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OPTIMIZATION FOR MINIMUM ANALYSIS 
TIME OF THE SEPARATION OF BENZENE 

AND DEUTERATED BENZENE BY REVERSE 
PHASE MICROBORE AND RECYCLE HPLC, 

AND THE UTILITY OF D20 

Sj. van der Wal 
Varian Instrunlent Group 

2 700 Mitchell Drive 
Walnut Creek, CA 94598 

ADSTRACT 

O p t  i . s i za l - i . on  f o r  iuii i lnurn a n a l y s l s  t ime f.s de inons t r a t ed  fo r  
HPLC s e p a r a t . i o n s  o €  d i f f e r e n t  d e e r e e s  o f  d i f  f i c u l t y .  T h e  
s e p a r a t i o n  of b e n z e n e  a n d  p e r d e u t e r o b e n z a n e  c a n  b e  p e r f o r i n r d  1.a 
less t h a n  t e n  minu tes ,  s e p a r a t i o n  O E  heiincne awl l a o n o d a ~ t e r o b e n z e i i ~  
takes r j cve ra l  hours.  

TI12 u s e  of d e u t e r i u m  o x i d e  and l o n g  m i c r o b o r e  colunins  1s n o t  
r acminended  s h c e  two-colulnii r e c y c l e  cliroinatayraphy ot' l ' rrs s h o r t e r  
a n a l y s  1,s tilnes than d lo.% s i n g l e - p a s s  co1u;nn. 

INTRODUCTION_ 

d e  a r e  i n t e r e s t e d  i n  d e m o n s t r a t l n y  t h e  a d v a n t a g e s  of 

l n i c r o b o r e  c h r o m a t o g r a p h y  o v e r  s t a n d a r d  HPLC p r o c e d u r e s .  T h e  

improved ninl.mum d e t e c t a b l e  q u a n t i t y  of m i c r o b o r e  chroinatography 

when eroploying UV abso rbance  a n d  f l u o r e s c e n c e  d e t e c t i o n  h a s  b e e n  
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2004 VAN DER WAL 

sliovrn before.') The cost Ravings €o r  expensive mobile  phases  such 

Q S  d e u t e r a t e d  s o l v e n t s  a r e  o b v i o u s .  It L s  w e l l  known t h a t  

deuteca ted  raobile phases  can be  necessary when NMR') o r  i n f r a r e d 3 )  

d e t e c t i o n  arz t o  be used. 

P r r d e u t r r a t e d  analogt i  of t h e  a n a l y t e ( s )  would  ha Ideal .  

; .ntern:il s t a n d a r d s  €or LipLC, ;is t h e y  a r e  i n  G C - Y S  (e.2.  see 4 ,  b u t  

s e p a r a t i o n  by t!PLC of amlyt -a  .ind perdeuteca t rd  oiialjte appears  ilot 

t o  n e u t e r a t t o n  inay a l s o  b e  u b e f i i l  i n  tlie s t u d y  , J c  

crizjr1ne-nedtei:ed react:i.ons and in the des tgn of drabs w i t h  t)pt.i.mill:l 

therapaut. i.c a c t l v i  t y .  7) 

A dramat.ls i n c r e a s e  i i i  s e l e c t i v i t y  has  been r e p o r t e d  iior t h e  

sep.;lrdtioii of heiieene and p r r d ~ u t c r o h e n z i ~ . i e  when using lone, reverst! 

p!iase raicroboce colunins w i . t t i  deuter ium osldi: (D20) t u s t e a d  oi watdr  

(1i20) Ln t h e  u o b t l e  phase.') T h i s  sep; .+rattun 10 n o t o t i . o u a l j  

d i f  t i c i i l t  9i.nce no pKa chanse occurs  on hydrugewdeuteriuri1 s u b s t i -  

t u t i o n  111 this molecule, as Ln a c i i s 5 )  or  bi~urs.') [Note t h a t  t h +  

i.xotopi.c e f k c t  of substitution of a1iphat i . c  hydrogens !ireus Lven 

snal lrr  than t h a t  o f  arurriiit 1.c 

The s e p a r a t l o n  of benzene and perdeuterobentene as repor ted  i.n 

t h e  1 l.terdt.ure take:; s e v e r a l  iiourr') evei i  when l J S l l &  recycling.'") 

3,. i .acreasi .ng t h e  w a t e r  c o n t e n t  oE t h e  i u o h i l e  Pha:j(? i t  j l a s  

predicted5)  atid r e c e n t l y  shownLL) t h a t  t h e  s e p a r d t  ton t irnz could he 

decreased t o  about  an hour. Therefore  a n  Lncrease oE s e l e c t i v i t y  

by u s i n g  d e u t e r i u m  o x i d e  i n s t e a d  of  water would r e s u l t  i n  

s u b s t a n t i a l  savings i n  s e p a r a t i o n  time. 

The o b j e c t i v e  of t h i s  s tudy  wae to  i n v e a t i p a t e  t h e  b e n e f i t s  of 

us ing  deuter ium oxide i.n d i f f i c u l t  s e p a r a t i o n s ,  s p e c i f i c a l l y  i n  t h e  
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BENZENEANDDEUTERATEDBENZENE 2005 

s e p a r a t i o n  of t s o t o p t c a l l y  d i f  f s r t n g  molecules. A s  mi exasple t h e  

w p a r a t  f.on of benzene mi (yer)deuterobenzene was used. To assure 

t h a t  the  tmprovs~ilerit &ought. w j  t h  U20 c o u l d  r iot  be obt.ii.ned 

otherw i.*e [ e . ~ .  see " ) I ,  .i re6;uLdr opt 11s l.aiit t o n  of  chroinatuLraph 1 6 .  

condi t loiw Mas prrfortned uof.ng 1I2O Lu t.he ilobile ptidse. 

S e p a r a t i o n s  were p e r f o r i n r d  on P V a r i a n  L C  55611 l i q u i d  

ciirwnatogriiph equipped wfth a Nodel 7416 i n j e c t i o n  va lve  (Rheodpr,, 

C o t i i t i ,  CA., USA)  and A IJV 200 v a r i a b l e  w a v e l e n g t h  a b s o r b a i i c a  

d e t e c t o r  (V:arisn). CominercLaLly a v a l ? a b l s  1 5  cm x 4.6 mi i4Lcropak 

qP C18-3 columns  ( V a r t a n )  were 11ae:l e x c e p t  f o r  t h e  in i crobora  

experi.inent of Ftsurr 5. Zu the lnlxrobore coh:ar i  eXlJ$rtmnt  t h e  LC, 

5560 wag used in t h e  split-flow mode") arid sir1 exper tmentd l  100 nl 

U V  201) :logcell wa:i employed. Tn a l l  other  expar iments  t h e  U V  200 

d e t e c t o r  cuiit.itned t h e  standard 0.5 ul mtcrobore f l o w c e l l  (Vartan). 

The b w t t c h i n j  v a l v e  i n  thi: r e c y c l e  e x p e r i m e n t  ( P i s u r e  5 )  was d 

Model C6U ( V a l c o ,  t louston,  T X ,  IJSA); t h e  t n - l i n e  f i l t e r s  (117302, 

a i l h e o d y n e ,  C o t d t i ,  C A ,  U S A )  c o n t a l l i e d  B 0 . 2  urn P l u o r L y o r e  

(?li l ltpore,  BedEord, HA, USA) insect"). 

blobi le  p h a s e s  c o n s i s t e d  of  d c t o n t z e d  HPLC b r a d e  uracer, 

deriteetuu oxide (99.8% D, Sigma, St .  Louie, W0, USA) and HPLC grdde 

a c a t o n i t t i . l e  and methano1 (Burdtck arid Tackson, Xuskegon, MI, USA). 

Analytes  were purchased froin Sigma Chemical Co. 

RESULTS 

A. O p t i m i z a t i o n  of Benzene/Perdeuterobenzene S e p a r a t i o n  

The uinimum s e p a r a t i o n  time of a mixture  of two components, 

tr, can  be expresed I n  t h e  chromatographic  parameters  as: 
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2006 VAN DER WAL 

respect Cvely 

a = wlmt tv l ty  f ac tu r  

= t h e  r e q u i r e d  n 

(expressed 111 standard 

r e q  

of t h e  t d o  componc 
'nts = kc2/k; 

r e s o l u t  Lon b e t  veer1 t h e  c o m p o u n d s  

ticviatlonti oE t h e  ECrsl; peak) 

= h n i . g h t  Of d thk2CJreticsl pla te  €Of th.: f . trSl :  i?l.lt.j.[lt; 

compound 

il = l i n e a r  ve loc i ty  oi the mLl1.e phase t h r o u g h  t h e  column. 

As i n d i c a t e d  i t \  eqtlittLon I ,  the s e l e c t i v i t y  f ac to r  has il prafound 

e f f e c t  or1 the ta1i.iILenulll ;i i~ l jrs t i ;  t.i.ine f o r  c1irolnai:odcaphi~::illy very 

s i. :ii .t l a  r co lripo unds 1 i. ke be iizeii;? a n d  pd r deu t  c? r o b e  i i  Zen c. S eve t a 1 

stcttionary phases werd s u r v e y e - 1  f o r  t h a l r  select L v i t y ;  tl lcropdk SP 

CIS uas chosen E , J ~  t ,~~tClnl.zat. lon, gCv1.n;; &owl seLeztI.vlf-y and  hJ.gIi- 

r f i i . c i ency  columns .  I t  is a v a i l a b l e  i.u 7 uu and 5 UIU part  i . c L t :  

s i z e .  Ptzure 1 s h o w s  t h e  dependence o f  H / u  0 1 1  t h e  p r e s s u r e - d r o p  

p e c  Lheoreti.ca1 plat?  f o r  ?*licrt)pak SP C1R i n  the 3 urn ,~actJ.cLe a i . m  

wi . t t1  t w o  liwblLe pliil~e.; of  dlEference vlecoaity. I t  C.3 c lear  t!~;it 

the I ; I ~ . I I ~ . ~ ~ I u I ~  value of ;X/u, corraspondLng t o  the  f a s t a s  1. separatJ..,n, 

cat1 be reitched €or the  highest- avai lab le  pressure-drop per iiulJber 

of theore t ica l  p l a t e s  required. Except a t  very high (>lo5) numbers 

of t heo re t i ca l  p la tes ,  t h e  3 urn mater ia l  gives Easter separa t lons  

than the 5 urn material. 
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BENZENEANDDEUTERATEDBENZENE 2007 

I I I I 1 

10 20 30 40 50 
A P  

/N (mbar)+ 

Figure 1 The dependence of H/u on 
Closed symbols: 50% methanol, 50% water; open symbols: 
35% a c e t o n i t r i l e ,  65% water. 

P/N €or Micropak SP C18-3. 
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2008 VAN DER WAL 

The number ~f t h e o r a t i . c a 1  p l a t e s  r a q u i r ? d ,  Nreq, i s  r e l a t e d  t o  

t h e  o t h e r  p n r a m e t r r s  by: 

SJ,  €i.rst t h e  a t h e r  p a r a m e t e r s  have t o  be se t  (Krerl ) ,  o r  d e t e r a i n c d  

(a ,  klO). E x c e l l e n t  q u a n t i t s t i o n  of coiapouri:lo t s  p o s s i b l e  Ear Xreq 

= 4 and v i r t u a l l y  completr!  "baueltne" s e p a r a t l o n  o c c u r s  a t  R 

6 .  
r e l  

S i n c e  t h e  e f f e c t  O E  d i f f e r e l i t  o r g a n i c  m o d i f i e r s  ulas found to 

be acnera l ly  uliiior, o n l y  tlie tleperidence of t h e  s e l e c t i v i t y  on t h e  

c a p a c i t y  [ a c t o r  € o r  m e t h a n o l  a n d  a c e t o n i t r i l e  as  o r g a n i c  n o b i l e  

phase  roodtf iers  i s  3i.ven i n  FLgure 2 (Curve A and H). The uilniiuuiu 

s e p a r a t l o n  t imes f o r  R r e q  = 6 ,  c a l c u l a t e d  Eroirr e q u a t i . o n s  1 and 2 

and Fisu re  1 and 2 ,  a r e  shown i n  F i g u r e  3 : is  *i f u n c t i o n  o f  inobl . le  

phase  cnmposi.t.i.on. The chromatogram of F i g u r e  4 c o n f i r m s  t h a t  t h e  

yardeutr?roben~ene/benzene  s o y a r a t  ion Ls  iiot d i f f  i c u l t  a t  a l l  a f t e r  

d:i opt.l.aFzatl.on j.s ? p y l i s d .  Thus,  t h e r e  i s  no t n c e n t l v e  t o  u s e  D 2 0  

r a t h e r  t h a n  H20 €ox t h t s  s e p a r a t i o n .  

R. Opt i r n i z a t  ion of Benzene/Monodeuterobenzene S e p a r a t i o n  

A :nucIi l e i i L t h i e r  s e p n r a t t o n  t t i a e  c a n  be a n t i c i p a t e d  il: t h e  

o b j e c t i v e  is t h e  s e p a r a t i o n  O E  benzene from uonodeuterobenzene.  An 

e x p e r  t w e n t a l  5 uin r e v e r s e  p h a s e  p a c k i n g ,  based o n  a d i f f e r e n t  

s i l i c a ,  showed i n c r e a s e d  s e l e c t i v i t y  f o r  t h i s  i s o t o p i c  s e p a r a t i o n  

r e l a t i v e  t o  Micropak SP C18-3 (c.f. F i g u r e  2, e x p e r i m e n t a l  packing:  

c u r v e  C a n d  D ,  v s  M i c r o p a k :  c u r v e  A a n d  B). A 2 2 5 0  x .3 m a  f u s e d  

s i l i ca  column was packed w i t h  t h i s  material. The column a p p e a r e d  
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 BENZENE 4 

Figure ‘2 Dependence of ( -1) on the capacity factor of benzerie Eor 
i t  separation [roil perdeuterobensene. 
Curve A and B: f4icropak S P  C18-3; Curve C and D: 
experimental pack ing .  C losed  symbols :  methanol  
m o d i f i e r ;  open symbols :  a c e t o n i t r i l e  m o d i f i e r ;  
percentapefi oE modifiers are indicated. 
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- 
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- 
- 

300 atm J 
500 atm L 

500 atm / 
I 1 I I I I I I 

30 35 40 45 50 55 60 
ORGANIC MODIFIER (%) + 

Figure '3 Nin:i.muiii saparrt.l .on t.Lme of benzene iiild perdeuterobeiizene 
as a f m c t . L o n  of inodtf  Lt?r c o n c e n t r a t i o n  i n  t h e  i o o b l l e  
gliase. Closed cysbols :  methanol m o d t t i e r ;  open symbols: 
acrtoni tr  i l e  InoJCfier. 

n o t  t o  IIC a:; e f f i c i e n t  ger u n I t  l e .y t ! i  as t h e  s tandard  150 x 4.6 ,am 

Xicropak SP C 1 S  col.u:siis b u t  i.e* convenlhice of use (one, t l c x i b l e  

i: o lu iiln) , r ed uc.2 11 d .t 1 u t .lo n of I: h r uiila t o g r  d p  h .i.c ,)e aks  d nCi s ti p e  r t o  r 

s e l e c t i v i t y  (due t o  t h e  r i i f l r r e n t  pack in^) In i.,hr. r e n d e r  i.1: t h e  

column of c h o i c e  o v e r  c o u p l e d  s t a n d a r d  c o l u m n s  f o r  d i f f i c u l t  

i s o t o p i c  s e p a r a t i o n s .  F i g u r e  5 shows a r e p r e s e n t a t i v e  r e s u l t .  

R e s o l u t i o n  was maximized  a t  t h e  e x p e n s e  of s e p a r a t l . o n  t i m e .  

Coinplete  s e p a r a t i o n  w i l l  r e q u i r e  l a r g e r  p a r t j . c l e s  o r  h i g h e r  
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.001 AU I 

0.000 1.300 2.600 3.900 5.200 6.500 
MINUTES 

Fidure 4 Separat.i.on oC perdeutcrabenmie and henze-w. 
Column: 
Mobile phase: 354 a c e t o n i t r i l e ,  6 5 2  water 
Pressure: 500 bar. 

159 x rC.6 mm ilicropak SP C l a - 3  

I I I I I I I I I 

660.0 680.0 700.0 720.0 740.0 760.0 
MINUTES 

Figure 5 S e p a r a t i o n  of perdeuterobenzene,  monodeuterobenzene and 
benzene. 
Column: 2 2 5 0  x . 3 2  m a  f u s e d  s i l i c a  c o l u m n  w i t h  
experimental packing. 
Hobile phase: 15% a c e t o n i t r i l e ,  852 water 
Pressure: 400 bar. 
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2012 VAN DER WAL 

p r e s s u r e ,  a l o n g e r  co lumn arid e x t r e m e l y  l o n g  s e p a r a t i o n  t i n e s .  

Fldure 1 clarif lxs  t h i s :  due to t h e  max:Lriiuin p r e s s u r e  al lowed by the 

iP1.C equipment m d  t h e  l a r g e  requi red  number of t h e o r e t i c a l  p l a t e s ,  

t h e r e  is  o n l y  a few m i l l i b a r  p r e s s u r e  a v a i l a b l e  p e r  r e q u i r e d  

t h e o r e t i c a l  p l a t e .  In t h i s  r e g i o n  l a r g e r  p a r t i . c l e s  becorie  

prcferab le14)  but seperat tons a r c  extreniely slow. 

h means of r-.ductn;, a n a l y s i s  ttine by re inoving  t h e  maximura 

o p e r a t i n g  p r e s s u r e  of t h e  tIPLC e q u i p m e n t  a s  a s e v e r e l y  1J . in i t ing  

f a c t o r  I s  I:o us(: t w o - c o l @ l m n  r e c y c l e  r _ h r o i n a t ~ y r a p h y . ~ ~ ' ~ ~ ' ~ ~ ~ ~ ~ ~ ~ )  

A compromise has  t o  be s t r u c k  b e t w e n  hlbher speed upera t ion  w l t h  

s m a l l e r  c a p a c i t y  f a c t o r s  :and s h o r t e r  c o l u m n s  or h l g h e r  peak  

capac l ty  oprrat.Lon wi th  l a r g e r  r e t e n t  ion and lonl;er columns. The 

l a t t e r  lias t h e  a d v a n t a g e  of  using f e w e r  c y c l e s  and t s  less 

deauandiw on t h e  accuracy of t h e  t iming  oE coluun swf tch ing  ( t lu l ing  

e r r o r s  f o r  culumn r e c y c l e  are cumulatl.ve) on t h e  performance o l  t h e  

c o L u ~ i  n s  ( t a 1. L i ng) and I) n ( M x t r d- c o 1 u r l i ~  t h 12 e (1 11 t i> i,1 e 11 t 

bancihroadcning). It was c la imed that Eor high-performance r e c y c l e  

chro ina tography i u i c r o b o r e  c o l u m n s  a c e  essriit.Ca1 s i n c e  40% of t h e  

e f f i c i e n c y  was l o s t  d u r i n g  e a c h  c o u p l i n g  s tep  on l a r g e r  bore 

c ~ l u n n s ' ~ ) .  The t r i i i l t l . p l i c a t i v e  t a i l i n g  effect ' ')  would not  have 

shown . ip  J.n o n l y  f t v e  c y c l e s  on long c o l u n n s ,  however .  I t  w a s  

t h e r e f o r e  IleLlded t o  t a k e  t h e  more deiuaudinl; high-speed approach 

u s i n g  two s t a n d a r d  150 x 4.6 M i c r o p a k  S P  C18-3 c o l u m n s  and a n  UV- 

200 d e t e c t o r  w i t h  a n  .5 u l  m i c r o b o r e  f l o w c e l l  as an i n - l i n e  

d e t e c t o r  ( s e e  F igure  6 ) .  The i n - l i n e  d e t e c t o r  appeared t o  he leak-  

Eree up t o  4 0 0  atm. The e x t r a - c o l u m n  b a n d b r o a d e n i n g  of s e v e r a l  
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t 
F i g u r e  6 S c h m a t l c  o t  high-speed column r i c y c l e  e q u i p u e n t .  Ex t r a -  

ca lu [n i i  v a r C a n c z  was l n e n s u t e d  a n a l o g u o u s  t o  Ref. 18. T h e  
r e s u l t i n g  v a r i a n c e s  are i n d i c a t e d  i n  p a r e n t h e s e s .  ’! = 
tiPLC pump, 2 i n j e c t i . o n  v a l v e ,  3 = s w i t c h i n g  v a l v e ,  4 = 
i n - l i n e  E i l t e r ,  5 = column,  b = i n - l i n e  d e t e c t o r .  

co inponer i t s  ~f t h e  r e c y c l e  sjstew a t  1.3 rnl /bi in  i s  d l s o  g i v e n  i n  

Fie;ilrc 6. The i n - l i n e  d e t e c t o r  was iised t o  g u i d e  t h e  s w i t c h l n g .  A 

r e s u l t  o b t a i n e d  w i t h  t h i s  e q u i p m e n t  a f t e r  1 9  c y c l e s  i s  s h o w n  i n  

F i g u r e  7 :  a d i s t i n c t  i m p r o v e m e n t  o v e r  t h e  s e p a r a t i o n  o n  a long 

m i c r o b o r e  c o l u m n  i n  s e p a r a t i o n  t i m e  as  well as  r e s o l u t i o n  i s  

observed.  
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t'i.g.ure 7 iterijcla cliroinatoAram !I19 J E  n o n o d e u t e r o b e n z e n a  and  
benzene.  Sys tem as i n  F i g u r e  6 .  i l o b i l a  phase :  4 3 1  
a c e t o n i t - r i l e ,  6 0 %  water. F l o w r a t e :  .8S u l / i n i i i ,  

Pressure:  370 bar. 

A def [.nil;? coiiclusi.on on t h e  trade-ofCs between nicroboriz and 

s t t l i iddrd columrl r e c y c l i n ;  c o u l d  n o t  be r e a c h e d ;  C u r t h e r  work 

e L m i d a t i . n g  t h e  l e s u - t h a n - t h t ? o t c t i c a l  ef t i c i . e ~ l c y ~ ~ ~ ' ~ )  r e q u i r d s  

unvel hardware and i s  in progress  i n  oir l abora tory .  

C. Tlle U S <  O E  D20 
--_-I-___- 

J inno ' )  o o s c r v e d  r\ L a r s e r  t h d n  t h r e e f o l d  i n c r e a s e  I n  

s e l e c t i v i t y  dlieii r e p l a c i n g  1l20 w i t h  D20 I n  the s e p a r a t l o i i  o f  

benzene and perdeuterobenzenr  by r e v e r s e  phasi: HPLC w l t h  a 30 - 40;: 

methanol c o n t a i n i n g  mobile  phase. U n f o r t u n a t e l y  r e p r o d u c t  i o n  of  

t h e s e  r e s u l t s  i n  our l a b o r a t o r y  was not  successfu l .  

D20 is a s l i g h t l y  more p o l a r  s o l v e n t  t h a n  H20 and C6D6 a more 

The mechanism of i s o t o p t c  s e p a r a t i o n s  polar  a n a l y t e  than  C6H6'). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



BENZENEANDDEUTERATEDBENZENE 2015 

by r e v e r s e  yhasa YW,C 1.s t hough t  t o  L w o l v e  s t r o n g e r  Van d e r  d a d s '  

1 n t e r i i c t . L o n  o:  t h e  t i t a t i o n d r y  p h a s e  w i t h  C-i-l borids t h a n  w l t h  C-l) 

bonds1'), and F i g u r e  3 shows a r e g u l a r  peakshape a i d  e f f l c i e n c y  f o r  

C6D6,  g.tving no f r i d t c s t i o n  of a secondary  equ l l i . b r iu l a  phsnolnenon. 

D 2 0  is 23% more v i s c o u s  t h a n  H20 s o  l o n g e r  separat ion times or 

htbiier grrssures r e s u l t .  Zioreovec, t h e  expense  ot' U2i) w i l l  i n d u c e  

tile IISC of :nlcrubore chrornatography where t h e  d e t r i s e n t a l  e f f e c t  oE 

ex t r a -c i> lu ; i i n  b a r i d b r o a d e n i n g  is l i k e l y  t o  w i p e  out: any s l i g h t  

s e l r c t l v i t y  g a i n  o b t a i n e d  by t h e  use o f  320. 

T t  t h u s  c a n  he concI.i.ided t h a t  usj.ii; D 2 0  i n  ,>Lace O F  t1,0 as  a 

 nob bile p h a s e  cons t . l t u e u t  d i l l  l o t  s t g n i f  i c a n t l y  i m p r o v e  t h e  

s e p a r s t  i o n  of i s o t o p i c a l l y  d i f  Ee ren I: a r o i r a t  i.c iuolecules .  
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