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C O N S P E C T U S

In laboratory-based chemical synthesis, the choice of the solvent and the means of product purification are rarely determined
by cost or environmental impact considerations. When a reaction is scaled up for industrial applications, however, these choices

are critical: the separation of product from the solvent, starting materials, and byproduct usually constitutes 60-80% of the over-
all cost of a process. In response, researchers have developed solvents and solvent-handling methods to optimize both the reac-
tion and the subsequent separation steps on the manufacturing scale. These include “switchable” solvents, which are designed so
that their physical properties can be changed abruptly, as well as “tunable” solvents, wherein the solvent’s properties change con-
tinuously through the application of an external stimulus. In this Account, we describe the organic aqueous tunable solvent (OATS)
system, examining two instructive and successful areas of application of OATS as well as its clear potential for further refinement.

OATS systems address the limitations of biphasic processes by optimizing reactions and separations simultaneously. The reac-
tion is performed homogeneously in a miscible aqueous-organic solvent mixture, such as water-tetrahydrofuran (THF). The effi-
cient product separation is conducted heterogeneously by the simple addition of modest pressures of CO2 (50-60 bar) to the
system. Under these conditions, the water-THF phase splits into two relatively immiscible phases: the organic THF phase con-
tains the hydrophobic product, and the aqueous phase contains the hydrophilic catalyst. We take advantage of the unique prop-
erties of OATS to develop environmentally benign and cost-competitive processes relevant in industrial applications. Specifically,
we describe the use of OATS for optimizing the reaction, separation, design, and recycling of (i) Rh-catalyzed hydroformylation
of olefins such as 1-octene and (ii) enzyme-catalyzed hydrolysis of 2-phenylacetate.

We discuss the advantages of these OATS systems over more traditional processes. We also consider future directions that
can be taken with these proven systems as well as related innovations that have recently been reported, including the use of poly-
(ethylene glycol) (PEG) as a tunable adjunct in the solvent and the substitution of propane for CO2 as the external stimulus. OATS
systems in fact represent the ultimate goal for a sustainable process, because in an idealized setup there is only reactant coming
in and product going out; in principle, there is no waste stream.

1. Introduction and Background

Chemical processes inevitably involve a reaction

followed by a separation and/or purification of the

desired product. From an economic standpoint,

most of the capital and operating costs are in the

separation step; they are generally 60-80% of

the overall cost. From an environmental stand-

point, each of these steps (reaction, separation,

and purification) contributes to the environmen-

tal footprint of the process. Innovations have inte-

grated and continue to integrate economic and

environmental considerations (sustainability) into
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chemical processes. However, organic solvents remain the

basis of most chemical operations, driving many of our solu-

tion chemistry and separation issues. The development of sol-

vents that facilitate reaction and subsequent product

separation synergistically is therefore paramount to achiev-

ing both economically competitive and environmentally con-

scious alternatives.

Tunable and “switchable” solvents were specifically

invented to address and optimize both reaction and separa-

tion. For instance, switchable solvents are solvents that facil-

itate reaction and subsequent product recovery via their “built-

in” ability to change their physical properties abruptly.1 In

contrast, tunable solvents are defined as solvents that change

properties continuously upon application of an external stim-

ulus. Supercritrical fluids (SCF),2 near-critical liquids,2d,3 and

gas-expanded liquids (GXLs)2d,4 are examples of tunable sol-

vents. More specifically, GXLs are generally miscible mixtures

of an organic solvent with a gas, most often CO2, at moder-

ate pressure (3-8 MPa). Operationally, GXLs are formed by

the dissolution of CO2 into organic liquids. CO2 is a poor sol-

vent, whereas typical organics such as acetone and THF are

good solvents; thus a wide range of solvent properties are eas-

ily accessible.4f,5 CO2 is an ideal antisolvent because it is envi-

ronmentally benign, easily removed, and recyclable.

At moderate pressures (less than 8 MPa), gaseous CO2 has

infinite solubility in many organic solvents including alcohols,

ketones, ethers, and esters (at much lower pressures than

those required for supercritical fluid processing). In contrast,

CO2 is virtually insoluble in water. Therefore, addition of CO2

to a miscible organic/water mixture can result in a phase sep-

aration. This ability of “switching” from a single phase (aque-

ous/organic mixture) to a multiphasic system upon addition of

modest pressure of CO2 is central to organic aqueous tunable

solvent (OATS).

For example, in the phase diagram for THF/water (Figure 1),

the upper loop shows the two-phase region where THF and

water are only partly miscible.6 To achieve phase separation

in this binary system, the temperature must be raised above

the lower critical solution temperature of 72 °C. Yet, the region

inside this loop does not offer an efficient separation since the

mutual miscibilities between water and THF are significant,

leading to considerable contamination of each phase. How-

ever, by application of only 1 MPa of CO2 pressure on the

water/THF system, the critical temperature is lowered dramat-

ically and the split becomes quite significant.7 This unique

ability offers powerful opportunities to develop strategies to

separate and recycle homogeneous catalysts efficiently.2d,4e,8

Similarly in other systems such as acetonitrile/water, the addi-

tion of CO2 can raise an upper critical solution temperature to

achieve similar goals.2d,9

The separation and recycling of homogeneous catalysts

has enormous implications for sustainable technology. Homo-

geneous catalysts are generally more active and more selec-

tive than heterogeneous catalysts. Furthermore, they eliminate

all mass transport limitations. Homogeneous catalysts are

especially useful for chiral syntheses because they almost

always result in superior enantiomeric excesses compared

with heterogeneous catalysis. However, they are often expen-

sive or toxic. But most importantly, the separation of the cat-

alyst from the products is nontrivial. This is often cost- and

solvent-intensive because of their inherently homogeneous

nature. Strategies such as catalyst tethering have been

explored with various degrees of success to improve the cat-

alyst separation from the products.10

Organic aqueous tunable solvents (OATS) differentiate

themselves by taking a phase equilibrium approach: the reac-

tion is carried out homogeneously in a single phase, and then

a phase separation is triggered upon application of a stimu-

lus (such as CO2 pressure) to form a heterogeneous system.

The newly formed multiphasic system allows for easy and effi-

cient product recovery (in the GXL phase) and catalyst recy-

cling (in the aqueous phase). In addition, OATS systems allow

for enhanced separation as the antisolvent (CO2) renders the

organic phase a weaker solvent.9 Figure 2 illustrates the

advantages of OATS for enhanced separation. On the left is

the homogeneous, miscible solvent mixture water/THF and a

hydrophilic catalyst analogue (a dye) at atmospheric pressure.

At 30 bar of CO2 pressure, the phase split has taken place (on

the right), with the upper phase being the CO2-THF-expanded

phase and the lower phase the water-rich phase. The hydro-

philic catalyst analog partitions predominantly in the aque-

ous phase; in fact, it could not be detected in the organic

phase. The resulting distribution coefficient is therefore greater

than 106.

FIGURE 1. Liquid-liquid phase boundary for THF/water. The effect
of 1.0 MPa of CO2.
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A general processing scheme (Figure 3) highlights the three

key features of OATS processes: (1) the reaction is performed

homogeneously (maximizing reaction performance), (2) the

product separation and isolation is conducted heteroge-

neously (optimizing product recovery), and (3) the organic sol-

vent, aqueous phase (containing the catalyst or additives) and

CO2 can all be recycled (minimizing the waste stream of the

process). The diagram is ideal for a sustainable process; there

is only reactant coming in and only product coming out. All

other streams are recycled, and in principle, there is no waste

stream.

OATS offer unique advantages for coupling reaction and

separation. We report herein (1) the Rh-catalyzed hydroformy-

lation of olefins like 1-octene and (2) the enzyme-catalyzed

hydrolysis of 2-phenylacetate reaction, coupled with separa-

tion and catalyst recycling schemes in OATS.

2. Description of Application:
Hydroformylation of Olefins
The hydroformylation of propylene to form butyraldehyde has

been widely explored (Figure 4).11 In fact, the water/organic

biphasic technique, popularized by the Ruhrchemie/Rhône-

Poulenc process, produces 900 000 t annually.12 In this pro-

cess, the aqueous phase contains the hydrophilic catalyst,

while the organic phase is essentially propene, butyraldehyde,

or both. The heterogeneous nature of this process allows for

the hydrophilic catalyst to be easily separated and recycled. It

is important to note that the reaction is taking place in the

aqueous phase, making the solubility of the alkene in the

aqueous phase a critical factor for the viability of the process.

While the solubility of propylene in water (200 ppm)13 is suf-

ficient for catalysis, the biphasic approach cannot be extended

to longer-chain olefins, such as 1-octene (<3 ppm solubility).14

Hallett et al. demonstrated the benefits of OATS to couple

the homogeneously catalyzed hydroformylation of 1-octene

with a heterogeneous separation (Figure 5).4e The 1-octene

solubility limit is increased more than 10 000-fold by the addi-

tion of tetrahydrofuran (THF) as cosolvent in a 70% (v/v) THF/

water mixture, securing a homogeneous reaction. The

partitioning of the catalyst in the CO2-induced biphasic sys-

tem represents a key variable in the industrial process,

because easy catalyst recovery is the biggest advantage of a

biphasic system. Hence, the solubility of the two hydrophilic

ligands (TPPTS and TPPMS, Figure 5) in THF was investigated

as a function of CO2 pressure.

In the absence of CO2, both TPPTS and TPPMS were com-

pletely soluble in the mixed solvent (70% (v/v) THF/water).

Upon the application of CO2 pressure, however, both ligands

partitioned favorably into the aqueous phase (Figure 6). TPPTS

partition coefficients were slightly superior to those of TTPMS.

(The partition coefficients were defined as the ratio of the

ligand concentration in the aqueous phase to the ligand con-

centration in the organic phase; they were determined via UV

measurements.) For example, the partition coefficient of TPPTS

in a 70:30 (v/v) THF/H2O mixture varied from 1400 to 4100

as the CO2 pressure was increased from 20 to 50 bar (Figure

2). The partition coefficients for TPPMS were slightly lower,

varying from 1000 to 2600 from 17 to 44 bar. Regardless of

CO2 pressure, the hydrophobic, nonsulfonated TPP was insol-

uble in the aqueous phase. Operationally, the results demon-

strate that the reaction can be run homogeneously in the

absence of CO2. However, upon modest CO2 pressure, both

TPPMS and TPPTS would be retained dominantly in the aque-

ous phase, ensuring >99.9% recovery.

FIGURE 2. Water-THF mixture with dilute water-solute dye (red):
left side, ambient pressure; right side, 3.0 MPa of CO2 pressure.

FIGURE 3. Schematic for an OATS-mediated process.

FIGURE 4. Hydroformylation of propene to butanal (linear product)
and 2-methylpropanal (branched product).

Organic Aqueous Tunable Solvents (OATS) Pollet et al.
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The partitioning of 1-octene (the starting material) and

nonan-1-al (the linear aldehyde product) between the water-

rich and organic-rich phases was also reported as a function

of added carbon dioxide in the CO2/THF/water ternary sys-

tem at 25 °C (Figure 7).4e The concentration of 1-octene in the

THF-rich phase increased by more than 2 orders of magni-

tude at only 17 bar of CO2. The nonanal partitioning was also

high; at 26 bar of CO2, the nonan-1-al was 2500 times more

soluble in the GXL phase than in the aqueous phase. Further,

the 7 bar of CO2 pressure required for 99% recovery of

1-nonanal is much lower than the syngas pressure required

for the reaction (31 bar).

The product yields and reaction selectivity toward the lin-

ear or branched aldehyde products was investigated for the

Rh-catalyzed-hydroformylation of 1-octene as a function of

catalysts, specifically Rh-TPP (triphenylphosphine), Rh-TPPTS

(triphenylphosphine tris-sulfonated sodium salt), and Rh-

TPPMS (3-sulfophenyl)diphenyl phosphine sodium salt).4e The

linear-to-branched ratio was found to vary slightly from ligand

to ligand. The most remarkable difference in the effect of the

ligands was observed in the product distribution (Figure 8). At

120 °C, the turnover frequency (TOF, based on yield of alde-

hydes) of a classic biphasic system was roughly 4 h-1 whereas

for the OATS monophasic system it was 350 h-1. The TPPTS

ligand yielded approximately equal amounts of aldehydes

and olefin isomers: 38% each of aldehydes and isomers at

120 °C, 24% aldehydes and 28% isomers at 80 °C, and 1%

FIGURE 5. Hydroformylation of 1-octene to form 1-nonanal (linear product) and 2-methyloctanal (branched product).

FIGURE 6. Partition coefficient of TPPTS and TPPMS ligands in 70/
30 (v/v) mixture THF/water at 25 °C as a function of CO2 pressure.

FIGURE 7. Partitioning of 1-octene and nonan-1-al between GX-
THF and water at 25 °C as a function of CO2 pressure.

FIGURE 8. Product distributions for monophasic and biphasic
hydroformylation using Rh/ligand at 120 °C. Each reaction was
performed for 1 h with a substrate/Rh ratio of 500:1 and ligand/
metal ratio of 10:1. The monophasic systems contained a 70:30
(v/v) mixture of THF/water, while biphasic systems contained no
THF.
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each of aldehydes and isomers at 40 °C (the remainder in

each case was unreacted 1-octene). Meanwhile, the TPPMS

yielded 72% aldehydes and 20% olefin isomers at 120 °C,

85% aldehydes and only 4% isomers at 80 °C, and 21%

aldehydes and 1% isomers at 40 °C. Neither sulfonated ligand

system performed as well as the unmodified TPP (91% alde-

hydes, no isomers at 120 °C). The authors hypothesized that

the difference in aldehyde/isomer ratio was caused by the

electronic effects resulting from adding the sulfonate groups

in the meta-position on the phenyl rings.

Overall, catalysis with the TPPMS ligand (at 80 °C) com-

pares favorably with that for the TPP system (at 120 °C) in

terms of conversion to aldehydes (85% versus 91%, respec-

tively) and isomers (4% versus 1%). In contrast with the TPP-

based catalyst, the hydrophobic TPPMS catalyst is easily

separated, recovered, and recycled using OATS. Indeed, the

TPPMS was recycled successfully three times with the organic

phase being removed and refreshed after each run. The TOFs

were consistent from cycle to cycle, varying from 51 to 47 to

54 h-1 (Figure 9). The consistency in the reaction rate upon

recycle corroborates minimal loss of activity of the catalyst. In

addition, no rhodium losses/leaching in the organic phase

were detected using atomic absorption spectroscopy (AAS)

(detection limit <1 ppm).

Blasucci et al. reported the Rh-TPPMS-catalyzed hydro-

formylation of p-methylstyrene in OATS (Figure 10).15 p-Me-

thylstyrene cannot isomerize like 1-octene and was chosen as

a model compound because it is an analog to an ibuprofen

precursor, p-(2-methylpropyl)styrene.16 Thus, the study

focused on optimizing the aldehyde product yield along with

the branched (desired) to linear selectivity.

The conversion and branched product selectivity after 1 h

of reaction time are shown in Figure 11. The selectivity toward

the branched aldehyde is altered moderately by the increase

in temperature (>95% at 40 °C, 80-85% at 80 °C). This

decrease in branched product yield with increasing tempera-

ture was attributed to the competing hydride elimination

reaction.15,16 At 80 °C, complete conversion of the starting

material occurs in less than an hour. The turnover frequency

(TOF, moles reacted per moles catalyst per hour) of the homo-

geneous TPPMS catalyst is 92, 406, and 402 at 40, 80, and

120 °C, respectively, an order of magnitude higher than with

the comparable heterogeneous catalyst.17

The partitioning of p-methylstyrene and 2-(p-tolyl)propa-

nal between the aqueous- and acetonitrile-rich liquid phases

at ambient temperature was measured as a function of CO2

pressure (Figure 12). The recovery of 99.5% of the product

and reactants was achieved upon the addition of 3 MPa of

CO2 pressure. Interestingly, an exponential increase in the par-

tition coefficient of both the p-methylstyrene and 2-(p-tolyl)-

propanal occurred with increasing CO2 pressure. This was

explained by the decreased organic content in the water

phase and decreased water content in the organic phase.9 At

higher pressures of CO2, one would expect the partition coef-

ficient’s exponential increase to plateau (as seen the octane

system, Figure 7) due to the partitioning of the product reach-

ing its maximum and the dilution of the gas-expanded organic

phase.

The hydroformylation reaction of 1-octene and p-methyl-

styrene was successfully conducted homogeneously in OATS.

In contrast with more traditional approaches, the separation

was carried out heterogeneously by applying modest pres-

sure of CO2. The resulting GXL-product rich phase could be

easily separated, while the aqueous-catalyst phase was

recycled.

3. Description of Application: Enzymatic
Catalysis
Enzymes are an important class of hydrophilic catalysts and

are frequently used with hydrophobic substrates. Eckert et al.

reported the alcohol dehydrogenase (ADH)-catalyzed reduc-

tion of hydrophobic ketones in OATS (Figure 13),2d where the

organic-aqueous miscible solvent was dimethyl ether (DME)

and water. This particular OATS system allowed for the

enhanced solubility of the hydrophobic substrate 4-tert-butyl-

cyclohexanone by a factor of 5 with only 10% DME. In addi-

tion, the addition of DME stabilized the NADH cofactor,

increasing its half-life by a factor of 2. However, there was

about a 10-fold reduction in enzyme activity for the reaction

in DME-water mixtures for three substrates (acetone, 2-hex-

anone, and cyclohexanone). After reaction, the DME-rich

phase (containing the product) was separated from the aque-

ous phase (containing the enzyme) for recycle of the catalyst.

FIGURE 9. Aldehyde production (TOF) for successive
hydroformaylation with recycled Rh/TPPMS catalyst at 120 °C. Each
reaction was performed for 1 h with a substrate/Rh ratio of 546:1
and a ligand/metal ratio of 10.6:1. The yield on each cycle
exceeded 80%.

Organic Aqueous Tunable Solvents (OATS) Pollet et al.
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Biocatalytic reactions and separations with soluble Can-
dida antarctica lipase B (CALB) were also conducted in OATS.

CALB is an attractive choice for use in OATS as a versatile

enzyme for esterifications of hydrophobic acids and alcohols

as well as for ester hydrolyses in a range of solvents and in

supercritical CO2.18 Broering et al. reported the hydrolysis of

2-phenethyl acetate (PEA) to 2-phenylethanol (2PE) (Figure

14).19 The hydrolysis of PEA in buffered dioxane (40%) OATS

yielded an average of 50% conversion per cycle, and a volu-

metric productivity (expressed by the space-time yield) of

27.4 g L-1 d-1. This is almost 5 times more than that

observed in pure dioxane.

Upon optimization, the OATS system offered an 80%

recovery of reaction products in the organic phase, display-

ing less than 10% apparent biocatalyst activity loss after six

recycles. Specifically, a 40% dioxane/60% water mixture was

chosen because this mixture provided increased substrate sol-

ubility and the highest observable reaction rate. After 2 h of

reaction, CO2 pressure was added to induce a phase split. The

two resulting phases were the GXL-dioxane phase and the

aqueous-rich phase. The organic layer was decanted under

pressure, and after the removal of CO2, the next cycle began

upon the addition of the buffer solution containing PEA in

dioxane. The cycle time, from the beginning of one reaction

to the next, averaged three hours. Two trials of six consecu-

tive reactions and separations were conducted. The results are

shown in Figure 15.

The CALB-catalyzed reaction was first-order with respect to

PEA concentration, with an apparent rate constant of 0.0067

min-1. This observation indicates that the enzyme kinetics

were not substrate-saturated at these concentrations. The con-

version decreased by 10-15% by the sixth reaction, suggest-

ing some deactivation of CALB. However, since some of

enzyme was removed due to sampling; the total enzyme con-

centration in the reactor was diluted as new solution was

added to begin new cycles. This dilution effect could account

for 11% of the 15% loss of conversion by the sixth reaction.

In addition, the pH of the reaction mixture decreased from 8

to 5.5 over six cycles (Figure 15). This was most likely owing

to residual CO2 and accumulation of acetate in the aqueous

phase. CALB reaction rates would decrease by up to 20%

when the pH was reduced from 8 to 5; thus, the pH drift could

also explain the conversion loss.

Biocatalytic OATS reaction-separation schemes fulfill an

identified need to develop new techniques to meet current

challenges in biochemical synthesis.20 By integrating reac-

tion and separation, simpler and simultaneously more effi-

cient processes with a reduced physical footprint could be

designed. Biocatalysis in OATS is feasible and can be an effec-

tive option for designing biocatalytic processes, especially

FIGURE 10. Hydroformylation of p-methylstyrene to the 2-(p-tolyl)propanal (branched product) and the 3-(p-tolyl)propanal (linear product).

FIGURE 11. Conversion and 2-(p-tolyl)propanal selectivity of
p-methylstyrene hydroformylation after 1 h. Error bars represent
root mean-square deviations.

FIGURE 12. Partition coefficient versus pressure for
2-(p-tolyl)propanal and p-methylstyrene between acetonitrile- and
water-rich liquid phases at room temperature.

FIGURE 13. ADH-catalyzed reduction of ketones with NADH
regeneration.

Organic Aqueous Tunable Solvents (OATS) Pollet et al.
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when hydrophobic substrates are involved. The major limita-

tions of this technique for enzyme catalyst are loss of activity

due to the polarity of the organic solvent and the effect of low

pH on denaturation of enzymes. The first is controlled by care-

ful choice of enzyme; the second can be ameliorated by buff-

ering or by using a gas other than CO2, such as ethylene.

4. Potential Future Applications

The impact of OATS was extended with the recent applica-

tions of poly(ethylene glycol) (PEG)/organic tunable solvents

(POTS) for the palladium-catalyzed carbon-oxygen coupling

of 1-bromo-3,5-dimethylbenzene and o-cresol to potassium

hydroxide to produce o-tolyl-3,5-xylyl ether and 1-bromo-3,5-

di-tert-butylbenzene to potassium hydroxide to produce 3,5-

di-tert-butylphenol in PEG400/1,4-dioxane/water.15 The ether

product was four times more concentrated in the organic-rich

phase, and the catalyst was nearly 30 times more concen-

trated in the PEG-rich phase. In the synthesis of 3,5-di-tert-
butylphenol, the (alcohol) product affinity for the PEG-rich

phase made the separation less efficient than for the ether

product. The rhodium-catalyzed hydroformylation of p-meth-

ylstyrene in water/acetonitrile to form 2-(p-tolyl)propanal was

also reported.15

In addition, the authors report a novel tunable solvent sys-

tem based on a modified OATS where propane replaces car-

bon dioxide. This represents the first use of propane in a

tunable solvent system. The phase behavior of propane/water/

THF was measured (Figure 16).15 This system has the poten-

tial to improve phase purity, to use lower operating pressures,

and to eliminate acid formation when compared with CO2-

based OATS (Tables 1 and 2). This could be a powerful alter-

native for enzyme-catalyzed process, eliminating the need for

buffering (required when CO2 is employed). These are just

some examples where careful design of tunable solvent sys-

tems can benefit reaction and separation simultaneously.

5. Conclusions

Organic aqueous tunable solvents (OATS) are most effective

when (1) they provide comparable or enhanced catalyst activ-

ity (in the homogeneous form), (2) the catalyst is efficiently

retained in the aqueous phase (after the induced phase split),

and (3) the product partitioning to the organic-rich phase is

enhanced. Metal-catalyzed hydroformylation reactions were

conducted successfully in OATS with a reaction rate up to 85

FIGURE 14. CALB-catalyzed hydrolysis of 2-phenethyl acetate (PEA) to 2-phenylethanol (2PE).

FIGURE 15. Conversion ([, 9) and initial pH (], 0) of recycled
OATS reactions for trial A ([) and trial B (9).

FIGURE 16. Ternary phase behavior diagram of the
water/propane/THF system at 313 K with composition in wt %.

TABLE 1. Ternary Phase Behavior of Carbon
Dioxide/Tetrahydrofuran/Water System at 313 K in Weight Percent

water-rich phase (L1) tetrahydrofuran-rich phase (L2)

P (MPa) �CO2 �THF �H2O �CO2 �THF �H2O

0.99 0.013 0.117 25.1 0.045 0.511 0.444
2.42 0.028 0.072 21.7 0.23 0.545 0.225
3.86 0.015 0.047 20.2 0.421 0.464 0.115
4.49 0.005 0.038 20.7 0.557 0.381 0.062
5.21 0.03 0.033 19.9 0.625 0.324 0.051

TABLE 2. Ternary Phase Behavior of Propane + Tetrahydrofuran +
Water System at 313 K in Weight Percent

water-rich phase (L1) tetrahydrofuran-rich phase (L2)

P (MPa) �Propane �THF �H2O �Propane �THF �H2O

0.64 0.001 0.247 0.752 0.126 0.819 0.055
0.85 0.002 0.229 0.769 0.242 0.724 0.034
1.12 0.006 0.163 0.831 0.29 0.673 0.037
1.35 0.009 0.155 0.836 0.446 0.532 0.022

Organic Aqueous Tunable Solvents (OATS) Pollet et al.
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times higher than traditional systems. In addition, the separa-

tion of the catalyst was trivial: upon modest CO2 pressure, a

phase a split occurred to form a GXL phase (product phase)

and an aqueous phase (containing the hydrophilic catalyst).

The product phase was separated by simple decantation

allowing for the aqueous catalyst phase to be recycled. This

approach proved also beneficial for enzyme-catalyzed reac-

tions such as the hydrolysis of 2-phenethyl acetate (PEA) to

2-phenylethanol (2PE). Ultimately, OATS allowed for 80%

recovery of reaction products in the organic phase and for the

aqueous catalyst phase to be recycled 6 times with less than

10% apparent biocatalyst activity loss. The recent develop-

ment of PEG tunable systems and the use of propane in place

of CO2 demonstrate the future potential of these versatile sys-

tems. OATS offers unique features to facilitate synergistically

reaction and subsequent product separation to develop

economically competitive and environmentally beneficial

processes.
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