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Microf lu id ic behaviors of  so lvents,  conf ined in  microspace, e .  g. ,  

microchannels  in a  microch ip  or  cap i l la ry tubes,  have been invest igated 

s ince the n ineteenth century,  and are known to  generate  in terest ing and 

usefu l  phys ica l  or hydrodynamic phenomena,  such as e lect roosmot ic  and  

laminar f lows.  E lect roosmot ic  f low was f i rs t  reported i n 1809 by Reuss. 1 )  In 

the last  century,  cap i l la ry e lectrophores is , 2 )  mice l lar  e lectok inet ic 

chromatography, 3 )  and cap i l la ry e lect rochromatography 4 )  were developed 

on the basis  of  e lect roosmot ic  f low.  Such f low is  inst igated under 

h igh-appl ied vo l tages.  Lam inar f low was reported by Hagen in  1839 5 )  and 

Poiseu i l le  in  1841. 6 )  Reynolds,  who la ter  stud ied turbu lent  and laminar 

f lows,  formulated a d imension less parameter,  known as the Reynolds 

number in  f lu id mechanics. 7 )  In  the last  century,  the appl icat ion of  la minar  

f low led to  the development  of  hydrodynamic chromatography, 8 )  wide-bore 

hydrodynamic chromatography, 9 )  and f ie ld  f low f ract ion chromatography. 1 0 )  

Recent ly,  the microf lu id ic  behavior  of  so lvents,  based on 

e lect roosmot ic  and laminar  f lows,  has been examined by us ing varying 

channel conf igurat ion,  so lvent f low ra tes,  aqueous –organic so lvent  

mixtures,  and by in t roducing speci f ic  obstac les in to the microchannel . 11 - 1 3 )  

The f lu id ic  behavior  of  so lvents in the microchannel  is  re la ted to  the 

separat ion,  d i f fus ion,  and react ion of  the so lu tes.  The development of  

nove l  microf lu id ic behaviors of  so lvents is  important  and usefu l  to des ign 

microreactors or  micro to ta l  ana lys is  systems. 1 4 , 1 5 )  An in terest ing and 

un ique microf lu id ic  behavior  based on a mixed  so lvent  systems conf ined in 

a  microspace  have reported , 1 6 - 2 1 )  and i t  was named as the tube rad ia l  
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dis t r ibut ion phenomenon (TRDP).  A two -phase separat ion system changes 

f rom a homogeneous (s ingle -phase) to  a heterogeneous ( two -phase) 

so lut ion upon temperature and/or  pressure changes.  When the 

homogeneous so lut ions of  two -phase separat ion systems are de l ivered to  a  

microspace,  the homogeneous so lu t ions change to the heterogeneous 

so lut ions,  generat ing a  hydrodynamic l iqu id - l iqu id  in ter face wi th  inner  and 

outer phases. For example,  when the ternary 

water -hydrophi l ic /hydrophobic  organic  so lvents mixed so lut ion are fed into 

microspace,  the phase wi th  the larger  vo lume rat io  formed as the inner 

phase.  Such process was termed as the TRDP. The TRDP is  observed in 

main ly ternary water -hydrophi l ic /hydrophobic  organic  so lvents mixed 

so lut ions. 1 6 - 2 0 )  The TRDP induces the format ion of  a k inet ic  l iqu id - l iquid 

in terface in  microf lu id ic  f low by the generat ion of  inner  and outer phases.   

A cap i l la ry chromatography system, operat in g under the TRDP, 

where the outer  phase funct ions as a  pseudo -stat ionary phase under 

laminar  f low condit ions,  has been developed.  Such a system is referred to 

as tube rad ia l  d ist r ibut ion chromatography (TRDC). 2 2 - 2 4 )  The TRDP have 

been a lso appl ied for  ext ract ion, 2 5 , 2 6 )  chemica l  react ion, 2 7 , 2 8 )  and mixing 

processes. 2 9 )   

S ince the TRDC is  separat ion system based on the TRDP, i t  is  

important  to  invest igate the condi t ion to generate  the TRDP in order  to 

separate analytes in h igher performance. In Chapter  2 ,  f lu orescence 

photographs of  the dyes d isso lved in  water –hydrophi l ic /hydrophobic  

organic  so lvent  mixture so lu t ion in  the TRDC were examined under var ious 
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condi t ions concern ing the inner d iameters,  tube temperatures,  tube 

effect ive lengths,  and f low ra tes (or  average l inear  ve loc i t ies) .  In add i t ion,  

The model  ana lyte  so lu t ion of  1 -naphtho l ,  1 -naphtha lenesulfon ic  ac id,  

2 ,6-naphtha lenedisu l fon ic ac id,  and 1,3,6 -naphtha lenet r isu l fon ic ac id was 

sub jected to  TRDC. They were separated and detected in  th is  order  wi th  50,  

75, and 100 μm inner d iameters of  the open - tubu lar  cap i l la r ies  complete ly.   

In  Chapter  3 ,  to  examine the inf luence of  the phys ica l  propert ies of  

the organic so lvent g ives the separat ion of  TRDC, the author examined 

separat ion performance in  the TRDC sy stem using var ious 

water–hydrophi l ic /hydrophobic organic  so lvent  mixture so lut ion.  Mixtures 

of  a hydrophi l ic  organic so lvent  (aceton i t r i le ,  e thanol ,  methanol ,  

1-propanol ,  or  1 ,4 -d ioxane) and a hydrophobic so lvent  (ethyl  acetate,  

hexane,  1 -butanol,  or  ch loroform) were examined as the carr ier  so lu t ion,  

the TRDC was invest igated us ing phase d iagrams,  chromatograms,  and 

f luorescence photographs.  

 The TRDC system using water–hydrophi l ic /hydrophobic organic 

so lvent  mixture carr ier  so lut ion separates analytes by i ts  hydrophi l ic i t ies.  

Therefore,  samples not  having hydrophi l ic i ty,  such as meta l  ions,  cannot be 

separated by the TRDC. Addi t iona l ly,  meta l  ions have l i t t le  absorbance, i t  

is  d i f f icu l t  to  absorpt ion detect ion.  In  Chapter  4,  Chrome Azuro l  S as an 

absorpt ion  reagent  was in t roduced in to the TRDC system for  meta l  ion 

separat ion and on l ine detect ion.  By in t roduct ion of  Chrome Azuro l  S,  

character is t ic ind iv idua l absorpt ion character is t ics and e lut ion t imes were 

obta ined as the resu lt  of  complex format ion between the meta l  ions and 
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Chrome Azuro l  S in  the water–aceton i t r i le–ethyl  acetate  mixture so lu t ion.  

 Invest igat ion of  the TRDP has begun in 2009. Thereby, the h is tory of  

s tudy is  not  long and the pr inc ip le  of  TRDP is  not  cer ta in.  Therefore,  the 

author  stud ied to  e luc idate  the pr inc ip le of  TRDP. In Chapter 5,  

d imension less number,  Weber number,  of  the inner and outer  phases in  the 

TRDP process was est imated for  the water –aceton i t r i le–ethyl  acetate  and 

water–aceton i t r i le–ch loroform systems.  And then, as an a t tempt ,  a 

re la t ionsh ip  between the Weber number and TRDP format ion was examined 

for  the two model  systems in  th is  exper iment.  The TRDP was observed in  

both systems when the Weber numbers of  the organic  so lvent - r ich and 

water - r ich  phases were d i f ferent .  However,  an  e i ther excessive ly large or  

smal l  d i f ference in the Weber numbers d id  not  inst igate  TRDP. TRDP was 

d iscussed us ing Weber number that  assesses the effect  of  the inert ia l  force 

and the interfac ia l  tens ion.  

The TRDP is  ar isen by us ing a  two -phase separat ion system. 

Therefore,  the author examine the TRDP by a two -phase separat ion system 

other  than water–hydrophi l ic /hydrophobic  organic  so lvent mixture so lu t ion 

in  Chapter 6.  Speci f ica l ly,  TRDP by us ing water –surfactant ,  water– ion ic  

l iqu id ,  and f luorous/organic s o lvents is  observed.  When the TRDP is  

observed by these mixed so lut ions,  the phase wi th  the larger  v iscos i ty  

formed an inner phase regard less of  the vo lume rat ios in  some so lut ion 

system and the phase wi th  the larger  vo lume formed an inner phase in 

o ther  so lu t ion.  When the TRDP is  observed by these mixed so lu t ions,  in  

some so lu t ion system, the phase wi th  the larger  v iscos i ty formed an inner 
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phase regard less of  the vo lume ra t ios,  and in  the o ther so lut ions,  the phase 

wi th  the larger  vo lume formed an inner ph ase.  In  th is  chapter,  the factors 

inf luencing the format ion of  inner  and outer  phases in  the TRDP using the 

above-ment ioned mixed so lvent  so lu t ions were invest igated. The author  

examined phase diagrams,  v iscos i t ies of  the two phases (upper and lower 

phases in  a batch vesse l ) ,  vo lume rat ios of  the phases, and br ight - l ight  or  

f luorescence photographs of  the TRDP.  

 For  the phase format ion in the TRDP, when the d i f ference in 

v iscos i t ies between the two phases was large,  the phase wi th  the larger  

v iscos i ty formed an inner phase regard less of  the vo lume rat ios,  whereas 

when the d i f ference was smal l ,  the phase wi th  the larger  vo lume formed an 

inner phase. In Chapter  7,  the factors inf luencing the conf igurat ion of  the 

inner and outer phases in TRDP using the var ious  mixed so lu t ions were 

considered f rom the viewpoin t  of  v iscous d iss ipat ion in  f lu id ic f lows.  
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Chapter 2 

 

Inf luences of  Inner Diameters,  Tube Temperatures,  Tube Effect ive Lengths,  

and Flow Rates on Tube Radia l  Dis t r ibut ion Phenomenon  
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2.1.  Introduction 

 

Recent ly,  the tube rad ia l  d is t r ibut ion phenomenon of  ternary mixed 

carr ier so lvents in a  microspace  was reported , 1 - 4 )  wh ich the author  ca l l  the 

“ tube rad ia l  d is t r ibut ion phenomenon (TRDP)” .  When the ternary mixed 

carr ier so lvents of  water–hydrophi l ic /hydrophobic organic  so lvent mixtures 

are de l ivered in to  a  microspace, such as a microchannel  or  a cap i l la ry tube, 

the carr ier  so lvent  molecu les are rad ia l ly d is t r ibuted in  the microspace, 

generat ing inner and outer phases. For  example,  when a carr ier so lu t ion o f  

water–aceton i t r i le–ethyl  acetate  (3 :8:4  vo lume rat io)  ( the organic 

so lvent - r ich  carr ier  so lut ion)  was fed into  a  fused -s i l ica  cap i l la ry tube,  an 

organic so lvent - r ich  major phase was generated around the midd le of  the 

tube as an inner phase far f rom the i nner wal l ,  wh i le  a water - r ich minor 

phase formed near the inner wal l  as an outer  phase,  or  cap i l la ry wal l  phase.  

A cap i l la ry chromatography system where the outer  phase funct ions as a  

pseudo-sta t ionary phase under laminar f low condi t ions has been 

developed based on the TRDP. Th is  chromatography system is  ca l l  th is 

“ tube rad ia l  d is t r ibut ion chromatography (TRDC)” . 5 - 8 )   

The TRDP, i .e. ,  the creat ion of  k inet ic l iqu id - l iqu id  in terface in a 

microf lu id ic  f low,  is  in terested but  a lso invo lved by i ts  nature.  The TRDP 

have lef t  severa l  sub jects  to  have to  be invest igated to  c lear  the 

microf lu id ic behavior.  In th is  chapter,  the tube rad ia l  d ist r ibut ion of  the 

carr ier  so lvents were examined under var ious condi t ions through the 

f luorescence microscope -CCD camera system. A lso,  separat ion 
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performance was examined for the model mixture analytes in the cap i l lary  

chromatography, i .e . ,  TRDC.  

 

2.2.  Experimental  

 

2.2.1.  Reagents and cap i l la ry tubes  

 

Water  was pur i f ied wi th  an El ix  3  UV (Mi l l ipore Co. ,  B i l le r ica,  MA).  

A l l  reagents used were commerc ia l ly ava i lab le  and of  ana lyt ica l  grade. 

1-Naphtho l,  1 -naphtha lenesulfon ic ac id,  2 ,6 -naphtha lenedisu l fon ic ac id,  

1 ,3,6 -naphtha lenet r isu l fon ic ac id ,  Eosin  Y,  perylene,  aceton i t r i le ,  and eth yl  

acetate were purchased f rom Wako Pure Chemica l Indust r ies,  L td .  (Osaka, 

Japan).  Fused-s i l ica  cap i l la ry tubes were purchased f rom GL Science 

(Tokyo,  Japan).  

 

2.2.2.  F luorescence photographs  

 

A cap i l la ry tube was set  up for the f luorescence microscope -CCD 

camera system (Fig.  2 -1) to  conf i rm the tube rad ia l  d ist r ibut ion of  the 

carr ier so lvents,  i .e . ,  TRDP. The water –aceton i t r i le–ethyl  acetate  mixture 

(3 :8:4 vo lume ra t io)  inc lud ing 1 mM Eosin  Y and 0.1 mM perylene so lut ions 

was de l ivered into the cap i l la ry t ube. The f luorescence in  the cap i l la ry tube 

was moni tored us ing a  f luorescence microscope (BX51;  Olympus,  Tokyo, 

Japan) equipped wi th  a  Hg lamp, a f i l te r  (U -MW U2, ex 330-385 nm, em >  
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F ig.  2 -1 Schemat ic  d iagram of  f luorescence microscope -CCD 

camera and the t ransformat ion of  f luorescence photograph to 

f luorescence prof i le  through the computer.  
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420 nm),  and a CCD camera (JK -TU53H).  F luorescence photographs,  

which main ly consis ted of  b lue and green, because perylene and Eosin Y 

emit  l ight  at  470 and 550 nm, respect ive ly,  were t ransformed in to  l ine 

drawings to  assess the co lor ( red,  green, and b lue (RGB))  depth.  These 

were expressed as d ig i ta l  data  on a computer,  and the numbers were 

s tandard ized to  the l ine drawing data to  g ive the f luorescence prof i les.  

 

2.2.3.  Open-tubular  cap i l la ry  chromatography   

 

A schemat ic  d iagram of  the present cap i l la ry chromatographysystem 

compr ised of  an open fused -s i l ica  cap i l la ry tube, microsyr inge pump 

(MF-9090;  B ioanalyt ica l  Systems, Inc. ,  West  Lafayet te ,  IN) ,  and 

f luorescence detector  (modif ied FR -535 f luorescence detector ;  Sh imadzu 

Co. ,  Kyoto,  Japan) is shown in F ig.  2 -2.  The tube temperature was 

cont ro l led by d ipping the cap i l la ry tube in  water  mainta ined at  a def in i te 

temperature in  a beaker wi th s t i r r ing.  Water –acetoni t r i le–ethyl  acetate  

mixtures wi th  vo lume ra t ios of  3 :8 :4  were used as carr ier  so lu t ions.  Analyte 

so lut ions were prepared wi th  the carr ier  so lu t ions.  The analyte  so lu t ion 

was in t roduced d i rect ly in to  the cap i l la ry in le t  s ide by the gravi ty method.  

Af ter  ana lyte in ject ion,  the cap i l la ry in le t  was connected through a jo int  to 

a  microsyr inge. The syr inge was set  on the microsyr inge pump.  The carr ier  

so lut ion was fed into  the cap i l la ry tube at  a  def in i te  f low ra te  under laminar  

f low condi t ions.  On -capi l la ry f luorescence detect ion (ex.  495 nm and em. 

520 nm) was performed wi th  the detector.  

  



-18- 

 

 

 

 

 

 

 

 

 

 

F ig.  2 -2  Schemat ic  d iagram of  the open tubu lar cap i l la ry  

chromatography (TRDC system).  
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2.3.  Results and Discussion 

 

2.3.1.  Phase d iagram for  water–aceton i t r i le–ethy l  acetate mixture  

 

A phase d iagram for  the ternary mixture so lvents of  water –aceton i t r i le  

(hydrophi l ic  organic  so lvent )–ethyl  acetate  (hydrophobic  organic  so lvent )  

was examined in  a  vesse l at  0  and 20 °C under a constant  pressure or  

a tmospher ic  pressure (F ig.  2 -3a))  as wel l  as a t  a tmospher ic  pressure (1  

a tm) and 1.3 atm at  a  constant  temperature of  20 °C (F ig.  2 -3 b)) .  The 

obta ined phase d iagrams are shown in F ig.  2 -3 .  The dot ted curves in the 

d iagrams ind icate  the boundary between homogeneous and heterogeneous 

phases.  The phase d iagram showed that  each component  ra t io of  the 

so lvents made a homogeneous (one homogeneous phase) or a 

heterogeneous ( two homogeneous phases)  so lu t ion.  As shown in  F ig.  2 -3,  

lower temperature and h igher pressure expanded the boundary curves 

outs ide in  the phase d iagrams.  

The author proposed a view of  the inner and outer  phase format ion in 

the TRDP, based on the above exper imenta l  data.  A speci f ic  homogeneous 

s o l u t i o n ,  w h o s e  c o m p o n e n t  r a t i o  w a s  n e a r  t h e  b o u n d a r y  b e t w e e n 

homogeneous and heterogeneous in the phase d iagram, was coo led lower 

than 20 °C (room temperature) or  pressur ized greater  than atmospher ic  

pressure in  a  batch vesse l  where i t  was under the cont ro l  of  gravi ty.  In  an 

o r g a n i c  so l ve n t - r i c h  s o lu t i o n  (e . g . ,  wa t e r – a ce t o n i t r i l e – e t h y l  a ce t a t e  

mixture;  3 :8 :4  vo lume ra t io) ,  the homogeneous so lut ion f i rs t  became an  
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F ig.  2 -3  Phase d iagram for  the  ternary water–aceton i t r i le–ethyl  

acetate  mixture solu t ion.   

a)  Pressure  constant  (atomospher ic  pressure)  and b)  temperature 

constant  (20 °C) .   
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emuls ion or nontransparent  so lut ion that  inc luded minor  so lvent or  

water - r ich  t iny drop le ts  and then changes to  a  heterogeneous so lu t ion that  

inc luded an upper major organic  so lvent - r ich so lu t ion and a lower minor 

water - r ich  so lut ion under the cont ro l  of  g ravi ty.   

The phase format ion of  the ternary mixed so lvents in  a  cap i l la ry tube 

under the change of  temperature and pressure is est imated as fo l lows, 

where i t  is  not  under the cont ro l  of  gravi ty.  A speci f ic  homogeneous 

so lut ion wi th  a  component  ra t io  near t he boundary between homogeneous 

and heterogeneous in  the phase d iagram is de l ivered under laminar  f low 

condi t ions that  produce a constant  pressure to  the rad ia l  face and/or  under 

the lower temperature.  In  an organic  so lvent - r ich  so lu t ion,  the 

homogeneous so lu t ion f i rst  becomes an emuls ion so lu t ion that  inc ludes 

minor  so lvent  or  water - r ich  t iny drop le ts .  The water - r ich  t iny drop le ts s tar t  

to aggregate near the inner wal l  where the l inear ve loc i ty is  lowest under 

laminar f low condit ions.  Consequent ly,  the ter nary mixed so lvent so lu t ion 

in  a  tube changes to  a  heterogeneous so lut ion that  inc ludes a major  inner  

organic  so lvent - r ich  so lu t ion and a minor  outer  water - r ich  so lu t ion,  where i t  

is  not  under the cont ro l  of  gravi ty.  The considerat ion of  the TRDP process 

is  i l lus t ra ted in F ig.  2 -4.    

In a s imi lar way,  in  a  water - r ich so lu t ion,  the homogeneous so lut ion 

f i rst  became an emuls ion so lut ion that  inc luded minor  so lvent or organic  

so lvent - r ich  t iny drop lets ,  and then changed to  a  heterogeneous so lu t ion 

that  inc luded an upper minor  organic  so lvent - r ich  so lu t ion and a lower 

major  water - r ich  so lu t ion in  a  batch vesse l .  The phase format ion of  the  
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F ig.  2 -4 I l lust rat ion of  creat ion in a micro -space of  tube rad ia l  

d is t r ibut ion phenomenon appearance.  
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te rnary mixed so lvents in a  cap i l la ry tube under pressure due to  laminar  

f low is est imated as fo l lows,  where i t  is  not  under the cont ro l  of  gravi ty.  In 

a  water - r ich  so lut ion,  the homogeneous so lu t ion becomes an emuls ion 

so lut ion that  inc ludes minor so lvent or org anic so lvent - r ich t iny drop le ts .  

The organic  so lvent - r ich t iny drop le ts  s tart  to  aggregate near the inner wal l  

where the ve loc i ty is  lowest  under laminar  f low condi t ions.  The ternary 

mixed so lvent  so lut ion in  a  tube changes to  a  heterogeneous so lut ion that  

inc ludes a major inner  water - r ich so lu t ion and a minor  outer organic  

so lvent - r ich  so lut ion where i t  is  not  under the cont ro l  of  gravi ty.  

 

2.3.2.  Ef fects  o f  f low rates in the cap i l la ry  tube  

 

F luorescence photographs were observed for  a  cap i l la ry tube in  

wh ich the organic  so lvent - r ich  carr ier  so lut ion (volume rat io  3 :8 :4)  

conta in ing perylene (0.1 mM) and Eosin Y (1 .0  mM) was de l ivered at  f low 

ra tes of  0.1–4.0 μL min − 1  with the inner d iameter  of  50,  75,  and 100 μm. 

The hydrophobic  perylene molecu les (b lue)  we re d is tr ibuted around the 

midd le of  the tube,  whi le the re lat ive ly hydrophi l ic  Eosin  Y molecu les 

(green) were d ist r ibuted near the tube ’s  inner  wal l  a t  f low ra tes of  0 .5 –2.5 

μL min − 1  with  50 μm, 0 .5–2.0 μL min − 1  with 75 μm, and 0.5–1.0 μL min− 1  

with  100 μm ,  respect ive ly;  the inf lect ions were observed on the 

f luorescence prof i les of  Eosin Y.  Comparat ive ly,  a t  lower f low ra tes,  the 

author  d id  not  observe the tube rad ia l  d is t r ibut ions;  the d isso lved dyes 

were d ist r ibuted in the axia l  d i rect ion,  whi le ,  at  h ighe r f low ra tes,  the tube 
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rad ia l  d ist r ibut ions of  the dyes were not  observed and the f luorescence 

prof i les showed that  the dyes were homogeneously d is t r ibuted in  the 

ternary mixed so lvent.  That  is ,  the f lu id ic  behavior  at  h igh f low ra tes leads 

to  homogeneous so lu t ions,  where the molecu lar  aggregates are d ispersed 

homogeneously in the so lvent .  

The data obta ined us ing an organic  so lvent - r ich  carr ier  so lut ion 

(3 :8:4,  vo lume rat io)  conta in ing perylene (0.1 mM) and Eosin  Y (1  mM) in  a  

cap i l la ry tube are used to  invest igate  the re la t ionsh ips between the f low 

ra tes,  pressures,  and phase format ion.  The pressure in  the cap i l la ry tube 

under laminar  f low condit ions was calcu lated a t  each f low ra te (0.1 –4.0 μL 

min− 1 )  us ing the fo l lowing Hagen –Poiseui l le  equat ion:   

 

 

where  Q  is  the f low ra te ,  a the inner rad ius,  ⊿ p  the pressure (or pressure 

loss) ,  L  the viscosi ty,  and L  the effect ive cap i l la ry length ( the length f rom 

the observat ion poin t  to  the cap i l la ry out le t ) .  The pressures in  the cap i l la ry  

tube were ca lcu lated us ing Q ,  a ,  μ ,  and L  va lues of  0.1–4.0 μL min − 1 ,  37.5 

mm, 6 .89 × 10 − 4  kgm − 1s− 1 ,  and 2.0 × 10 − 1  m, respect ive ly.   

T h e  f o r m a t i o n / n o n - f o r m a t i o n  o f  t h e  i n n e r  a n d  o u t e r  p h a s e s 

ind ica t ing TRDP crea t ion/non -creat ion ,  respect ive ly,  a re  p lo t ted  in  the 

pressure vs f low ra te graph in F ig.  2 -5 .  The format ion/non-format ion of  the 

inner and outer  phases are presented with  symbol  of  ○ and ×,  and part ia l ly 

TRDP observat ion is presented wi th symbol of  △ .  From the data,  i t  can be 

seen that  the f low ra te and pressure in a  cap i l la ry tube, as wel l  as the  
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F ig.  2 -5 Rela t ionsh ips between f low ra tes and pressures in  tube 

rad ia l  d is t r ibut ion phenomenon of  the ternary mixed so lvents at  

tube temperature of  20 °C.  

Cond i t ions:  Cap i l lary  tube,  110 cm (ef fec t ive  length :  90 cm) of  50,  75,  

and 100 μm  i . d .  fused-s i l i ca;  car r ier,  water–aceton i t r i le–ethy l  acetate 

(3:8 :4 vo lume rat io)  c onta in ing  pery lene (0.1 mM) and Eos in Y (1.0 

mM) .   
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component  ra t ios of  the mixed so lvents p lay important  ro les in determin ing 

TRDP in  the so lvents.  

 

2.3.3.  Ef fects  o f  temperature and pressure on TRDP format ion  

 

F luorescence photographs were observed s imi lary to  the above 

sect ion,  but  a t  tube temperature of  0 °C instead of  20 °C.  Interest ing,  the 

TRDP could be observed up to  50 μL min − 1 ,  wi th  a l l  cap i l la ry inner 

diameters,  50,  75,  and 100 μm and 20,  50 and 80 cm effect ive lengths,  

where the l im itat ion f low ra tes,  50 μL min − 1 ,  were determined in the present 

microsyr inge pump’s capacity.  Th ink ing of  the phase d iagrams shown in Fig.  

2-3,  the effects of  both temperature and pressure must lead to stab le TRDP 

format ion in  a  large range of  f low ra tes up to  50 μL min− 1  ( the data not  

shown).  

Rela t ionsh ips between the f low ra tes and pressure as wel l  as those  

between the average l inear  ve loc i t ies and pressure are shown in  F ig.  2 -6 .  

The format ion and non - fo rmat ion are presented wi th  the symbols of  ○ and ×,  

respect ive ly.  I t  was found out  f rom the data that  border  average l inear 

ve loc i ty in  the TRDP between format ion and non -format ion was the same 

for a l l  condi t ions of  inner d iameters and effect ive lengths.  The energy 

generated by the average l inear  ve loc i ty,  1 .13 cm m in - 1 ,  might  be requi red 

for  the break of  the axia l  d is t r ibut ion of  the so lvents.  

 

2.3.4.  Ef fects  o f  tube inner d iameter  on f luorescence photographs  
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F ig.  2 -6 Rela t ionsh ips between a)  f low ra tes and pressure as wel l  

as b)  average l inear  ve loc i t ies and pressures in  tube rad ia l  

d is t r ibut ion phenomenon of  the ternary mixed so lvents at  tube 

temperature of  0  °C.  

Cond i t ions:  Cap i l la ry  tube,  110 cm (ef fec t ive  leng th :  20 ,  50 ,  and 80 cm 

cm) of  50 ,  75,  and 100 μm i .d.  fused -s i l i ca ;  car r ier,  

water–aceton i t r i le–ethy l  aceta te  (3:8:4 vo lume rat io )  conta in ing  

pery lene (0.1 mM)  and Eos in  Y (1.0 mM) .  
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The author  examined the effects  of  the tube inner d iameter  on 

f luorescence photograph in the TRDC system. The author at tempted to use 

commerc ia l ly ava i lab le  fused -s i l ica cap i l la ry tubes wi th  var ious inner 

d iameters;  the cap i l la ry tubes wi th  i .d .  50 –700 μm  were used here.  The 

obta ined f luorescence photographs are shown in  F ig.  2 -7  together  wi th  the 

analyt ica l  condi t ions.  The f low ra tes for  a l l  the cap i l la ry tubes were 

ad justed to provide a lmost the same average l inear  veloc i ty of  ca.  22 cm 

min - 1 .  The inner and outer format ion was observed in  the f luorescence 

photographs.  

 

2.3.5.  Separat ion o f  mixture so lut ion inc lud ing four  analy tes  

 

The  au tho r  examined  a  m ix tu re  ana ly te  so lu t ion  o f  1 -naphtho l ,  

1 - n a p h t h a l e n e s u l f o n i c  a c i d ,  2 , 6 - n a p h t h a l e n e d i s u l f o n i c  a c i d ,  a n d 

1 ,3 ,6 -naphtha lenet r isu l f on ic  ac id  us ing the  p resen t  TRDC sys tem wi th 

o rgan ic  so lven t - r ich  car r ie r  so lu t ion .  The  ob ta ined  chromatograms are 

shown in  F ig .  2 -8  toge ther  wi th  the  ana ly t ica l  cond i t ions .  1 -Naphtho l ,  

1 - n a p h t h a l e n e s u l f o n i c  a c i d ,  2 , 6 - n a p h t h a l e n e d i s u l f o n i c  a c i d ,  a n d 

1,3,6 -naphtha lenet r isu l fon ic ac id were e luted in th is order,  lead ing to good 

sepa ra t ion  w i th  the  o rgan ic  so lve n t - r i ch  ca r r ie r  so lu t ion  in  t he  inne r 

diameters of  50,  75 and 100 μm (Fig.  2 -8).  The e lu t ion order  seemed to be 

consis tent  wi th  the hydrophi l ic  character.  W ith  200,  250,  and 300 μm inner 

diameter,  2 ,6 -naphtha lenedisu l fon ic ac id and 1,3 ,6 -naphtha lenet r isu l fon ic 

acid  were not  separated.  W ith 530 μm inner d iameter,  1 -Naphtho l  and  
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F ig.  2 -7  F luorescence photographs in  the cap i l la ry tubes having 

var ious inner d iameters.  Capi l la ry inner  d iameter,  50,  75,  100, 

200,  250, 320,  530,  and 700 μm.  

Condi t ions:  Cap i l lary  tube,  110 cm (ef fect ive  length:  80  cm) of  

fused-s i l i ca ;  car r ier,  water–aceton i t r i le–ethy l  aceta te (3:8:4  vo lume 

rat io )  conta in ing  pery lene (0.1 mM)  and Eos in Y (1.0 mM) ,  and 

average l inear  ve loc i t y  of  11  cm min - 1  fo r  a l l  tubes .  
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F ig.  2 -8  Chromatograms of  a  mixture analyte so lu t ion of  

1-naphtho l  (NA) ,  1 -naphtha lenesulfon ic  acid  (NS),  

2 ,6-naphtha lenedisu l fon ic acid  (NDS),  and 

1,3,6-naphtha lenet r isu l fonoc ac id  (NTS) obta ined by the present 

TRDC system.   

Condi t ions:  Cap i l lary  tube,  120 cm (ef fec t ive  length :  100 cm) of  75 μm 

i . d .  fused-s i l i ca;  car r ie r,  water–aceton i t r i le–ethy l  acetate (3 :8:4  v/v /v)  

m ixture  so lu t ion ;  sample in ject ion ,  g rav i t y  method f rom 20 cm he ight  

(5.4 mm sample leng th) ;  average l inear  ve loc i t y,  11 cm min - 1 ;  

temperature ,  20  °C;  and 1 -naphtho l ,  1 -naphtha lenesu l fon ic  ac id;  

de tec t ion,  f luorescence,  ex.  290 nm and em.  355 nm;  and 

2 ,6-naphtha lened isu l f on ic  ac id,  1  mM,  1 ,3,6 -naphtha lenet r isu l fon ic  

ac id ,  2.0 mM.  
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1-naphtha lenesulfon ic  ac id  as wel l  as 2,6 -naphtha lenedisu l fon ic  ac id  and 

1,3,6 -naphtha lenet r isu l fon ic ac id were not  separated on the 

chromatogram.   

 

2.4.  Conclusion  

 

The tube rad ia l  d is t r ibut ion of  the carr ier  so lvents was examined at  

var ious condi t ions through the f luorescence microscope -CCD camera 

system to get  new informat ion concern ing TRDP. A lso,  separat ion 

performance was examined for the model mixture analytes in the cap i l lary  

chromatography,  i .e . ,  TRDC. As a resu lt ,  the l inear  ve loc i ty to  generate 

TRDP is turned out and separat ion performance of  T RDC in var ious 

d iameter cap i l la ry is  conf i rmed.  
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Chapter 3 

 

Inf luence of  Composi t ion of  Ternary Mixture Solvent System for  

Tube Radia l  Dis t r ibut ion Chromatography  
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3.1.  Introduction 

 

In  th is chapter,  the types of  so lvents and the i r  vo lume rat ios in a 

ternary so lvent mixture of  water–hydrophi l ic  organic so lvent–hydrophobic  

organic so lvent were invest igated for  TRDC. The opt imum so lvent mixture 

was determined us ing phase d iagrams,  chromatograms,  and f luorescence  

photographs.  A hydroph i l ic  organic  so lvent  (aceton i t r i le ,  e thanol ,  methanol ,  

1-propanol ,  or 1,4 -d ioxane) and hydrophobic organic  so lvent (ethyl  acetate,  

hexane,  1 -butanol,  or  ch loroform) were mixed wi th  water  to  produce a 

ternary water–hydrophi l ic  organic so lvent –hydrophobic organic  so lvent 

system. The water–aceton i t r i le–ch loroform so lvent  system was examined 

in  deta i l  and compared wi th a water–aceton i t r i le–ethyl  acetate so lvent 

system, which is  commonly used in  the TRDC.  

 

3.2.  Experimental  

 

3.2.1.  Reagents and cap i l la ry tubes  

 

Water was pur i f ied wi th  an El ix 3  UV system (Mi l l ipore Co. ,  B i l le r ica,  

MA,  USA).  A l l  reagents used were commerc ia l ly ava i lable  and of  ana lyt ica l  

grade. 1 -Naphtho l,  1 -naphtha lenesul fon ic  ac id,  2 ,6 -naphtha lenedisu l fon ic 

ac id,  1 ,3 ,6 -naphtha lenet r isu l fon ic ac id,  aceton i t r i le ,  methanol ,  ethanol ,  

1-propanol ,  1 ,4 -d ioxane,  ethyl  acetate,  1 -butanol,  ch loroform, hexane, 

Eosin  Y,  and perylene were purchased f rom Wako Pure Chemica l  Indust r ies,  
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Ltd.  (Osaka,  Japan).  Fused -s i l ica  cap i l la ry tubes ( inner  d iameter :  50 µm ) 

were purchased f rom GL Science Co.  (Tokyo,  Japan).    

 

3.2.2.  Open-tubular  cap i l la ry  chromatography   

 

The TRDC system inc luded an open fused -s i l ica cap i l lary tube ( tota l  

length 120 cm and effect ive length 100 cm),  microsyr inge  pump (MF-9090; 

B ioanalyt ica l  Systems,  Inc. ,  West  Lafayet te ,  IN,  USA),  and absorpt ion 

detector  (modif ied SPD-10AV spect rophotometr ic  detector ;  Sh imadzu Co. ,  

Kyoto,  Japan) (F ig.  3 -1  a)).  The tube temperature was cont ro l led by d ipp ing 

the cap i l la ry tube in  water  mainta ined at  a  set  temperature in  a  beaker wi th 

s t i r r ing.  Var ious water–hydrophi l ic  organic  so lvent–hydrophobic  organic 

so lvent systems were used as the carr ier  so lut ion.  Analyte  so lut ions were 

prepared wi th the carr ier  so lut ions.  

The analyte  so lu t ion was int roduced d i rect ly in to the cap i l la ry in let  

by the gravi ty method (f rom a he ight  of  20 cm and for  30 s) .  Af ter  ana lyte 

in ject ion,  the cap i l la ry in le t  was connected to  a  microsyr inge at tached to a  

pump.  The carr ier  so lut ion was fed into  the c ap i l la ry tube at  a  set  f low ra te 

under laminar f low condit ions.  On -capi l la ry absorpt ion detect ion (254 nm)  

was performed.  

 

3.2.3.  F luorescence microscope -charge coupled device (CCD) camera 

system  
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F ig.  3 -1  Schemat ic  d iagrams of  a)  the present  TRDC  and b)  the 

f luorescence microscope -CCD camera.  
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To moni tor  TRDP wi th  the so lvent  system, the cap i l la ry tube was set  

up wi th  a  f luorescence microscope -CCD camera system (Fig.  3 -1  b) .  

Ternary water–hydrophi l ic  organic so lvent–hydrophobic  organic  so lvent  

systems, wi th  var ious vo lume ra t ios and conta in ing perylene and Eosin Y,  

were used.  The f luorescence in the cap i l la ry tube was monitored us ing a 

f luorescence microscope (BX51;  Olympus, Tokyo,  Japan) equipped wi th  an 

Hg lamp, a f i l te r (U-MW U2, exc i ta t ion 330–385 nm, emiss ion >420 nm),  and 

a CCD camera (JK-TU53H).  Perylene and Eosin  Y emit  l ight  a t  470 and 550 

nm, respect ive ly,  and because of  th is  the resu l t ing f luorescence was main ly  

b lue and green.  The f luorescence photographs were t r ansformed into  l ine 

drawings to  assess the co lor ( red,  green, and b lue)  depth.  These were 

expressed as d ig i ta l  data  on a computer,  and the numbers were 

s tandard ized to  the l ine drawing data to  g ive the f luorescence prof i les.  

 

3.3.  Results and Discussion 

 

3.3.1.  Pre l iminary exper iment  

 

The hydrophi l ic  organic  so lvent was aceton i t r i le ,  methanol ,  ethanol ,  

1-propanol ,  or 1,4-d ioxane. Phase diagrams of  water–hydrophi l ic  organic 

so lvent–ethyl  acetate ternary so lut ions were examined at  0  and 20 °C (F ig.  

3-2) .  The curves in  the phase d iagram show the boundary or  so lub i l i ty 

cu rves  be tween homogeneous (s ing le  phase)  and he te rogeneous ( two  

phases)  so lu t ions.  The separat ion per formance for  a model  ana lyte  mixture  
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F ig.  3 -2 Phase d iagrams for water–hydrophi l ic  organic 

so lvent–ethyl  acetate so lvent systems,  and separat ion 

performance of  a 1-naphtho l  and 2,6-naphtha lenedisul fon ic  ac id  

mixture on chromatograms.  

a)  Aceton i t r i le ,  b)  methano l ,  c)  e thano l ,  d )  1 -propano l ,  and e)  

1 ,4-d ioxane.  The dot ted -dashed and dot ted curves show the 

boundar ies between homogeneous and heterogeneous solu t ions at  0 

and 20 °C.  The symbols  ○ ,  ● ,  and × show separat ion  wi th  1-naphtho l  

e lu ted before  2,6 -naphtha lened isu l fon ic  ac id ,  separa t ion  wi th 

2 ,6-naphtha lened isu l f on ic  ac id  e luted before 1-naphtho l ,  and no 

separa t ion ,  respect ive ly.  Chromatography cond i t ions :  capi l la ry  tube,  

120 cm (ef fect ive  leng th,  100 cm) of  50  μm i .d.  fused -s i l i ca ;  car r ie r,  

water–hydroph i l ic  organ ic  so lvent –ethyl  acetate;  sample in ject ion,  20 

cm he ight  (g rav i t y)×30 s;  f low rate ,  0 .2  μL min - 1 ;  tube temperature,  

3  °C;  and 1-naphtho l  and 2,6-naphtha lened isu l fon ic  ac id  

concent rat ions,  2  mmol  L - 1  each.   

  

(Ethyl acetate)

90 80 70 60 50 40 30 20 10

1,4-dioxane

Heterogeneous

Homogeneous

(Ethyl acetate)

90 80 70 60 50 40 30 20 10

Ethanol

Heterogeneous

Homogeneous

(Ethyl acetate)

90 80 70 60 50 40 30 20 10

20℃

0℃

Acetonitrile

Ethyl acetate Water

Heterogeneous

Homogeneous

(Ethyl acetate)

90 80 70 60 50 40 30 20 10

Methanol

Heterogeneous

Homogeneous

(Ethyl acetate)

90 80 70 60 50 40 30 20 10

1-Propanol

Heterogeneous

Homogeneous

a)

d)

c)b)

e)



-39- 

 

 

 

 

F ig.  3 -3  Phase d iagrams for  water–aceton i t r i le–hydrophobic 

organic so lvent  systems,  and separat ion perf ormance of  a 

1-Naphtho l  and 2,6-naphtha lenedisu l fon ic  ac id  mixture on 

chromatograms.   

a )  Ethy l  acetate,  b)  hexane,  c)  1 -butano l ,  and d)  ch loroform.  The 

dot ted-dashed and dot ted  curves  show the boundar ies  between 

homogeneous and heterogeneous solu t ions  a t  0  and 20 °C.  The 

symbols  ○,  ● ,  and ×  show separa t ion wi th  1-naphtho l  e luted before  

2 ,6-naphtha lened isu l f on ic  ac id ,  separa t ion wi th 

2 ,6-naphtha lened isu l f on ic  ac id  e luted before  1-Naphtho l ,  and no 

separa t ion .  The chromatography cond i t ions  are  the same as  thos e in  

F ig .  3 -2 .   
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of  1-naphtho l  and 2,6-naphtha lenedisu l fon ic ac id  in  TRDC was examined. 

The vo lume ra t ios of  the components in the homogeneous ternary so lvent 

so lut ions were posi t ioned near the boundary curve a t  20 °C. W ith an 

organic  so lvent - r ich  so lut ion,  1-naphtho l  e luted before 

2 ,6-naphtha lenedisu l fon ic  ac id .  By cont rast ,  wi th  a water- r ich  so lut ion,  

2 ,6-naphtha lenedisu l fon ic ac id  e lu ted before 1-naphtho l .  Th is reversa l  of  

the e lu t ion order  for the analytes was on ly  ach ieved wi th  the 

water–aceton i t r i le–ethyl  acetate  system. W ith  the other  ternary mixtures 

invest igated,  1-naphtho l  e lu ted before 2 ,6-naphtha lenedisu l fon ic  ac id  wi th 

organic so lvent - r ich  so lut ions and no separat ion occurred wi th  water - r ich  

so lut ions.  

 

3.3.2.  Pre l iminary exper iments w i th  water –aceton i t r i le–hydrophobic  

so lvent mixtures  

 

The hydrophobic  organic so lvent  was ethyl  acetate ,  ch loroform, 

1-butanol ,  or hexane. Phase diagrams of  the 

water–aceton i t r i le–hydrophobic organic  so lvent mixtures were exa mined at  

0  and 20 °C (F ig.  3 -3) .  The separat ion performance for  a  model  ana lyte 

mixture of  1-naphtho l  and 2,6-naphtha lenedisu l fon ic  ac id  was invest igated.  

The vo lume ra t ios of  the components in the homogeneous ternary so lvent 

systems were posi t ioned near the boundary curve a t  20 °C.  The separat ion 

order  of  the analytes in  TRDC was revers ib le  us ing d i f ferent  vo lume ra t ios  

wi th  water–aceton it r i le–ch loroform and water–aceton i t r i le–ethyl  acetate .   
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F ig.  3 -4 Phase d iagrams for  the water–aceton i t r i le–ch loroform 

so lvent  system. a)  Constant  pressure (1  a tm) and b) constant 

temperature (20 °C).  
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With water–aceton i t r i le–1-butanol ,  1 -naphtho l  was e luted before 

2 ,6-naphtha lenedisu l fon ic  ac id  when the mixture was organic  so lvent - r ich.  

W ith the water–aceton i t r i le–hexane mixture,  1 -naphtho l  and 

2,6-naphtha lenedisu l fon ic ac id  were not  separated.  

 

3.3.3.  Phase d iagrams,  chromatograms,  and f luorescence photographs 

wi th  water–aceton it r i le–ch loroform 

 

Because water–aceton it r i le–ch loroform performed in  a s imi lar 

manner to  water–aceton it r i le–ethyl  acetate,  the author examined the 

water–aceton i t r i le–ch loroform system in  more deta i l  using phase d iagrams, 

chromatograms, and f luorescence photographs.  F ig.  3-4  shows the phase 

d iagrams of  the water–aceton i t r i le–ch loroform system. At  constant  

pressure (1  atm),  as the temperature decreased f rom 20 to  0  °C,  the 

boundary curve expanded (F ig.  3 -4 a)) .  The curve a lso expanded as the 

pressure was increased f rom 1.0  to  1.3  a tm at  a  constant  temperature 

(20 °C) (F ig.  3 -4  b)) .  These changes in  the boundary curves are s imi lar  to 

those observed in an ear l ie r  study for  water –aceton i t r i le–ethyl  acetate. 1 )   

Separat ion informat ion of  the 1-naphtho l  and 

2,6-naphtha lenedisu l fon ic  ac id  mixture wi th  the 

water–aceton i t r i le–ch loroform system is  shown in  the phase d iagram wi th 

the symbols (F ig.  3 -5) .  W ith  an organic -so lvent  r ich  carr ier  so lut ion 

(so lu t ions ( f )– (k) in  F ig.  3 -5) ,  1-naphtho l  was e luted before 

2 ,6-naphtha lenedisu l fon ic ac id .  By cont rast ,  wi th  a  water - r ich  carr ier   
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F ig.  3 -5 Phase d iagrams, chromatograms, and f luorescence 

photographs for the water–aceton it r i le–ch loroform so lvent 

system.  

Water–aceton i t r i le–ch loroform vo lume rat ios  were  as  fo l lows:  (a)  

99 .5:0:0.5,  (b)  76 .2:23:0.8,  (c)  66:33:1,  (d)  58:41:1,  (e)  49 .5:49.5:1,  

( f )  39:59:2,  (g )  32:65:3,  (h )  27 :69:4 ,  ( i )  22 :73:5 ,  ( j )  15 :77:8,  (k )  

8 :76:16,  ( l )  4 :64:32,  m)  4 :58:38,  (n )  2 :49:49,  (o )  1:41:58,  (p)  

0 .7:33:66.3,  (q )  0.5:23:76.5,  and ( r )  0 .1 :0:99 .9,  conta in ing  pery lene 

(~0.1 mmol  L - 1 )  and Eos in  Y (~1.0  mmol  L) .  The symbols  ○,  ● ,  and × 

show separat ion wi th  1-naphtho l  (NA)  e lu ted before 

2 ,6-naphtha lened isu l f on ic  ac id (NDS),  separat ion  wi th 

2 ,6-naphtha lened isu l f on ic  ac id  e luted before 1-naphtho l ,  and no 

separa t ion .  Chromatography cond i t ions are  the same as those in F ig .  

3 -2.  
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so lut ion (so lu t ions (c)– (e)) ,  2 ,6 -naphtha lenedisu l fon ic ac id e lu ted before 

1-naphtho l .  W ith  so lut ions (a) ,  (b) ,  and ( l ) – ( r ) ,  2,6 -naphtha lenedisu l fon ic  

ac id  and 1 -naphtho l  were not  separated under the present  condi t ions.  

Typ ica l  chromatograms are shown in F ig.  3 -5 .  

Typ ica l  f luorescence photographs are a lso shown in  Fig.3 -5.  TRDP 

was observed in  the mixtures ( f ) – (k) ,  which had an organic  so lvent - r ich 

major  inner  phase and water - r ich  minor  outer  phase,  and (c)– (e) ,  which had 

a water - r ich  major inner  phase and organic  so lvent - r ich minor  outer phase.  

TRDP was not  observed in  mixtures (a) ,  (b),  and ( l ) – ( r ) .  In  o ther  words,  

when organic  so lvent - r ich  so lut ions ( ( f )– (k))  were de l ivered in to  the 

cap i l la ry tube,  the major  phase that  formed in the tube was organic 

so lvent - r ich .  By cont rast ,  when water - r ich  so lu t ions ( (c)– (e))  were 

de l ivered in to the cap i l la ry tube, the major  phase that  formed in the tube 

was water - r ich .   

Separat ion of  compounds by TRDC is  based on the d is tr ibut ion of  the 

hydrophi l ic  compounds (e .g.  2,6-naphtha lenedisu l fon ic  ac id )  in  the 

water - r ich  phase and hydrophobic  compounds (e .g.  1-naphtho l )  in  the 

organic so lvent - r ich  phase.  The outer  phase acts  as a  pseudo -sta t ionary 

phase under laminar  f low condi t ions.  In  the present  study,  the e lut ion order 

in  the chromatograms was consis tent  wi th  t h is separat ion mechanism. W ith  

an organic  so lvent - r ich  inner phase 1-naphtho l  e lu ted before 

2 ,6-naphtha lenedisu l fon ic  ac id ,  whi le  wi th  a  water - r ich  inner  phase 

2,6-naphtha lenedisu l fon ic  ac id  e luted before 1-naphtho l .  The mixtures that  

d id  not  show TRDP d id  not  provide chromatographic  separat ion in the  
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F ig.  3 -6  Chromatograms of  the analyte  mixture of  1-naphtho l  (NA),  

Eosin  Y,  1-naphtha lenesulfon ic  ac id  (NS),  

2 ,6-naphtha lenedisu l fon ic acid  (NDS),  and 

1,3,6-naphtha lenet r isu l fon ic ac id (NTS) obta ined by TRDC wi th 

the water–aceton it r i le–ch loroform so lvent  system.  

Condi t ions:  Cap i l lary  tube,  120 cm (ef fec t ive  length :  100 cm) of  50 μm 

i . d .  fused-s i l i ca ;  car r ier,  water–aceton i t r i le–ch loroform a)  organ ic  

so lvent - r ich (20:53:27 vo lume rat io)  and b)  water - r ich  (75:15:10 

vo lume ra t io) ;  sample  in jec t ion,  20  cm he ight  (g rav i t y)×30 s;  f low ra te,  

0.2 μL min - 1 ;  tube temperature,  3  °C;  and 1-naphtho l ,  

1 -naphtha lenesu l fon ic  ac id ,  2,6 -naphtha lened isu l fon ic  ac id  and 

1 ,3,6-naphtha lenet r isu l f on ic  ac id  1 mmol L - 1  each and Eos in  Y 0.5 

mmol  L - 1 .  
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TRDC. The TRDP and TRDC resu lts wi th  the water –aceton it r i le–ch loroform 

system were the same as those observed for  the water –aceton i t r i le–ethyl  

acetate  system.  2 - 5 )   

 

3 .3.4.  Separat ion o f  an analy te mixture  

 

The author  examined separat ion of  an analyte  mixture (1 -naphtho l ,  

Eosin  Y,  1-naphtha lenesulfon ic  ac id ,  2 ,6-naphtha lenedisu l fon ic  ac id ,  and 

1,3,6 -naphtha lenet r isu l fon ic ac id )  us ing the TRDC system wi th  organic 

so lvent - r ich  and water - r ich carr ier  so lut ions prepared us ing the 

water–aceton i t r i le–ch loroform system. The obta ined chromatograms are 

shown in  F ig.  3-6.  The e lu t ion orders of  the analytes were d i f ferent  wi th the 

organic so lvent - r ich  and the water -r ich  carr ier  so lu t ions,  as reported for  

o ther TRDC systems. 5 )  W ith  the organic -so lvent r ich  carr ier  so lu t ion,  the 

e lu t ion order was 1-naphtho l ,  Eosin Y,  1-naphthalenesulfon ic ac id ,  

2 ,6-naphtha lenedisu l fon ic ac id ,  and f ina l ly 1 ,3,6-naphtha lenet r isu l fon ic 

ac id  (F ig.  3 -6 a)) .  Th is  e lu t ion order  is  consis tent  wi th  increasingly 

hydrophi l ic  character of  the compounds.  By cont rast ,  wi th  the water - r ich 

carr ier  so lut ion,  the comparat ive ly hydrophi l ic  compound, 

1 ,3,6 -naphtha lenet r isu l fon ic ac id ,  was e luted f i rs t ,  fo l lowed by co -e lu t ion 

of  1-naphtha lenesulfon ic  ac id  and 2,6-naphtha lenedisu l fon ic ac id ,  and 

then the hydrophobic  compounds Eosin  Y and 1 -naphtho l  (F ig.  3 -6  b)) .  This 

e lu t ion order  was the reverse of  that  observed wi th  the organic  so lvent - r ich 

carr ier  so lut ion.     
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F ig.  3 -7.  Compar ison of  phase d iagrams and TRDC separat ion 

performance wi th  water–aceton it r i le–ethyl  acetate and 

water–aceton i t r i le–ch loroform so lvent  systems.   

The vo lume rat ios of  the upper  and lower  phases in a batch  vesse l  a re 

as fo l lows:  Water - r ich :organ ic  so lvent - r ich ;  (1)  2:98,  (2)  10 :90,  (3)  

28:72,  (4)  60 :40,  and (5)  90:10 in the  two sys tems.  The symbols ○ ,  ● ,  

and × show separa t ion wi th  1-naphtho l  e luted before 

2 ,6-naphtha lened isu l f on ic  ac id ,  separat ion wi th  

2 ,6-naphtha lened isu l f on ic  ac id  e luted before 1-naphthol ,  and no 

separa t ion .  
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3.3.5.  Compar ison of  water–aceton i t r i le–ethyl  acetate  and 

water-aceton i t r i le–ch loroform so lvent systems  

 

F ig.  3-7 shows the phase d iagrams (20 °C) and separat ion 

performance for  the water–aceton it r i le–ethyl  acetate and 

water–aceton i t r i le–ch loroform so lvent systems. The 

water–aceton i t r i le–ethyl  acetate  and the water–aceton i t r i le–ch loroform 

so lvent systems have qu i te  d i f ferent  boundar ies in  the phase d iagrams.  

Therefore,  the author never compare the i r  separat ion performance wi th  

s imi lar ra t ios for the ternary components of  the so lvent system.  

The author,  tenta t ive ly,  invest igated the TRDC separat ion 

performance through carr ier  so lut ions wi th  same vo lume ra t ios for  the two 

phases,  an organic  so lvent - r ich  and a water - r ich,  a t  a  lower temperature in  

a  batch vesse l .  The composi t ion posi t ions in the phase d iagram, (1) – (5) in  

F ig 3 -7,  showed the same vo lume ra t ios of  the two phases both for  the 

water -aceton i t r i le -e thyl  acetate and the water–aceton it r i le–ch loroform 

so lut ion systems,  and these rat ios are a lso given in  the f igure capt ions.  

The separat ion per formance for  1-naphtho l  and 2,6-naphtha lenedisu l fon ic 

ac id  depended on the rat io  of  the organic  so lvent - r ich  and water - r ich  

phases (F ig.  3 -7);  wi th  the e thyl  acetate system the upper and lower 

phases were an organic  so lvent - r ich  and water - r ich  so lu t ions,  respect ive ly,  

whi le ,  wi th  the ch loroform system the upper and lower ph ases were a  

water - r ich  and organic so lvent - r ich  so lu t ions,  respect ive ly.  TRDC 

separat ion was ach ieved wi th  the chloroform system wi th  a  wider  range of   
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Tab le  3-1  Compar ison of  separat ion performance wi th TRDC 

and chromatographic  reso lu t ions for  water –aceton it r i le -e thyl  

acetate  and water–aceton it r i le -ch loroform so lvent  systems.   

The compos i t ion number  means the mixed so lvent  so lu t ion in  F ig .  3 -6.  

The symbols ○,  ● ,  and × show separat ion wi th  1-naphtho l  e luted 

before 2,6 -naphtha lened isu l fon ic  ac id ,  separa t ion wi th  

2 ,6-naphtha lened isu l f on ic  ac id  e luted before NA,  and no separa t ion ,  

respect ive ly.  The reso lut ions are ca lcu lated based on the  

chromatograms of  1-naphtho l  and 2 ,6-naphtha lened isu l f on ic  ac id  

separa t ion .  

 

 

 

  

Composition

number

Volume ratio

(water : organic solvent)

TRDC Resolutions

Ethyl acetate
system

Chloroform
system

Ethyl acetate

system

Chloroform

system

(1) 2 : 98 × ○ - 0.58

(2) 10 : 90 ○ ○ 3.8 0.77

(3) 28 : 72 ○ ○ 5.6 0.88

(4) 60 : 40 × ○ - 2.0

(5) 90 : 10 ● ● 0.75 2.0
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organic so lvent - r ich  and water - r ich vo lume rat ios than for  the e thyl  acetate  

system. The reason has not  been c lear  yet .  Chloroform is  more 

hydrophobic ( logP,  1 .97) than ethyl  acetate  ( logP, 0.73) ,  and th is  might 

generate  a  more s tab le  l iqu id - l iquid  in terface between water - r ich  and 

organic so lvent - r ich  phases through TRDP.   

Tab le  3-1 shows the reso lu t ions for  the model  ana lytes,  1-naphtho l  

and 2,6-naphtha lenedisu l fon ic  ac id ,  obta ined wi th the e thyl  acetate and the 

ch loroform so lvent  systems.  The ethyl  acetate  system provided bet ter 

reso lu t ion than the ch loroform system, a l though TRDP was observed over  a 

wider  range of  vo lume ra t ios for  the ch loroform system than for the e thy l  

acetate  system. The author  examined the d is t r ibut ion ra t ios,  D ,  in  the two 

so lvent systems wi th var ious composi t ions ( (1) – (5) in F igs.  3 -7  and 3 -8)  a t  

low temperature,  generat ing upper and lower phases, in  a  batch vesse l .  D  

is  g iven by the rat io  of  ana ly te  concentra t ion in  the organic -so lvent r ich 

phase to analyte concentrat ion in  the water - r ich phase.  I f  D>1, most of  the 

analyte  is  d isso lved in  the organic  so lvent - r ich  phase, and i f  D<1,  most  of  

the analyte is  d isso lved in the water - r ich  phase. The concentra t ions of  the 

analytes in  the two phases were determined us ing cap i l la ry e lect rophores is  

wi th  a  ca l ibra t ion curve.   

For  1-naphtho l,  a l l  the D  va lues (so lut ions (1)– (5))  were greater  than 

one, which ind icates i t  was easier for  1 -naphtho l to d isso lve in  an organic  

so lvent - r ich  so lu t ion than a water - r ich  so lu t ion.  The D va lues of  the ethyl  

acetate system (4.2–14.5) were larger  than those of  the ch loroform system 

(1.5–3.0).  For  2,6-naphtha lenedisu l fon ic ac id ,  a l l  the D  va lues (so lu t ions  
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F ig.  3 -8 The separat ion performance wi th  var ious vo lume rat ios of  

upper and lower phases in  a)  water –aceton i t r i le–ethyl  acetate 

and b)  water–aceton i t r i le–ch loroform so lvent  systems.   

The vo lume rat ios of  the upper  and lower  phases in a batch  vesse l  a re 

as fo l lows:  Water - r ich :organ ic  so lvent - r ich ;  (1)  2:98,  (2)  10 :90,  (3)  

28:72,  (4)  60:40,  and (5)  90:10 in the two sys tems.  The symbols of  ○ ,  

● ,  and × mean show separat ion wi th  1-naphtho l  e luted before 

2 ,6-naphtha lened isu l f on ic  ac id ,  separat ion wi th  

2 ,6-naphtha lened isu l f on ic  ac id  e luted before 1-naphthol ,  and no 

separa t ion .  
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(1)– (5))  were less than one,  which ind icates i t  was easier  for  

2 ,6-naphtha lenedisu l fon ic ac id  to d isso lve in  a  water - r ich  so lut ion than an 

organic so lvent - r ich  so lut ion.  The D  va lues of  the ethyl  acetate  system 

(0.5–0.25)  were smal ler  than those of  the ch loroform system (0.30 –0.65) .  

Consequent ly,  1-naphtho l  d isso lves in  the organic  so lvent - r ich  phase and 

2,6-naphtha lenedisu l fon ic ac id  in  the water - r ich phase wi th  the ethyl  

acetate system more effect ive ly than the ch loroform system. That  is,  the 

t rends observed wi th the D  va lues are consis tent  wi th the better reso lut ion 

for 1-naphtho l  and 2,6-naphtha lenedisu l fon ic ac id  observed wi th the e thyl  

acetate  system compared wi th  the ch loroform system.   

 

3 .4.  Conclusion 

 

The author  examined var ious water–hydrophi l ic  organic 

so lvent–hydrophobic  organic so lvent  systems for  TDRP and TRDC. Phase 

d iagrams, f luorescence photographs,  and chromatograms for a 

water–aceton i t r i le–ch loroform so lvent system showed par t icu lar TRDP and 

TRDC. The performance of  th is so lvent system in  TRDC was comparable to 

that  of  a water–aceton it r i le–ethyl  acetate system.  The change of  

separat ion performance due to  the d i f ference of  the carr ier so lu t ion was 

d iscussed f rom the d is t r ibut ion ra t io  of  the sample.  The resu lts  of  th is  study 

provide basic  data on the microf lu id ic  behavior,  TRDP, and the separat ion 

technology,  TRDC, wi th  the s tud ied so lvent systems.   
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Chapter 4  

 

In t roduct ion of  Absorpt ion Reagent  to  Tube Radia l  Distr ibut ion 

Chromatography for  Separat ion and Onl ine Detect ion of  Meta l  Ion  
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4.1.  Introduction 

 

The TRDC system worked wi thout  app ly ing h igh vo l tages or  us ing 

speci f ic  co lumns, monol i th ic or  packed,  in  cont rast  to  o ther  cap i l lary  

separat ion techniques,  such as cap i l la ry e lect rophores is  and cap i l la ry  

e lect rochromatography.   Var ious types of  ana lyte ,  s uch as organic  

compounds, 1 )  amino ac ids, 2 )  p rote ins, 2 - 4 )  nuc leos ides, 5 )   meta l  ions, 3 , 5 )  

meta l  complexes, 3 , 5 )  f luorescent  compounds, 4 )  and opt ica l  isomers, 6 )  were 

analyzed us ing the TRDC system. However,  metal  ions and metal  

complexes were separated and detected by the TRDC system equipped 

wi th  chemi luminescence detect ion.  The meta l  ions and meta l  complexes 

show cata lyt ic  act iv i ty for  lumino l -hydrogen peroxide  chemi luminescence 

react ion.  A l though chemi luminescence detect ion has severa l  advantages, 

such as no requi rement for  a  l ight  source and h igh sensi t iv i ty,  i t  requ i res a 

hydrogen peroxide de l ivery l ine and pump,  mixing device,  and f low 

detect ion ce l l  to  perf orm chemi luminescence analys is  in  the system.  In 

th is  study,  Chrome Azuro l  S as an absorpt ion reagent  was in t roduced in to 

the TRDC system for  meta l  ion separat ion and on l ine detect ion.  Meta l  ions,  

i .e .  Co(I I ) ,   Cu(I I ) ,  Ni ( I I ) ,  A l ( I I I ) ,  and Fe(I I I ) ,  as mod els  were examined by 

the TRDC system. Character is t ic indiv idua l  absorpt ion character is t ics and 

e lu t ion t imes were obta ined as the resu l t  of  complex format ion between the 

meta l  ions and Chrome Azuro l  S even in  the water –aceton i t r i le–ethyl  

acetate mixture so lu t ion.  The successfu l  use of  the absorpt ion reagent  in 

the TRDC system wi th  the water -hydrophi l ic /  hydrophobic  organic so lvent  
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mixture for  on l ine meta l  ion analys is ind icated that  the TRDC system and 

TRDP are at t ract ive and appl icab le in  separat ion sc ienc e. 

 

4.2.  Experimental  

 

4.2.1.  Reagents and cap i l la ry tubes  

 

Water  was pur i f ied wi th  an El ix UV 3 system (Mi l l ipore,  B i l le r ica,  MA, 

USA).  A l l  reagents used were obta ined commerc ia l ly and were of  ana lyt ical  

grade. Chrome Azuro l  S,  1 -naphtho l ,  2 ,6 -naphtha lenedisu l fon ic  ac id ,  Co(I I ) ,  

Cu(I I ) ,  Ni ( I I ) ,  A l ( I I I ) ,  and Fe(I I I )  (ch lor ide sa l ts),  as wel l  as Ni( I I )  (n i t rate  

sa l t ) ,  aceton i t r i le ,  and ethyl  acetate  were purchased f rom Wako Pure 

Chemica l  Indust r ies (Osaka,  Japan).  Fused -s i l ica  cap i l la ry tubes ( inner 

d iameter :  75 µm) were purchased f rom GL Science (Tokyo,  Japan).  

 

4.2.2.  Apparatus and procedures  

 

A fused-s i l ica cap i l la ry tube (75 µm id ,  110 cm length;  90 cm 

effect ive length),  a  microsyr inge pump (MF -9090;  B ioanalyt ica l  Systems,  

West Lafayet te ,  IN,  USA),  and a n absorpt ion detector (modif ied SPD -6AV 

spect rophotometr ic  detector ;  Sh imadzu, Kyoto,   Japan) compr ised the 

TRDC system wi th  absorpt ion detect ion.  The tube temperature was 

cont ro l led by immers ing the cap i l la ry tube (40 cm) in  water  mainta ined at  

20 °C in  a  beaker wi th  constant  st i r r ing.  A water –aceton i t r i le–ethyl  acetate  
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mixture in the vo lume ra t io  of  3:8 :4 inc lud ing 20mM Chrome Azuro l  S was 

used as a  carr ier  so lu t ion.   Analyte  so lu t ions,  includ ing 1 -naphtho l,  

2 ,6-naphtha lenedisu l fon ic ac id ,  and the meta l  i ons,  were prepared wi th the 

carr ier  so lu t ion.   The analyte  so lu t ion was in t roduced d i rect ly in to  the 

cap i l la ry in le t  s ide via  the gravi ty method (30 cm height  for  20 s) .  Af ter 

ana lyte  in ject ion,  the cap i l la ry in let  was connected through a jo int  to  a  

microsyr inge.  The syr inge was set  on the microsyr inge pump.  The carr ier 

so lut ion was fed in to the cap i l la ry tube at  a  def in i te  f low ra te  (ca.  0.8 μL 

min - 1 )  under laminar  f low condi t ions.  On -capi l la ry absorpt ion detect ion was 

performed wi th  the detector,  254 nm f or 1-naphtho l  and 

2,6-naphtha lenedisu l fon ic ac id  or  600 nm for  meta l  ions.  

 

4.3.  Results and Discussion 

 

4.3.1.  Absorpt ion spect ra for  meta l  ion -Chrome Azuro l  S complexes  

 

The molecu lar s t ructure of  Chrome Azuro l  S is shown in F ig.  4 -1.  

Chrome Azuro l  S is  used as an absorpt ion reagent  for  meta l  ion detect ion 

t h ro u gh  t h e  comp le x  f o rm a t i o n  re a c t i o n  w i t h  m e ta l  i o n s  i n  a qu e o u s 

so lu t ion . 7 - 9 )  F i rs t ,  whether  Chrome Azuro l  S  reacts  wi th  meta l  ions  to  

produce a complex in  the ternary mixed so lvents of  water –aceton i t r i le–  

e thyl  acetate (3:8:4  vo lume ra t io)  as wel l  as whether  the complex shows 

c h a ra c t e r i s t i c  a b s o rp t i o n  i n  t h e  t e rn a r y  m i xe d  so l ve n t  so l u t i o n  wa s 

e xa m in e d .  A b so rp t i o n  sp e c t ra  b ase d  o n  me t a l  i on -Ch ro m e  A zu ro l  S  
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F ig.  4 -1  The molecu lar  st ructure of  Chrome Azuro l  S as an 

absorpt ion reagent .  
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complex format ion in the ternary mixed so lvents of  water –aceton i t r i le–ethyl  

acetate  (3 :8:4  volume rat io)  are  shown in  F ig.  4 -2 together  wi th  the 

analyt ica l  condit ions.  I t  was c lear ly sh own that  the meta l  ions,  Co(I I ) ,  

Cu(I I ) ,  Ni ( I I ) ,  A l ( I I I ) ,  and Fe(I I I ) ,  had speci f ic  absorpt ion spect ra through 

complex format ion wi th  Chrome Azuro l  S in  the ternary mixed so lvent 

so lut ion,   compared wi th  the absorpt ion spect rum of  Chrome Azuro l  S 

i tse l f  in  the absence of  any meta l  ions.  The wavelength of  600 nm was used 

for  on l ine meta l  detect ion in  the TRDC system equipped wi th  absorpt ion 

detect ion in the fo l lowing exper iments.  

 

4.3.2.  Phase d iagram of  the ternary mixed so lvents inc lud ing Chrome 

Azuro l  S  

 

A  p h a s e  d i a g r a m  f o r  t h e  t e r n a r y  m i x t u r e  s o l v e n t s  o f  

water–aceton i t r i le  (hydrophi l ic  organic  so lvent ) –ethyl  acetate (hydrophobic 

o rgan ic  so lvent )  inc lud ing 20mM Chrome Azuro l  S  was examined in  a 

vesse l  a t  a temperature of  22 °C.   The obta ined phase d iagram is shown 

in  F ig .  4 -3 .  As  shown in  the  f igu re ,  20mM Chrome Azuro l  S  was no t  

d isso lved in  the ternary mixed so lvent so lut ions wi th a water component 

ra t io of  less than ca.  12 vo lume %. The phase d iagram showed that  each 

component  ra t io  of  the so lvents made a  homogeneous (one homogeneous 

phase) or heterogeneous ( two homogeneous phases)  so lu t ion.  The curve in 

t h e  f i g u r e  i n d i c a t e s  t h e  b o u n d a r y  b e t w e e n  h o m o g e n e o u s  a n d 

he te rogeneous phases.  In  Chapte r  2  o r  Chapte r  3 ,  the  TRDC sys tem  
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F ig.  4 -2  Absorpt ion spect ra  of  the meta l  ion–Chrome Azuro l  S 

complex in  the ternary mixed so lvents of  water –aceton it r i le–ethyl  

acetate  (3 :8 :4  vo lume ra t io) .   

Condi t ions:  0 .1 mM Chrome Azuro l  S and 0.1 mM meta l  ion (Co ( I I ) ,  

Cu( I I ) ,  N i ( I I ) ,  A l ( I I I ) ,  and Fe( I I I ) ;  ch lor ide  sa l t s) .  
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F ig.  4 -3 A phase d iagram for the ternary mixture so lvents of  

water–aceton i t r i le–ethyl  acetate  mixture inc lud ing 20 mM Chrome 

Azuro l  S.   

Chrome Azuro l  S (20 mM)  is  not  d isso lved in the te rnary mixed 

so lu t ions tha t  possess the component  rat io  of  water  less than ca.12 

vo lume %. The curve in  the  d iag ram ind ica tes  the boundary between 

homogeneous and heterogeneous phases.  

  

(Homogeneous)

Acetonitrile

WaterEthyl acetate

Water-acetonitrile-ethyl 

acetate mixture (3：8：4)

Not dissolved
20 mM  CAS

Heterogeneous 
(including two 
homogeneous phase)
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was used wi th  speci f ic homogeneous carr ier so lu t ions wi th component 

ra t ios of  so lvents that  were posi t ioned near the 

homogeneous–heterogeneous so lut ion boundary curve in  the phase 

d iagram. Such speci f ic  carr ier so lut ions caused a tube rad ia l  d is t r ibut ion of  

the carr ier  so lvents in  the cap i l la ry tube under laminar  f low condi t ions,  i .e .  

the TRDP. In addit ion,  in the TRDC sys tem using the fused -s i l ica  cap i l la ry  

tube, the organic  so lvent - r ich  carr ier  so lut ion had bet ter  reso lu t ion than the 

water - r ich carr ier so lut ion. 1 )  In th is s tudy,  the homogeneous so lu t ion of  

water–aceton i t r i le–ethyl  acetate  mixture (3 :8 :4  vo lume ra t io)  inc l ud ing 

20mM Chrome Azuro l  S,  the component  ra t io  of  which was near the 

boundary curve in the phase d iagram (Fig.  4 -3) ,  was used as a carr ier  

so lut ion in the  present  TRDC system using the fused-s i l icacapi l la ry tube.  

 

4.3.3.  Separat ion and detect ion o f  1 -naphtho l  and 

2,6-naphtha lenedisu l fon ic ac id  

 

The TRDP leads to  the format ion of  inner  and outer  phases,  i .e.  a  

k inet ic  l iqu id - l iqu id  in terface,  in  a cap i l la ry tube under laminar  f low 

condi t ions.  In th is case us ing the water–aceton i t r i le–ethyl  acetate mixture 

(3 :8:4 vo lume ra t io)  inc lud ing 20mM Chrome Azuro l  S carr ier  so lut ion 

(organic  so lvent - r ich  carr ier  so lut ion) ,  the organic  so lvent - r ich  major  inner 

phase was generated around the midd le of  the tube, whereas the water - r ich  

minor  outer  phase was formed near the inner wal l .  In  the TRDC system, the 

outer  phase that  moved re la t ive ly l i t t le  under laminar  f low condi t ions acted 
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as a pseudo-stat ionary phase.  Analytes were d ist r ibuted between the inner  

and outer  phases due to  the i r  na ture,  undergo ing chromatographic 

separat ion.   To conf i rm that  the TRDP occurred in  the cap i l la ry tube under 

the present ana lyt ica l  condit ions,  a mixture of  1 -naphtho l and 

2,6-naphtha lenedisu l fon ic ac id  was in jected into the present  TRDC system 

that  was des igned for  the separat ion and detect ion of  meta l  ions through 

complex format ion between a meta l  ion and Chrome Azuro l  S.  The mixture 

of  them has been used as a model ana lyte for  the TRDC system. The 

obta ined chromatogram is  shown in  Fig.  4 -4 .  1 -Naphtho l (hydrophobic)  and 

2,6-naphtha lenedisu l fon ic ac id (hydrophi l ic )  were separated and detected 

(254 nm) in  th is  order.  The f i rs t  peak of  1 -naphtho l  was e lu ted near the 

average l inear ve loc i ty under laminar f low condi t ions.  The reasonable 

e lu t ion behavior  observed  on the chromatogram supported the occurrence 

of  TRDP in the present  TRDC system.  

 

4.3.4.  Chromatograms of  meta l  ions  

 

T h e  m e t a l  i o n s  C o ( I I ) ,  C u ( I I ) ,  N i ( I I ) ,  A l ( I I I ) ,  a n d  F e ( I I I )  we r e 

e x a m i n e d  i n  t h e  p r e s e n t  T R D C  s y s t e m .  T h e  o b t a i n e d  i n d i v i d u a l  

c h r o m a t o g r a m s  a r e  s h o w n  i n  F i g .  4 - 5  t o g e t h e r  w i t h  t h e  a n a l y t i c a l  

cond i t i on s .  The  e lu t ion  t ime s  and  pe ak  a reas  o f  t h e  m e ta l  i on s  a re 

s u m m a r i z e d  i n  T a b l e  4 - 1  w i t h  t h o s e  o f  1 - n a p h t h o l  a n d 

2,6-naphtha lenedisu l fon ic ac id shown in  F ig.  4 -4 .  As shown in  the tab le ,  

t h e  e l u t i o n  t i m e s  o f  C o ( I I ) ,  N i ( I I ) ,  A l ( I I I ) ,  F e ( I I I ) ,  a n d  C u ( I I )  m e t a l  
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F ig.  4 -4  Chromatograms of  the mixture analyte  solu t ion of  

1-naphtho l  and 2,6 -naphtha lenedisul fon ic  ac id  obta ined by the 

TRDC system.   

Cond i t ions:  Cap i l lary  tube,  110 cm (effe c t ive  length :  90 cm) of  75 μm 

i . d .  fused-s i l i ca ;  car r ie r,  water -aceton i t r i le -ethy l  acetate (3 :8:4 

vo lume ra t io)  inc luding 20 mM Chrome Azuro l  S;  sample in jec t ion,  30 

cm he ight  (g rav i t y)  ×  20 s;  f low ra te ,  0.5  μL min - 1 ;  and 1-naphtho l  and 

2 ,6-naphtha lened isu l f on ic  ac id,  1 mM each.  
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F ig.  4 -5  Chromatograms of  the meta l  ions obta ined by the TRDC 

system.  

Condi t ions:  Cap i l la ry  tube,  110 cm (ef fec t ive  leng th :  90 cm) of  75 μm 

i . d .  fused-s i l i ca;  car r ie r,  water -aceton i t r i le -ethy l  acetate (3 :8 :4  

vo lume ra t io)  inc luding 20 mM Chrome Azuro l  S;  sample in jec t ion,  30 

cm he ight  (g rav i t y)  ×  20 s;  f low ra te ,  0.5  μL min - 1 ;  and meta l  ions ,  1  

mM each.  
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Table 4-1 E lut ion t imes and peak areas of  ana lytes  

 

 

 

 

  

Analyte Elution time [min] Peak area  [mV・s]

1-Naphtol 5.0 11.6

2,6-NDS 8.1 20.9

Cu(Ⅱ) 6.8 25.5  

Co(Ⅱ) 4.7 8.3

Ni(Ⅱ) 5.2 13.1

Al(Ⅲ) 5.4 50.9

Fe(Ⅲ) 6.3 46.5

Analyte concentration, 1.0 mM
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ions increased in th is  order.  The e lu t ion order  wi l l  be d iscussed later.   

Tentat ive ly,  the Al ( I I I )  and Cu(I I )  mixture as wel l  as Co(I I )  and Cu(I I )  

mixture were analyzed in the present TRDC system. Th e obta ined 

chromatograms are shown in F ig.  4 -6 .  As shown in  the f igures,  they were 

complete ly separated and detected on the chromatograms. To obtain 

quant i tat ive  informat ion,  the ca l ibra t ion curves of  A l ( I I I )   and Cu(I I )  were  

examined by the TRDC system. A l ( I I I )  and Cu(I I )  were l inear ly determined 

over  the range of  0 .2–5mM (coeff ic ient  of  corre la t ion 0 .997) and 0.2 –4mM 

(coeff ic ient  of  corre la t ion 0.994),  respect ive ly.  

 

4.3.5.  Molar  ra t ios o f  meta l  ion to  Chrome Azuro l  S on complex format ion  

 

The molar  ra t ios of  the meta l  ions to  Chrome Azurol  S at  complex 

format ion in  the ternary mixed so lvents of  water –aceton i t r i le–ethyl  acetate 

mixture were examined wi th  the s tandard molar  ra t io  method.  To each 

1.0mM meta l  ion so lut ion (0.5 mL) were added var ious concentr at ions of  

Chrome Azuro l  S so lut ion (4.5  mL) to  g ive the meta l  ion -  Chrome Azuro l  S 

mixture so lut ion inc lud ing 0.1mM meta l  ion and 0.025 –0.400mM Chrome 

Azuro l  S,  where a l l  the so lut ions were prepared wi th  the ternary mixed 

so lvents of  water–aceton i t r i le–ethyl  acetate mixture (3:8 :4 vo lume rat io).  

F ig.  4 -7  shows the re lat ionsh ip  between the molar ra t io of  Chrome Azuro l  S 

to  Fe( I I I )  and the absorpt ion due to  complex format ion.  From the f igure,  i t  

was c lear ly shown that  the molar ra t io  of  Fe( I I I )  to Chrome Azur o l  S was 1:2.   

In  a  s imi lar  way,  the molar ra t ios of  the other  meta l  ions,  Co(I I ) ,  Ni ( I I ) ,   
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F ig.  4 -6 Chromatograms of  the mixtures of  meta l  ions,  A l ( I I I )  and 

Cu(I I )  mixture as wel l  as Co(I I )  and Cu(I I )  mixture,  obta ined by 

the TRDC system.  

Condi t ions:  Cap i l la ry  tube,  110 cm (ef fec t ive  length:  90 cm) of  75 μm 

i . d .  fused-s i l i ca;  car r ie r,  water–aceton i t r i le–ethy l  aceta te  (3:8:4 

vo lume rat io )  inc luding 20 mM Chrome Azuro l  S;  sample  in ject ion,  30 

cm he ight  (g rav i t y)  ×  20 s;  f low rate,  0 .5  μL min - 1 ;  and Co( I I ) ,  Cu( I I ) ,  

and A l( I I I ) ,  1  mM each.  
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F ig.  4 -7 The re lat ionsh ip  between the molar  ra t io  of  Chrome 

Azuro l  S to  Fe(I I I )  and the absorpt ion due to  the complex 

format ion.   

To each 1.0 mM meta l  ion so lu t ion (0.5 mL)  was added var ious 

concent rat ions of  Chrome Azuro l  S so lut ion  (4.5 mL)  to  g ive  the  meta l  

ion-Chrome Azuro l  S mixture so lut ion inc lud ing 0.1 mM meta l  ion and 

0 .025-0.400 mM Chrome Azuro l  S,  where  a l l  the so lu t ions were 

prepared wi th  the te rnary mixed so lvents of  water –acet ino t r i le–ethy l  

aceta te mixture  (3:8 :4 vo lume ra t io) .  
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Cu(I I ) ,  and Al ( I I I ) ,  to  Chrome Azuro l  S were examined,  and respect ive 

va lues were 1 :1 ,  1:1 ,  1:2,  and 1:1.  

 

4.3.6.  E lu t ion order  and separat ion mechanism  

 

The TRDP in  the present  TRDC system created an organic 

so lvent - r ich  major inner  phase and the water - r ich minor  outer  phase in the 

cap i l la ry tube. Hydrophi l ic  Chrome Azuro l  S was d is t r ibuted in  the 

water - r ich  minor  outer  phase that  acted as a  pseudo -sta t ionary  phase on 

chromatography. Complex format ion between the meta l  ion and Chrome 

Azuro l  S must  make the complex more hydrophobic  through charge 

counteract ion concern ing the posi t ive  charge of  the meta l  ion,  negat ive 

charge of  Chrome Azuro l  S,  or  the counteran i on (ch lor ide ion) .  That  is ,  the  

complexes would  be effect ive ly d ist r ibuted in  the organic  so lvent - r ich major  

inner  phase that  acts  as a mobi le  phase,  lead ing to  ear l ie r  e lut ion t ime in 

the TRDC system.  However,  due to  the natura l  hydrophi l ic  nature of  

Chrome Azuro l  S,  the complexes wi th  lower s tab i l i t ies showed ear l ier  

e lu t ion t imes.  Fur thermore,  the molar  ra t io of  meta l  ion to  Chrome Azuro l  S 

of  1:1  would  e lu te ear l ie r  than that  of  1:2.   W ith  regard to  b iva lent  meta l  

ions,  the e lu t ion order  of  Co(I I ) ,  Ni ( I I ) ,  and Cu(I I )  was consis tent  wi th  the 

I rv ing–  W i l l iams ser ies (Co(I I )<Ni( I I )<Cu(I I ) )  and the molar ra t ios 

ca lcu la ted above (the rat io  of  meta l  ion to Chrome Azuro l  S;  1:1 for  Co(I I )  

and Ni( I I )  as wel l  as 1 :2  for  Cu(I I ) ) .   For  t r iva lent  meta l  ions,  the e lu t i on 

order of  A l ( I I I )  and Fe(I I I )  was a lso consis tent  wi th  the molar  rat ios 
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ca lcu la ted above (1 :1 for  A l ( I I I )  and 1:2 for  Fe( I I I ) ) .  

 

4.3.7.  Di f ferent  e lu t ion behavior  between n icke l ( I I )  ch lor ide and n icke l ( I I )  

n i t rate  

 

In  the exper iments performed in  the present s tudy,  the n icke l ( I I )  

n i t rate  so lu t ion as an analyte  showed a later  e lut ion t ime (7.5  min)  than 

n icke l ( I I )  ch lor ide (5 .2  min) .   The d i f ference in e lu t ion t ime between 

n icke l ( I I )  ch lor ide and n icke l ( I I )  n i t ra te sh owed exce l lent  reproducib i l i ty.   

A l though the reason is not  yet  c lear,  the e lect ron density and the ion 

d iameter of  the counteran ion,  ch lor ide or n i t rate an ion,  may inf luence the 

hydrophobic i ty of  the complexes.   By tak ing advantage of  the e lut ion 

behavior  of  n icke l( I I )   n i t rate,  the author  at tempted to  separate a meta l  

ion mixture so lu t ion inc lud ing Co(I I ) ,  Cu(I I ) ,  and Al ( I I I )  (ch lor ide sa l ts) as 

wel l  as Ni( I I )  (n i t ra te  sa l t )  by the present  TRDC system. The obta ined 

chromatogram is shown in  F ig.  4 -8.  Co(I I ) ,  A l ( I I I ) ,   Cu(I I ) ,  and Ni( I I )  were  

complete ly separated and detected wi th  good reproducib i l i ty by the present  

TRDC system.  

 

4.4.  Conclusion 

 

Meta l  ions and meta l  complexes were separated and detected by the 

TRDC system equipped wi th  chemi luminescence detect ion.  A l though 

chemi luminescence detect ion has severa l  advantages,  such as lack of  l ight   
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F ig.  4 -8 Chromatograms of  the mixtures of  meta l  ions,  Co(I I ) ,  

Cu(I I ) ,  A l ( I I I ) ,  and Fe(I I I )  (ch lor ide sal ts)  as wel l  as Ni( I I )  (n i t rade 

sa l t ) .   

Condi t ions:  Cap i l la ry  tube,  110 cm (ef fec t ive  length:  90 cm) of  75 μm 

i . d .  f used-s i l i ca;  car r ie r,  water -aceton i t r i le -ethy l  aceta te  (3:8:4 

vo lume rat io )  inc luding 20 mM Chrome Azuro l  S;  sample  in ject ion,  30 

cm he ight  (g rav i t y)  ×  20 s;  f low rate ,  0.5 μL min - 1 ;  and meta l  ions,  1 

mM each.  
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source requi rements and h igh sensi t iv i ty,  i t  requ i res an oxidant  de l ivery 

l ine and pump, so lut ion mixing device,  and f low detect ion ce l l  fo r  

performing chemi luminescence f low analys is .  In  th is  s tudy,  Chrome Azurol  

S as an absorpt ion reagent  was in t roduced in to  the TRDC system for  meta l  

ion separat ion and on l ine absorpt ion detect ion.  Character is t ic  ind iv idua l 

absorpt ion character is t ics  and e lut ion t imes were obta ined as the resu l t  of  

complex format ion between the meta l  ions a nd Chrome Azuro l  S in the 

water–aceton i t r i le–ethyl  acetate  mixture so lu t ion.  Co(I I ) ,  A l ( I I I ) ,  Cu(I I ) ,  

and Ni( I I )  were complete ly separated and detected in th is order on l ine by 

the TRDC system wi th  absorpt ion detect ion.  The system worked wi thout 

app ly ing a  h igh vo l tage and wi thout  us ing any speci f ic  co lumns.  Metal  

separat ion was performed us ing an unt reated open tubu lar fused-s i l ica 

cap i l la ry.  The successfu l  use of  the absorpt ion reagent  in  the TRDC system 

wi th  the water -hydrophi l ic /hydrophobic  organic  so lve nt  mixture for on l ine 

meta l  ion analys is  wi l l  expand the use of  TRDP in fur ther  research.  
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Chapter 5 

 

Considerat ion of  Tube Radia l  Dis t r ibut ion Phenomenon  

under Laminar F low Condi t ions Based on the Weber Number  
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5.1.  Introduction 

 

L iqu id– l iqu id  f lows have a wide range of  app l icat ions in 

lab-on-a-ch ip devices and microreactors.  L iqu id – l iqu id  f lows us ing 

immisc ib le  mixed so lvents,  o i l  and water,  in convent iona l  tubes and mixing 

procedures have been stud ied. 1 - 4 )  When the mixed so lvents  f lows are 

successfu l ly cont ro l led,  var ious types of  f low pat terns,  such as drop let ,  

s lug,  and annular f lows,  are  observed in the tube.  F low pat terns generated 

f rom immisc ib le mixed so lvents were d iscussed in  terms of  d imension less 

numbers,  especia l ly,  the  Weber number. 3 , 4 )  In  th is  study,  d imension less 

number,  Weber number,  was ca lcu lated for the f i rst  t ime for microf lu id ic  

f lows in  TRDP using a  ternary mixed so lvent  so lu t ion of  

water -hydrophi l ic /hydrophobic organic  so lvent ,  and the re la t ionsh ip 

between the  Weber number and TRDP format ion was invest igated.  

 

5.2.  Experimental  

 

5.2.1.  Reagents and cap i l la ry tubes  

 

Water  was pur i f ied wi th  an El ix 3  UV system (Mi l l ipore Co. ,  B i l le r ica,  

MA,  USA).  Analyt ica l  grade reagents perylene,  Eosin  Y,  aceton i t r i le ,  e thyl  

acetate ,  and ch loroform were purchased f rom Wako Pure Chemica l 

Indust r ies,  L td .  (Osaka, Japan).  Fused -s i l ica cap i l la ry tubes ( inner 

d iameter:  50 µm) were purchased f rom GL Science (Tokyo,  Japan).  
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5.2.2.  Phase d iagrams  

 

Phase d iagrams were const ructed for  the  ternary mixed so lvents of  

water–hydrophi l ic /hydrophobic organic  so lvents (water –aceton i t r i le–ethyl  

acetate and water–aceton it r i le–ch loroform systems) a t  20 °C in a batch 

vesse l .  The phase d iagram inc luded the so lub i l i ty curve that  separates the 

component  rat ios of  the so lvents in to homogeneous (s ingle -phase) and 

heterogeneous ( two -phase) areas.   

 

5.2.3.  In ter fac ia l  tens ion ca lcu la t ion  

 

The surface tens ions of  the upper (organic  so lvent - r ich)  and lower 

(water - r ich)  so lu t ions (upon conversion of  the homogeneous so lu t ion in to 

the heterogeneous so lu t ion) were measured wi th a surface tens ion ba lance. 

The in terfac ia l  tens ion (Σ )  was ca lcula ted us ing the fo l lowing equat ion: 5 )   

σ  = 
𝜎𝑜+𝜎𝑤−2√𝜎𝑜𝜎𝑤

1−0.015√𝜎𝑜𝜎𝑤
                                (1)  

where σo  is  the sur face tens ion of  the organic  so lvent -r ich  phase (O) and 

σw  is  the surface tens ion of  the water - r ich  phase (W ).  

 

5.2.4.  F luorescence microscope -charge-coupled device (CCD) camera 

system 

 

To monitor the TRDP, the cap i l la ry tube was set  up accord i ngly and 

observed under a f luorescence microscope -CCD camera system. Ternary 
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water–hydrophi l ic /hydrophobic  organic  so lvent systems wi th  var ious 

component  rat ios and compr is ing perylene (0.05 –0.1 mM) and Eosin Y 

(0 .1–1.0 mM) were used. The f luorescence in  t he cap i l la ry tube ( to ta l  

length:  120 cm) was moni tored at  20 cm f rom the tube out le t  us ing a 

f luorescence microscope (BX51;  Olympus, Tokyo,  Japan) equipped wi th  an 

Hg lamp,  a f i l te r  (U-MW U2; exc i tat ion wavelength:  330 –385 nm, emiss ion 

wavelength:  420 nm),  and a CCD camera (JK -TU53H).  The temperature of  

the cap i l la ry tube was mainta ined at  3  °C us ing a thermo-heater  (Thermo 

Pla te  MATS-555RO; Tokai  Hi t  Co. ,  Sh izuoka,  Japan).  Perylene and Eosin Y 

emit  l ight  a t  470 and 550 nm, respect ive ly.  Accordingly,  the res u lt ing 

f luorescence observed was main ly b lue and green.  

 

5.3.  Results and Discussion 

 

5.3.1.  Superf ic ia l  ve loc i ty  in  TRDP  

 

Var ious types of  o i l–water  ( immisc ib le  so lvents)  f lows in  a  tube were 

examined and d iscussed in  terms of  d imension less numbers such a s the 

Capi l la ry,  Reynolds,  and Weber numbers. 1 - 4 )  More speci f ica l ly,  the Weber 

number has been used to  examine the f low patterns of  drop le t ,  s lug,  and 

annular  f lows in  a  tube. 3 , 4 )  The Weber number,  We i ,  is  expressed accord ing 

to  the fo l lowing equat ion:  

We i  = 
𝜌𝑖𝑉𝑖

2𝐷

𝛴
                                     (2)  

where ρ i  is  the densi ty,  V i  is  the superf ic ia l  ve loc i ty,  D  is  the inner d iameter,  
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and Σ  is  the interfac ia l  tens ion.  Subscr ip t  i  refers  to the organic  

so lvent - r ich  so lu t ion (O) or  water - r ich  so lu t ion (W ).  The va lue of  ρ iV i
2D  

corresponds to  the iner t ia l  force.  Hence, the Weber number is def ined as 

the rat io of  iner t ia l  force to the interfac ia l  tens ion ( in terfac ia l  force) .  The 

iner t ia l  force tends to  extend the interface in the d i rect ion of  the f low and 

mainta in a cont inuous f lu id .  In cont rast ,  the in terfac ia l  force tends to  

min imize the interfac ia l  energy by reducing the o i l –water in terfac ia l  area,  

lead ing to  the format ion of  drop le ts and p lugs.  

F ig.  5 -1  shows i l lust rat ions of  the f low systems, immisc ib l e mixed 

so lvent  and water–hydrophi l ic /hydrophobic  organic  so lvent,  and the ir  

typ ica l  f low pat terns in  a  tube.  For  typ ica l  immiscib le  mixed so lvent 

so lut ions,  the superf ic ia l  ve loc i t ies are obta ined by d iv id ing the f low ra tes 

in  the ind iv idua l de l ivery tube s, o i l  and water l ines,  by the cross –sect ion of  

the tube, mixing s ingle  l ine (F ig.  5 -1(a)) . 3 )  In cont rast ,  in  ternary mixed 

so lvents,  the apparent  f low ra tes of  the organic  so lvent - r ich  and water - r ich  

phases in  the cap i l la ry s ingle tube are f i rs t  obta ined by mult ip ly ing the f low 

ra te in the cap i l la ry tube by the vo lume percentages of  the upper 

(organic -so lvent - r ich)  and lower (water - r ich)  phases in a  batch vesse l .  The 

superf ic ia l  ve loc i t ies are then ca lcu la ted by d iv id ing the apparent f low 

ra tes by the cross-sect ion of  the cap i l la ry tube wi th the equat ion be low, 

that  was expressed in F ig.  5 -1(b).  

V i  = Q i  /  A  (Q i  = Q×X i )                            (3)  
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F ig.  5 -1 I l lust ra t ion of  the f low systems and typ ica l  f low pat terns.  

(a)  Immisc ib le mixed so lvents f low and (b) 

water–hydrophi l ic /hydrophobic  organic  so lvent  f low systems.  
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5.3.2.  F low pat terns of  ternary mixed so lvents o f  

water–hydrophi l ic /hydrophobic  organic  so lvents  

 

Foroughi  e t  a l .  reported the re la t ionsh ip  between the f low pat terns  

and associa ted Weber numbers for  immisc ib le  mixed so lvents so lut ions. 3 )  

Genera l ly,  when immisc ib le  so lu t ions ( i .e. ,  O and W) were fed into  the 

mixing s ingle  tube wi th  the two ind iv idua l  f low l ines,  as shown in F ig.  5 -1(a) ,  

and the f low rate of  so lut ion O was c onstant  and that  of  so lut ion W 

gradual ly increased, speci f ic f low patterns in the s ingle tube were 

generated. A drop le t  f low was observed when the f low ra te and the Weber 

number of  so lut ion W were re lat ive ly smal l  and the in terfac ia l  tens ion in  the 

drop le t  of  W  was dominant  re la t ive to  the iner t ia l  force.  A s lug f low was 

observed when the f low ra te  and the Weber number of  so lu t ion W  were a t  

in termediate  va lues and the inert ia l  force and in terfac ia l  tens ion in  the s lug 

of  W  were comparable .  An annular f low w as observed when the f low ra te 

and the Weber number of  so lu t ion W were re lat ive ly large and the iner t ia l  

force in the inner phase of  W was dominant  re lat ive to the in terfac ia l  

tens ion.  

When the ternary mixed so lu t ion of  water –hydrophi l ic /hydrophobic 

organic so lvent  was de l ivered to a cap i l la ry tube, the so lvents molecu les 

were rad ia l ly d ist r ibuted in  the tube under cer ta in  f low condi t ions,  that  is ,  

TRDP. In  a  s imi lar way to  the immiscib le  mixed so lvent system, the author  

examined f low pat terns us ing varying  component ra t ios of  the ternary 

so lvents in  the f low system as shown in F ig.  5 -1(b) .  Specif ic  f low patterns 
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in  the cap i l la ry tube were observed, as depicted in the phase d iagrams in 

F ig.  5 -2:  TRDP (organic  so lvent - r ich  inner  phase and water - r ich  outer 

phase (○) ,  and water - r ich  inner phase and organic  so lvent - r ich outer  phase 

(●))  and non -TRDP (axia l  d is t r ibut ion (△ )  and heterogeneous d is t r ibut ion 

(×))  for  the water–aceton i t r i le–ethyl  acetate and 

water–aceton i t r i le–ch loroform systems. The re lat ionsh ip betwe en the f low 

patterns and Weber numbers is d iscussed in the fo l lowing sect ion.  The 

Reynolds number was roughly est imated to  be less than 0.1  under a l l  the 

condi t ions.   

 

5.3.3.  Rela t ionsh ip  between the vo lume rat ios,  Weber numbers,  and f low 

patterns in  the ternary mixed so lvents f low system  

 

The vo lume rat ios of  the generated upper (organic  so lvent - r ich)  and 

lower (water - r ich)  phases at  varying component  ra t ios of  the ternary mixed 

so lvents in  a  batch vesse l a t  low temperature (3 °C) were examined. 

Addi t iona l ly,  the Weber numbers of  the inner (organic  so lvent - r ich  or  

water - r ich)  and outer (water - r ich  or  organic  so lvent -r ich)  phases in  the 

ternary mixed so lvent f low system were ca lcu la ted wi th  the equat ion of  (2) 

as wel l  as those of  (1) and (3)  under the condi t ions of  the f low ra te ,  0 .2  μl  

min - 1 ,  and  the cap i l la ry inner  d iameter,  50 μm, by us ing the data 

ment ioned be low ( the average densi t ies,  the average surface tens ions and 

superf ic ia l  ve loc i t ies) .  The densi t ies and surface tens ions were l i t t le  

changed among the separated phases as fo l lows.  Th e densi t ies for  No.  
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F ig.  5 -2  Phase d iagram of  (a)  water–aceton i t r i le–ethyl  acetate  

and (b) water–aceton i t r i le–ch loroform systems determined at  

20 °C.   

TRDP cond i t ions:  Cap i l la ry  tube,  120 cm (ef fec t ive  length :  100 cm)  of  

50 μm  i . d .  fused-s i l ica ;  f low ra te,  0.20 μL min − 1 ;  temperature  3 °C.  The 

f low pat terns are denoted as fo l lows:  TRDP, organ ic  so lvent - r ich inner  

phase and water - r ich  outer  phase (○) ,  and water - r ich inner  phase and 

organ ic  so lvent - r ich outer  phase (● ) ;  non -TRDP, ax ia l  d is t r ibu t ion (△ )  

and homogeneous d is t r ibu t ion  (×) .  The so lut ions of  No.  1 –11 in (a)  

and those of  No.  i–xi  in  (b)  were examined in order  to d iscuss Weber  

number  in  the  later  sect ions.  
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1–11 in water–aceton it r i le–ethyl  acetate system were ρo ;  849–853 kg m - 3  

( the average, 851 kg m - 3 )  and ρw ;  947–956 kg m - 3  ( the average, 953 kg m - 3 )  

as wel l  as those for  No.  i -x i  in  water–aceton i t r i le–ch loroform system were 

ρo ;  878–892 kg m - 3  ( the average,  885 kg m - 3 )  and ρw ;  935–947 kg m - 3  ( the 

average,  941 kg m - 3 ) .  The surface tens ion for  No.  1–11 in 

water–aceton i t r i le–ethyl  acetate system were σo ;  26–28 mN m - 1  ( the 

average,  27.2 mN m - 1 )  and σw ;  46–51 mN m - 1  ( the average,  47.9  mN m - 1 )  as 

wel l  as those for No. i–xi  in water–aceton i t r i le–ch loroform system were σo ;  

31–32 mN m - 1  ( the average, 31.4  mN m - 1 )  and σw ;  37–41 mN m - 1  ( the 

average,  39.7  mN m - 1 ) .  On the other  hand,  superf ic ia l  ve loc i t ies were 

drast ica l ly changed wi th  the so lu t ions of  No.  1 –11 and No.  i–xi  as shown in 

Table  5 -1.  The f low pat terns,  TRDP and non -TRDP, in  the cap i l la ry tube 

were determined on a f luorescence microscope -CDD system. The two 

fo l lowing systems were s tud ied:  water –aceton i t r i le–ethyl  acetate and 

water–aceton i t r i le–ch loroform. The resu l ts  are summarized in F ig.  5 -3 .  

Notat ion of  the f low patterns,  expressed wi th symbols,  ○,  ●,  △ ,  and ×,  is 

s imi lar to  that  employed in  F ig.  5 -2.   

As observed in F ig.  5 -3 ,  s imi lar re la t ionsh ips between the vo lume 

ra t ios,  Weber numbers,  and f low patterns for  both ternary mixed so lvent  

systems studied (water–aceton i t r i le–ethyl  acetate and 

water–aceton i t r i le–ch loroform) were determined.  At  the water - r ich (organic  

so lvent - r ich)  phase vo lume rat io of  ~50 vo l% where the Weber numbers of  

the two phases were comparable ( |Wew-We o |  < 5.6×10 - 6 ) ,  TRDP was not  

observed; an axia l  d is t r ibut ion f low (△ )  was observed. In th is  case,  the  
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Tab le  5-1 The data of  vo lume ra t ios of  organic  so lvent - r ich  (Xo )  to 

water- r ich  (Xw)  phase and superf ic ia l  ve loc i t ies (V i )  for  the 

separated phases, upper and lower,  of  the so lut ions No.  1 –11 in 

F ig.  5 -2(a)  (a  :  water (H 2O)–acetoni t r i le  (CH 3CN)–ethyl  acetate 

(AcOEt)  system) and the so lu t ion No.  i–xi  in  F ig.  5-2(b)  (b :  

H2O–CH3CN–ch loroform (CHCl 3 )  system).  

 

 

  

Solution

numbers [-]

Volume ratios for ternary 

mixed solvents 

(H2O : CH3CN : CHCl3)

Volume ratios 

in a batch vessel

Superficial velocities

Vi [×10-3 m s-1]

Upper phase (Xo) Lower phase (Xw) Upper phase (Vo) Lower phase (Vw)

i 3.5 : 57.9 : 38.6 98 2 1.66 0.0340

ii 3.8 : 64.1 : 32.1 97 3 1.65 0.0509

iii 7.6 : 75.9 : 16.5 93 7 1.58 0.119

iv 15.4 : 77.2 :   7.4 90 10 1.53 0.170

v 27.6 : 68.9 :   3.5 72 28 1.22 0.475

vi 32.3 : 64.6 :   3.1 53 47 0.900 0.798

vii 39.3 : 58.9 :   1.8 40 60 0.679 1.02

viii 49.5 : 49.5 :   1.1 7 93 0.119 1.58

ix 66.1 : 33.0 :   0.9 4 96 0.0679 1.63

x 76.3 : 22.9 :   0.8 3 97 0.0509 1.65

xi 99.5 :   0.0 :   0.5 2 98 0.0340 1.66

Solution

numbers [-]

Volume ratios for ternary 

mixed solvents 

(H2O : CH3CN : AcOEt )

Volume ratios 

in a batch vessel

Superficial velocities

Vi [×10-3 m s-1]

Upper phase (Xo) Lower phase (Xw) Upper phase (Vo) Lower phase (Vw)

1 7.4 : 27.8 : 64.8 98 2 1.66 0.0340

2 9.9 : 36.0 : 54.1 96 4 1.63 0.0679

3 13.0 : 43.5 : 43.5 93 7 1.58 0.119

4 17.0 : 49.8 : 33.2 90 10 1.53 0.170

5 23.7 : 50.8 : 25.4 73 27 1.24 0.458

6 42.6 : 42.6 : 14.9 40 60 0.679 1.02

7 53.1 : 35.4 : 11.5 24 76 0.407 1.29

8 63.1 : 27.0 :   9.9 10 90 0.170 1.53

9 73.1 : 18.3 :   8.7 7 93 0.119 1.58

10 82.2 :   9.1 :   8.6 4 96 0.0679 1.63

11 91.7 :   0.0 :   8.3 2 98 0.0340 1.66

(a)

(b)
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F ig.  5 -3 Rela t ionsh ip between the water phase vo lume ra t io  and 

Weber number for  the fo l lowing systems:  (a) 

water–aceton i t r i le–ethyl  acetate  ( the so lu t ions of  No.  1 –11 in  F ig.  

5-2(a)  and (b)  water–aceton i t r i le–ch loroform ( the so lu t ions of  No. 

i–xi  in  F ig.  5 -2(b) .   

TRDP cond i t ions:  Cap i l la ry  tube,  120 cm (ef fec t ive  length :  100 cm)  of  

50 μm  i . d .  fused-s i l i ca ;  f low ra te ,  0 .20 μL min − 1 .  The f low pat terns are 

denoted as fo l lows:  TRDP, organ ic  so lvent - r ich inner  phase and 

water - r ich outer  phase (○) ,  and water - r ich  inner  phase and organ ic  

so lvent - r ich outer  phase (●) ;  non -TRDP,  ax ia l  d is t r ibu t ion  (△ )  and 

homogeneous d is t r ibu t ion (×) .  
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iner t ia l  force and in terfac ia l  tens io n in the phases were comparable. 

When the water - r ich  (organic so lvent - r ich)  phase vo lume rat ios were 

considerab ly smal l  (< 5 vo l%) or  la rge (> 95 vo l%),  TRDP was not 

observed; a homogeneous f low (×)  was observed. The s ign i f icant ly smal l  

Weber number (Wew  o r  We o  < 1 .3×10 - 7 )  or  iner t ia l  force cou ld  not  maintain  

a  cont inuous f low.  In cont rast ,  when the water - r ich (organic  so lvent - r ich)  

phase vo lume ra t ios were 5–30 vo l% and 60–95 vo l%,  TRDP was c lear ly 

observed;  an  organic  so lvent - r ich  inner  phase and water - r ich  outer  phase 

(○)  or  a  water - r ich  inner  phase and organic  so lvent - r ich  outer  phase (●) 

were formed. In th is  case,  the inner phase that  had a larger  vo lume ra t io 

possessed a re la t ive ly larger  Weber number than that  of  the outer  phase, 

lead ing to  a  dominant  inert ia l  force re la t ive to the in terfac ia l  tens ion.  

S imi lar  re la t ionsh ips between the Weber numbers  ( the ra t io  of  the iner t ia l  

force to  the interfac ia l  tens ion)  in the larger  vo lume phase and f low 

patterns (annular f low or  TRDP f low) in  immisc ib le mixed  so lvent 

so lut ions 3 )  and ternary mixed so lvent so lu t ion of  

water–hydrophi l ic /hydrophobic  organic  so lvent  were observed.  

 

5.4.  Conclusion 

 

The d imension less number,  Weber number,  was used to examine 

TRDP format ion,  inc lud ing the inner and outer phases, in the 

water–aceton i t r i le–ethyl  acetate and water–aceton it r i le–ch loroform 

systems. An in terest ing re lat ionsh ip between the Weber number and in ner 
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and outer phase format ion in TRDP was determined at  least  for the two 

model systems in th is  exper iment.  TRDP was c lear ly observed in  the 

cap i l la ry tube when the Weber numbers of  the organic so lvent - r ich  and 

water - r ich  phases d i f fered.  The current  f ind i ngs are an extension of  the 

appl icat ion of  the TRDP concept  to invest igate  microf lu id ic behaviors,  and 

thus present  potent ia l  in  deve lop ing new systems based on microf lu id ic 

technology re ly ing on l iqu id – l iquid  in terfac ia l  processes such as 

chromatography and ext ract ion.  
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Chapter 6 

 

Inves t iga t ion of  Inner  and Outer  Phase Format ion  in Tube Radia l  D is t r ibut ion 

Phenomenon Us ing Var ious  Types of  Mixed So lvent  So lu t ions  
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6.1.  Introduction 

 

The phase separat ion of  aqueous systems conta in ing po lymers,  

mice l les,  and ion ic l iqu ids is wel l  known,  and has been used in  the f ie lds of  

ana lyt ica l  chemistry and separat ion sc ience s ince the last  century. 1 – 5 )  For 

example,  aqueous mice l lar  so lut ions of  speci f ic  non - ion ic  surfactants 

separate in to  two d is t inct  phases when heated above a cer ta in temperature 

(c loud po in t ) ,  i .e . ,  a  temperature - induced phase separat ion occurs. 6 – 1 0 )  

One phase behaves as an a lmost  surfactant - f ree aqueous so lut ion 

(aqueous phase),  whereas the other  phase is a concentra ted surfactant  

so lut ion (surfactant - r ich phase).  Hydrophobic  compounds d isso lved in  the 

aqueous mice l lar  so lut ion are ext ract ed in to  the surfactant - r ich  phase, 

whereas hydrophi l ic  compounds remain in  the aqueous phase.   

F luorous or  f luorocarbon chemist ry,  which invo lves phase separat ion 

processes, has been a lso invest igated s ince the s tudy reported by Horváth 

and Rábai  in 1994. 11 )  The phase separat ion of  f luorous 

( f luorocarbon)–organic (hydrocarbon) so lvent  mixed so lu t ions has been 

appl ied in separat ion sc ience. 1 2 , 1 3 )  Mixed so lu t ions of  f luorous–organic  

so lvents separate in to two d ist inct  phases in a batch vesse l  when cooled 

be low a cer ta in  temperature, 1 4 )  wi th  the lower phase compr is ing an a lmost  

pure f luorous so lvent and the upper phase consist ing of  an organic so lvent.  

Based on th is  phase separat ion system, l iqu id – l iquid  and l iqu id–so l id 

ext ract ions have been reported us ing  a  var ie ty of  f luorous so lvents. 1 5 – 1 7 )   
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Against  the above phase separat ion so lut ion systems,  a  ternary 

mixed so lvent system to produce TRDP is  a  re la t ive ly new phase 

separat ion system.  The author  have d iscussed the phase format ion of  

TRDP generated wi th  a  ternary mixed so lvent  so lu t ion of  

water–hydrophi l ic /hydrophobic so lvents f rom the viewpoin ts  of  the vo lume 

ra t ios of  the phases  in  Chapter  2 ～ 5.  1 8 , 1 9 )  However,  comprehensive 

informat ion about the factors inf luencing the format ion  of  the inner and 

outer  phases in the TRDP is  st i l l  lack ing for var ious types of  mixed 

so lut ions.  To th is  effect ,  the phase diagrams,  v iscos i t ies of  the two phases 

(upper and lower phases)  in  a batch vesse l ,  vo lume ra t ios of  the phases, 

and br ight - l ight  or  f luorescence photograph of  the TRDP were examined by 

us ing var ious k inds of  phase separat ion so lu t ions.  Genera l  d iscuss ion on 

the format ion of  TRDP has been based on the exper imenta l  data ,  and the 

TRDP wi th  water–surfactant  mixed so lu t ion was appl ied as a n at tempt  to a 

cap i l la ry TRDC, lead ing to  a  c lue of  expanding var ious TRDP to the ir  

app l icat ions wi th  d is t ingu ished features.  

 

6.2.  Experimental  

 

6.2.1.  Reagents and cap i l la ry tubes  

 

Water  was pur i f ied wi th  an El ix  3  UV system (Mi l l ipore Co. ,  B i l le r ica,  

MA).  A l l  reagents used were obta ined commerc ia l ly and were of  ana lyt ica l  

grade. Perylene,  Eosin  Y,  Rhodamine B, Orange G, aceton it r i le ,  ethyl  
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acetate ,  te t radecaf luorohexane,  1 -naphtho l ,  and 2,6 -naphtha lenedisu l fon ic  

ac id were purchased f rom Wako Pure Chemica l Indust r ies,  Ltd.  (Osaka, 

Japan).  Tr i ton X-100, Tr i ton X-114,  hexane, potass ium hydroxide (KOH),  

potass ium ch lor ide (KCl) ,  and d ipotass ium hydrogenphosphate (K 2HPO 4)  

were purchased from Nacala i  Tesque, Inc.  (Kyoto,  Japan).  Suppl ies of  

1-butyl -3-methyl imidazol ium ch lor ide ( [C 4mim]Cl)  

1-e thyl -3-methyl imidazol ium methylphosphonate ( [C 2mim]MP) were 

purchased f rom Tokyo Chemica l  Indust ry Co. ,  L td .  (Tokyo, Japan).  

Fused-s i l ica cap i l la ry tubes (50 or  75 µm i .d. )  wer e purchased f rom GL 

Science (Tokyo,  Japan).  

 

6.2.2.  Phase d iagrams  

 

Phase d iagrams were const ructed for  the s ix types of  the mixed 

so lvent so lu t ions:  ternary water –hydrophi l ic /hydrophobic  organic  so lvents 

(water–aceton it r i le–ethyl  acetate) ,  water–surfactan t  (water–Tr i ton 

X-100–KCl) ,  water– ion ic l iqu id (water– [C4mim]Cl–KOH, 

water– [C4mim]Cl–K 2HPO 4 ,  and water– [C2mim]MP–K 2HPO 4 ) ,  and 

f luorous–organic  so lvents ( tet radecaf luorohexane –hexane).  A l l  phase 

d iagrams,  regard less of  the composit ion system, inc luded so lub i l i ty curves 

that  separated the component  ra t io  areas in to  homogeneous (s ingle -phase) 

and heterogeneous ( two -phase) areas in  a  batch vesse l .  

 

6.2.3.  Viscosi ty  measurement  



-95- 

 

 

The homogeneous so lu t ions of  a l l  the mixed so lvent  systems were 

converted to heterogeneous so lu t ion systems that  compr ised two phases, 

the upper and lower phases, by changing the temperature.  The viscos i t ies 

of  the upper and lower so lut ions were measured wi th  a v iscometer  (HAAKE 

RheoScope 1;  Thermo Scient i f ic ,  Sydney,  NSW, Aust ra l ia ) .  

 

6.2.4.  Br ight - f ie ld or  f luorescence microscope -CCD camera system 

 

The br ight - f ie ld  or  f luorescence microscope -CCD camera system 

was equipped wi th  the fused -s i l ica  cap i l la ry tube.  The f luorescent  

dye-conta in ing mixed so lvent  so lu t ion that  was in t roduced in  th e cap i l lary  

tube was observed us ing a microscope (BX51; Olympus, Tokyo, Japan) and 

a CCD camera (JK-TU53H; Toshiba,  Tokyo,  Japan) for  br ight - f ie ld  and 

f luorescence imaging.  For the la t ter imaging, the microscope was equipped 

wi th  an Hg lamp and a f i l te r (U -MW U2; exc i ta t ion wavelength:  330 –  385 nm, 

emiss ion wavelength:  > 420 nm).  The temperature of  the cap i l la ry tube was 

mainta ined us ing a  thermo -heater  (Thermo Pla te  MATS-555RO; Tokai  Hi t  

Co. ,  Sh izuoka,  Japan).  

 

6.2.5.  Capi l la ry  TRDC 

 

The open-tubular  cap i l la ry chromatography, TRDC, main ly 

compr ised a microsyr inge pump (MF -9090,  B ioanalyt ica l  Systems, Inc. ,  
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West Lafayette,  IN) ,  a fused -s i l ica  cap i l la ry tube ( to ta l  length:  150 cm and 

effect ive length:  100 cm),  a  thermo -heater,  and a f luorescence detector  

(exc i ta t ion wavelength:  290 nm and emiss ion wavelength:  355 nm, modif ied 

FR-535 f luorescence detector,  Sh imadzu Co. ,  Kyoto,  Japan).  An aqueous 

so lut ion conta in ing 2 wt% Tr i ton X -100 and 2.4  M KCl or  2 wt% Tr i ton X -114 

was used as carr ier  so lu t ion.  A model ana l yte so lut ion compr is ing 

1-naphtho l (1 mM) and 2,6 -naphtha lenedisu l fon ic ac id (1 mM) d isso lved in 

the carr ier so lu t ion was prepared. The analyte  so lu t ion was in jected in to 

the cap i l la ry in let  us ing the gravi ty method (f rom 30 cm height  and for  30 s),  

and then fed in to  the cap i l la ry tube at  a f low ra te of  1.0 µL min − 1 .  

 

6.3.  Results and Discussion 

 

6.3.1.  Phase d iagrams inc lud ing so lub i l i ty  curves  

 

Phase d iagrams were const ructed for  the s ix types of  mixed so lvent  

systems stud ied,  namely,  water–aceton i t r i le–ethyl  acetate,  water–Tr i ton 

X-100–KCl,  te tradecaf luorohexane –hexane, water– [C4mim]Cl–KOH, 

water– [C4mim]Cl–K 2HPO 4 ,  and water– [C2mim]MP–K 2HPO 4  (F ig.  6 -1) .  The 

composi t ions shown on the axes of  the phase d iagrams are d i f ferent  

depending on the system stud ied.  The phase d iagram of  

water–aceton i t r i le–ethyl  acetate  was based on the so lvent  vo lume 

percentage of  each component.  The phase d iagrams of  water –Tr i ton 

X-100–KCl and te tradecaf luorohexane –hexane were const ructed accord ing  
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F ig.  6 -1  Phase d iagrams incorporat ing so lub i l i ty curves of  a) 

water–aceton i t r i le–ethyl  acetate ,  b) water–Tr i ton X-100–KCl (2 .4 

M),  c)  te t radecaf luorohexane –hexane,  d)  water– [C4mim]Cl–KOH, 

e)  water– [C4mim]Cl–K 2HPO 4 ,  and f )  water– [C2mim]MP–K 2HPO 4 .   

The homogeneous so lu t ion mixtures,  a t  the assoc ia ted components 

compos i t ion ,  as denoted by the numbers in  square brackets in  the 

phase d iagrams were used for  subsequent  exper iments.  
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to the re la t ionsh ip  between the temperature and concentra t ion of  Tr i ton 

X-100 (wt%) or  mole f ract ion of  tet radecaf luorohexane. The phase d iagram 

of  water– ion ic  l iqu id–sa l t  was const ructed based on the re lat ionship  

between the concentra t ions of  the sa l t  and ion ic  l iqu id .  Regard less,  a l l  

phase d iagrams inc luded so lub i l i ty curves that  separate t he component 

ra t io  areas of  the so lvents in to  the two phases,  i .e . ,  homogeneous 

(s ingle -phase) and heterogeneous ( two -phases) .  In  o ther words,  the 

homogeneous so lu t ion changed to a heterogeneous so lu t ion or the 

heterogeneous so lu t ion changed to  a  homogeneo us so lut ion upon 

a l tera t ion of  the temperature in  the batch vesse l .  The so lub i l i ty curves in 

the phase d iagrams were const ructed by examin ing the c loud po in ts where 

the so lvent  so lut ions changed f rom homogeneous (s ingle  phase) to 

heterogeneous ( two phases)  so lu t ions by adding the so lvent  (or  so lu te)  at  a 

def in i te  temperature or by a l ter ing temperature a t  a  def in i te composi t ion.  

The homogeneous mixtures,  a t  the associa ted component ra t ios that  

were posi t ioned near the so lub i l i ty curves in the phase d iagrams and 

designated by the numbers in square brackets in the ind iv idua l  phase 

d iagrams (F ig.  6 -1) ,  separated into two phases (upper and lower)  in the 

batch vesse l  upon change in  the temperature.  The viscos i t ies and vo lume 

ra t ios of  the upper and lower phases we re examined;  furthermore,  the 

homogeneous so lu t ions were de l ivered in to  the cap i l la ry tube to observe 

the TRDP using br ight - f ie ld  or  f luorescence microscopy,  as d iscussed in 

the fo l lowing sect ions.  
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F ig.  6 -2  Viscosi t ies of  the (○)  upper and (□)  lower  phases of  the 

so lvent mixtures,  wi th  d i f ferent  so lvent composi t ions,  denoted by 

the numbers in  square brackets in  F ig.  6 -1 :  a) 

water–aceton i t r i le–ethyl  acetate ,  b) water–Tr i ton X-100–KCl (2 .4 

M),  c)  te t radecaf luorohexane –hexane,  d)  water– [C4mim]Cl–KOH, 

e)  water– [C4mim]Cl–K 2HPO 4 ,  and f )  water– [C2mim]MP–K 2HPO 4 .  
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6.3.2.  Viscosi t ies o f  the upper and lower phases  

 

The viscos i t ies o f  the upper and l ower so lu t ions o f  the d i f ferent  

mixed so lvent  systems fo l lowing phase separat ion were examined.  The 

r e l a t i o n s h i p  b e t we e n  t h e  d e s i g n a t e d  s o l u t i o n  m i x t u r e  o f  a  s p e c i f i c 

component ’s  composi t ion and the associated viscos i ty for each system is  

shown in  F ig.  6 -2.  The d i f ferences in  v iscos i t ies between the upper and 

l o we r  so lu t ion s  o f  t h e  wa t e r –a ce to n i t r i l e –e th y l  a ce t a t e ,  wa te r –Tr i t on 

X - 1 0 0 – K C l ,  t e t r a d e c a f l u o r o h e x a n e – h e x a n e ,  w a t e r – [ C 4 m i m ] C l – K O H , 

water– [C4mim]Cl–K 2HPO 4 ,  and water– [C2mim]MP–K 2HPO 4  systems were 

est imated to be respect ive ly 0 .42,  440,  0 .36,  1 .7 ,  0 .22,  and 0.73 mPa•s .  

The  sys tem may be  ten ta t i ve ly  c lass i f i ed  acco rd ing  to  the  degree  o f  

d i f ference in v iscos i t ies of  the upper and lower phases for  the fo l lowing 

discuss ion:  la rge (> around 0.73 mPa•s)  and smal l  (< around 0.42 mPa•s) .  

A la rge  v iscos i ty  d i f fe rence  between th e  upper  and  lower  phases was 

o b s e r v e d  f o r  t h e  w a t e r – Tr i t o n  X - 1 0 0 – K C l ,  w a t e r – [ C 4 m i m ] C l – K O H , 

a n d w a t e r – [ C 2 m i m ] M P – K 2 H P O 4  s y s t e m s ,  w h e r e a s  a  s m a l l  v i s c o s i t y 

d i f f e r e n c e  w a s  o b s e r v e d  f o r  t h e  w a t e r – a c e t o n i t r i l e – e t h y l  a c e t a t e ,  

te t radeca f luo rohexane –hexane,  and  wa te r– [C 4 min ]Cl–K 2 HPO 4  sys tems .  

 

6.3.3.  Vo lume ra t ios o f  the upper and lower phases  

 

The  vo lume  ra t ios  o f  the  uppe r  and  lower  phases o f  the  so lven t 

m ixtu res  des igna ted  by the  numbers  in  square  b racke ts  in  the  phase  
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F ig.  6 -3  Relat ionsh ip  between the development  of  the TRDP and 

the vo lume contents of  the lower and upper phases. Symbols ○ 

and ● denote the observat ion of  the TRDP, whereas symbol × 

impl ies that  the TRDP was not observed. P lo ts conta in ing 

symbols ○ and ● show the revers ib le d ist r ibut ion pa t te rns of  the 

inner and outer  phases.   

Cond i t ions :  a )  Water–aceton i t r i le–ethy l  acetate  ( f low ra te :  0 .2 µL 

min − 1 ;  temperature :  0 °C) ;  b)  water –Tri ton X -100–KCl (2 .4  M)  ( f low 

rate :  5.0 µL min − 1 ;  temperature :  34 °C) ;  c )  

tet radecaf luorohexane–hexane ( f low rate :  5.0  µL min − 1 ;  temperature :  

10  °C) ;  d)  water – [C 4 mim]Cl–KOH ( f low rate:  1.0 µL min − 1 ;  

temperature :  15 °C) ;  e)  water – [C 4 mim]Cl–K 2 HPO 4  ( f low rate:  1 .0 µL 

min − 1 ;  temperature:  15  °C) ;  and f )  water – [C 2mim]MP–K 2 HPO 4  ( f low 

rate :  1.0 µL min − 1 ;  temperature:  15 °C) .  Cap i l la ry tube inner  d iameter :  

a )  50 µm and b)– f )  75  µm.  
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diagrams were eva luated. The upper/ lower phase ra t ios for the mixed 

so lvent  systems: water–aceton i t r i le–ethyl  acetate (20 → 0  °C),  

water–Tr i ton X-100–KCl (20 → 34  °C),  te t radecaf luorohexane–hexane (20 

→ 10  °C),  water– [C4mim]Cl–KOH (20 → 15  °C),  water– [C4mim]Cl–K 2HPO 4  

(20 → 15  °C),  and water– [C2mim]MP–K2HPO 4  (20 → 15  °C) var ied as a 

funct ion of  the composi t ion rat ios which were  f rom 90:10 to 4 :96 (organic  

so lvent - r ich /water -r ich) ,  f rom 60:40 to  12:88 (surfactant - r ich/water - r ich),  

f rom 85:15 to  20:80 (organic  so lvent / f luorous so lvent ),  f rom 80:20 to  20:80 

( ion ic l iqu id -r ich/water - r ich) ,  f rom 95:5 to 20:80 ( ion ic  

l iqu id -r ich/water - r ich) ,  and f rom 90:10 to 10:90 ( ion ic  

l iqu id -r ich/water - r ich) .  The vo lume ra t ios of  the upper and lower phases 

are shown in  F ig.  6 -3 .  

 

6.3.4.  Eva luat ion o f  the TRDP 

 

The homogeneous so lut ions were del ivered to  the cap i l la ry tube under 

laminar  f low condit ions.  The so lvent  behaviors,  TRDP and non -TRDP were  

a s s e s s e d  u s i n g  b r i g h t - f i e l d  o r  f l u o r e s c e n c e  m i c r o s c o p y.  Ty p i c a l  

photographs showing the development  of  TRDP are shown in  F ig.  6 -4.  

I n t e r e s t i n g l y ,  t h e  s o l u t i o n  m i x t u r e s  o f  w a t e r – T r i t o n  X - 1 0 0 – K C l ,  

wa t e r – [ C 4 m im] C l– K O H,  a nd  wa t e r – [ C 2 m im ] MP –K 2 HP O 4  gen e ra ted  th e 

TRDP in  the sur factant - r ich  inner  phase and the ion ic  l iqu id -r ich inner 

phase,  regard less of  the vo lume rat ios of  the two phases or  component 

r a t i o s  o f  t h e  s o l v e n t s .  I n  c o n t r a s t ,  t h e  s o l u t i o n  m i x t u r e s  o f   
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F ig.  6 -4  Bright - f ie ld  and f luorescence photographs showing  the 

development of  the TRDP in  the d i f ferent  systems .  

Cond i t ions :  a)  water–aceton i t r i le–ethy l  acetate ( f low rate :  0.2 µL 

min − 1 ;  temperature:  0  °C;  and 1 mM Eos in  Y and 0.1 mM pery lene) ;  b)  

water–Tr i ton X -100–KCl  (2 .4  M)  ( f low ra te:  5.0 µL min − 1 ;  temperature :  

34  °C;  and 5 mM Rhodamine B) ;  c)  te t radecaf luorohexane –hexane 

( f low rate :  5.0 µL min − 1 ;  temperature:  10  °C;  and 0.1 mM pery lene) ;  d)  

water– [C 4 mim]Cl–KOH ( f low rate:  1.0  µL min − 1 ;  temperature:  15  °C;  

and 5 mM Rhodamine B) ;  e)  water – [C 4mim]Cl–K 2 HPO 4  ( f low ra te :  1 .0 

µL min − 1 ;  temperature:  15 °C;  and 2 mM Rhodamine B) ;  and f )  

water– [C 2 mim]MP–K 2 HPO 4  ( f low ra te:  1.0 µL min − 1 ;  temperature:  

15  °C;  and 5 mM Rhodamine B) .  Cap i l la ry  tube inner  d iameter :  a)  50 

µm and b)– f )  75 µm.  
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water–aceton i t r i le–ethyl  acetate ,  te t radecaf luorohexane –hexane,  and 

water– [C4min]Cl–K 2HPO 4  generated the TRDP in  the major  vo lume inner 

phase and minor vo lume outer  phase.  That  is ,  an inverse ( revers ib le) 

d is t r ibut ion pattern  was observed wi th  a  change in the vo lume rat ios of  the 

so lvents.  For  example,  when consider ing the water –aceton i t r i le–ethyl  

acetate  system, int roduct ion of  the organic so lvent - r ich  mixed so lu t ion to 

the cap i l la ry tube generated an organic  so lvent - r ich  major  inner  phase and 

a water - r ich  minor outer  phase;  in  cont rast ,  in t roduct ion of  the water - r ich 

mixed so lu t ion to the cap i l la ry tube produced a water - r ich major  inner  

phase and an organic  so lvent - r ich  minor  outer phase.   

The TRDP processes in the d i f ferent  mixed so lvent systems are 

denoted by the symbols ○,  ●,  and ×,  and vary accord ing to the lower and 

upper phases vo lume content  (F ig.  6 -3).  The symbols ○ and ● denote the  

deve lopment of  TRDP, whereas symbol  × impl ies that  TRDP was not 

observed in  a  g iven system at  a  par t icu lar  upper/ lower vo lume composit ion.  

The mixed so lvent  systems that  inc lude both symbols ○ and ● in  the f igures  

demonstra te the occurrence of  a revers ib le  d is t r ibut ion pat tern of  the inner 

and outer  phases in  accordance wi th the phase composi t ion.  

 

6.3.5.  Invest igat ion of  the inner and outer  phase format ion  

 

The factors inf luencing the format ion of  the inner and outer  phases, 

i .e . ,  non-revers ib le  TRDP or  revers ib le  TRDP, were eva luated based on the 

viscos i t ies and volume rat ios of  the upper and lower phases,  and TRDP 
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observat ions.  W hen the d i f ference in  the viscos i t ies between the two 

phases was large (> approximate ly 0.73 mPa•s),  the phase wi th  the larger  

viscosi ty deve loped as the inner phase regard less of  the vo lume rat ios.  

Converse ly,  when the d i f ference in the viscos i t ies between the two p hases 

was smal l  (< approximate ly 0.42 mPa•s) ,  the phase wi th the larger vo lume 

content  formed as the inner phase.  The re la t ionsh ip  between viscos i ty  

d i f ferences and two type phase format ion is  d iscussed in  the next  chapter.  

 

6.3.6.  Capi l la ry  TRDC 

 

A c a p i l l a r y  T R D C  s y s t e m  w a s  t e n t a t i v e l y  d e v e l o p e d  u s i n g  a 

fused -s i l i ca  cap i l la ry  t ube  as  the  sepa ra t ion  co lumn  and  an  aqueous 

mice l lar  so lut ion (2  wt% Tr i ton X -100 and 2.4 M KCl or  2  wt% Tr i ton X -114 

so lut ion)  as a  carr ier  so lu t ion.  The Tr i ton X -114 so lu t ion is  a  wel l -known 

t yp i c a l  m i ce l l e  a q u e o u s  t wo - p h a se  s e p a ra t i o n  s ys t e m .  H yd r o p h o b i c  

1-naphtho l  and hydrophi l ic  2 ,6 -naphtha lenedisu l fon ic  ac id (2 ,6 -NDS) as a 

model mixture was examined in the current  TRDC system. The obta ined 

chromatograms are shown in  F ig.  6-5  as an in i t ia l  resu l t .  In  th is s tudy,  

1-Naphtho l and 2,6 -NDS were separated and detected in th is  order ;  the 

Tr i ton X-114 system wi thout  sa l t  gave bet ter  reso lu t ions.  The effects of  

s a l t s  o n  s e p a r a t i o n  p e r f o r m a n c e  i n  T R D C  m i g h t  b e  e x a m i n e d  a n d 

c o n s i d e r e d  i n  t h e  f u t u r e  w i t h  t h e  m i x e d  s o l v e n t  s o l u t i o n s  o f  

water -surfactant  and water - ion ic  l iquid  systems inc lud ing sa l ts .  The e lu t ion 

o rder  was expected  based on  the d is t r ibut ion o f  the  aqueous m ice l la r   
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F ig.  6 -5  Chromatograms of  the present  cap i l la ry TRDC system: a) 

2  wt .% Tr i ton X-100 and 2.4  M KCl  at  34  °C and b)  2  wt .% Tr i ton 

X-114 at  23 °C.   

Condi tons :  Cap i l la ry  tube ,  150 cm (ef fec t ive  leng th :  100 cm) of  75 μm  

i . d .  fused-s i l i ca;  f low ra te:  1.0  µL min − 1 ;  and ana ly te concent ra t ion :  1 

mM.  
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so lut ion  that  generated a surfactant - r ich  inner  phase (hydrophobic)  and a 

surfactant -poor outer  phase (hydrophi l ic ) .  The hydrophi l ic  outer  phase 

acted as a  pseudo-sta t ionary phase under laminar  f low condi t ions.  The two 

peaks were ident i f ied accord ing to  ind iv idua l  ana lyte analyses.  

 

6.4 Conclusion 

 

The TRDP generates a  k inet ic  l iqu id – l iqu id  interface in  a  microspace 

upon int roduct ion of  a  homogeneous mixed so lvent so lut ion in  a 

microspace under laminar  f low condi t ions.  The factors determin ing the 

format ion of  the inner and outer phases in the microspace were assessed 

by examin ing the phase d iagrams incorporat ing so lub i l i ty curves,  

v iscos i t ies of  the upper and lower phases in a  batch vesse l,  vo lume rat ios 

of  the phases, and development of  the TRDP using microscopy im aging. 

When the d i f ference in the viscos i t ies between the two phases was large (> 

around 0.73 mPa•s) ,  the phase wi th  the h igher v iscos i ty formed as the 

inner  phase regard less of  the vo lume rat ios,  whereas when the d i f ference 

in  v iscos i t ies was smal l  (< around 0.42 mPa•s) ,  the phase wi th  the larger  

vo lume ra t io  formed as the inner phase. Th is  f ind ing is a  gateway to  future 

work in  the TRDP research area.  
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Chapter 7  

 

Considerat ion of  Tube Radia l  Dis t r ibut ion Phenomenon  

under Laminar F low Condi t ions Based on the Viscous Diss ipat ion  
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7.1.  Introduction 

 

In  Chapter  6,  the phase d iagrams, v iscos i t ies of  the two phases 

(upper and lower phases)  in  a bat ch vesse l ,  vo lume ra t ios of  the phases, 

and br ight - f ie ld  or f luorescence photographs of  the TRDP were examined 

by us ing two-phase separat ion mixed so lvent  so lu t ions 1 - 5 )  such as ternary 

water–hydrophi l ic /hydrophobic organic so lvent mixed so lu t ion,  

water–micel le  mixed so lut ion,  water– ion ic l iqu id  mixed so lu t ion,  and 

f luorocarbon/hydrocarbon  organic so lvent  mixed so lut ion .  However,  

comprehensive informat ion about  the factors inf luencing the conf igurat ion 

of  the inner and outer phases in the TRDP is st i l l  lack ing for var ious types 

of  mixed so lu t ions.  In  th is Chapter,  the inner and outer  phase conf igurat ion 

in  TRDP was, for  the f i rs t  t ime,  considered based on the viscous 

d iss ipat ion pr inc ip le  in  a  f lu id ic  f low us ing var ious types of  mixed so lvent 

so lut ions.  

 

7.2.  Experimental  

 

7.2.1.  Reagents and mater ia ls  

 

Aceton i t r i le ,  e thyl  acetate,  ch loroform,  and tet radecaf luorohexane  

were purchased f rom Wako Pure Chemica l  Indust r ies,  L td.  (Osaka,  Japan).  

Tr i ton X-100,  hexane,  potass ium hydroxide (KOH),  potass ium ch lor ide 

(KCl) ,  and d ipotass ium hydrogenphosphate (K 2HPO4 )  were purchased f rom 
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Nacala i  Tesque,  Inc.  (Kyoto,  Japan).  1 -Butyl -3-methyl imidazol ium ch lor ide  

( [C 4mim]Cl)  and 1 -ethyl -3-methyl imidazol ium methylphosphonate 

( [C 2mim]MP) were purchased f rom Tokyo Chemica l  Indust ry Co. ,  L td.  

(Tokyo, Japan).  Fused s i l ica cap i l lary tubes ( inner d iameter:  50 or 75 μm) 

were purchased f rom GL S cience (Tokyo,  Japan).  

 

7.2.2.  Viscosi ty  measurement  

 

The homogeneous so lu t ions of  a l l  the mixed so lvent  systems were 

converted in batch vesse ls  in to  heterogeneous solu t ion systems that  

compr ised two phases―upper and lower―by changing the temperature.  

The viscos i t ies of  the upper and lower so lut ions were meas ured wi th a 

v iscometer (HAAKE RheoScope 1;  Thermo Scient i f ic ,  Sydney,  Aust ra l ia ) .  

 

7.2.3.  Br ight - f ie ld or f luorescence microscope -charged-couple device 

(CCD) camera system   

 

The br ight - f ie ld  or  f luorescence microscope -CCD camera system 

was equipped wi th  a  fused s i l ica  cap i l la ry tube ( inner  d iameter :  50 or  75 

µm).  The f luorescent  dye -conta in ing mixed so lvent so lu t ion that  was 

in t roduced into  the cap i l la ry tube was observed us ing a  microscope (BX51;  

Olympus,  Tokyo, Japan) and a CCD camera (JK -TU53H; Toshiba,  Tokyo,  

Japan) for  br ight - f ie ld  and f luorescence imaging.  For  the lat ter  imaging, the 

microscope was equipped wi th  an Hg lamp and a f i l te r  (U -MW U2; exc i tat ion 
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wavelength:  330–385 nm, emiss ion wavelength:  >420 nm).  The 

temperature of  the cap i l la ry tube was c ont ro l led using a thermo -heater  

(Thermo Pla te  MATS-555RO; Tokai Hi t  Co. ,  Sh izuoka, Japan).  

 

7.3.  Results and Discussion 

 

7.3.1.  Inner  and outer  phase conf igurat ion in  TRDP using var ious types of  

two-phase separat ion mixed so lvent so lut ions  

 

In  Chapter  6,  the phase d iagrams, v iscos i t ies of  the two phases 

(upper and lower)  in  a  batch vessel ,  vo lume rat ios of  the phases,  and 

br ight - f ie ld or f luorescence photographs of  the TRDP were examined us ing 

d i f ferent  two-phase separat ion mixed so lvent  so lut ions such as ternary 

water–hydrophi l ic /hydrophobic  organic  so lvent mixed so lu t ion 

(water–aceton it r i le–ethyl  acetate),  water–micel le mixed so lu t ion 

(water–Tr i ton X-100–KCl) ,  water– ion ic  l iqu id mixed so lut ion 

(water– [C4mim]Cl–KOH, water– [C4mim]Cl–K 2HPO 4 ,  and 

water– [C2mim]MP–K 2HPO 4 ) ,  and f luorocarbon/hydrocarbon organic  so lvent 

mixed so lu t ion ( te t radecaf luorohexane –hexane).  In th is Chapter,  in  

add i t ion to  the above two -phase separat ion mixed so lvent  so lu t ions,  a 

ternary water–aceton it r i le–ch loroform mixed so lu t ion was exam ined. The 

phase d iagrams, v iscos i t ies of  the two phases (upper and lower)  in  a  batch 

vesse l ,  vo lume ra t ios of  the phases, and f luorescence photographs of  the 

TRDP for  the water–aceton i t r i le–ch loroform system are shown in  F ig.  7 -1 .  
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Fig.  7 -1  Resul ts  per ta in ing to  the water–aceton i t r i le–ch loroform 

mixed so lvent  so lut ion.   

a)  Phase d iagrams featur ing  so lub i l i t y  curves.  b )  Viscos i t ies  of  the 

(○)  upper  and (□)  lower  phases in a batch vesse l  wi th d i f fe rent  

so lvent  compos i t ions  denoted by the numbers in  brackets in  a) .  c)  

Re la t ionsh ip between the deve lopment  of  the TRDP and vo lume 

contents of  the lower  and upper  phases.  Symbols ○ and ● denote the 

observat ion of  the TRDP (○,  organ ic  so lvent - r ich inner  phase and ●,  

water - r ich inner  phase) .  F low ra te ,  0.2 µL min − 1 ;  temperature,  0 °C;  

and cap i l la ry tube inner  d iameter,  50 µm.  d)  F luorescence 

photographs showing the deve lopment  of  the TRDP. F luorescence 

dye:  1 mM eos in Y and 0.1 mM pery lene.  The o ther  cond i t ions  are the 

same as  those stated for  c ) .  
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The d i f ferences in the viscos i ty of  the upper and lower so lut ions of  

the water–aceton i t r i le–ethyl  acetate ,  water–aceton i t r i le–ch loroform, 

water–Tr i ton X-100–KCl,  water– [C4mim]Cl–KOH, water– [C4mim]Cl–K 2HPO 4 ,  

and water– [C2mim]MP–K 2HPO4  systems were est imated to  be 

approximate ly 0 .42,  0 .49,  440, 1.7,  0 .22,  and 0.73 mPa s, 5 )  respect ive ly.  

The systems could  be tentat ive ly c lass i f ied accord ing to  the degree of  

d i f ference in  the viscos i ty of  the upper and lower phases:  that  is,  as large 

(approximate ly >0.73 mPa s)  and  smal l  (approximately <0.49 mPa s) .  A 

large viscos i ty d i f ference between the upper and lower phases was 

observed for  the water–Tr i ton X-100–KCl,  water– [C4mim]Cl–KOH, and 

water– [C2mim]MP–K 2HPO 4  systems, whereas a smal l  v iscos i ty d i f ference 

was observed for  the water–aceton it r i le–ethyl  acetate ,  

water–aceton i t r i le–ch loroform, and water– [C4min]Cl–K 2HPO 4  systems.    

The fo l lowing f ind ing has become a gateway to  the present work  in  

TRDP research.  When  the d i f ference in  v iscos i ty between the two phases  

was large (approximate ly >0.73 mPa s) ,  the phase wi th  the h igher v iscos i ty  

formed as the inner phase regard less of  the vo lume ra t io,  whereas when 

the d i f ference was smal l  (approximate ly <0.49 mPa s),  the phase wi th the 

larger  vo lume formed as the inner phase.  F ig.  7 -2 shows the re lat ionship 

between the d i f ference in  the viscos i ty between the two phases and the 

TRDP conf igurat ion.  

 

7.3.2.  Pr inc ip le o f  v iscous d iss ipat ion 6 – 9 )  
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F ig.  7 -2  Viscosi ty d i f ference between the upper and lower phases 

for  var ious types of  two -phase separat ion mixed so lvent  so lut ions 

f rom the viewpoin t  of  inner and outer  phases in  TRDP.  

Symbol  ○:  The phase wi th  the h igher  v iscos i ty  formed as the inner  

phase regard less  of  the  vo lume rat io  in  TRDP.  Symbol  ●:  The phase 

wi th  the larger  vo lume formed as  the inner  phase.  
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In  f lu id mechanics,  v iscous d iss ipat ion is  manifested by the 

t ransformat ion of  k inet ic  energy in to  thermal  energy through f lu id ic  

v iscos i ty.  The viscous d iss ipat ion (E )  per  un i t  length in  a  two -phase f low of  

so lvents a and b is  expressed as fo l lows.  

E =∑ ∫ {
1

2
𝜇𝑗(𝛻𝑢𝑗)2}

𝛺𝑗
dV (1)  

Parameter  Ω j  refers  to  the vo lume occupied by the so lvents,  and μ j  and u j  

represent the viscos i ty and ve loc i ty of  the so lvents ( j  = a  ( for so lvent  a)  or 

b  ( for so lvent b)) ,  respect ive ly.  Accord ing to the pr inc ip le of  v iscous 

d iss ipat ion,  the f lu id ic  f low f lows to  mainta in  the so lvent  d is t r ibut ion that  is 

determined by the min imum va lue ext racted f rom the equat ion.   

The pr inc ip le of  v iscous d iss ipat ion is  exp la ined for  an annular  f low 

formed by immisc ib le mixed so lvents in  F ig.  7 -3 .  The two types of  so lvents 

are immisc ib le and have d i f ferent  v iscos i t ies.  As depic ted in  F ig.  7 -3,  the 

annular  f low features an inner phase and an outer  phase,and there are two 

d is t r ibut ion pat terns X and Y. The viscous d iss ipat ion energies are 

est imated wi th Eq.  (1) for the patterns X and Y.  For  example,  an annular  

f low may form as pat tern  X when the v iscous d iss ipat ion energy for  pat tern 

X is  smal ler  than that  of  pat tern  Y, accord ing to the pr inc ip le of  v iscous 

d iss ipat ion.    

 

7.3.3.  Equat ions of  v iscous d iss ipat ion (Eqs.  (2) – (25))9 )   

 

To der ive concrete equat ions of  v iscous d iss ipat ion,  typ ica l  annular 

f l ows  in  an  immisc ib le  mu l t i -phase  f l ow,  as  shown  in  F ig .  7 -4 ,  we re   

j=a,b 
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F ig.  7 -3 Schemat ic i l lust rat ing the pr inc ip le of  v iscous diss ipat ion 

for  annular  f lows wi th  immisc ib le  mixed so lvents.  
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F ig.  7 -4  Typ ica l  annular f lows generated wi th  so lvent 1 (wi th μ 1  

and u o  o r  u i )  and so lvent  2  (μ 2  and u i  o r  u o ) ,  where (μ 1  < μ 2 ) ,  

respect ive ly forming as the (a)  outer and inner phases or  (b)  inner 

and outer  phases.  
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examined. So lvent 1 (wi th  μ1  and u o  o r u i )  and so lvent 2 (μ 2  and u i  o r  u o)  

wi th  μ 1  < μ 2  were in t roduced as the outer  and inner phases,  or  v ice versa.  

F ig.  7 -4  (a)  shows the so lvent d istr ibut ion featur ing the h igher v iscos i ty 

so lvent as the inner phase and Fig.  7 -4  (b)  shows the so lvent d ist r ibut ion 

featur ing the lower v iscos i ty so lvent  as th e inner phase.  The viscous 

d iss ipat ion for  the inner (E i )  and outer  phases (E o )  is  descr ibed as fo l lows.  

E i  =  ∫ {
1

2
𝜇𝑖(𝛻𝑢𝑖)

2}
𝛺𝑖

𝑑𝑉𝑖 = ∫ {
1

2
𝜇i(𝛻𝑢i)

2}
𝑟int

0
× 2𝜋𝑟𝑑𝑟 (2)  

E o  =  ∫ {
1

2
𝜇𝑜(𝛻𝑢𝑜)2}

𝛺𝑜
𝑑𝑉𝑜 = ∫ {

1

2
𝜇o(𝛻𝑢o)2}

𝑟wall

𝑟int
× 2𝜋𝑟𝑑𝑟 (3)  

Parameter  r  is  the rad ius of  the f low in  the tube (prec ise ly,  r i n t  and rw a l l  a re 

the d istances f rom the center  of  the tube to the l iqu id – l iqu id  interface and 

to  the inner wal l ,  respect ive ly,  as shown in  F ig.  7 -4)  and superscr ipts  i  and 

o refer to  the inner and outer  phases, respect ive ly.  The tota l  energy (E t )  

can be ca lcu la ted by combin ing Eqs. (2)  and (3) such that  E t  = E i  + E o .  

In the case presented in F ig.  7 -4 (a) ,  that  is ,  the inner phase is 

formed by so lvent 2  (μ2  and u i ) ,  and the outer  phase is formed by so lvent  1 

(μ 1  and u o ) ,  f i rs t ,  the ve loc i t ies of  the inner phase ( u i )  and outer  phase (u o )  

are ca lcu lated.  The viscos i t ies of  the inner phase and outer  phase are 

denoted as μ 2  and μ 1  respect ive ly.  The equat ion for descr ib ing the ve loc i ty  

of  the inner or  outer  phas e is der ived f rom the  Navier–Stokes equat ion of  

cyl indr ica l  coord inate systems as fo l lows.  

u =  −
⊿𝑃

4𝜇𝐿
𝑟2 + 𝐶 (4)  

Parameter  ΔP  is  the pressure loss in  the cap i l la ry,  L  is  the effect ive 

length of  the cap i l la ry,  and C is the constant  of  integrat ion.   
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Consider ing the boundary condi t ions as fo l lows:  a t  the wal l  surface, 

r  = rw a l l ,  u o  = 0  and at  the l iqu id– l iqu id  interface,  r  = r i n t ,  u i  = u o ,  and 

viscos i ty ra t io ,  H  =μ 1 /μ 2  (0  < H  < 1  for μ 1  < μ 2 )  and G  va lue for  convenience, 

G = ΔP/L,  the fo l lowing equat ions are obta ined.  

u i  =  
𝐺

4𝜇1
{𝑟wall

2 − 𝐻𝑟2 − 𝑟int
2 (1 − 𝐻)} (5)  

u o  =  
𝐺

4𝜇1
(𝑟wall

2 − 𝑟2) (6)  

When the ve loc i ty va lues are used in the viscous d iss ipat ion equat ion,  the 

fo l lowing equat ions are obta ined.  

E i  =  
𝜋𝐻𝐺2

16𝜇1
𝑟int

4  (7)  

E o  =  
𝜋𝐺2

16𝜇1
(𝑟wall

4 − 𝑟int
4 ) (8)  

The tota l  v iscous equat ion energy can then be descr ibed as fo l lows.  

E t  = E i  + Eo  = 
𝜋𝐺2

16𝜇1
{(𝑟wall

4 − 𝑟int
4 ) + 𝐻𝑟int

4 } (9)  

The f low rate ,  Q,  is  expressed as fo l lows.  

Q j  =  ∫ 𝑢𝑗𝛺𝑗
 𝑑𝑉𝑗 (10) 

The f low ra tes of  the inner phase (Q i )  and outer  phase (Q o )  are  expressed 

as fo l lows.  

Q i  =  
𝜋𝐺

8𝜇1
(𝑟wall

4 − 2𝑟wall
2 𝑟int

2 + 𝑟int
4 ) (11) 

Q o  =  
𝜋𝐺

8𝜇1
[−𝑟int

4 (2 − 𝐻) + 2𝑟wall
2 𝑟int

2 ] (12)  

The tota l  f low ra te,  Q t ,  whereby Q t  = Q i  + Q o  can be expressed as fo l lows.  

Q t  =  
𝜋𝐺

8𝜇1
(𝑟wall

4 − 2𝑟wall
2 𝑟int

2 + 𝑟int
4 ) +

𝜋𝐺

8𝜇1
[−𝑟int

4 (2 − 𝐻) + 2𝑟wall
2 𝑟int

2 ] (13) 
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Accord ingly,  G  is  expressed as fo l lows.  

G =  
8𝑄𝜇1

𝜋[𝑟wall
4 +(𝐻−1)𝑟int

4 ]
 (14) 

F ina l ly,  E t  fo r  the case of  F ig.  4  (a)  is  expressed as fo l lows.   

E t  = E i  + Eo  = 
4𝑄2𝜇1

𝜋[𝑟wall
4 +(𝐻−1)𝑟i

4]
 (15) 

In the case presented in F ig.  7 -4 (b) ,  that  is ,  the inner phase is 

formed by so lvent 1  (μ1  and u i ) ,  and the outer  phase is formed by so lvent  2 

(μ 2  and u o ) ,  f i rs t ,  the ve loc i t ies of  the inner ( u i )  and outer  (u o )  phases are 

ca lcu la ted in  a  s imi lar  manner to  that  for  the case shown in  F ig.  7 -4 (a) as 

fo l lows.  

u i  =  
𝐺

4𝜇1
{−𝑟2 + 𝐻(𝑟wall

2 − 𝑟int
2 ) + 𝑟int

2 } (16)  

u o  =  
𝐺𝐻

4𝜇1
(𝑟wall

2 − 𝑟2) (17)  

In the above equat ions,  the viscos i t ies of  the inner and outer phases 

are represented as μ 1  and μ 2 ,  respect ive ly,  and the viscos i ty  ra t io ,  H ,  is  

expressed as H  = μ 1 /μ 2  (0 < H < 1 for μ 1  < μ 2 ) .  W hen the ve loc i ty va lues are 

subst i tu ted in the viscous d iss ipat ion equat ion,  the fo l lowing equat ions are 

obta ined.  

E i  =  
𝜋𝐺2

16𝜇1
𝑟int

4  (18)  

E o  =  
𝜋𝐻𝐺2

16𝜇1
(𝑟wall

4 − 𝑟int
4 ) (19)  

Accord ingly,  E t  is  expressed as fo l lows.   

E t  = E i  + Eo  = 
𝜋𝐺2

16𝜇1
{𝑟int

4 + 𝐻(𝑟wall
4 − 𝑟int

4 )} (20)  
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The f low ra tes of  the inner and outer phases are expressed as 

fo l lows.  

Q i  =  
𝜋𝐺

8𝜇1
(𝑟int

4 + 2𝐻𝑟wall
2 𝑟int

2 − 2𝐻𝑟int
4 ) (21)  

Q o  =  
𝜋𝐺

8𝜇1
[𝐻𝑟wall

4 − 2𝐻𝑟wall
2 𝑟int

2 + 𝐻𝑟int
4 ] (22)  

The tota l  f low ra te,  Q t ,  can be ca lcu la ted as fo l lows .   

Q t  =  
𝜋𝐺

8𝜇1
(𝑟int

4 + 2𝐻𝑟wall
2 𝑟int

2 − 2𝐻𝑟int
4 ) +

𝜋𝐺

8𝜇1
[𝐻𝑟wall

4 − 2𝐻𝑟wall
2 𝑟int

2 + 𝐻𝑟int
4 ]    (23)  

Parameter  G  is  expressed as fo l lows.  

G =  
8𝑄𝜇1,

𝜋[(1−𝐻)𝑟int
4 +𝐻𝑟wall

4 ]
 (24) 

F ina l ly,  E t  fo r  the case of  F ig.  4  (b)  is  expressed as fo l lows.   

E t  = E i  + Eo  = 
4𝑄2𝜇1

𝜋[𝑟int
4 +𝐻(𝑟wall

4 −𝑟int
4 )]

 (25) 

 

7 .3.4.  Calcu la t ion o f  v iscous d iss ipat ion  

 

As ment ioned above,  the author  examined the TRDP in var ious types 

of  two-phase separat ion mixed so lvent  so lu t ions (F ig.  7 -1 ,  6 -3,  and 6-4) 

us ing microscope-CCD camera systems. The viscous d iss ipat ion energy for 

the so lu t ion composi t ions that  generated TRDP was ca lcu la ted for  the six  

types of  mixed so lvent so lut ions s tud ied.  Specif ica l ly,  the viscous 

d iss ipat ion energy va lues for the two d is t r ibut ion pat terns shown in F ig.  7 -4 

(a)  and (b)  were ca lcu la ted us ing Eqs.  (15)  and (25) ,  respect ive ly.   

Tab les 7-1 and 7 -2 summarize the values of  the viscous d iss ipat ion  
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Tab le  1  Viscous d iss ipat ion energy data of  annular  f lows for  the two 

d is t r ibut ion pat terns shown in F ig.  7 -4  (a)  and (b)  when the d i f ference in 

v iscos i ty between the two phases was large (appro ximate ly >0.73 mPa s)  

and associa ted water - r ich phase vo lume ra t ios.   

Under  these cond i t ions of  (a) – (c) ,  the phase wi th  the h igher  v iscos i ty f ormed as  

the inner  phase regard less of  the vo lume rat io .  The va lues of  the v iscous 

d iss ipat ion  energy shown in  red ind icate that  TRDP was ac tua l ly  observed in the 

two d is t r ibut ion pat te rns.  
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Table 2  Viscous d iss ipat ion energy data of  annular  f lows for  the two 

d is t r ibut ion pat terns shown in F ig.  7 -4  (a)  and (b)  when the d i f ference in 

v iscos i ty between the two phases was smal l  (approximate ly <0.49 mPa s) 

and associated water - r ich  phase vo lume rat ios.  Under  these cond i t ions of  

(a )– (c) ,  the  phase wi th  the  larger  vo lume formed as  the inner  phase.  The va lues  

of  the v iscous d iss ipat ion energy shown in  red ind ica te  th a t  TRDP was ac tua l ly  

observed in the  two d is t r ibut ion pat terns .  
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energy obta ined for the two d is t r ibut ion pat terns together wi th the 

component  ra t ios of  the so lvents and the viscos i t ies of  the two phases;  the 

va lues for  the d is tr ibut ion pattern  that  was act ua l ly observed as TRDP are 

wr i t ten in  red.  W hen the d i f ference in  the viscos i ty between the two phases 

was large (approximate ly >0.73 mPa s) (Table  7 -1),  a  large d i f ference in 

the viscous d iss ipat ion energy between the so lvent  d is t r ibut ion pat terns 

was observed.  Furthermore,  the d is tr ibut ion pattern  that  was theoret ica l ly 

determined by the viscous d iss ipat ion pr inc ip le corresponded to  that  

actua l ly observed in  the photograph in the exper iment .  Thus, the phase 

wi th  the h igher v iscos i ty formed as the inner ph ase.  

In cont rast ,  when the viscos i ty d i f ference between the phases was 

smal l  (approximate ly <0.49 mPa s),  a smal l  d i f ference in the viscous 

d iss ipat ion energy between the so lvent  d is t r ibut ion pat terns was observed.  

Fur thermore,  the d ist r ibut ion pat tern  of  the so lvents d id  not  a lways 

correspond to the viscous d iss ipat ion pr inc ip le.  In o ther  words,  the phase 

wi th  the larger  vo lume formed as the inner phase.   

Joseph et  a l . 1 0 )  reported the instab i l i ty of  the f low formed by two 

immisc ib le  l iqu ids wi th  d i f ferent  v iscos i t ies in  a  tube.  The exper iments 

showed a tendency for  the th inner f lu id  to  encapsula te  the th icker f lu id .  The 

authors descr ibed the d is t r ibut ion pattern  by the viscous d iss ipat ion 

pr inc ip le ,  which postu la ted that  the extent  of  v iscous d iss ipat ion wa s 

min imized at  a  g iven f low ra te.  Consider ing a  c i rcu lar tube, the pr inc ip le  

pred ic ted a concentr ic conf igurat ion wi th  the more viscous f lu id located at  

the core.  However,  a l inear stab i l i ty ana lys is ,  as performed by the authors,  
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revealed that  though th is  conf igurat ion was stab le  when the more viscous 

f lu id occupied most  of  the tube,  i t  was not s tab le when the tube most ly  

conta ined a th inner f lu id.  Therefore,  the authors concluded that  the viscous 

d iss ipat ion pr inc ip le  d id  not  a lways ho ld ,  and that  the vo lu me rat io  of  the 

two f lu ids was a cruc ia l  factor  for  the conf igurat ion in  the smal l  v iscos i ty  

d i f ference between the th icker  and th inner ones.  

The considerat ion and conclus ion of  an annular  f low formed by an 

immisc ib le  mult i -phase f low by Joseph et  a l .  were  in  accordance  wi th  the 

author ’s  exper imenta l  data  and viscous d iss ipat ion ca lcu la t ion data of  

TRDP. 

 

7.4 Conclusion 

 

The current  f ind ings are expected to  be usefu l  in  analyt ica l  sc ience 

inc lud ing microf low analys is  research.  TRDP was observed us ing a 

microscope-CCD camera system; s ix types of  two -phase separat ion mixed 

so lvent so lut ions were examined.  The viscous d iss ipat ion energy was a lso 

ca lcu la ted for the so lu t ion component ra t ios that  generated the TRDP. 

When the d i f ference in  v iscos i ty between the two phases was large,  the 

phase wi th  the h igher v iscos i ty formed as the inner phase in  the TRDP 

regard less of  the vo lume ra t io.  The dis t r ibut ion pat tern of  the so lvents was 

supported by the viscous d iss ipat ion pr inc ip le .  In cont rast ,  when the 

viscos i ty d i f ference was smal l ,  the phase wi th the larger  vo lume formed as 

the inner phase in  the TRDP. The d is tr ibut ion pat tern  of  the so lvents d id  not  
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always correspond to the viscous d iss ipat ion pr inc ip le.  I t  is  interest ing and 

usefu l  to  note  that  the d is t r ibut ion pattern  of  TRDP or  TRDF in  PS -MPF 

could  be considered on the basis of  the viscous d iss ipat ion pr inc ip le and 

the report  of  the l inear  s tab i l i ty ana lys is ,  s imi lar ly to  that  of  annular  f lows 

in  convent iona l immisc ib le  mul t i -phase f lows.  
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Chapter 8 

 

Conclus ion 
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 The author  constructed the cap i l la ry chromatography based on 

speci f ic f lu id ic behavior  of  mixed so lvent in microspace and  considered the  

f lu id ic behavior.  When the homogeneous so lut ions of  two -phase separat ion  

systems are de l ivered to  a  microspace,  the homogeneous so lu t ions change 

to  the heterogeneous so lu t ions,  generat ing a  hydrodynamic l iqu id - l iqu id  

in terface wi th  inner  and outer  phases. Th is f lu id ic behavior,  TRDP, is  

app l ied to  the cap i l la ry chromatography(TRDC),  and i ts  separat ion 

mechanism is  invest igated by analyt ica l  condit ions.  In  add i t ion,  the TRDP 

is  nove l  f lu id ic behavior,  and i ts generat ion mechanism is considered f rom 

the exper imenta l  data and ca lcu la t ion.  

 Chapter  2  invest igates generat ion condi t ion of  TRDP in  terms of  

inner  d iameters of  cap i l la ry,  tube temperature,  tube effect ive lengths,  and 

f low ra tes.  Fur thermore,  the pressure and l inear  ve loc i ty are  ca lcu lated 

f rom these condi t ions and used to TRDP generat ion.  In  add it ion,  mixture 

analyte  so lu t ion of  1 -naphtho l ,  1 -naphtha lenesulfon ic  ac id ,  

2 ,6-naphtha lenedisu l fon ic ac id,  and 1,3,6 -naphtha lenet r isu l fon ic ac id were 

separated in  these condit ions,  and the author  considered TRDC  separat ion 

mechanism.  

 In  Chapter  3 ,  the author  examined var ious water–hydrophi l ic  organic 

so lvent–hydrophobic  organic so lvent  systems for TDRP and TRDC. Phase 

d iagrams, f luorescence photographs,  and chromatograms for a 

water–aceton i t r i le–ch loroform so lvent system showed par t icu lar TRDP and 

TRDC. The performance of  th is so lvent system in  TRDC was comparable to 

that  of  a  water–aceton i t r i le–ethyl  acetate system.  
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   In Chapter 4 ,  Chrome Azuro l  S as an absorpt ion reagent was 

in t roduced in to  the TRDC system for  meta l  ion separat ion and on l ine 

absorpt ion detect ion.  Character is t ic ind iv idua l absorpt ion character is t ics 

and e lut ion t imes were obta ined as the resu l t  of  complex format ion between 

the meta l  ions and Chrome Azuro l  S in  the water –aceton i t r i le–ethyl  acetate  

mixture so lu t ion.  Co(I I ) ,  A l ( I I I ) ,  Cu(I I ) ,  and Ni( I I )  were complete ly separated 

and detected in  th is  order  on l ine by the TRDC system wi th  absorpt ion 

detect ion.  The system worked wi thout app ly ing a h igh vo l tage and wi thout 

us ing any speci f ic  co lumns.   

   In  Chapter  5 ,  the dimension less numbe r,  Weber number,  was used to 

examine TRDP format ion,  inc lud ing the inner and outer  phases,  in  the 

water–aceton i t r i le–ethyl  acetate and water–aceton it r i le–ch loroform 

systems. An in terest ing re la t ionsh ip between the Weber number and inner 

and outer  phase format ion in TRDP was determined at  least  for the two  

model systems in th is exper iment .  TRDP was c lear ly observed in the 

cap i l la ry tube when the Weber numbers of  the organic  so lvent - r ich  and 

water - r ich  phases d i f fered.  

 In Chapter 6 ,  the factors determin ing the format ion of  the inner and 

outer phases in the microspace were assessed by examin ing the phase 

d iagrams incorporat ing so lub i l i ty curves,  v iscos i t ies of  the upper and lower 

phases in  a  batch vesse l ,  vo lume ra t ios of  the phases,  and development of  

the TRDP using microscopy imaging.  When the d i f ference in the viscos i t ies 

between the two phases was large (> around 0.73 mPa•s) ,  the phase wi th 

the h igher v iscos i ty formed as the inner phase regard less of  the vo lume 
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ra t ios,  whereas when the d i f ference in  v iscos i t ies was smal l  (< around 0.42 

mPa•s) ,  the phase wi th  the larger  volume ra t io  formed as the inner phase.  

 In  Chapter  7 ,  the viscous d iss ipat ion energy was a lso ca lcu la ted for 

the so lu t ion component  ra t ios that  generated the TRDP. W hen the 

d i f ference in  v iscos i ty between the two phases was large,  the phase wi th  

the h igher v iscos i ty formed as the inner phase in  the TRDP regard less of  

the vo lume ra t io .  The d is t r ibut ion pat tern of  the so lvents was supported by 

the viscous d iss ipat ion pr inc ip le .  In  cont rast ,  when  the viscos i ty d i f ference 

was smal l ,  the phase wi th  the larger  vo lume formed as the inner phase in  

the TRDP. The d is t r ibut ion pattern  of  the so lvents d id not  a lways 

correspond to  the viscous d iss ipat ion pr inc ip le .   

   In  summary,  the effect  of  f low condi t i ons and mixed so lvent  systems 

to  TRDP and TRDC is  invest igated, and the TRDC became ab le  to separate 

analytes more sensi t ive ly and separate nove l  k ind of  ana lyte ,  meta l  ions.  

Fur thermore,  the TRDP generat ion is  considered by ca lcu la t ion of  Weber 

number,  and the phase format ion of  is  considered by ca lcu la t ion of  the 

viscous d iss ipat ion .  From these resu l ts ,  the theory of  TRDP in  generat ion 

and phase format ion is e luc idated ,  and the author  has cont r ibuted to the 

e luc idat ion of  the TRDP, nove l  f lu id ic  behavior,  
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