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A switchable-hydrophilicity solvent (SHS) is a solventttiraone state forms a biphasic mixture with water but can bersbly
switched to another state that is miscible with water. Allthé amine SHSs that we have reported previously lie within a
particular basicity and hydrophilicity range.f0< pKan < 11 and 10 < logKew < 2.5, respectively). We report an extension of
this range by altering the pressure of Ca¥ well as the water:SHS volume ratio used in the processedaing the pressure of
CO, and/or the water:amine volume ratio allows some amines pkjy < 9.5 or logKqy > 2.5 to function as SHSs.

1 Introduction

Separating organic products from solvents is a common step
after organic syntheses and extraction processes. lydegt
ularly uses volatile organic solvents so that the solvent ca
be removed by distillation, but many of these solvents are
flammable and smog-forming. In contrast, switchable hy-
drophilicity solvents (SHSs), because they can be removed
from product and recycled without distillation, do not neéed Fig. 1A switchable-hydrophilicity solvent changes from

be volatile; they therefore offer a potentially safer aiaive. ~ hydrophobic to hydrophilic upon addition of G@nd then back to
Now that many SHSs are knowh? one can easily choose an NYdrophobic upon removal of GO

SHS that is not volatile and that has little acute toxicityhe

ayoidance of distillation may also result in energy s_avjmlgt_i; _is the hydrophobic form of the solvent and [HNRHCO;]
this depends upon the energy costs associated with swdching the hydrophilic form). Reversion of the hydrophilic form
the solvent. Their utility has been demonstrated for variou {4 the hydrophobic form is achieved by removal of the CO

separation processes - the isolation of bitumen fromstr71e Oiby heating and/or sparging the mixture with air. The method
sands? vegetable oil from soybearfs; bio-oil from algae’ by which an SHS can be used and recovered without distil-

polystgrene from waste polystyrene fodhand phenols from |44ion is illustrated by the extraction process shown inufég

lignin.” They can also be used as draw solutes for forwardy e formation of carbamate salts rather than bicarbon-

osmosist®*2While other nonvolatile solvents, such as ionic e sajts is avoided by the use of tertiary or bulky secondan

liquids and liquid polymers, have been suggested in thealite  gmine SHSs. Carbamate salts are not preferred because t'iey

ture, the removal of product from such solvents often resguir require more energy input during the removal of O@hen

the assistance of a volatile organic solvent, which nega®@s oqtoring the amine solvent to its native hydrophobic state

safety advantages. o _ The predominant anion is bicarbonate rather than carbonai=
An SHS is a solvent that exists in two forms, one of which qye g the instability of the carbonate anion over the oleserv

is hydrophobic and has low miscibility with water while the pH ranges. The acidity of the second proton of carbonic acic

other is hydrophilic and has high miscibility with water. &h ;g comparable to the acidity of the protonated aminé,(e
transformation of the one form to the other could in theorysg).

be triggered in a number of ways, but in published examples

is triggered by the addition of CQO(Figure 1). The result-

ing carbonated water reacts with the SHS, protonating it and NR3(aq) + H20<|) +C02(g> = HNR?J,r(aq) + HCO,;(aq) Q)
forming a water-miscible bicarbonate salt (eqn. 1, wherg NR

Many SHSs have been reporteti*15since our discovery
Queen's University, Chernoff Hall, Kingston, Canada.  E-mail: of this kind of solvent in 201d. In a recent paper, we com-
philip.jessop@chem.queensu.ca pared 23 different SHSs in terms of each amine’s effectisgne
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except where otherwise specified. All pressures are alesolur
rather than gauge pressures. In our earlier study, a pasamet
Z was introduced where @ Z < 1.2 Solvents withZ close to

1 were predicted to be succesful SHSs defined as

Extract
with
solvent

Add water

& COz

hydrophilic
solvent
& water d

hydrophobic
solvent

ng —Ng
Meot

whereny is the total number of moles of amine present in
the system. We originally defineg; andng as the number of
moles of amine dissolved in the water before and after adc.-
tion of CQ,, but we now modify the definitions ofz andng

to mean the number of moles of amine dissolved in the we
ter when the partial pressure of G@ low (Pco,) and high
(Péoz), respectively. Eqn. 2 can be represented in a more con
venient way,

Fig. 2 The process by which an SHS can be used to extract soybean 7 — Mvrat(g -9 3)

oil from soybean flakes without a distillation step. The dashed lines p

indicate the recycling of the solvent and the water. Reproduced fromvhereM is the molar mass of the solvent apds the density.
Ref. 1. S and S represent the water solubility of the solvent under
different pressures of C{Pco, andP(’:Oz, respectively). They

are described by

)

and environmental impactlt was shown that all successful

tertiary and bulky secondary amine SHSs had aciditi&gi{(p 1 [Kw+KiKyPeo
and hydrophilicities (Iodtow) Within a particular range. The S=[Blag | 1+ o W (4)
pKan ranged from 9.5 to 11, and the I&g, ranged from aH +[BlagKay
1.0 to 2.5. These ranges were predicted from a mathematgng
cal model which could be used to narrow the search for SHS Koo+ Kq Ky P
didateg _ (1 | DwT M eo,

candidateg S=[Blyg |1+ — (5)

In the present study, these ranges are expanded to include Kat 1+ [BlagKqp

solvents which are not miscible with water under our stan-

Q-
dard conditions (1 bar of CQOand a 1:1 volume ratio of wa- Where[B]aq represents the concentration of neutral amine d.'.‘
) ) o solved in the aqueous layer and is evaluated from the equilib
ter to amine solvent) but which become water-miscible under. . . ) S
o : : rium reaction with water, noting that equilibrium is readhe
other conditions. By using the mathematical model we re- i .
. - when[B],, = S— [HB™],4. We assume thgB],, remains un-
cently published we can vary the extrinsic parameters SUChchan ed qafter additionqof K. is the a grent first acid
as the pressure of CQPco,) and the volume ratio of water to 9 2 K bp

; " dissociation constant of carbonic acidg4 10°7),16 Ky is
amine solvent\(;z;) and observe the effect on solvents which the Henry's law constant for CL(0.034 M/bar)” andK, is
lay outside the originally identified range of requiré€,g and Y ) ' W

. 714 .
logKow Values. The effects of these parameters on SHS pe;[-h c auto_protoly8|s constant of water{10™™). Equation 3
an easily be rearranged fgg;.

formance are described for the two-liquid system (SHS and

water, Figure 1) and the three-liquid system (SHS/water/oi Zp

as seen in the top right portion of Figure 2). While the nature Vrat = m (6)

of the oil phase could vary greatly depending on the applica- ) .

tion, we have used 1-octanol in this study as a represeatativ At f|r§t we assumed th&?éoz, the pressure used to switch

oil phase. the amine to the hydrophilic form,_ was 1 bar. A plot of Z
as a function of lo¢ow and Ky (Figure 3a) shows the re-

o o gion where functional SHSs can be found. However, if one is

2 Optimizing the two-liquid system willing to consider using a higher pressure of £ trigger

the change to hydrophilicity, then these equations can éé us

First, we defindco, to be the partial pressure of G@resent ;i PLo, as a variable anBeo, is assumed to be zer@.,
when the SHS is supposed to be hydrophobic. We also define 2 2 2

Péoz to be the CQ partial pressure when the SHS is suppose e contained withirS, but can be isolated algebraically.
to be hydrophilic. Under our standard conditioRsp, = 0 o ( ZpKan )2 (1+ [BlagKyt)  Kw
co, =

bar andP~~ =1 bar. In this papef-o, is assumed to be zero - ()
co, pap ) M[B]aquat K1Kn KiKn
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The last term of eqn. 7 is very small and can be neglected.
This suggests that amines witKgys lower than 9.5 can still  (q)
serve as SHSs if a higher pressure of,G©used during the
switching process. Indeed, a mapZn‘assumingPéO2 =10

bar of CQ, produces a larger range of SHSs than when as-
suming 1 bar of CQ (Figure 3b). A high pressure SHS will
switch back to its native hydrophobic state when the system i
depressurized.

We can further modify the system by supposing &,
the partial pressure of C{present when the amine is sup-
posed to be hydrophobic, is not zero but rather some positive 0r
pressure such as 1 bar. By this method, we can predict which 0.1
of these SHSs will switch off very easily when the 10 bar of -2 ] ‘ ‘ ‘ ‘ 0
CO, is released. We predict that these SHSs will be above
(higher logKow) and/or to the left (lower I§an) of the area de-
scribing the switchable zone whl?@o2 = 1 bar but within the
area defined whelf?é02 = 10 bar (Figure 3c). Four amines
that we will discussN, N-diethylcyclohexylamine (DECA),
tripropylamine (TPA),N,N-dimethylbenzylamine (DMBA),
and 1-dimethylamino-2-pentyne (DMAP), fall within the pre
dicted region but a fifth,N, N-diisopropylethylamine (DI-
PEA), does not.

We can predict what pressure of G@ needed in order
to cause the system to be monophasic by setijngqual to
zero. DECA (properties listed in Table 1) does not switch to a
hydrophilic form when using an equal volume of water and
1 bar of CQ, but N,N-dimethylcyclohexylamine (DMCA)
does. By settingiy = 0 and solving forPéOZ, one can pre-
dict that DECA will become water-miscible %02 —=29bar ©
(with Vigt = 1.0). In practice, the DECA/water mixture was
biphasic at 3.0 bar and monophasic at 3.5 bar, showing that
the predictions of the minimunaéo2 by the equations are not
particularly accurate. However, with the exception of ister
cally bulky DIPEA and TPA, the equations predict the correct
trends. The same procedure can be used to determine the wa-
ter:SHS volume ratio needed to switch whgp, = 1 bar. We
predict that the DECA/water system will become monopha-
sic under atmospheric pressure of Q@henVig = 1.7. Ta- 01
ble 1 summarizes these results for four other amine solvents ‘ ‘ ‘ ‘ ‘
and compares the predicted values to experimental observa- 6 8 10 12 14 16 18
tions. As noted above, DIPEA is qualitatively differentrfro PKan

the other four and therefore will be discussed separately.
Fig. 3 Theoretical maps indicating the region of high SHS viability

It should be noted that thie-,, required to trigger misci- = S o
2 in a two-liquid system at (af)’co2 = 1 bar andPco, = 0 bar, or (b)

bility is a function ofV;4. Therefore, it is possible to predict o

the effect of changing both variables simultaneously. Fgu P.éoz = 10 bar andco, - Obar. The regulon.m (f) represents the

4 shows that a¥ for 4 amines (DECA, TPA, DMAP and h!gh prgssure SHSs which are water-mlsmblé’@‘i =10 bar but .

DMBA) is increased, less pressure is needed to trigger misEA'phas'C_a':ﬁozdjfl bar. Tbhetse SHSs should S‘(’j"'tgh onLvery easgy.t

cibility. The data points at 1 bar of COvere measured by ap (c)is the ciference between maps () and (b). The green dots
. . - L . represent confirmed amine SHSs. The red dots represent the new

preparing water/amine mixtures with increaswjg values in L

! . SHSs presented in this study.

intervals of 0.5. CQwas bubbled through each amine/water

system, starting with the lowesty;, until the system became

PKan
(b)
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Table1 Tertiary amines exhibiting switchable behaviour under non-standawitoor s

Amine Kan logKow? Predicted Experimental Predicted Experimental
Viat” Viat® P(/:OZC (ar) P(/:Ozc (bar)

N, N-diisopropylethylamine (DIPEA) 114 2.3 0.4 1.5-2.0 0.1 4.0-7.0

N, N-diethylcyclohexylamine (DECA) 10.7 29 1.7 1.5-2.0 2.9 3.0-3.5

tripropylamine (TPA) 10.6° 2.8 1.5 2.5-3.0 2.3 3.5-4.0

N, N-dimethylbenzylamine (DMBA) 9.8 2.0 3.6 4.5-5.0 14.9 4.0-7.0

1-dimethylamino-2-pentyne (DMAP) 7.88 1.6 5.3 6.5-7.0 4% 4.0-7.¢

a predicted using VCCLAB software (ALOGP%)23

b The minimum water:amine ratio required to obtain miscibility under 1 bar of &Q5C

¢ The minimum CQ pressure required to trigger miscibility in a 1:1 water:amine (v/v) mixture 3€25
d At a 3:1 volume ratio of water to amine

monophasic. The sample with the low&gd; value that be- 10
came monophasic after treatment with 1 bar of,@&Jeported
as the high value in Table 1.

All data points at higher pressures were determined using
a high pressure vessel. A mixture of water and amine was
placed in a pressure vessel. Sudan Ill dye, which dissolved iz 61
the amine layer, was added to help improve the visual cdntra%
between the phases. The pressure was increased in 0.5 kar , |
intervals until a red solution was observed. At each interva
the system was allowed 60 minutes to equilibrate.

DIPEA differs from the other four new SHSs in that it does 2}
not fall into the region predicted in Figure 3c. Itis not inded
in Figure 4 because eqn. 3 predicts that it should switchunde
normal conditions. Indeed, given its relatively highzp and 0
low logKow, One would expect DIPEA to be water-miscible
under 1 bar of CQ. We have assumed that steric bulk aroundFig. 4 The curves show the values®f, which yield a maximum
the nitrogen has no effect on SHS performance, which may notalue ofZ for DECA, TPA, DMAP and DMBA as a function ofa,
be truel® It could be that steric crowding around the nitrogen calculated using eqn. 3. The data points indicate the experimentally
may destabilize a SHS:bicarbonate counter-ion networlén t determined range of pressures (within 0.5 bar) needed to achieve a
aqueous phase, thus requiring a higher energy investment {Bo_nop_hasw system. Sudan Il dye Was_used to mo_nlt_or the phase_
promote a switch to a hydrophilic form. Further developmentSWItCh |'n.the pressure vessel. E.aCh amine/water mix is monophasm.
of the equations may be necessary to include steric effects. at conditions above and to the right of the shown curve, and biphasic

below and to the left of the curve.

It was observed that the DIPEA/water system became
biphasic once it was depressurized from 7.0 bar of,CO
whereas amines that act as SHSs under 1 bardi®not be-  with 200 rpm of stirring, the phases began to separate. A 0.13
come biphasic unless heated and bubbled wijtoNAr. An mL GC-TCD sample of the aqueous layer was taken every 15
amine that only becomes water-miscible under high pressureminutes for 6 consecutive trials. This was repeated for the
of CO, may require less energy and time to remove the, CO DIPEA/water monophasic system. This was to determine th+:
than amines that become water-miscible at 1 bar of 6&  effect of a high pressure gradient on the rate of,@&noval.
cause incomplete Cemoval would not inhibit separation of The 0.10 ml samples were diluted with DriSolv Methanol. Ar:
the amine from the water. To investigate the possibilitytfar,  amine to water intensity plot as a function of time was plot-
the amount of amine in a carbonated aqueous phase was maed for DIPEA and DMCA (Figure 5). The results show that
itored by GC-TCD as CQwas removed over time. This was the DIPEA/water system switches back to it biphasic state a.
studied for DMCA/water and DIPEA/water mixtures. DMCA g faster rate then the DMCA/water system.
was water-miscible at 1 bar of GGand DIPEA was water-
miscible at 7 bar CQ A 4.0 mL sample of the DMCA/water
monophasic solution was taken and placed in a 20.0 mL tubu-
lar glass vial with a magnetic stir bar. At room temperature

8+

Volume ratio (water/amine)
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3 Optimizing the three-liquid system
y =-0.0546x +0.4944 . . .
s s R 20,7658 Switchable technology can be readily applled to a three:
component system composed of water, amine solvent, and a
water-immiscible organic liquid that represents an oilgdr
uct (top right part of Figure 2). Separations of this nature
. would be required if SHSs were to be used in organic synthe
sis or in extraction processes. For a separation procelsasuc
. that shown in Figure 2, the amine must partition stronglyg int
Y oS | S the carbonated water phase rather than the organic oil pha -
We recently introduce®®, a parameter designed to quantify
0 02 04 06 08 1 12 14 the suitability of a compound as an SHS for a three-liquid sys
Time (h) tem_Z

o
2
e
»

Relative Intensity (Amine/Water)
o
&

0.2

Q = —logD x logD’ (8)

, C -
Fig. 5 The rate of amine removal from the aqueous phase as showry\lhere log> and logd’ represent the distribution coefficients

by relative intensities of amine to water signals by GC-TCD spectra.Of the amine (both neutral and protonated) between the @rgan

The system changing from 7 bar of GEDIPEA/water, square and aqueous layers B¢o, and P(/:ozi respectively. Amines

points) shows a steeper slope (-0.2Zhthan the system changing  with Q < O are undesirable because they would either have

from 1 bar of CQ (DMCA/water, triangle points: -0.055 ). high water-miscibility in the absence of GQtoo hydrophilic;
both logD and logD’ are negative) or low water-miscibility
even in the presence of GQtoo hydrophobic; both lo® and
logD’ are positive). Thus, only amines with values®f> 0

The SHSs which require h|gher QQ)ressures and/or quallfy as SHSs. The distribution of the amine in its neutral
higher water to amine volume ratios are of interest becaustrm is represented by Id¢h5" while its salt form is repre-
they are able to revert back to their water-immiscible statesented by log(s3". As these terms only consider one species
quickly and easily. While high lol§o, SHSs are not partic-  (either neutral or charged), they are called partition ftoef
ularly desirable due to their high bio-accumulation, logp  cients. It is assumed that the hydroxide and bicarbonate sal
SHSs are desirable. The amines presented in this paper d]'@.VG similar partition coefficients. The partition coetiai of
not require CQ pressures over 10 bar (Wlth the exception of DMCA in its neutral form is related to the partition coeffiote
1-dimethylamino-2-pentyne which is estimated to requide 6 Of its bicarbonate salt by Idg)¢"'— logKSE" = 2.8.2 The val-

- 70 bar at a 1:1 water to amine volume ratio). This amounties of logkS3" were measured by GC-FID using glycolic salts
of pressure is not very taxing to industrial processes. @hou instead of bicarbonate salts. The distribution coeffic(eq'n.
these amines are not necessarily less water-soluble tigan re9) is related to the partition coefficients and the ratio @ftpr

ular SHSs, they may be more difficult to remove from an or-nated and neutral species in the aqueous 18 (] ./[B] ),
ganic liquid product (Figure 2). which increases with the addition of GO

Koa | [HB g
lo Ksalt
Kl Blag ) oo

The K44 range can not be extended indefinitely. Carbonic
acid is a weak acid g, 6.3) and will not protonate amine
derivatives with Kaq values less than or equal to the pH of N
saturated carbonic acid«(4). Figure 3b shows that the effec- “log| 1+ HB ]aq
tive lower limit of the p<a4 range is about 7 wheli'f}go2 =10 [Blag

bar. In theory, there is no limit to the l&@,, range provided it One can predict the amount of GQressure needed to

is above zero and carbonic acid is strong enough to promnateuantitativel rotonate an amine so that it can partition a
the nitrogen. However, as shown in Figure 3, highKdgg val- d y P P

ues necessitate particularly strong bases, so that thetdepr cording tokG3.

tion of the aming, when COs removed, will be energeti.cally o (KaH(ng(\e/ut_ D/)>2 (14 [B]aqK;Hl)
costly. For environmental purposes, one should avoid SHSs co, = D’ _ Ksalt

with high logKoy values due to the greater bioaccumulation K o
potential and the likely difficulty in recovering them from-o S

ganic liquid products. Only compounds with g, values KiK

less than 3.5 are considered to have low bioaccumulation poxvhereD’ can be isolated from eqn. 8. Again, the last tern.
tential 24 is very small and can be neglected. The biggest difference

logD = log (
©)

KaKn (10)

1-7 |5
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betweenZ andQ is thatQ does not range between 0 and 1. needed to quantitatively protonate these compounds.
Therefore, we do not have a single value for omega that repre-

sents an ideal SHS. Figure 6 shows howdgs affected by )

the pressure of CQfor 3 SHSs which become water-miscible 4~ Conclusions

at Péoz =1 bar (DMCA, N, N-diisopropylethanol amine (DI- _ _

ISO), ‘and triethylamine (TEA)) and 5 SHSs which only be- The amine SHSs that we have reported previously are, when
come water-miscible @, > 1 bar (DECA, TPA, DMAP, mixed 1:1 by volume with water, biphasic at 0 bar of Cand
DIPEA, andN, N-dimethylf)enzylamine (DMBA)). The im- monophasic at 1 bar. These amine SHSs are found in a narro ~

miscible organic layer is represented by 1-octanol. Iniciate range of ia and l0gow values. However, the range of SHSs

an SHS to be easily removable from a liquid organic productca" P€ extended by increasing the water to amine volume 1=

logD’ must be less than zero. The BYof DMCA, DIISO, tio or the pressure of CQused to trigger miscibility. Amines
and TEA become negative with G@ressures lower than 1 with high octanol-water partition coefficients and/or loa-b
bar. DECA. TPA. DMAP. and DMBA on the other hand. re- sicities can become water-miscible by varying either oséhe
quire pressures greater than 1 bar before they partitiomgri extrinsic parameters. Amines withg < 8.5 require cons_ld-_ .
ily into the aqueous layer. DIPEA requires high O@essures grable CQ pressure beforg they can becomg water—m!SC|b|r_
before it becomes water-miscible, despite what the modgel pr (if they can at aII).. We predict that DMBA, havmg a relatiyel
dicts. We believe this is a consequence of its bulky naturéowtf)KaHf(g'O)' will g|ve§1ne?1at|ve lop’ valug W'thJ:JSt over
which is not accounted for in the model. It should be noted™> Par © ca. I_ncreasmg the water to amine volume ratio
that each curve levels off according to kgt (asPL., —s o relaxes the required C(pressure and thus using both param-

€O, ’ eters simulataneously allows for a significant extensiothef
logD’ ~ logK32h). It is possible that some amines would not Y g

) > o - it original SHS range. Of course, amines wityp values near-
be effective as SHSs in a 3-liquid system if K" > 0. How- i 4'the pH of carbonic acidy 4) are unlikely to ever serve as
ever, more SHS can be extracted from the oil layer by using &g¢

greater volume of water. It is curious that DIPEA does not readily switch to its hy-

drophilic form when treated with 1 bar of GOThis amine fits

DMCA neither our mathematical models nor our prior observatigns
25| o - 1 the range of a4 and logKow values for amines that become
2t pECA — | water-miscible at 1 bar of CO We suspect that steric factors
DMAP —— may be at play:®
LT A ] A simulated 3-liquid system revealed that the SHSs already

reported in the literature are easier to separate from adliqu
product (represented by 1-octanol) than the new SHSs whicn
require higher CQpressures or water to amine volume ratios
before they become water-miscible. The effectivenessef th
separation is governed by the partitioning of the bicarb®na
salt and therefore amines with higa, values would not be
recommended for practical use.

logD’

0 5 10 15 20
P'coz (bar)
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Fig. 6 Calculated distribution curves for low pressure SHSs

(DMCA, DIISO, TEA, points) and high pressure SHSs (DECA,
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