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A versatie spectroscoi reaction monitoring systen for high-pressug liquids and supercritical
fluids is described The cel is designé to be attaché to a charge-couplé device array
ultraviolet-visibke spectrometevia fiber optics and has been shown to be capabé of monitoring
high spee reactiors and rate of dissolution of a variety of compounds The desiq is simple,
inexpensiverugged ard self-aligning The cell has been testel up to 300 atm and 100 ° C without
failure. © 199 American Institute of Physics [S0034-67489)05212-0

I. INTRODUCTION

Supercritica fluids are currenty being usel for the ex-
traction of organc and inorgantc compound in both the re-
seart and the commercihsectort In addition an increasing
numbe of researh facilities are reportirg the use of super-
critical fluids as reaction solvents? Supercriticé fluids offer
severd advantage over conventionhorgant liquids as sol-
vens for separatia ard for reaction First, if the supercritical
fluid is carbon dioxide, as it usualy is, no environmentally
unfriendly organt wase is produced Second supercritical
fluid allows rapid separatia of solutes from solven usually
by depressurizig the fluid pha causimg precipitation of the
products Third, becaus of its low viscosiy and high diffu-
sivity, rate of transport of solutes in supercritica fluid may
be significanty highe than tha in conventionasolvents In
addition by changimg the pressue and the temperaturgthe
densiy and solvatirg powe of the supercritichfluid solvent
can be changedthus allowing “tuning’’ of the solvert to
alter the rate of reaction ard occasionalf the products This
drive to do reactiors in supercritichfluids has createl aneed
for the online monitoring of reactio kinetics for the optimi-
zation of conditions Previols spectroscoji experimen in
supercritica fluids to determire solubility and monitar reac-
tions has relied on precisey machinel view cells with opti-
cally transparen windows to enabé measuremestto be
made® Thes cells are generaly difficult and time consum-
ing to clean the windows are expensie and prore to leakage
arourd the window—cel interface additionally, the fixed
pathlengh of this desig limits the range of solubilites that
can be measured.

To overcone thes difficulties, severa groups hawe de-
velope cells basel on fiber optics to probe supercriticé so-
lutions with a range of spectroscopi techniques For ex-
ample Rhoce ard Fox reportal a high-pressug fiber-optic
cel for time-resolvel emissien and absorbane measure-

30n leawe from Departmen of Chemistry Kyoto Institute of Technology,
Kyoto, Japan.

0034-6748/99/70(12)/4661/7/$15.00

4661

mensin nea and supercritich solvents® Recently our labo-
ratoly has develope afiber optic systen for the determina-
tion of metd chelat solubilities in supercritich CO, over
severh ordes of magnitua in concentratiori. The® fiber-

optic cells were adapté to standad spectrometey utilizing

somne form of optical-to-fibe coupling.

In this work, we repot the developmenhof a fiber-optic
basel reacts connectd directly to a CCD array ultraviolet
(UV)-visible spectrometefor in situ determinatio of reac-
tion rates in supercritich CO,. The desig of the fiber-optic
cel is similar to tha describe previousy in the literature?°
In our design mountirg of opticd fibers was accomplished
using polyetheretherketan(PEEK) tubing rathe than with
graphie ferrouls as describel in the previows report? Our
desiq allows a more precie alignmen of smalle fibers,
creats a more robug seal ard reduce the damag to the
delicae opticd fibers The mog drastt differenc is the ad-
dition of a 95 mL reaction cel via a welded flange The
flange/spectroscopimanifold assemb} can be connectd to
differert reaction vesse$ with volumes rangirg from 5 to
100 mL, enablirg us to investigaé avariely of reactiors and
verify the resuls using standad analytica techniquessome-
thing tha is not always possibé when working on the micro
scale Additionally, the flange arrangemeingreatly simplifies
the loading of reactans and cleanirg the cell betwea experi-
ments The flat bottam of the reaction vessé enable the use
of a stir bar on an ordinay stirring hot plate facilitating
mixing of reactant and alleviating the problens associated
with diffusion in sone reaction systems The fiber-optc re-
action cel describé in this article was connectd to a high
speel CCD array UV-visible spectrometethus facilitating
the measuremerof reactiors of varying rates To cog effec-
tively build areaction monitoring spectroscopicell, we used
commony availabke materiab and commercialy obtainable
componentsThe cel can be configural eithe to study the
kinetics of reactiors or to determire the rate of dissolution
ard the solubility of compoung in supercriticé fluids. Ex-
amples of both of the processe will be presentd in this
article.
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II. EXPERIMENTAL

A. Fiber-opti c reactor cell

A schematt of the reaction vessé is shown in Fig. 1.
The cell has asingle opticd pah formed by the ends of the
two fiber optics and can be configural with pah lengths of
approximatey fifty microns to one cm. In addition it can be
modified to have aperpendiculaopticd path making it pos-
sible to configuee for fluorescehmeasurement§ he cell was
machin@ from type 316 stainles steé and has an internal
volume of 9.5 ml. The fiber optic holding fixture was con-
structel from amodified Valco manifold which was Heliarc
(Tungsta Inert Gag welded to the stainles steé flange that
functiors as the port for introducirg solid reactants The
flange is seal@ to the cell body with a 3/16 inch Teflon
gaske [Figs 1(b) ard 1(c)].

In orde to avoid the use of windows and achiee the
pathlengtls neededit is necessar for the opticd fibersto be
immersel in the Sd~ in an aligned and rigid manner We
hawe found in our researh laboratoy tha the mog satisfac-
tory methal for achievirg thes conditiors is to mourt the
fibers in a manifold using standad high-pressue compo-
nents therely making use of the precisey machin& mani-
folds to achiewe alignment The opticd fibers (Polymicro
TechnologiesPhoenix AZ) usel for this study were 600 um
high OH-silica core surroundd by silica claddirg ard a
polyimide buffer, giving a totd oute diamete of 710 um
ard a numericé apertue of 0.22 The erd of ead fiber was
fitted with a SMA 906 connecto for coupling with the spec-
trophotometerThe opticd path end of the fiberswere held in
place in the manifold by insertirg the distd end throuch a2
cm sleee of PEEK tubing (Fishe Scientifig Pittsburgh PA)
1/16 in 0.dX0.03 in i.d. ard insertal into one port of the
manifold The PEEK tubing was compresse by a stainless
steé Valco ferrule upan tightenirg the fitting, thus sealing
the fiber into the cell. The outpu fiber was placed in the

opposie port of the manifold and the procedue repeated.

Assumirg the manifold has the ports milled accurately the
opticd componerg are self-alignirg since the threadd nut,
ferrule ard tubing are concentrt and cente the fibers The
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FIG. 1. The high-pressu fiber-optic
reactor (a) Fiber-optt reacta cell, (b)
flange ard fiber-optc mountirg fix-
ture, (c) fiber-optc sealirg system.

#1 1/16 inch Valco Nut
#2 1/16 in PEEK Tubing
#3 Fiber Optic

#4 1/16 Valco Ferrule

high-pressuz fiber-optc reacts has bee testal up to 300
atm ard 100 °C without failure.

B. High pressur e equipment

The fiber optic reacticn vessé was connectd to the su-
percriticd fluid system by 1/16 in. stainles stee tubing with
Swagel@ componentsHigh-pressue valves (HIP, Erie, PA)
were usel on both sides of the cel and to contrd the injec-
tion loop. Figure 2 shows the gener& plumbing arrangement
for the® studies A sampé loop of 0.7 ml was usal to inject
one of the reactans into the reaction vessel Accurat pres-
sure was accomplishd by operatirg the ISCO Modd 260D
syringe pump in the constai pressue mode A 10 cm sec-

tion of 50 um fused silica was attached to the outlet end of

the systen to contrd the rate of depressurization.

C. CCD array UV-visibl e spectrometer

A CCD array UV-vis SpectrophotometeModd SI-440
(Spectra Instruments Inc. Tucson AZ) was useal for all
measuremestin this study. The instrumen was retro fitted
with femak SMA fittings, as was the fiber combine to func-
tion with our existing spectroscopi equipmentSpecta were

— — UV-Vis spectrometer

FIG. 2. Schemat of experimentharrangemenfor high pressue experi-
ments The injection loop has a volume of 0.7 mL ard is controlled by two
HIP valves The fiber optic cel is connectd to a CCD array UV-vis spec-
trometer.
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FIG. 3. (@ UV-vis specta of fer-
rocere in supercritich CO, a 38°C
and 200 atm, (b) chang of absorbance
with time (2.5 s intervalg for the 434
nm ferrocere peak.
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taken unde a variety of conditiors with full specta being
taken from 200 to 900 nm to determire the pe& absorption
ard the kinetic specta taken at a single wavelengh at a
maximum rate of abou one spectrun evely 2 s. A blank
measuremenwas taken before evely reaction to provide a
baseline.

Ill. RESULTS AND DISCUSSION
A. Measurin g dissolutio n rates

One majar application of supercritica fluid technology
is extraction of organt compound from solid materials The
rate of dissolution of organt compound in supercritical
CO, isan importart factar in determinirg the extraction time
ard the efficiency. Some organt compound dissohe readily
in supercritich CO, with high solubilities otheis may be less
solubk or slowe in dissolution Modeling solubility and dis-
solution rate of organt solutes in supercriticafluids requires
experimenthdata The high-pressue fiber-optic reacta with
CCD array UV-vis spectrometeenables us to obtan such
information for the compound which hawe characterist ab-
sorptilm band in the UV-visible region The pathlengh of
the opticd fiber systen for the experimens describé in this
article was fixed at 0.5 cm. Actually, the pathlengh of the

opticd fiber in the reacta can be change to suit the experi-
mentd needs For example the pathlengh can be increased
for measurig compoung with low solubilities.

Figure 3 shows the dissolution of ferrocene
(m.p=174°C) in supercritich CO, at 38°C ard 200 atm
measurd by the high pressue fiber-optc reactor The ex-
perimern startel by placing 18 mg of ferrocere in the reactor.
Supercritich CO, was then introducel and the fiber-optic
spectrometewas turned on. Ferrocer has absorptio peaks
in the UV-visible region at 324 nm and at 440 nm in super-
critical CO,. The specta shown in Fig. 3(a) were taken at
2.5 sintervals Figure 3(b) shows the increag in intensiy of
the 440 nm ped& with respet to time. In this experiment,
recordirg of the UV-vis specta startel before the introduc-
tion of supercritich CO,. Ten second after the spectrometer
was turna on, supercritich CO, was addel to the reactor.
An absorbane chang at the fifth data point in Fig. 3(b) was
cause by the pressue chang associaté with the introduc-
tion of supercritich CO,. The pressue disturbane lasted for
abou 5 s. After that, the intensiy of the 440 nm pe&k began
to increag steadiy with time. The pe& intensiy reached
approximatef a constamvalue after abou 8 min. The rate of
dissolution of ferrocere is slow comparé with its dimethyl
derivative 1,1'-dimethylferrocee (DMFC) which will be
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discussd later. The solubility of ferrocere in supercritical
CO, unde the specifi@l conditiors can be calculatel from
the absorbane of the saturation pe& at 440 nm with acali-
bration curve obtainal by dissolvirg known amouns of the
compounl in the fluid phase The solubility of ferrocere in
supercritich CO, at 38°C and 200 atm determiné by this
methal is0.0% M (mol/L). Cowey et al. measurd the solu-
bility of ferrocere in supercritich CO, unde various tem-
peratue and pressue conditiors using a chromatographic
method® For example they reportel a solubility of 0.042 M
for ferrocere in supercritich CO, at 40°C and 1839 bar.
Our measurd solubility for ferrocere in CO, at 40°C and
184 atm is 0.046 M, consisteh with the value reportal by
Cowey et al. However thes authos did nat repot the rate
of dissolution of ferrocere in supercritich CO,.

The dissolution of DMFC (1,1’ -dimethylferrocenem.p.
374°C) in supercritich CO, is shown in Fig. 4. This com-
pourd absorls strongly at 434 nm in supercritich CO,. Fig-
ure 4(a) shows the UV-vis specta of DMFC recorda by the
fiber-optic reacta in supercritichCO, at 38 °C and 200 atm.
The experimenth dat were obtainal by placing 41 mg of
DMFC in the reacto and the specta were taken at 5 sinter-
vals Figure 4(b) shows the increag in intensiy of the 434
nm ped& with respet to time. Supercritich CO, was intro-

ducadl to the reacta 15 s after the stat of specta recording.
A smal absorbane jump at the third data point in Fig. 4(b)
was causeé by the pressue chang associaté with the intro-
duction of the fluid. The absorbane of the 434 nm peak
increasd rapidly after this point indicating a rathe fag dis-
solution of DMFC in the fluid phase The intensiy of the
DMFC pe& reachd a constan value after abou two min-
utes The constah absorbane value was actually due to the
totd dissolution of the DMFC initially placel in the reactor.
After the experimentthe reacta was openel and no DMFC
was found inside DMFC is extremey solubk in supercriti-
cd CO,. We performel experimers with very large
amouns of DMFC in the reacta and estimatel tha the solu-
bility of DMFC in supercritich CO, at 38°C and 200 to be
>05M.

The rate of dissolution of DMFC in supercritich CO, is
obviously mudh faste than tha of ferrocene Analysis of the
dissolution data of DMFC indicatel tha the dissolutio is
very rapid initially . Nearly 10 mg of the solute was dissolved
in supercritichCO, in the first 5 s. Thiswas probaby caused
by the rapid pressue change ard stirring of the solute in the
high-pressus reacto after the introduction of the fluid. The
dissolution rate in generd appeard to follow a first order
kinetics At 38°C, DMFC shoul be in the liquid state The
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dissolution of a liquid in supercritich CO, is apparently
much faste compare with tha of a solid as in the cas of
ferrocene.

Another example is the dissolution of
N,N,N’,N’-tetramethylpara-phenylenediamia (TMPD) in
supercritic fluids. TMPD absorls in the UV region with a
pe&k maximum at 313 nm [Fig. 5(a)]. The melting point of
TMPD at 1 atm is 495°C. Figure 5(b) shows the rate of
dissolution of TMPD (1.6 mg) in the high-pressue fiber-
optic cell at 38 °C and 200 atm The UV/vis spectashown in
Fig. 5(a) were recordel evely 2.5 sfor atotd of 125 s. The
height of the absorptio pe&k at 313 nm reache asaturation
value in abou 40 s after the introductian of the supercritical
CO, [Fig. 5(b)]. This was also due to the totd dissolution of
the soluke placal in the reacta in supercritich CO,. The
solubility of TMPD in supercritich is also very high, esti-
matel to be >05M at 38°C and 200 atm.

The three exampla shown in Figs 3-5 illustrate that the
dissolution rates of organt compound in supercritich CO,
can be quite different varying from less than a minute to
abou 10 min. The factois determinimg rate of dissolution of
a soluke in supercritich CO, is probaby complicatel and
difficult to predict Direct measuremerof dissolutian of sol-

100 120

utes in supercritich CO, is perhas the easies way of ob-
taining sud information at the presem time. The high-
pressue fiber-optc reacta describe in this article provides
a convenieh methal for obtainirg sud information which
is often neede for designirg extraction processg or study-
ing chemicé reactiors in supercritica fluids.

B. Studyin g redox reaction s in supercritica | carbon
dioxide

In arecer report synthess of silver nanoparticls in a
water-in-supercritida CO, microemulsim was reported’
The proces involved the formation of a water-in-CQ mi-
croemulsio containirg silver nitrate in the wate phasefol-
lowed by the reduction of Ag™ to metallic Ag using areduc-
ing agen dissolveal in the fluid phase The water-in-CQ
microemulsio was formed by mixing an aqueos solution
containirg silver nitrate and a mixture of two surfactants
consisté of bis(2-ethylhexy)sulfosuccina (AOT) ard a
perfluoropolyether-phospleatethe with a genera struc-
ture of CF,O[OCHCF;)CF,],(0OCF,),,O0CF,CH,0CH,-
CH,OPQOH), ard an averag@ molecula weigh of 870/
The sane surfactard and compositim were usel in this
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study to make the water-in-supercritidaCO, microemulsion.
In our experimentsthe wate pha containel 3.3 mM of
AgNO;. Formatio of the microemulsio was first investi-
gatal in a high-presswe view cel at a W value (water/AQT)
of 12 by rapidly mixing the aqueos solution and the surfac-
tants with a magnett stirrer in supercritich CO,. The opti-
cally transparenmicroemulsim was visually observe after
30 min of mixing. The sane conditiors were then applied to
the formation of the microemulsim in the high-pressure
fiber-optic reactor To ensue the formation of a homoge-
neots microemulsion the mixing time for the high-pressure
fiber-optic reacts experimerg was se at one hour. After
that, stirring was stoppe and areducirg agert (sodiun cy-
anoborohydridel mM) was injected into the systen through
a 0.7 ml stainles steé vessé connectd to the reacta as
shown in Fig. 2. Silver nanopatrticls are yellowish in color
ard exhibit a broad absorptim bard (due to the surfae plas-
mon resonane absorption centere arourd 400 nm?& The
absorptim of Ag hanoparticle mace in this systen is shown
in Fig. 6(a). The absorbane of the broad absorptim band
characteristi of Ag nanopartict increass rapidly with time.
Bandwidh analyss indicates tha the particles hawe a size of
abou 4 nm, consisteh with tha observe in a previous

report! Figure 6(b) shows the increag in absorbane of the
Ag nanopartick pe&k at 400 nm with respet to time. Ac-
cording to Fig. 6(b), the reduction of Ag™ and the formation
of silver nanoparticle in this systen were essentialf com-
plete within 30 s after the injection of the reducirg agent.

The rapid reaction rate observe in this systen suggests
tha the microemulsio in supercritich CO, is dynamt in
natue and tha the reducirg ager can easily penetrag the
microemulsim membrase to cau® reduction of Ag* in the
aqueos core This type of information is very usefd for
understandig the natue of the microemulsion formed in
supercritich fluids. A humbe of reaction systens utilizing
the water-in-CQ microemulsim as a‘“‘nanoreactor’ to syn-
thesiz2 nanoparticls in supercritich CO, are currenty in
progress The high-pressue fiber-optic reacta describé in
this article provides apowerfu tod for studyirg thes inter-
estirg reactiors taking place in supercritich CO.,.

Even thouch only a few example are given in this ar-
ticle, it is not hard to imagine the usefulnes of this instru-
mert for studyirg rate-relatd problens in supercriticé flu-
ids. The design of this reacts is simple inexpensive,
serviceableuses conventionhmateria ard is self-aligning.
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The beg application range of this instrumer is probaby for

the chemicé processgoccurrirg in the orde of ters of sec-
onds to severd minutes The CCD array spectrometeused
in this study is limited to abou one spectrun per two sec-
onds For very rapid reactions e.g, reactiors reaching
completion in the orde of a few secondsthis type of detec-
tor may not be fag enough However for mary chemical
processein SF CO,, diffusion of reactans is often the lim-

iting factar ard the time scak of sudh procesisin the range
measurald by the high-presswe fiber-optc reacts inter-

faced with a CCD array spectrometerThe reacta is cur-

rently being used for studyirg avariety of chemicéreactions
taking place in liquid and in supercritich carba dioxide.
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