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1. Experimental details
1.1 Chemicals

All chemicals of analytical reagent grade were used as received unless
mentioned otherwise. The aqueous solution of methyl orange (NaMO) was prepared
with ultrapure water (18.2 MQ cm). Tetramethylammonium chloride (TMACI, 99%),
tetra-n-butylammonium chloride (TBACIL, 97%) were obtained from Aladdin.
Tetracthylammonium chloride (TEACI, 98%), tetra-n-propylammonium chloride
(TPrACl, 99%), bis(triphenylphosphoranylidene)ammonium chloride (BTPPACI,
97%) and 1,2-dichloroethane (DCE) were purchased from Alfa Aesar.

Tetracthylammonium tetrakis(4-chlorophenyl)borate (TEATPBCI),
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tetra-n-propylammonium tetraphenylborate (TPrATPB), tetra-n-butylammonium
tetraphenylborate (TBATPB) and  bis(triphenylphosphoranylidene)ammonium
tetrakis(pentafluorophenyl)borate (BTPPATPFB) were prepared according to a
reference method.' Bis(triphenylphosphoranylidene)ammonium methyl orange
(BTPPAMO) was prepared by 1:1 mixing of BTPPACI and NaMO in water, followed

by recrystallization from acetone.

1.2 Measurement of standard transfer potential

The electrochemical measurement of the standard transfer potential of MO~
(A;”¢§O,) was performed using an Autolab PGSTAT 302N potentiostat (Utrecht, the
Netherlands) with NOVA software at room temperature (25 £ 1 °C). The Affqﬁlj}o,
across the water/DCE interface was obtained by a four-electrode liquid/liquid cell

with IR drop compensation:

Li2S0s 10 mM LiCl10 mM
Ag | Ag2S0s NaMO x mM BTPPATPFB 5 mM BTPPACI 1 mM | AgCI| Ag
TMACIy mM DCE

H20 H20

The geometric area of the liquid-liquid interface was 1.53 cm®. The potential was
converted to the Galvani potential difference by cyclic voltammetric measurement of

the reversible half-wave potential of the TMA" cation transfer (0.160 V).2
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2. Theory

In a typical LLE process of an ionic analyte, the driving force is the distribution
coefficient of the analytes between two liquid phases. At equilibrium, one has the
equality of the electrochemical potentials of the analyte in the adjacent phases as
follows:

K=ty (1)
Further developing yields:

14" +RTIna" +zF¢" = £*° +RT Ina’ + z,F ¢° 2)
where 4> “(a=o0,w), R, T, a"(a=o0,w), z, F and ¢"(a=o0,w) are the
standard chemical potential, the gas constant, the temperature, the activity of the
analyte, the valence number of the ion, the Faraday constant and the Galvani potential,

respectively. Rearranging eq. 2 gives rise to the Nernst equation:

i g,

Ap=¢" ¢ =A%+ n [a—j ®
z,F
with the standard transfer potential, AY¢®, equal to:

©,0 _ Q,w
AZQQ — Iui lul (4)
z,F

1
An important physical indication of eq. 3 is that when a solution containing ionic
solutes is put in contact with another immiscible solution, the ionic solutes will
distribute between two phases to establish a Galvani potential difference (A} ¢)

across the phase boundary, which in turn determines the final concentrations of this

ion in each phase. By reorganizing eq. 3, one obtains the distribution coefficient of the

ionic analyte (P,):
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with the standard distribution coefficient of the ionic analyte (P ) defined as:
z.F
nPR® =-——AJ4" (6)
RT
In most cases, the extraction systems are complex and contain multiple ionic solutes.
For each ionic solute, eq. 1 can be written, as well as a mass balance equation, e.g. for
an ionic solute initially dissolved in water:
CVe+c'VY =V (7)
in which Ci0 , V¥ and V° are the initial concentration of solute i in water, the water

volume and oil volume, respectively. Further taking the electroneutrality condition of

the aqueous phase into account, we obtain:

0
SzFc =Y 4FG, -0 @®)
i itV : 1_'_VO ox ZiF(AW¢—AW¢9’)
Vw p RT o o 7i

in which AY@#®" is the formal transfer potential including the activity coefficient
term. Therefore, solving eq. 8 yields the A'¢ across the interface between two
phases, which also determines the equilibrium concentrations of each ionic solute in
two phases. From eq. 8, it can be seen that A'¢ depends on the charge,
concentration and the standard transfer potential of ionic solutes when the volume of
these two phases is equal. As shown in Table S1, dissolving a hydrophilic and a
lipophilic salt featuring the same cation at different concentrations and in the presence

of 20 mM NaMO in water initially will determine different A)¢ values at

equilibrium.
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Table S1. Interfacial Galvani potential differences tuned by various immiscible electrolyte

solutions featuring a common ion in water phase (W) with 2.0 mM NaMO and in oil phase (O),

respectively.

Phase Electrolyte Concentration Aj¢

W  TBACI 5.0 —-0.230
0) TBATPB 0.5

W  TBACI 5.0 -0.204
0) TBATPB 5.0

W  TBACI 3.0 -0.177
0) TBATPB 5.0

W  TBACI 2.0 —-0.140
0) TBATPB 5.0

W  TPrACl 5.0 -0.104
0] TPrATPB 1.0

W  TPrACl 5.0 —0.094
(0) TPrATPB 2.3

W  TPrACl 5.0 —0.089
0) TPrATPB 34

W  TPrACl 5.0 —0.082
(0) TPrATPB 5.0

W  TPrACl 34 -0.072
0) TPrATPB 5.0

W  TPrACl 2.3 —0.062
0) TPrATPB 5.0

W  TEACI 5.0 -0.031
0] TEATPBCI 0.5

W  TEACI 5.0 0.019

(0) TEATPBCI 5.0

W  TEACI 0.5 0.078

@) TEATPBCI 5.0
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Two typical Al¢ values at equilibrium calculated by the Wolfram Mathematica

software are presented as follows:

(1) The A)¢ value at equilibrium for 2.0 mM NaMO and 5.0 mM TBACI in water

phase and 5.0 mM TBATPB in oil phase, respectively:
In[1]= Exit[]:

In[i]:= DEE[Solwe: :ifun];
ralues = {

BR—8.314,
F - 96485,
T— 29§,
CTBRTPE — 5,
CTBRC1 — 5,
CHaMD — 2,
$stdTBR — -0. 225,
PstdTPB — 0.341,
¢stdCl — -0.528,
gstdia— 0.591,
gstdMd - —0.089
¥

nf3]:= CTBRwr = CTB]ltnt/[1+Exp[l% - ¢sthB]1}]]:
crepw - c1rBtot [ [1+Bw| — (- + gstarrs)]);
cClw = CCltut/ [1 +Exp[% -0+ ¢stdc:1)]]:
cve -t / (1 - o~ st

CMDw = Cl-[l]tut./[1+Exp[P% (-¢+¢stamn]];

CTBAtot - CTERATPB + CTBACL ;

CTPBtot = CTEATPE;

CCltot - CTBRCL ;

CHatot = CHaMD;

CHMOtot = CHaMD;

equation = CHawr + CTBisr - CC1lw - CTPBw — CHMrr == 0

phi = FindRoot [equation /. values, {{, 0.43}]

CTEACL CH&MO CHaMD CTEACL + CTEATEB CTEATEB .
BT = Tigeeredlly T T (e derdia) F(p-gredTEE) T(bsoedles)
l+e BT l+e BT l+e  ET l+e  ET l+e BT

outfial= = -0. 2035221
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(2) The A)¢ value at equilibrium for 2.0 mM NaMO and 3.0 mM TBACI in water

phase and 0 mM TBATPB in oil phase, respectively:

In[1]= Exdit[]:

In[i]= DEE[Solve::ifun]:
values = {

R—8.314,
F - 96485,
T 298,
CTBATPE — 0,
CTBAC1 — 3,
CHaMO — 2,
$ztdTBRA — -0.225,
¢stdTPBCL — 0. 341,
P=tdCl — -0. 528,
¢stdia — 0.591,
d=tdM0 — -0.089
¥

)= CTBRS = CTB]lt.ut./[1+Exp[l% ((b—qbsthB]l)]]:
CTPBw - CTPBtut/[1+E:q:-[l% (—¢+¢sthPB}]]:
CClw = CCltut/[1+Exp[l% (-¢+¢stdc1)]]:
CHawr = Cﬂatut/[1+Exp[l% (.p—-pstdlla}]]:

MO = c:nmtot/[hﬂxp[;_T (-¢+¢stam])]];

CIBAtot = CTBATPE + CTBRCL;

CTPBtot = CTBATFE;

CCltot = CTBRACL;

CHatot = CHaMO;

CHOtot = CHaMO;

equation - CHaw + CTBRsr - CC1w - CTPBw - CHMOwr -- D

phiTBAl - FindRoot [equation f. values, {¢, 0.4}]

CTEACL CHaMD CHaMO CTEACL + CTEATEE CTEATEE
Hitlllsne F(_pepsbdll)y T(besedin) T(ddotdiay Tg-psodlEa) E(fadstdEE)
l+e  ET l+g TT l+e~ FT l+e FT l+e BT

outpi4= {f = -0. 20794}
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3. Calibration curves for both phases
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Figure S1 Calibration curves of the proposed system to (a) NaMO in water and (b) BTPPAMO in
DCE without adding other electrolytes in both phases, respectively. G and Gy represent the gray
value corresponding to a certain concentration of NaMO in water or of BTPPAMO in DCE,

respectively. Flow rate: 0.30 pL min .

4. Movies for three typical extraction systems

Movie S1 The extraction of MO at the extraction system with A¢ of —0.203

V (5.0 mM TBACI/5.0 mM TBATPB) at equilibrium. Flow rate: 0.30 uL min™".

Movie S2 The extraction of MO at the extraction system with A’¢ of —0.082

V (5.0 mM TPrACl/5.0 mM TPrATPB) at equilibrium. Flow rate: 0.30 uL min™".

Movie S3 The extraction of MO at the extraction system with A'¢ of —0.031

V (5.0 mM TEAC1/0.5 mM TEATPBC]) at equilibrium. Flow rate: 0.30 pL min™".
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