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Combination of reverse micellar solutions and supercritical or compressed carbon dioxiglei§ CO

a new and interesting topic. This work conducted the first study on the effect of compressed CO

the micro-propertiege.g., micropolarity, ionic strengthpH) of the sodium big-ethylhexy)
sulfosuccinate reverse micelles in isooctane by phase behavior measurement, Fourier transform
infrared and UV-vis spectroscopic techniques. The results show that&odissolve in both the
organic-continuous phase and the water cores of the reverse micelles. The properties of the reverse
micelles can be tuned continuously by changing the pressure gb@€ause the solubility of CO

in the solution and in the water cores depends on the pressupan@@ water cores can be ionized

to produce HCQl and H". The micropolarity and ionic strength of the water cores increase with
the pressure of CO Accordingly, thepH is reduced as the pressure and water-to-surfactant molar
ratio (wy) are increased. €003 American Institute of Physics.

[DOI: 10.1063/1.1596872

I. INTRODUCTION posed a novel route to recover the biomolecylgsozyme
and bovine serum albumimnd different nanopatrticles stabi-

Supercritical fluids have received much attention due tgized in the reverse micelles using compressed, G@
their various valuable applications? Supercritical(SC) or  antisolvent®=5! It was found that by controlling the GO
compressed C{Q in particular, is most attractive because it pressures, pure product could be recovered from the reverse
is readily available, inexpensive, nontoxic, nonflammablemicelles while the surfactants remained in the organic-
and has environmentally benign characteristisOne of  continuous phase. This process can easily be applied to a
the important applications of SC or compressed,@9to  range of inorganic or organic nanoparticles with many poten-
precipitate the solutes from solutions, which is known as &ial advantages such as its simplicity, time-saving, character-
gas antisolventGAS) proces$. " Many applications of the jstics, and that the solutions can be easily recycled. Further-
GAS processes, such as the particle formation and materighore, it is expected that the properties of the reverse micelles
processing?~** fractionation and separatidi;® and con-  should be tuned by the control of G@ressure, which shows
trolling the polymerization reaction in organic solveritS  potential application not only in material production but also
have been reported. in the chemical reactions in micellar cores. Therefore, the

Reverse micelles have been used in many areas ranginglated fundamental investigation on this kind of system, i.e.,
from dissolution and extraction of hydrophiles and the CGQ-expanded reverse micelles, is of great importance to
proteins;®~** chemical reaction}®’ preparation of poth pure and applied sciences. In previous work, we have
nanoparticle® 32to other applications in the pharmaceutical studied the effect of compressed £0n the stability and
and cosmetic indust?*®  Sodium bi$2-  microstructure of the AOT reverse micelles at different con-
ethylhexy)sulfosuccinate(AOT), an anionic surfactant to ditions using synchrotron radiation small-angle x-ray
form reverse micelles in nonpolar solvent with many goodscattering’? In this work, we furthered our fundamental re-
qualities?’~*is widely used. Water is readily solubilized in search on the CQexpanded reverse micelles. The influence
the polar core of the reverse micelles to form a “water pool” of the compressed Gbn the microproperties of the reverse
characterized by the water-to-surfactant molar ratip,  micelles was conducted by the combination of visual inspec-
which serves as a novel microreactor for carrying out manytion, Fourier transform infraredFTIR) and UV-vis spec-
kinds of reaCtion§9_44 In addition, the reaction rates within troscopy_ It was found that the microproperties of the micel-
“water pools” inside the reverse micelles can be easily condar cores such as micropolarity, ionic strength, gtticould
trolled by water loading angH of the “water pools.”**™*"  pe changed by the pressure of £O

The combination of reverse micellar solutions and com-
pressed CQis an interesting topic and may find more appli- || EXPERIMENT

cations with some unique advantages. Recently, we have pro- ]
A. Materials

@Author to whom correspondence should be addressed. Electronic mail: CO; (>99.995% purity was provided by Beijing Ana-
Hanbx@iccas.ac.cn lytical Instrument Factory. The surfactant AQWith 99%
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purity) was purchased from Sigma. Bromophenol blue 25
(BPB) (90% purity, Beijing Organic Chemical Planiwvas
used as thepH indicator. Citric acid (>99.0% purity,
Chengdu Chemical Planand sodium hydroxidé>96.0%
purity, Beijing Yili Fine Chemical Plantwere used to pre-
pare the buffer solutions. The isooctat®.R. grade¢ was
supplied by Beijing Chemical Plant. Double distilled water
was used.

B. Preparation of the reverse micellar solutions o 1 2 3 4 5 6

. . . P/MPa
The AOT/water/isooctane reverse micellar solution was
prepared by dissolving AOT in isooctane, then the desired!G. 1. Effect of temperature and pressure on volume expansion coefficient
amount of water was injected into the AOT—isooctane soluy®" e reverse micellar solution at 303.2 KAOT]=0.1 Mwo=8).
tion. The mixture was shaken by hand until the solution was
completely clear. The reverse micelles containing the probe

(BPB) were prepared by adding a suitable quantity of aque_sample cell was composed mainly of a stainless steel body

ous solution of probe into the AOT/isooctane solution. In a”and two zinc sulfideZnS) windows (2.25 cm in diameter

spectroscopic measurements, the concentration of BPB aft d 0'6.0 cm thick which was thermpstated 00.1°C of
the sample cells were full of Cexpanded solution was 4 e desired temperature by an electric heater and temperature

%<10-5 M controller. The internal volume and the path length of the cell
' were 1.48 ml and 1.56 cm, respectively. The pressure gauge
used was the same as that discussed earlier. In the experi-
ment, a suitable amount of the micellar solution was charged
into the cell. The temperature of the cell was stabilized at
The apparatus used to study the expansion curves argh3.2 K, and CQwas compressed into the cell to the desired
the cloud point pressure of the solution was the same as th@t‘essure_ The IR spectrum was recorded using a computer
used previousl® It consisted mainly of a view cell of 50.0 after equilibrium had been reached. Each sample was re-

ml, a high-pressure pump, a constant temperature water batberded with 32 scans at an effective resolution of 2°tm
and a pressure gauge. The high-pressure pump was model

DB-80, which was used to charge €@to the system. The )
accuracy of the pressure gauge, which was composed of & UV-Vis spectra

transduce(FOXBORO/ICT) and an indicator, was:0.025 A TU-1201 UV spectrophotometer was used to measure
MPa in the pressure range of 0-20 MPa. The temperature @fe pH of the reverse micelles at different GQressures.
the water bath was controlled by a HAAKE D3 digital con- The high-pressure UV sample cell and the experimental pro-
troller, and the accuracy of the temperature measurement wagdures were similar to those used for the IR spectrum mea-
*0.1°C. surement described earlier. The main difference was that two
In a typical experiment, the air in the sample cell wasquartz windows were used, and the volume and the optical
first replaced by C@. A suitable amount of reverse micellar path length of the sample cell were 1.44 ml and 1.12 cm,
solution was loaded into the view cell. G@as then charged  respectively. ThepH of citric acid buffers was calibrated

into the cell to a suitable pressure after the thermal equilibagainst apH meter (pHS-3B, Shanghai REX Instrumental
rium had been reached. A magnetic stirrer was used to erp|an.

hance the mixing of C®and reverse micellar solution. The

volume of the liquid phase did not change with time after

equilibrium was reached. The pressure and the volume atl- RESULTS AND DISCUSSION
equilibrium condition were recorded. More G@vas added A, Phase behavior

and the volume of the liquid phase at another pressure was . . -
determined. The volume expansion coefficients were calcu- ".1 th'.s wor'k, volume expansion coefficient V) of the
lated on the basis of the liquid volumes before and aftelSOIUtlon is defined by

dissolution of CQ. Water and probes were precipitated from AV=(V—=Vy)IVy, 1)

the_ reverse micelles as the pressure o, @@s high en_ough, whereV is the volume of the solution expanded by £@nd
which could be observed at the bottom of the optical cell.,, ; .
\/ is the volume of the C®free solution. Figure 1 shows

Increasing the pressure further the micellar solution becam%e volume expansion ratio of the micellar solution

c!oydy. The pressure at wh.|ch the surfactant begins to pre(—[AOT]:O.1 Mw,=8) versus the pressure at 303.2 K ob-
cipitate is called a cloud point pressure.

tained in this work. As expected, the volume expansion co-
efficient increases with increasing pressure. We have also
studied the effects of AOT concentrati¢®.05 and 0.1 M

The FTIR spectroscopic apparatus consisted mainly of andwy (2, 5, 8, 10, and 150n the volume expansion in this
gas cylinder, a high-pressure pump, an IR spectrometework, which reveals that the effects are not considerable. The
(TENSOR 27, and a high-pressure IR sample cell. Thedetermined volume expansion coefficient allows us to deter-

C. Phase behavior of reverse micellar solution
with compressed CO ,

D. FTIR spectra
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FIG. 2. IR spectra of the CQexpanded reverse micelles (AOT FIG. 4. IR spectra of the carbonyl stretching vibration of AOT reverse
=0.1 M,w,=8) at 303.2 K and different pressures in the absorption regionmicelles (AOT=0.1 M,w,=8) at 303.2 K and different pressures.
of 1400-1350 crm'.

. . _ lapped with the intense absorption of €@ the region of
mine how much C@free reverse micellar solution should 35,4 3470 cm! However we can get some useful infor-
. Ioads_d mtoksamplg cell for tI;ehIR and UV investigations. ., 4iion ahout the microstructure of the reverse micelles by

In this work, we determined the pressures at which the, v ing the two bands in the wavelength ranges of 1400—
water begins to precipitate at 303.2 R(). For the reverse 1350 and 1775-1700 ¢y, as shown in Figs. 2—6
T'(g:elni\i/lr soLut::c)ms V;”thNO:z’ 57’68’ 10é 15,4?nd gg[AOZT] As examples, Fig. 2 shows the IR absorption bands of
=0.1 M), theP,, vaiues are 5 > 5.58,5.41,5.38, 5. 3{ andthe reverse micellar solutionsvg=8) at different pressures
5.07 MPa, respectively. It is evident thaf, decreases with in the wavelength range of 1400—1350 cmThe lowest
the increasingv,. This behavior results mainly from the fact eak in Fig. 2 is the absorption of the G®ee reverse mi-
that most water molecules_ in the reverse micelles ar%elles, where the broad band is attributed to the symmetrical
strongly hydrogeggtgfnded with the pqlar head of the Sur_facbending vibration of methyl group around 1375 ©m
tant at lowerwg.>>>" We also dgtermlned t_he cloud point [6{CHs)], the wagging vibration of methylene group
pressures R;) of the reverse micellar solution at 303.2 K around 1366 cmt 1385 cmit [w(CH,)], and the sym-
with AOT concentrations 0f 0.05 and 0.1 NP values at 1 qpicq) bending vibration of methylene group around 1393
t_hese two concentrations are 6.07 and 5.91. MPa, reSpeEFn’l[és(CHz)] of isooctane and AOT, respectivéfjOther
tively. It can be concluded that the water precipitates befor%pectra are the bands of the reverse micelles in the presence

the precipitation of the surfactant. of CO, at different pressures. It is evident that by increasing
B. FTIR stud the pressure from 2.50 to 4.98 MPa, the intensity of the band
: study increases progressively. It suggests that @i3solved in the

The FTIR is a commonly used technique to study thewater cores can be ionized and H§’O’s formed, and there
microstructure of reverse micellé%:% Many studies about is more HC@Q® at the higher pressures. This is similar to
the water/AOT/oil reverse micelles using the FTIR spectrosearlier investigations about the interaction between, @ad
copy have been reported in the absence of G0%%In these  bulk water or in the reverse micelles formed in SC £O
studies, the broad band of hydroxyl stretching(O-H)], CO, dissolves in the “water pool” of reverse micelles
centered at 3600 crt, is usually used in detailed investiga- formed in SC CQ and can be ionized (}0+CO,=H"
tions of water/AOT/oil microemulsiof?~*®Unfortunately, in ~ +HCO; '), which makes the “water pool” acidit’®2
this work, the absorption band cannot be utilized to study theClarke et al®® indicated that a broad but strong
properties of water in the reverse micelles because it is ovembsorption peak around 1360 ¢l in  water/

— IR spectrum
W T fitted peak
Y
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FIG. 3. IR spectra of the reverse micelles (A©0.1 M) in the absorption  FIG. 5. Deconvoluted carbonyl stretch peak of the reverse micelles (AOT
region of 1396—-1352 cnt at 303.2 K withw,=2, 8, and 25. =0.1 M,wy=8) at 303.2 K and3co2:4.98 MPa.
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CF;0(CFR,CF(CR;) 0)3CF,COO NH,/CO, reverse mi-
celles was due to the formation of HG& Figure 2 also
demonstrates that the intensity of this band decreases when
the pressure reaches 5.45 MPa, indicating the reduced quan- 2.0
tity of HCO3’1 within the micellar cores. This is easily un- "
derstood because most water is precipitated from the micellar

cores at this pressure. The IR spectra of the,@@e and s
CO,-expanded reverse micellar solutions at 2.50 MPa with —

wg values of 2, 8, and 25 are given in Fig. 3. Obviously, the [N
band of the CQ-free reverse micelles is nearly independent 1.0 0 1 2 3 4 35 6
of the wg, while the intensity of the band of the
CO,-expanded reverse micelles increases wigh This can
be attributed to the formation of Hcgé in the water cores. FIG. 6. Variation of intensity ratioI¢=1,740/117,) as a function of C®
The amount of the free water in reverse micelles increasegessures for the AOT reverse micelles (A©0.1 M,w,=8) at 303.2 K.
with increasingw,. Thus, more HCQ* is formed in the

reverse micelles with the largery, and the absorption peak

becomes higher. In order to obtain the working curve, we first determined
The changes of carbonyl stretching vibratjofC—=0)]  the UV spectra of BPB in citric acid buffers with different
situated around 1730 cm with the pressure also give mi- pH values. Some typical spectra are shown in Fig. 7. In Fig.
crostructure information on the G&xpanded reverse 7 o absorption peaks appear at 430 and 590 nm. This
micelles>>**°***The broad peak with an asymmetric shapegpectral feature corresponds to the proton dissociation of
shown in Fig. 4 suggests that the band is a fusion of peakgpp 85-67 At |ower pH, the BPB would be expected to exist
corresponding  to carbonyl groups in different 55 5 neutral molecule, which has an electronic transition at
microenvironments?°***A Gaussian curve fitting program 430 nm. While at highepH, it exists as ionized species and
is used to treat these peaks. As an example, Fig. 5 shows thg, electronic transition occurs at 590 nm. With the decreas-
peak in one spectrurtsolid line) of Fig. 4 before and after jng pH, the absorbance at 430 nm increases, while the ab-
the treatment, and the two peaks centered at T2@nd  gsorpance at 590 nm decreases. The absorbance intensity ra-
17212 cm ! are obtained, which correspond to different tios centered at 430 ninz,and 590 N 5o, are usually used
carbonyls ingaucheand trans configurations of the rota- 1q indicatepH in the buffer solution§’ The I 430/1590 Values
tional isomerism of AOT, respectively:****The variations  gecrease linearly with increasedi values in the citric buff-
of peak intensity ratiol( = 1,740/l 1727 are related to the po- grs, as shown in Fig. 8. The results in Fig. 8 are used as a
larity of the environment. In a more polar region, the ratioorking curve to study theH of water cores in the reverse
(I;) decreases because more conformations change frofjjcelles.
gaucheto trans® Equilibrium pH measurements of water cores inside the
The intensity ratio [;) as a function of CQpressure is  reverse micelles were carried out at 303.2 K and different
given in Fig. 6. The ratio decreases slightly with the increas?)ressures, and the, values were 5, 10, and 15, respectively.
in CO, pressure at pressures lower than 5.41 MPa. This demxs examples, Fig. 9 demonstrates some spectra of the BPB
onstrates that the micropolarity and ionic strength of the wain the water core of the reverse micelleg AQT]
ter cores are enhanced by the dissolved, Cthis effectis -1 M,w,=5) in the presence of CO It can be seen that
more significant at higher pressures because the solubility ghe apsorbance around 430 nm increases with the increasing
CGO, in the water cores should increase with increasing Presco, pressure, while the absorbance around 590 nm is de-
sure. The enhanced micropolarity and ionic strength result igreased. Th@H values inside the AOT reverse micelles un-
more polar groups directing toward the polar side of the in-ger gifferent CQ pressures were obtained from the working

terface, i.e., the configurations transfer frgaucheto trans  jine shown in Fig. 8, and the results are plotted in Fig. 10 as
Therefore, the ratio decreases with the increase of @€s-

sure. Thd, at 5.45 MPa is much higher because most of the
water in the reverse micelles is precipitated as discussed ear- 370 a
lier (P,=5.41 MPa). It can be concluded from the above-
given analysis that CQOin the solution cannot only tune the =1
properties of the solvent, but also can change the ionic
strength and the polarity of the water cores.

25

P/MPa

Absorbance

C. UV-uvis study

350 400 450 500 550 600 650

To explore thepH value inside the reverse micelles is
also very interesting. In this work, thEH of the water cores

inside the reverse micelles was measured using UV-vis A/nm
spectra, a?dman acid sensitive md|ca(BPB) was used as FIG. 7. Absorption spectra of BPB ¢410 ¢ M) in citric acid buffers over
the probe?®- the wavelength range 350650 nm.
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o ] FIG. 10. ThepH of bulk water and water cores inside the water/AOT/
FIG. 8. Dependence of the ratigyy/1s90 0n thepH of citric acid buffers at  ispoctane reverse micelles in equilibrium with different compressed CO
303.2 K. (T=303.2 K[AOT]=0.1 M).

) IV. CONCLUSION
a function of CQ pressure. As can be observed, for all the

reverse micelles with the differemt, values, thepH of the The effect of compressed G@n the properties of the
water cores decreases with the increasing, Gessure. Water/AOT/isooctane reverse micellar solution has been

These changes result mainly from the C@issolved and Studied with FTIR and UV-vis spectroscopic measurements,
ionized in the water cores. According to Henry’s law, an@long with the phase behavior observation. The results show
increase in pressure should enhance the solubility of @0 that the compressed GGcan dissolve in both organic-
the water cores. Therefore, more £i®ionized and the acid- continuous phase and the water cores of the reverse micelles.
ity of the solution increases. These results are consistent withne compressed GQn the isooctane expands the organic-
those of the IR studies, i.e., the ionic strength of the watefontinuous phase. The GOn the water cores changes the
cores increases with the increasing O@essures. In addi- PH, ionic strength, and micropolarity of the water cores in-
tion, Fig. 10 shows clearly that at a given fressure, the side the reverse micelles. These properties of the reverse
pH inside the reverse micelles decreases graduallygs Micelles can be tuned continuously by changing the pres-
changes from 5 to 15. This results mainly from the fact thaures of CQ@ because the solubility of CQin the solution
polarity of the water domains inside the reverse micelles inand in the water cores depends on the pressure.

creases aw is increased>®4®8%9and thus more CQOcan

be ionized. TheH of bulk water is smaller than those of the ACKNOWLEDGMENTS
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