, con t a in in g a h ea t in g r esist a n ce, a r ou n d wh ich is coiled t h e solven t cir cu it (st a in less st eel t u bin g). Th e h ea t er , H , is u sed t o r a pidly h ea t t h e solven t t o t em per a t u r es a bove it s cr it ica l t em per a t u r e. Th e supercritical fluid then enters an oven (Spame), where the solu bilit y cell is t h er m or egu la t ed. Th e oven ca n be u sed for t em per a t u r es u p t o 400 K, wit h t em per a t u r e r egu lat ion wit h in 0.1 K. Beca u se of t h e t h er m a l in er t ia of t h e equ ilibr iu m cell, it s in t er n a l t em per a t u r e is fou n d t o be st a ble t o wit h in 0.05 K. A h ea t exch a n ger , H E , contained in the oven, is used to set the temperature of the solvent at the desired level (temperature of the required solu bilit y m ea su r em en t ) befor e it en t er s t h e solu bilit y cell. H E con sist s of a br a ss cylin der a r ou n d wh ich is wou n d t h e st a in less st eel solven t cir cu it . Th e cylin der a n d t u bin g a r e cover ed wit h a br a ss r a dia t or . Downst r ea m of t h e h ea t exch a n ger , a six-wa y, t wo-posit ion h igh -pr essu r e Va lco va lve is loca t ed in t h e cir cu it t o eit h er dir ect t h e su per cr it ica l flu id t o t h e cell or bypa ss it . Th is pr ovides a m ea n s for r em ovin g even t u a l solid deposit s fr om t h e lin e. Cylin dr ica l in sh a pe, t h e cell E C con t a in s t h r ee com pa r t m en t s pla ced on e a bove t h e ot h er a n d fit t ed a t t h eir bot t om s wit h st a in less st eel sin t er ed disks a n d O r in gs. Th is is equ iva len t t o t h r ee differ en t cells con n ect ed in ser ies. Th e solid powder , for wh ich solu bilit y m ea su r em en t s a r e r equ ir ed, is pla ced in side t h e t h r ee com pa r t m en t s, wh ich h a ve a t ot a l volu m e of about 5 cm 3 . The sintered disks prevent stripping of the solid du r in g t h e exper im en t a n d a llow a sm a ll pr essu r e dr op, a dva n t a geou s for a t t a in in g sa t u r a t ion , wh ile a good disper sion of t h e su per cr it ica l solven t is a ch ieved. EC withstands pressures up to 50 MPa at temperatures u p t o 400 K. Th e cell ca p is sea led in t h e bot t om pa r t u sin g a silicon e O r in g. Th e t wo pa r t s (ca p a n d bot t om ) a r e pr essed a ga in st ea ch ot h er wit h a fa st -con n ect in g m ech a n ica l device. Th e pr essu r e of t h e su per cr it ica l ph a se is m on it or ed u pst r ea m a n d r elea sed down st r ea m t h r ou gh t h e BP R (Tescom , m odel 26-1722), wh ich ca n be either hea ted or not so tha t it ca n be a t tempera tures h igh er or lower t h a n t h e ext r a ct ion t em per a t u r e. Aft er homemade modifications, the BPR allows control of the in lin e pr essu r es t o wit h in 0.5%. It ca n be u sed u p t o 473 K a n d 70 MP a . At t h e ou t let of t h e BP R, t h e pr essu r e is r edu ced t o a bou t a t m osph er ic pr essu r e, a n d t h en a r ecover in g liqu id solven t (a su fficien t ly good solven t a t a t m osph er ic pr essu r e t o r ecover a ll of t h e solu t e) st r ea m is u sed t o get t h e solu t e in liqu id st a t e for collect ion . Wit h ou t t h is solven t , t h e solu t e wou ld pr ecipit a t e du r in g t h e pr essu r e dr op, a n d t h is wou ld lea d t o pot en t ia l cloggin g. F in a lly, a sepa r a t or S is u sed to vent the gas and collect the solvent phase. At the end of ea ch exper im en t a l r u n , t h e liqu id solven t lin e is wa sh ed wit h fr esh solven t t o r ecover a ll of t h e solu t e. Th e t ot a l volu m e of ga seou s CO 2 (ext r a ct ion solven t ), V 1 , is m ea su r ed by m ea n s of a volu m et er GV, a n d t h e con cen t r a t ion of solid in t h e solu t e r ecover in g liqu id ph a se C 2 L is m ea su r ed by ga s or liqu id ch r om a t ogr aph y. Wit h t h ese t wo da t a a n d t h e t ot a l volu m e of t h e solu t e r ecover in g liqu id solven t , V L , determined, the solu bilit y, y 2 , of t h e solid in su per cr it ica l flu id is ca lcu la t ed by wh er e and n is t h e m ole n u m ber , F the density, and M the m olecu la r weigh t . Th e solu bilit y u n cer t a in t y depen ds st r on gly on t h e exper im en t du r a t ion : t h e lon ger t h e t im e, t h e m or e a ccu r a t e t h e qu a n t it ies u sed in t h e ca lcu la t ion of t h e solu bilit y. As a con sequ en ce, t h e Figu re 1. F low dia gr a m of t h e a ppa r a t u s.

y 2 ) n 2 ∑ i n i
(1)

n i ) V 1 F 1 1000M 1 (2) n 2 ) C 2 L V L 1000M 2 (3)
exper im en t du r a t ion sh ou ld be opt im ized for good a ccu r a cy in t h e r esu lt , wit h ou t a n excessively lon g exper im en t . Tem per a t u r es of t h e h ea t er , t h e pr essu r e t r a n sdu cer , a n d t h e BP R a r e m on it or ed t o bet t er t h a n 0.1 K by a t em per a t u r e r egu la t or (West Min i, m odel 6100) fit t ed with a J -type thermocouple. The temperature in the cell is m ea su r ed dir ect ly in it s body t h r ou gh a 4-wir e 100-Ω pla t in u m pr obe, t o wit h in 0.02 K a s a r esu lt of a ca r efu l ca libr a t ion , per for m ed a ga in st a 25-Ω r efer en ce pla t inum probe. The pressure is measured in the out-stream lin e of t h e cell. Th e pr essu r e t r a n sdu cer (Dr u ck, m odel P TX611) ca n m ea su r e pr essu r es u p t o 35 MP a a t t em per a t u r es u p t o 400 K wit h a n a ccu r a cy of 4 × 10 -3 MP a a s a r esu lt of a ca libr a t ion per for m ed u sin g a dea d weigh t ba la n ce (Desgr a n ges et H u ot , m odel 5202S CP ). It is t h er m ost a t ed (a t a fixed t em per a t u r e a bove t h e solu bilit y m ea su r em en t t em per a t u r es) by a sm a ll oven m a de of a br a ss ja cket con t a in in g a h ea t in g r esist a n ce (wit h a n in t er n a l t h er m ocou ple) con n ect ed t o a t h ermoregula tor (West Mini, model 6100). There a re two main reasons for the thermal regulation of the pressure t r a n sdu cer : (a ) t o a void con den sa t ion or solid deposit a n d (b) beca u se t h e r espon se coefficien t of t h e pr essu r e t r a n sdu cer is sligh t ly depen den t on t em per a t u r e.

Te s tin g o f th e Equ ip m e n t.

An im por t a n t r equ ir em en t in t h e design of t h e a ppa r a t u s wa s t o obt a in a sa t u r a t ed st r ea m flowin g ou t side t h e cell. To con fir m the efficiency of the equipment over a la rge ra nge of oper a t in g con dit ion s, m ea su r em en t s h a ve been perfor m ed a t va r iou s flow r a t es. Wh en t h er e is n o sen sit ive effect on the measured solubility values in a given range of flow r a t es, t h e equ ilibr iu m is con fir m ed in t h is r a n ge. Th is a pplica bilit y r a n ge is va lid for t h e st u died compou n d bu t does n ot n ecessa r ily a pply t o a n ot h er . Separ a t e exper im en t s a r e t h er efor e r equ ir ed t o con fir m oper a t in g flow r a t es for ea ch solu t e of in t er est .

Th e va lidit y of t h e t ech n iqu e wa s det er m in ed by m ea su r in g n a ph t h a len e solu bilit y in su per cr it ica l CO 2 . Cor r espon din g da t a a r e a va ila ble in t h e lit er a t u r e a n d pr ovide a good ba sis for qu a n t ifyin g t est s.

H exa n e wa s u sed a s t h e r ecover in g liqu id solven t . A CO 2 flow t im e of 20 m in a t 0.75 m L m in -1 was sufficient t o obt a in a r epr odu cibilit y bet t er t h a n 3%. Sa m ple a n a lysis wa s per for m ed wit h a H ewlet t -P a cka r d ga s ch r om a t ogr a ph (m odel 5890) fit t ed wit h a n H P a u t om a t ic in ject or (m odel 7675) a n d a n SGE ca pilla r y colu m n (m odel 50QC3/BP 10 0.5). An a lyses on fr esh h exa n e u sed for a ddit ion a l clea n in gs of t h e r ecover in g solven t lin e wer e per for m ed a ft er ea ch exper im en t t o ver ify t h a t n o n a ph t h a len e r esidu e h a d been left in t h e lin e. Th e solu bilit y da t a a r e list ed in Ta ble 2 for t wo temperatures. Figures 2 and3 show comparisons of our da t a wit h t h ose r epor t ed in t h e lit er a t u r e. 8-12 Ou r solu bilit y m ea su r em en t s a r e in excellen t a gr eem en t wit h t h ose fr om pr eviou s wor ks.

Th is a ppa r a t u s pr ovides a ccu r a t e m ea su r em en t s of solid solu bilit ies wit h a sh or t exper im en t t im e beca u se of t h e cir cu la t ion of t h e su per cr it ica l flu id. To en h a n ce t h e a ccu r a cy a n d t o m ea su r e ver y low solu bilit y, t h e exper im en t t im e ca n be in cr ea sed. F or scr een in g pu rposes a n d r ou gh solu bilit y m ea su r em en t s, on ly ver y short measurement times are necessary. This apparatus ca n a lso be u sed for ext r a ct ion st u dies.

Mo d e lin g

F or m odelin g solid solu bilit ies in su per cr it ica l flu ids, differ en t equ a t ion s of st a t e ca n be u sed, su ch a s t h e Peng-Robin son 13 cu bic equ a t ion of st a t e (P R E oS). F or t h is opt ion h owever , ph ysicoch em ica l pr oper t ies of t h e solu t e a n d t h e solven t m u st be kn own (cr it ica l pa r a met er s, a cen t r ic fa ct or s, m ola r volu m es, va por pr essu r es, et c.). Su ch da t a a r e a va ila ble, fr om t h e lit er a t u r e, for CO 2 a n d for m ost of t h e cla ssica l cosolven t s, bu t t h is is not true for complex solids related to the pharmaceutical in du st r y. At fir st , t h e solu t e cr it ica l pa r a m et er s ca n be est im a t ed u sin g a gr ou p con t r ibu t ion m et h od. [START_REF] Ting | Solubilit y of Na pr oxen in Su per cr it ica l Ca r bon wit h a n d wit h ou t Cosolven t s[END_REF][START_REF] Cr A M Pon | pa r a t u s for P h a se E qu ilibr ia St u dies: Solu bilit y of F a t t y Acid E st er s in Su per cr it ica l CO2[END_REF] If r esu lt s a r e n ot sa t isfa ct or y, cr it ica l pa r a m et er s ca n be treated as adjustable parameters of the thermodynamic m odel. [START_REF] Cr Oss | er m in a t ion of Met a l-Ch ela t e Com plex Solu bilit ies in Su per cr it ica l Ca r bon Dioxide[END_REF][START_REF] Su Br A | t r ibut ion t o t h e Det er m in a t ion of t h e Solu bilit y of β-Ca r ot en e in Su per cr it ica l Ca r bon Dioxide a n d Nit r ou s Oxide: E xper im en t a l Da t a a n d Modelin g[END_REF] Modeling the solubility of solids using density instead of pr essu r e a s t h e in depen den t va r ia ble is ver y u sefu l, beca u se it does n ot r equ ir e t h e m en t ion ed ph ysica l pr oper t ies. Th er e exist sever a l em pir ica l den sit y-ba sed cor r ela t ion s. In t h e pr esen t wor k, solu bilit ies a r e corr ela t ed by t h r ee m et h ods. In t h e fir st m et h od, t h e m ole fr a ct ion of n a ph t h a len e, y 2 , is r ela t ed t o t h e r edu ced wh er e E is t h e en h a n cem en t fa ct or , P 2 sa t t h e sa t u r a t ion va por pr essu r e of t h e solu t e, a n d F 1 t h e den sit y of t h e flu id. Th e coefficien t s e and f a r e a dju st ed on t h e ba sis of t h e exper im en t a l da t a . Th e P 2 sa t of n a ph t h a len e is obt a in ed by m ea n s of a n in t er pola t ion of exper im en t a l da t a , [START_REF]Ch em istry an d Ph ysics[END_REF] 

Ta ble 2. S o lu bility D a ta fo r N a p h th a le n e in

u sin g t h e followin g expr ession :

Th e ca lcu la t ed P 2 sa t va lu es a r e 35 P a a t 308.15 K a n d 126 P a a t 318.15 K. Th e t h ir d m et h od for cor r ela t in g t h e solu bilit y da t a u sed t h e m odel pr oposed by Ch r a st il. [START_REF] Ch R A St Il | Solu bilit y of Solids a n d Liqu ids in Su per cr it ica l Ga ses[END_REF] Th is m odel ca n be r ega r ded a s a m a cr oscopic descr ipt ion of t h e su rroundings of the molecules in the fluid phase.

It is based on t h e h ypot h esis t h a t on e m olecu le of a solu t e A a ssocia t es wit h k m olecu les of a ga s B t o for m on e m olecu le of a solva t o com plex AB k in equ ilibr iu m wit h t h e syst em . Th e defin it ion of t h e equ ilibr iu m con st a n t t h r ou gh t h er m odyn a m ic con sider a t ion s lea ds t o t h e followin g expr ession for t h e solu bilit y:

wh er e C 2 is t h e con cen t r a t ion of t h e solu t e in t h e su per cr it ica l ph a se, k is t h e a ssocia t ion n u m ber , a is dependent on the heat of solvation and heat of vaporizat ion of t h e solu t e, a n d b is depen den t on t h e m olecu la r weigh t s of t h e species. k , a, and b a r e a dju st ed on t h e ba sis of exper im en t a l solu bilit y da t a . In m ost ca ses, solva t o com plexes a r e n ot st oich iom et r ic, a n d it is n ot expect ed t h a t k will be a n in t eger . [START_REF] Ch R A St Il | Solu bilit y of Solids a n d Liqu ids in Su per cr it ica l Ga ses[END_REF] Th e con cen t r a t ion C 2 is ca lcu la t ed by Th ese t h r ee developm en t s su ggest lin ea r r ela t ionsh ips bet ween ln y 2 and F r1 for eq 4, ln E and F 1 for eq 5, a n d ln (C 2 ) and ln(F 1 ) for eq 8, wit h slopes equ a l t o d , f, and k , respectively. We have chosen to use the density of t h e pu r e flu id beca u se, for m ost of t h e solids, t h e solu bilit y is low a n d t h e va r ia t ion of t h e sa t u r a t ed su per cr it ica l ph a se den sit y beca u se of t h e solu t e is n egligible. F or n a ph t h a len e, wh ich sh ows a h igh solubility, the difference is always less than 1%. The density F 1 a n d t h e con cen t r a t ion C 2 u n der t h e oper a t in g con dit ion s poin t s a r e list ed in Ta ble 3. Th e r esu lt s for t h e t h r ee cor r ela t ion s a r e pr esen t ed in Ta ble 4. We h a ve lim it ed t h e r a n ge of pr essu r es t o ou r in vest iga t ed r a n ge beca u se cor r ela t ion s wer e n ot fou n d t o be st r ict ly lin ea r for a ll da t a sou r ces. Ou r experimental results were satisfactorily regressed using t h e t h r ee lin ea r fu n ct ion s, a lt h ou gh eq 4 gives a h igh er a ver a ge a bsolu t e devia t ion (AAD). Th e r esu lt s for eqs 5 a n d 8 a r e illu st r a t ed in F igu r es 4 a n d 5, r espect ively.

The correlation of the Tsekhanskaya et al. 8 data gives good r esu lt s t oo. In t h e ca se of eqs 4 a n d 5, t h e coefficien t s a r e close t o ou r va lu es. If we u se t h e coefficien t s obt a in ed for eq 5, t h e AAD of ou r da t a r em a in s on t h e sa m e or der a s t h ose obt a in ed for t h e dir ect r egr ession (t h e bot t om t wo lin es in Ta ble 4). Th is dem on st r a t es t h e con sist en cy bet ween t h e t wo set s of da t a .

F or t h e Ch r a st il m odel, t h e k va lu es obt a in ed wit h the Tsekhankaya et al. 8 da ta show a sma ll tempera ture Figu re 5. Con cen t r a t ion of n a ph t h a len e vs den sit y. Cor r ela t ion pr oposed by Ch r a st il. [START_REF] Ch R A St Il | Solu bilit y of Solids a n d Liqu ids in Su per cr it ica l Ga ses[END_REF] depen den ce, fr om 2.4 a t 308.15 K t o 3.1 a t 318.15 K, wh ich is con fir m ed by t h e AAD in cr ea se wh en a ll da t a a r e t a ken in t o a ccou n t (fou r t h t o sixt h lin e in Ta ble 4). On t h e con t r a r y, t h e t em per a t u r e depen den ce of ou r k va lu e is n ot sign ifica n t : t h e AAD r em a in s pr a ct ica lly con st a n t wh en a ll ou r da t a a r e ga t h er ed (t op t h r ee lin es in Ta ble 4). Th is con clu sion is in good a gr eem en t wit h t h e r esu lt s of Ch r a st il, wh o obt a in ed pa r a llel lin es in t h e plot of ln (C 2 ) vs ln(F 1 ). Th e cor r ela t ion ca n t h u s be wr it t en t o pr ovide a r ela t ion bet ween C 2 , P, and T wit h , for a given ga s a n d solu t e, con st a n t va lu es of k , a, and b. A va lu e of 2.6 for t h e a ssocia t ion con st a n t k seem s t o be su it a ble for cor r ela t in g a ll of ou r exper im en t s.

ln y 2 ) c + d F r1 (4) ln E ) e + fF 1 (5) E ) Py 2 P 2 sa t (6) ln P 2 sa t ) R - β T (7) ln (C 2 ) ) k ln (F 1 ) + a T + b (8) C 2 ) F 1 M 2 y 2 M 1 (1 -y 2 ) + M 2 y 2 (9) 

Ta ble 3. D e n s ity a n d Co n c e n tra tio n u n d e r Ex p e rim e n ta l Co n d itio n s

T )308.15 K T )318.15 K P (MP a ) F1 (kg m -3 ) a C2 (kg m -3 ) P (MP a ) F1 (kg m -3 ) a C2 (kg m -3 ) 8.

Co n c lu s io n

A n ew a ppa r a t u s for ver y a ccu r a t e m ea su r em en t s of solid solu bilit ies in su per cr it ica l flu ids h a s been designed, built, and tested. Measurements of the solubility of n a ph t h a len e in su per cr it ica l ca r bon dioxide wer e ca r r ied ou t a t 308.15 a n d 318.15 K over a r a n ge of pr essu r es t ypica lly en cou n t er ed in su per cr it ica l pr ocesses. Th e com pa r ison wit h pr eviou s wor ks in dica t es t h e va lidit y of t h is a ppa r a t u s, ba sed on a n a n a lyt ica l open -cir cu it m et h od. Th e da t a wer e cor r ela t ed wit h t h r ee den sit y-ba sed m odels, in pa r t icu la r wit h t h e on e pr oposed by Ch r a st il, wh ich pr ovides a n est im a t ion of t h e n u m ber of solven t m olecu les per m olecu le of solu t e en ga ged in t h e solva t o com plex.

Nom e n clatu re

a, b ) coefficien t s for eq 8 c, d ) coefficien t s for eq 4 e, f ) coefficien t s for eq 5 AAD ) a ver a ge a bsolu t e devia t ion C ) con cen t r a t ion (kg m -3 ) E ) en h a n cem en t fa ct or k ) a ssocia t ion n u m ber (Ch r a st il 21 m odel) M ) m olecu la r weigh t (g.m ol -1 ) n ) m ole n u m ber (m ol) P ) pr essu r e (MP a ) T ) t em per a t u r e (K) V ) volu m e (m 3 ) y ) m ole fr a ct ion Greek S ym bols F ) den sit y (kg m -3 ) R, β ) coefficien t s for eq 7 S u bscripts c ) cr it ica l pr oper t y ca l ) ca lcu la t ed exp ) exper im en t a l L ) r ecover in g liqu id solven t r ) r edu ced pr oper t y 1 ) ligh t solven t com pon en t (ca r bon dioxide) 2 ) h ea vy solu t e com pon en t (n a ph t h a len e) S u perscripts E oS ) ca lcu la t ed by m ea n s of a n equ a t ion of st a t e L ) r ecover in g liqu id solven t sa t ) sa t u r a t ion
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Ta ble 1. S o u rc e a n d P u rity o f Ch e m ic a ls

  

	com pou n d	sou r ce	pu r it y
	ca r bon dioxide	Air Liqu ide S.A.	99.995%
	naphthalene	Aldr ich	98%
	hexane	Sds	99%

Su pe rcritical CO2 (T ) 308.15 K a n d T ) 318.15 K)

  sit y of ca r bon dioxide, F r1 ,[START_REF] Giddin Gs | s Ch r om a t ogr a ph y a t P r essu r es t o 2000 a t m[END_REF] by wh er e F r1 is equ a l t o F 1 /F c1 and c and d a r e a dju st ed on t h e ba sis of t h e exper im en t a l da t a .Th e secon d m et h od u sed in t h is wor k wa s su ggest ed by Sch m it t a n d Reid 19 a s follows:

		T )308.15 K	T )318.15 K
	P (MP a )	y2	P (MP a )	y2
		8.05	0.0044	8.49	0.0011
		13.43	0.0138	9.83	0.0060
		13.52	0.0139	14.65	0.0206
		14.85	0.0146	15.06	0.0208
		15.05	0.0147	15.30	0.0215
		20.03	0.0161	19.77	0.0237
		20.08	0.0163	24.98	0.0258
	wit h	24.82 29.76	0.0169 0.0174	29.70	0.0278
		29.92	0.0175		

Figu re 2. Comparison of our solubility data results with previous wor ks a t T ) 308.2 K.

Figu re 3. Com pa r ison of ou r solu bilit y da t a r esu lt s wit h t h e Tsekh a n ska ya et a l. 8 da t a . den

  Th e den sit y of t h e CO2 is ca lcu la t ed by u sin g t h e P R E oS.

	05	380	4.8	9.83	426	8.2
	13.43	764	29.9	14.65	696	40.2
	13.52	766	30.2	15.06	707	41.2
	14.85	793	32.8	15.30	714	42.9
	15.05	797	33.2	19.77	799	52.8
	20.03	870	39.6	24.98	864	61.9
	20.08	871	40.1	29.70	909	68.9
	24.82	919	43.8			
	29.76	959	47.0			
	29.92	960	47.3			

a 13

Figu re 4. E n h a n cem en t fa ct or vs den sit y. Cor r ela t ion pr oposed by Sch m it t a n d Reid.

[START_REF] Sch | Th e In flu en ce of t h e Solven t Ga s on Solu bilit y a n d Select ivit y in Su per cr it ica l E xt r a ct ion[END_REF] 

ble 4. Co rre la tio n o f S o lu bility D a ta w ith Th re e Equ a tio n s

  Va por -Liqu id E qu ilibr ia Up t o 40 000 Kpa a n d 400 °C: A New St a t ic Met h odology. AIChE J . 1980, 26, 872-875. (5) La u gier , S.; Rich on , D. New Appa r a t u s t o P er for m F a st Det er m in a t ion s of Mixt u r e Va por -Liqu id E qu ilibr ia Up t o 10 Mpa and 423 K. R ev. S ci. In stru m . 1986, 57, 469-472. (6) Rich on , D.; An t oin e, P .; Ren on , H . In fin it e Dilu t ion Act ivit y Coefficien t s of Lin ea r a n d Br a n ch ed Alka n es fr om C1 to C9 in n -H exa deca n e by In er t Ga s St r ippin g. In d . E n g. Ch em . Process Des. Dev. 1980, 19, 144-147. (7) Legr et , D.; H ou zelle, C.; Rich on , D.; Ren on , H . Va por -Liqu id E qu ilibr ia of Cor r osive Com pon en t s by a Dyn a m ic Met h od: a New F low Appa r a t u s. Flu id Ph ase E qu ilib. 1983, 11, 179. (8) Tsekh a n ska ya , Y.; Iom t ev, M.; Mu sh kin a , E . Solu bilit y of Na ph t h a len e in E t h ylen e a n d Ca r bon Dioxide u n der P r essu r e. R u ss. J . Ph ys. Ch em . 1964, 9, 1173-1176. (9) Dobbs, J .; Won g, J .; J oh n st on , K. Non pola r Cosolven t s for Solubility Enha ncement in Supercritica l Fluid Ca rbon Dioxide. J . Ch em . E n g. Data 1986, 31, 303-308. (10) Ch u n g, S. T.; Sh in g, K. S. Mu lt iph a se Beh a vior of Bin a r y a n d Ter n a r y Syst em s of H ea vy Ar om a t ic H ydr oca r bon s wit h Supercritical Carbon Dioxide. Part I. Experimentals Results. Fluid Ph ase E qu ilib. 1992, 81, 321-341. (11) Rever ch on , E .; Ru sso, P .; St a ssi, A. Solu bilit ies of Solid Oct a cosa n e a n d Tr ia con t a n e in Su per cr it ica l Ca r bon Dioxide. J . Ch em . E n g. Data 1993, 38, 458-460. (12) Chen, J .-W.; Tsa i, F.-N. Solubilities of Methoxybenzoic Acid Isom er s in Su per cr it ica l Ca r bon Dioxide. Fluid Phase Equilib. 1995, 107, 189-200. (13) P en g, D.-Y.; Robin son , D. A New Two-Con st a n t E qu a t ion of St a t e. In d . E n g. Ch em . Fu n d am . 1976, 15, 59-64. 1 ) t h is wor k; 2 ) Tsekh a n ka ya et a l. 8 b AAD ) (1/n )∑i)1 n |(y2,cal -y2,exp)/y2,exp|i × 100. c AAD ) (1/n )∑i)1 n |(C2,cal -C2,exp)/C2,exp|i × 100.

	er -mination of Vapor-Liqu id E qu ilibr ia a n d Sa t u r a t ed Den sit ies Up to 45 MPa and 433 K. R ev. S ci. In stru m . 1984, 55(6), 944-951. (3) Va lt z, A.; La u gier , S.; Rich on , D. Bu bble P r essu r es a n d Saturated Liquid Molar Volumes of Difluoromonochloromethane-F lu or och lor oet h a n e Bin a r y Mixt u r es: E xper im en t a l Da t a a n d Modellin g. In t. J . R efrig. 1986, 9, 282-289. (4) F igu ier e, P .; H om , J . F .; La u gier , S.; Ren on , H .; Rich on , D.; eq 5 eq 8 10 3 f AAD (%) b k a /10 3 b AAD (%) c 4.65 4.34 2.49 -6.78 8.84 4.06 5.16 4.95 2.84 -3.54 -3.86 8.33 5.26 26.73 2.61 -4.78 1.53 6.41 4.58 10.18 2.40 -6.11 7.28 3.01 5.60 5.22 3.12 -2.50 -8.99 7.16 2.69 -3.51 -3.10 8.39 4.61 7.92 2.42 -1.69 -7.24 3.30 5.50 6.10 3.05 -2.23 -9.40 8.41 4 . 5 8 4 . 5 0 Szwa r c H . Ta eq 4 da t a a T (K) pt s c d AAD (%) b e 1 3 0 8 . 1 5 1 0 -6.20 1.11 8.67 5.00 1 3 1 8 . 1 5 7 -6.06 1.36 13.02 4.15 1 over a ll 17 4.39 2 3 0 8 . 1 5 1 6 -6.04 1.04 4.63 5.15 2 3 1 8 . 1 5 1 2 -6.42 1.57 13.58 3.80 2 over a ll 28 1, 2 308.15 26 -6.08 1.05 6.56 5.13 1, 2 318.15 19 -6.34 1.52 13.44 3.88 1 3 0 8 . 1 5 1 0 5 . 1 5 1 3 1 8 . 1 5 7 3 . 8 0 5 . 6 0 8 . 1 6

) F on t a lba , F .; Rich on , D.; Ren on , H . Sim u lt a n eou s Det

a ln (C 2 ) ) f(T ,P) ) k ln [F 1 E oS (T ,P)] + a T + b (10)