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Abstract: The study aimed to develop a method for the separation of dispersed dyes extracted from 
polyester fibers. Nine commercially available disperse dyes, which were used to dye three polyester 
fabrics, were tested. Extraction of dyes from 1 cm long threads was carried out in chlorobenzene 
at 100 ° C for 6 h. The separation was performed using microemulsion electrokinetic capillary 
chromatography (MEEKC) with photodiode array detection. Microemulsion based on a borate buffer 
with an organic phase of n-octane and butanol and a mixture of surfactants, sodium dodecyl sulphate 
and sodium cholate, were used. The addition of isopropanol and cyclodextrins to microemulsion 
resulted in a notable improvement in resolution and selectivity. The content of additives was 
optimized by using the Doehlert experimental design. Values of the coefficient of variance obtained 
in the validation process, illustrating the repeatability and intermediate precision of the migration 
times fit in the range of 0.11-1.24%  and 0.58-3.21% , respectively. The developed method was also 
successfully applied to the differentiation of 28 real samples— polyester threads collected from 
clothing. The obtained results confirmed that proposed method may be used in the discriminant 
analysis of polyesters dying by disperse dyes and is promisingly employable in forensic practice.

Keywords: disperse dyes; microtraces; polyester fibers; microemulsion electrokinetic capillary 
chromatography; MEEKC; electrophoresis capillary; forensic examination

1. Introduction

F ib ers  are  an  in te restin g  research  m a te ria l, e sp ec ia lly  in  fo ren sic  la b o ra to rie s . T h ey  
are  co m m o n ly  fo u n d  a t th e  crim e  scen e  an d  are  o ften  u sed  as e v id e n ce  in  co u rt cases , as 
th e y  ca n  co n firm  th e  p resen ce  o f a  p e rso n  a t  a  g iv e n  lo ca tio n  o r th e  co n ta c t b e tw ee n  tw o 
su rfaces d u e to th e  tran sfer o f m icrotraces.

N o w ad ay s, c lo th in g  is m o re and m o re often  m ad e of sy n th etic  fabrics. P o lyesters are 
v e ry  re s is ta n t to  m e ch a n ica l, p h y sica l, a n d  b io lo g ica l d am ag e . T h e y  are  a lso  re s is ta n t to  
stre tch in g , c ru sh in g , su n lig h t, acid s an d  a lk a lis , an d  th e y  p o o rly  ab so rb  w ater. P o ly ester 
fab rics  d o  n o t h av e  th e rm a l in su la tio n  p ro p erties . In  2 0 1 9 , p o ly e ster  fib ers rep resen ted  
5 2 .2%  an d  co tto n  o n ly  2 3 .2 %  o f g lo b a l fib er p ro d u ctio n  (~ 111  m illio n  m e tric  to n s) [1,2 ] . 
Su ch  a com m on occu rrence of polyester fibers causes a problem  in  forensic analyses becau se 
th ey  lose  th e ir ev id en tia l valu e.

F o r  th e  a n a ly s is  o f  fib e r  m icro tra ce s , n o n d e s tru c tiv e  m e th o d s , m a in ly  sp e ctro ­
sco p ic  [3 - 12], are  u sed  in itia lly . H o w ev er, so m etim es th ey  are  n o t ab le  to  g iv e  an  u n ­
am b ig u ou s an sw er ab ou t the s im ilarity  o f th e  ev id en ce  sam p le  and co m p ara tiv e  m ateria l 
i f  th e  sam p le  d o es n o t h av e  in d iv id u a l fea tu res. T h ere fo re , m e th o d s are  so u g h t th a t w ill 
b e  ab le  to  d is tin g u ish  fib ers , m ain ly  d u e  to  th e  ch e m ica l co m p o sitio n  o f th e  d y es  u sed .
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N u m ero u s v aried  ch ro m ato g rap h ic  m eth o d s fro m  th in -lay er ch ro m ato g rap h y  (T L C ) and  
h ig h -p e rfo rm an ce  th in -lay er ch ro m ato g rap h y  (H P T L C ) [13] to  H P L C  [14- 18] to  cap illa ry  
e lectro m ig ratio n  m eth o d s (C EM s) [19- 3 2 ] w ith  d ifferen t d etection s h av e  b een  reported  so 
far. A lth o u gh  cap illary  e lectrop horesis is d estru ctive as it requires the extractio n  o f dyes, it 
seem s to  b e  a h ig h ly  p ro m isin g  m eth o d  w h ich  can  s ig n ifican tly  increase  the d egree  of d is­
crim ination  against sim ilar fibers. B en efits  and  problem s related  to the use of variou s C E M s 
fo r d ifferent d ye grou p s h av e  b een  ex ten siv e ly  and d iscu ssed  in -d ep th  in the rev iew  [33] .

T h e  su b je c t o f in te re s t o f  th e se  stu d ies  is a  g ro u p  o f d isp e rse  d y es  u sed  m ain ly  fo r 
d y ein g  m an -m ad e fab rics su ch  as po lyester. T h ey  are n on -io n ic w ater-in so lu b le  or p o o rly  
so lu b le  d y es. T h is  n am e o rig in a tes  fro m  th e  m e ch a n ism  o f d y e  a p p lica tio n  to  th e  fibers. 
In  te rm s o f th e ir  ch e m ica l stru ctu re , d isp e rse  d y es d o  n o t co n stitu te  a u n ifo rm  g ro u p ; it 
in clu d es azo, an th raq u in o n e, b en zo d ifu ran o n e , n itro , and o th er d yes. T he d yein g  p rocess 
re q u ires th e  u sag e  o f a  su itab le  d isp e rs in g  a g e n t in  a n  ac id ic  m e d iu m  in  th e  fo rm  o f 
su sp en sio n s. In  su ch  co n d itio n s, th e  d isp e rse  d y es  are  ap p lie d  to  th e  fib ers  b y  o rg an ic  
ca rrie rs , a t h ig h  te m p e ra tu re  o r p ressu re . T h e  d y e  p a rtic les  d iffu se  in to  th e  fib ers b y  
ad so rp tio n , are  re ta in ed  b y  p h y sica l fo rces , w e a k  v a n  d er W aals fo rces , o r h y d ro g e n  
b o n d s [3 4 ] . T h e  co m m ercia lly  av ailab le  d y ein g  m ixtu re , in ad d ition  to d yes, a lso  con tain s 
n u m ero u s ad d itiv es  th a t en ab le  o r im p ro v e th e  p ro cess o f tex tile  d y ein g . T h e  m o st lik e ly  
ad d itiv es are d isp ersan ts th at facilita te  th e  ap p rop riate  d isp ersion  o f th e  d ye m o lecu les in 
th e  d y e in g  b a th . D u rin g  th e  d y e in g  p ro cess , o n ly  sin g le  d y e  p artic les  o r th e ir  d im ers can  
p en etra te  the in terio r o f p o ly ester fibers, th erefore  the p resen ce of d isp ersan ts (e .g ., lignin  
su lfo n ates , n ap h th a le n e  su lfo n ate , fo rm a ld e h y d e  co n d e n sa te s) is o fte n  n ecessary . O th e r 
p o ssib le  ad d itiv es  are  carriers  th a t fa c ilita te  th e  d iffu sio n  o f d y e  m o le cu le s  in to  th e  d y ed  
fiber or the su rface-activ e  agents that enable  so lu b ilizatio n  of the d yes, and thu s accelerate  
th e  d y ein g  p ro cess [ 2,35 ,36] .

In  the au thors' op in ion , a prom ising  p rospect for the analysis of com plex  sam ples such  
as d isp e rse  d y e in g  m ixtu res  is th e  a p p lica tio n  o f m icro e m u ls io n  e le c tro k in e tic  ca p illa ry  
ch ro m a to g ra p h y  (M E E K C ). T h is  is C E M  in  w h ich  m icro e m u ls io n  (M E ) is u sed  as the 
b a ck g ro u n d  e le ctro ly te  (B G E ). I t  is w o rth  re ca llin g  h ere  th a t M E  co n sis tin g  o f fo u r m ain  
co m p o n en ts  (w ater p h ase , o il p h ase , su rfactan t, an d  co -su rfa cta n t) m ixed  in  ap p ro p ria te  
p ro p o rtio n s is a  th erm o d y n am ica lly  stab le  d isp ersio n  sy stem , w h ich  en ab les  th e  an aly sis  
o f w a ter-in so lu b le  o r p o o rly  so lu b le  su b stan ces. M o reo v er, n o t o n ly  e le ctro p h o re tic  and  
ch rom atograp hic in teraction s occu r d u ring  sep aration , b u t attraction  or repu lsion  betw een  
m icrod roplets and analytes can  also im prove the process [3 7 ] . M E E K C  has aroused  grow ing 
in te re s t a m o n g  research ers  sin ce  1991 w h e n  th e  firs t p u b lica tio n  o n  th is te ch n iq u e  w as 
p u b lish e d  [3 8 ] . M a n y  artic les  in  th e  lite ra tu re  re p o rt a  w id e  ran g e  o f  ap p lica b ility  o f 
th is  te ch n iq u e  [3 7 ,39- 4 3 ] . R e v ie w s c lea rly  sh ow  th a t M E E K C  ca n  b e  u sed  fo r v ario u s 
co m p o u n d s an d  th a t its u n iq u e  p ro p e rtie s  are  e sp ec ia lly  u se fu l fo r co m p le x  m ixtu res 
co n ta in in g  an a ly te s  w ith  v a ry in g  ch a rg e  an d  h y d ro p h o b icity . H o w ev er, th ere  are  no 
scien tific  reports on  th e  u se  o f M E E K C  to an aly ze  tex tile  fibers and th e ir d ed icated  dyes.

A n o th e r im p o rta n t an a ly tica l ch a llen g e  is th e  d ev e lo p m en t o f an  e ffic ien t ex tractio n  
p ro ced u re  co m p atib le  w ith  M E E K C , as so m e organic so lv en ts or th e ir e levated  co n cen tra ­
tio n  m ay  a ffec t th e  s ta b ility  o f M E . It is w o rth  n o tin g  h ere  th a t th ere  h av e  a lso  b e e n  p u b ­
lished  reports co n cern in g  th e  ty p e  o f so lv en t used  to ex tract d isp erse  d yes from  p o ly ester 
fibers. A m o n g  th em , m eth an o l, aceton itrile , or d im eth yl su lfoxid e can  be fo u n d . H ow ever, 
b y  fa r  th e  m o st co m m o n  is th e  e x tra c tio n  w ith  ch lo ro b e n z e n e  a t  a  te m p e ra tu re  e lev a ted  
to  100  °C  o r  h ig h er  [44 ,4 5 ] . A  re ce n t s tu d y  u sin g  L C -M S  a lso  in d ica tes  th e  e ffic ie n cy  o f 
ch lo ro b e n z e n e  as a so lv en t, b o th  in  te rm s o f th e  n u m b e r  o f e x tra cted  su b stan ces  an d  the 
y ield  [46] . It  is w o rth  n o tin g  th a t th ese  reagen ts w ere  n o t used  for M E E K C , how ever.

T h ere fo re , th e  m a in  g o a l o f th is  research  w as to  d ev e lo p  an  in n o v a tiv e  m eth o d  o f 
ex tractio n  an d  sep aratio n  o f d isp erse  d y es ex tracted  fro m  p o ly e ster fibers w ith  th e  u se  of 
m icro em u lsio n  e lectro k in etic  cap illa ry  ch ro m ato g rap h y  fo r forensic p u rp oses.



2. Results and Discussion
2.1. P relim in ary  Tests o f  the B G E  C om pon ents

T h e m o st co m m o n  e lectro m ig ra tio n  cap illa ry  m eth o d  ap p lied  to  th e  an aly sis  o f n e u ­
tra l co m p o u n d s (ex am p les o f w h ich  are  d isp erse  d yes) is m ice lla r  e lectro k in etic  cap illa ry  
ch ro m ato g rap h y  (M E K C ). T h erefore , on e  o f th e  v arian ts  o f M E K C , n o n -aq u eo u s m icellar 
electrokinetic cap illary  ch ro m atograp h y  (N A M E K C ), w as tested  first. To ensure good  so lu ­
b ility  o f th e  an a ly tes, B G E  w as p rep ared  b ased  o n  an  o rg an ic  so lv en t— D M SO . T h e  e x a ct 
co m p o sitio n  o f B G E 1 is p re sen ted  in  su p p le m e n ta ry  m a te ria l (Table S 1 , S u p p le m e n ta ry  
M a teria ls) . In  a d d itio n , th e  u se  o f D M S O  in  b o th  B G E  an d  e x tra c ta n t w o u ld  sh o rten  the 
sam p le p rep aration  p rocess (the sam p le m ay  be analyzed  im m ed iately  after the extraction  
step ). H o w ever, th e  u se  o f N A M E K C  d id  n o t g u aran tee  sa tisfacto ry  sep ara tio n  efficiency. 
M oreover, the re latively  h igh  cu t-off valu e of D M SO  (268 nm ) d ecreases analytical sen sitiv ­
ity, since m ost analytes have an absorption  band  at ca. 220 nm . T hen, the developed  m ethod 
w ould  be  able to detect m ain ly  the presence of dyes b u t not the co lorless su bstances, w h ich  
m ay  also  b e  im p ortan t in form ation  in th e  p ro cess o f sam p le  d ifferen tiation .

In  th e  n e x t stag e , M E E K C  w as u sed  in  a v a r ia n t w ith  m icro e m u ls io n s  co m p o se d  o f 
w ater. D u e  to  th e  p resen ce  o f th e  h y d ro p h o b ic  o il p h ase , th ey  en su red  g oo d  so lu b ility  
o f th e  d y es. A  series  o f M E s w a s  te s ted  (M E 1 -M E 8 .4  co m p o sitio n  is su m m arized  in  
Table S1, S u p p le m e n ta ry  M ateria ls) . D u rin g  th e  p re lim in a ry  tests , th e  fo llo w in g  crite ria  
w ere  a sse sse d : re so lu tio n , lev el o f cu rren t, an d  tim e  o f  an a ly sis . T h e  b e s t sep ara tio n  
efficiency w as obtained  after using M E 8.1 , in  w h ich  stock  M E 8 (consisting o f 0.8%  n-octane 
as th e  o il p h ase , 6%  b u tan o l as a co -su rfactan t, a  m ixtu re  o f tw o  an io n ic  su rfactan ts : 1 .5%  
S D S  an d  1 .5%  so d iu m  ch o la te , an d  90 .2%  o f th e  w a ter  p h a se : 4 0  m M  so d iu m  b o ra te ) 
w as m ix ed  w ith  iso p ro p an o l (9 :1 , v/v, see  T able S1 , S u p p le m e n ta ry  M ateria ls) . S u ch  an  
ap p ro a ch  g av e  th e  b e s t  resu lts  in  te rm s o f sep a ra tio n  e ffic ie n cy  b u t resu lted  in  a lo n g  
m ig ra tio n  tim e o f an aly tes (th e  to ta l an a ly sis  tim e w as 60  m in , w h ereas, e .g ., M E 4 4 0  m in , 
an d  fo r B G E 1  3 0  m in ), w h ich  m a y  lead  to  d e terio ra tio n  in  re p ro d u cib ility  o f  th e  m eth o d . 
H o w ev er, th e  a d v e rse  e ffe ct o f iso p ro p a n o l o n  m ig ra tio n  tim es ca n  b e  co m p en sa ted  b y  
increasing  the sep aration  tem peratu re. Therefore, the M E8.1 m icroem u lsion  w as chosen  for 
fu rth er o p tim ization  d esp ite  th e  lon g  an alysis tim e.

O th e r  fre q u e n tly  u sed  B G E  m o d ifiers  th a t s ig n ifican tly  im p ro v e  th e  sep a ra tio n  p ro ­
cess are  cy c lo d ex trin s . In  th e  p re lim in a ry  research , th e  a d d itio n  o f tw o  cy clo d ex trin s  
(C D ), 2 -h y d ro x y p ro p y l-ß -cy c lo d e x tr in  (H P -ß -C D ) an d  2 -h y d ro x y p ro p y l-y -cy c lo d e x tr in  
(H P -y -C D ) sep a ra te ly  (M E 8 .2 , M E 8,3 ) an d  th e ir  m ixtu re  in  a 1:1 m o la r  ra tio  (M E 8.4 ), 
to  M E 8.1  w as tested  a t a  co n cen tra tio n  o f 25  m M  (co m p o sitio n  is sh o w n  in  T able S1, 
Su p p lem en tary  M ateria ls). These cyclod extrins w ere chosen  due to their good so lu bility  in 
b o th  w a ter an d  iso p ro p an o l (th e  m ain  co m p o n en ts  o f M E 8 .1 ). T h e  b e s t re su lt co n cern in g  
all three above-m entioned  criteria w as obtained  using a m ixture o f H P -ß -C D  and H P -y -C D  
(M E8.4). T h is is p ro bab ly  due to the d ifference in  ring d iam eter of bo th  com p ou nd s, w h ich  
affects the in teractio n  w ith  sep arated  analytes.

M ore details on the resu lts obtained  in  the prelim inary stu d ies can  be found in  Table S2, 
Su p p lem en tary  M ateria ls.

2.2. O ptim ization  o f  S eparation  C ondition s by  U sing D oeh lert E xperim en tal D esign

For the op tim ization  process, the th ree-factor D oeh lert experim ental d esign  com bined  
w ith  th e  re sp o n se  su rface  m e th o d o lo g y  w as selected . T h is  m e th o d o lo g y  a llo w ed  the 
o p tim iz a tio n  o f th e  iso p ro p an o l an d  cy clo d ex trin  co n cen tra tio n s sim u ltan eou sly , an d  the 
sep a ra tio n  te m p e ra tu re . M o reov er, i t  e n ab led  o p tim iz a tio n  to  b e  p e rfo rm e d  b a se d  on  
a re la tiv e ly  sm all n u m b e r o f e x p e rim e n ts  (13), th u s lim itin g  th e  tim e  an d  co sts  o f the 
o p tim iz a tio n  p ro cess . T h e  iso p ro p y l a lco h o l co n te n t w as e sta b lish e d  in  th e  ran g e  0 -3 0 %  
a t 7  lev els , the to ta l cy c lo d ex trin  con cen tra tio n  in  th e  ran g e  2 0 -6 0  m M  a t 5 lev els , an d  the 
sep aratio n  tem p eratu re  in the range 2 5 -3 5  ° C at 3 levels.



T h e ex p e rim e n ta l D o e h le rt m a tr ix  d es ig n  w ith  co d ed  an d  real v a lu e s  o f v ariab les  
is p re sen ted  in  T able 1 . T h e  re la tio n sh ip  b e tw ee n  th e se  v a r ia b le s  is  ex p ressed  by  the 
fo llo w in g  equ ation :

(1)

w h ere  x i is th e  v a lu e  o f th e  co d e d  v a r ia b le , c i is th e  v a lu e  o f th e  rea l v a r ia b le , c i0 is the 
center valu e o f the real variab le , Ac, is the range b etw een  the m axim u m  and the m in im u m  
v alu e  of real v ariab les , and a  is th e  ran g e  fo r a cod ed  v ariab le .

Table 1. Doehlert design w ith coded and real experimental values of variables and measured re­
sponses; Cipr is the concentration of isopropanol and ccd  is the total concentration of 2-hydroxypropyl- 
ß-cyclodextrin (HP-ß-CD) and 2-hydroxypropyl-y-cyclodextrin (HP-y-CD) mixed in a molar ratio 
1:1, T is separation temperature, a is the parameter with values 1 or 0, F is the response function.

No.

Coded Variables Real Variables Measured Response

xi X2 X3
c iPr 

[%  v/v]
cCD

[mM ]
T 

[° C]
n tD i a F

1 0 0 0 15 40 30 7 11.74 1 0.60
2 0 1 0 15 60 30 6 11.98 1 0.50
3 0.866 0.5 0 30 50 30 8 18.42 1 0.43
4 0.289 0.5 0.817 20 50 35 9 10.43 1 0.86
5 0 - 1 0 15 20 30 6 11.79 1 0.51
6 - 0.866  - 0.5 0 0 30 30 7 9.67 1 0.72
7 -0 .2 8 9  - 0.5 -0 .8 1 7 10 30 25 7 12.10 1 0.58
8 - 0.866 0.5 0 0 50 30 7 7.85 0.00
9 -0 .2 8 9 0.5 -0 .8 1 7 10 50 25 8 12.55 1 0.64
10 0.866  - 0.5 0 30 30 30 8 16.78 1 0.48
11 0.577 0 -0 .8 1 7 25 40 25 9 18.90 1 0.48
12 0.289 - 0.5 0.817 20 30 35 8 10.33 0 0.00
13 -0 .5 7 7 0 0.817 5 40 35 7 7.14 0 0.00

w h ere  n  is th e  n u m b e r o f d y e  s ig n als  (d ye p eak s, in d ica te d  b ased  o n  ab so rp tio n  b an d s 
in  th e  V is sp ectru m ), an d  tD1 is th e  m ig ra tio n  tim e  o f th e  red  d y e  (D 1) p re sen t in  the 
sep ara ted  m ix tu re  o f  n in e  d y es  s tan d ard s (D 1 -D 9 , d eta ils  in  S e c tio n  3.2 in  Table 6). T h e  
m ig ra tio n  tim e  o f D 1 w as selected  a fte r  care fu l m a n u a l in sp ectio n  o f th e  ex p e rim e n ta l 
resu lts collected . The first and m ost im p ortan t reason w as the confirm ed  presence of a peak 
co rresp o n d in g  to  D 1 o n  a ll 13 e le ctro p h e ro g ra m s o b ta in ed  u n d e r d iffe ren t ex p e rim e n ta l 
co n d itio n s. S e co n d , it  w a s  a lso  th e  m o st in te n se  s ig n a l in  th e  V is ran g e  (p ro v id in g  h ig h - 
qu ality  Vis sp ectra , used  for d ye id en tificatio n ). P aram eter a  w as in trod u ced  to  red u ce the 
in flu en ce o f th e  exp erim en ta l p o in ts  th a t resu lted  in th e  im p ro p er sh ap e  of the b ase lin e  of 
electropherogram s (highly elevated  during m easurem ents). It w as set to  1, for experim ental 
p o in ts w h ere  a flat b ase lin e  w as ob serv ed , or 0 for exp erim en ta l p o in ts w h ere  th e  b ase lin e  
w as e lev a ted . S u ch  d efin ed  re sp o n se  fu n ctio n  F  a llo w ed  fo r th e  se le ctio n  o f co n d itio n s 
ensuring  the b est resolution  (m easured  b y  n) in  the shortest p ossib le  tim e (in relation  to  tDi). 
T h e  exp erim en ta l p lan  w ith  th e  F  v a lu es  d eterm in ed  d u rin g  the exp erim en ts is presen ted  
in Table 1.

T h e  sep a ra tio n  tim e w as 30  m in . A s a sy stem  re sp o n se , th e  resp o n se  fu n ctio n  F  
w as con stru cted :

(2)



w h ere  y  is tire sy stem  re sp o n se , an d  ß 0, ß ,  ßu,  an d  ß (  (in tercep t, lin ear, in te ra ctio n ,
an d  q u a d ric , re sp ectiv e ly ) are  th r  co effic ien ts  d e term in e d  u sin g  lin e ar reg ressio n . T h e  
sta tis tica l a n a ly sir  o f  th e  s ig n ifica rn e  o f th e  co effic ien ts  o b ta in ed  (d eta ils  in  T able S3, 
S u p p lem en tary  M ateria ls), show s th at th e  sep aration  p ro cess is in flu enced  b y  factors: qp r, 
c iPr2, oiPr T. It is w o rth e m p h a siz in g  th at She am o u n t ot cyclod extrin s in  the tested  range oS 
co n cen tra tio n s d oes n o t h av e r  sig n ifican t in flu en ce on  th e  sep aratio n  efficiency.

T h e  v a lu e s  o f th e  d esisa b ility  fu n ctio n  id) w e re  d eterm in e d  b y  th e  S ta tia tica  13.3  P L  
so ftw are. T h is fu e c tio n  assu m ed  0 fo r tire com p lp tely  u n d esirab le  sy slem  responoe anca 1 
w h xn  thx resp o n se  o b ta in ed  w as th e  m o si satisfacaory. T h e  g rap h s sh o w in g  th e  resp on se  
surfaaee f o r  a  g iv e n  p a ir  o f in d e p e n d e n t v a r ia b le s  o b ta in ed  (th e  rem aining; v aria tile  w as 
kep t at Site op tim al level) aire p reren tcd  in F ig u r e t .

(c)

Figure 1. Response surfaces d vs. qpr and ccd (a), d vs. qpr and T (b ), d vs. ccd and T (c): where 
qpr is the concpntration o i isopropanol (% v/v) and ccd is the total concentration of cyclodextrins 
HP-ß-CD and HP-y-CD mieed in 1:1 m olai ratio), and T is the separation temperature.

T h e  resp o n se  su rfaces  w e re  u sed  to  e stim ate  th e  o p tim al v a lu e s  o f th e  in d e p e n d en t 
v ariab le s . F igp ee 1a in d ic r te s  th e  lo ca l m a x im u m  fo r th e  co d ed  v a lu e  o f th e  iso p ro p an o l

(3)

In  thx n e x t s tep , th e  su rface  re tp o n se  m e th o d o lo g y  w as e m p lo y rd  to  e stim ate  the 
op tim al sep aration  cond itions. Based  on the valu es o f ihe  F  fu nction , a quadric polynom ial 
re sp o n te  m o d el w as d eterm m ed :



concentration  equal to 0.886 (correspond ing to the valu e 30% ). The am ount of cyclod extrins 
presen t in  the BGE! has no sign ifican t in fluence, how ever, the m axim u m  of the d fu nction  is 
loc ated  at th e  cod  ed v a lu e  0 (co rresp on  d in g  to  the v a lu e  40 m M ).

T h e  d ep en d e n ce  o f  th e  fu n ctio n  d o n  T  (F ig u re  ( b ,c) c lea rly  sh ow s tw o  m a x im u m  
a reas th a t ara  o u ts id e  th e  s tu d y  sp ace . Typicafly , in  su ch  cases , th e  ran go o f v ariab les  
u n d e r stu d y  sh o u ld  b e a x te n d a d  to  find  th e  m a x im u m  o 1 th a d e s ira b ility  fu n ctio n  th a t 
re flects  tha haet sep a ra tio n  co n d itio n . Id  th is  case , h ow ev er, th is is u n d e sira b le , s in ce  a 
te m p era tu re  in crease  ab o v e  35  °C  can  contribuito to  ss ch an g e  in  B G E  co m p o sitio n  d u tin g  
a  lo n g m e a s u re m e n t seq u en ce , re d u cin g  rep eatab ility . A  h ig h ar sep a ra tio n  tem peraOure 
red u cea  Jo u le  hnat d iss ip a tio n , fu rth e r re d u c in g  rep eatab ilh y . In  a d d itio n , tem p esatu re  
in sta b ility  d riv e s  to  h ig h e r  v a r ia b ility  o f sep a ra tio n  cu rre n t a ffected  b y  th e  tem p era tu re  
d ep en d en ce o f cond u ctiv ity . H o ld in g th e  cap illary  tem p esatu re  requ ires sw iteh in g  o e  and 
off P eltier e lem en t in  the therm o stat w h ich  ind u ces the w av eform  of the cu rrent oscillating 
a ro u n d  a ce rta in  v a lu e  (a t 35  °C  it w as aro u n d  37 .5  gA ). W ith  in creasin g  tem p era tu re , an  
increase in  the am plitud e and frequency of oscillations w as observed. There w as a risk  that 
w h e n  th e  te m p e ra tu re  w a s  h ig h er  th a n  35  ° C , th e  flu ctu  a tio n s  w o n ld  lbe targe e n o u g h to  
n eg ativ e ly  a fiec t the sep aration .

T n d s, th e  o p tim al v a lu e s  fo u n d  -were: c iPr = 30°%, cCD = 4 0  m M , an d  T  = 35  °C . T h e  
e lxctropherogram  registered  for the dyeing m ixtures (D 1-D 9) u n d er the optim al sep aration  
con d ition s is sh ow n  in F igure 2. It w as p ossib le  to sep arate  the com p on en ts o f the m ixture 
in less th an  30 m in.

Tim e (m inutes)

Figure 2. Microemulsion electrokinetic capillary chromatography (MEEKC) separation of 9 dye 
standards (D1-D9) scsompHshed in nptimal conditions (analytical wavelength—220 nm, background 
elncteolyte (BGE)— ME8.1).

T h e  id en tifica tio n  o f d y es D 1 -D 9  w as p erfo rm ed  b y  co m p arin g  m easu red  m ig ratio n  
tim es w ith  those co llected  d u ring  the analysis o f sin gle com p on en t stand ard s. O ne should  
n o te  th a t th e  sep a ra tio n  o f m u ltico m p o n e n t m ixtu res  is  a  co m p le x  ta sk  an d  u n ex p ected



sh ifts o f analytes m ay be observed due to  (i) the in teraction  betw een  dyes and/ or excip ients 
o r o th er  co m p o u n d s in t h is  co m p leo  sy stem ; (ii) th e  co m p etitiv e  n a tu re  o f e q u ilib riu m  
betw een  analytes ynd C D s; (iip ph ysicech em ical changes of sam ple zone, e.g ., cond u ctiv ity  
or viscosity . T hese p h en o m en a m ay  affect the selectiv ity  of tires m ethod  and cau se changes 
in  the m igration  tim es of analytes. H ow ever, th is analytical challenge m ay  be circum vented  
b y  ei collection  of the library  of UV-Vis spectra  of individ ual d yes, w h ich  in  our case strongly  
su p p orted  th e  id en tifica tio n  o f d isp ersiv e  dyes.

2 i3. O ptim ization  o f  the E xtraction  P aram eters

S ev era l e x tra cta n ts  d ed ica te d  t c  d isp e rs in g  d y es  k n o w n  feom  th e  liTeraturc (see 
S e c t io n f ) , in c lu d in g  M e O H , A C N , D M S O , d ich lo ro m e th a n e , an d  ch lo ro b e n e en e  w ere  
tented. Tw o ty p es o f e x tra c tio n  w e re  u se d — h ig h -te m p e re tu re  o x tractio n  (H T E ) end  
u ltra so u o d -a ss iste d  e x tra c tio n  (U A E ). T h e  e v a lu e tio n  o f th e  ex teactio n  e f f ic ie n c y w a s  
carried  ou t visually , assessin g  the in ten sity  of the extract hue and the co lor of the p o lyester 
thread s after extractio n  (it w as assu m ed  th at th e  w h iter the co lor o f th e  th read s, th e  b etter 
the extraction) . The beset resu lt w as obtained  fur H TE w ith  ch loeobeneene at a tem peratu re 
o f 1 0 0 °C  T h erefore , it w as d ecid ed  to u se  th is m eth o d  in fu rth er research .

T h e  p re v io u sly  f e v e lo p ed  sep a ra tio n  m eth o d  w as u sed  to  assess  th e  e fe c tiv e n e sp  
o f th e  e x tractio n  co n d itio n s. Then exSraction w as carried  o u t fro m  fo u r stan d ard  p o ly e ster 
fab rics, dyed w ith  d y ein g  m ixtu res o f k now n com p ositio n s, FA , FB , FC , and b la n k  sam p  le 
FD  (see Table 6 in Section  3 W). Tw o lengths o f thread s, 1 and 4 cm , and d ifferent extraction  
tim es o f 0 .5 , 1, an d  6 hi w ere  tested . S in ce  th e  p u rp o se  o f th e  re sea rch  w a s  to  d ev elo p  
a m eth o d  fo r q u a lita tiv e  a n a ly sis  o f th e  co m p o n e n ts  o f p o ly e ster  fib er e x tracts , th e  to ta l 
n u m b e r o f s ig n als  (b o th  d y e  p eak s an d  p eak s co rresp o n d in g  to  co lo rless  su b stan ces) 
observed  on she e lectro p h ero°ram s w as selected  to assess the effectiveness o f the eotraction  
co n d itio n s  (excludiccg th e  s ig n a lt g en era ted  b y  th e  e lectro o sm o tic  flow f E O F ). T h e  resu lts 
are sh ow n  in F igu re  s .

Figure 3. Comearison of a number of ssgoals detected on the electropherograms registsoed in e f0  nm 
for the extracts obtained in different high temperature extraction (HTE) conditions from four standard 
fabrics FA-FD.

T h e d ata  in F igu re  3 sh ow  th a t the resu lts ob ta ioed  a te  d iv id ed  into  tw o g ro u p s. The 
firs t o n e  co n ta in s  ex tracts  o b ta in ed  fro m  1 cm  lo n g  th read s fo r 0 .5  an d  1 h , resp ectiv ely . 
U n d e r the co m p ared  co n d itio n s , the n u m b e r o f s ig n als  fo r e ach  o f th e  re feren ce  fab rics  
an a ly z ed  w a s  th e  ta m e . T h e  seco n d  g r o tp  in d u d e s  ex tracts  o b ta in ed  frone th read s o f 
4 cm  fo r 6 an d  1 h , resp ectiv ely , an d  fro m  th read s o f  1 cm  fo r 6 h . T h e  o b ta in ed  resu lts



are  p ra c tica lly  th e  sam e fo r e a ch  fab ric  e x ce p t fo r F B  u n d e r the co n d itio n s  o f 4  cm , 6 h, 
w here one signal m ore w as observed. C om paring  the results for b oth  groups, in  the second 
g ro u p , th e  n u m b e r o f s ig n als  is m u ch  greater. E sp ec ia lly  in  th e  case  o f F A -F C  fab rics  
th a t h av e  u n d e rg o n e  a d y e in g  p ro cess . In terestin g ly , th e  b la n k  sam p le  F D  a lso  p ro v id es 
sig n als  d etected  o n  th e  e lectro p h ero g ram s. T h e  U V -V is sp ectru m  an a ly sis  stan d s fo r th at 
th ey  o rig in a te  fro m  co lo rless  su b stan ces, a lso  p resen t in  th e  fibers. T h e  d etectio n  o f th ese  
su b sta n ce s, in  a d d itio n  to  in fo rm a tio n  o n  d y es, ca n  a lso  b e  an  im p o rta n t fa c to r  in  the 
d ifferen tiation  p rocess.

From  the p o in t o f v iew  of forensic exam in ation  o f fibers, the m ain  challenge is a sm all 
am o u n t of av ailab le  m ateria l. F o r  th is reason , p articu lar a tten tion  w as p u t on  m in im iz in g  
th e  d im en sion s o f th e  extracted  sam p le  w h ile  at th e  sam e tim e h av in g  th e  larg est p o ssib le  
n u m b e r o f s ig n als . T h ere fo re , 6  h  o f e x tra c tio n  fro m  1 cm  lo n g  th read s w e re  selected  
as op tim al.

2.4. M eth od  V alidation

In  th e  n e x t step  o f th ese  tests , th e  d ev elo p e d  p ro ced u re  w a s  v a lid a te d  in  o rd er to 
co n tro l it  an d  co n firm  w h e th e r  th e  in te n d e d  o b je ctiv e s  re g a rd in g  th e  u se  o f  th e  m eth o d  
w ere  m et. T ak ing  in to  a cco u n t th e  q u a lita tiv e  ch a ra c ter  o f the d ev e lo p e d  m eth o d  the 
p a rticu la r  im p a ct w as p u t m a in ly  o n  the re p e a ta b ility  o f the m e th o d , as  th is is the m o st 
im p ortan t p aram eter for q u a lita tiv e  and co m p arativ e  analyses.

T h e  n in e  stan d ard  d y e  so lu tio n s d isso lv e d  in  th e  B G E  (fo r d eta ils , see  S e c tio n  2 .5 ) 
w ere an alyzed , testin g  the in jection  and sam p lin g  rep eatab ility  as w ell as the in term ed iate  
p rec isio n . T h e  ex a m in a tio n  o f  the re p e a ta b ility  o f the in je c tio n  co n siste d  o f p e rfo rm in g  
fo u r rep etitio n s o f on e  sam p le, w h ereas th e  rep ea tab ility  o f th e  sam p lin g  w as estab lish ed  
accord ing  to the resu lts obtained  in  one d ay b y  the analysis o f four sam p les ind ep end en tly  
sam pled  b u t prepared  identically. In  turn, to estim ate the in term ed iate  precision  of in jection  
an d  sam p lin g , sep ara tio n s  w ith in  3  d ay s w e re  carried  o u t, resp ectiv ely , fo u r rep etitio n s  
fro m  th e  sam e sam p le  an d  4  in d e p e n d e n tly  p rep ared  sam p les . In  the n e x t stag e , the 
in term ed iate  p recision  in re latio n  to th e  cap illa ry  w as also v erified . F or th is , fo u r sam p les 
w ith  th e  u se  o f tw o d ifferen t cap illaries w ere  su b jected  to a sin g le  analysis.

The results calcu lated  as the stand ard  d ev iation  and relative stand ard  d eviation  (RSD ) 
expressed  in  % (the coefficient of variation , CV ) for the relative m igration  tim es o f the peaks 
(th e  m igration  tim es for the analyte d iv ided  by  the tim e of E O F  sig n al) are listed  in  Table 2.

C o n sid e rin g  in je ctio n  an d  sam p lin g  rep eatab ility , C V  v a lu e s  w ere  o p p o site  to  th o se  
assu m ed . C V  fo r in je c tio n  is g re a te r th an  fo r re p e a ta b ility  o f the sam p lin g . T h e  sam e 
s itu a tio n  is in  the case  o f the in te rm e d ia te  p re c isio n — the C V  v a lu e s  fo r sa m p lin g  w ere  
b e tte r  th an  fo r th e  in te rm e d ia te  p re c isio n  o f in jectio n . B ased  o n  the a b o v e  resu lts , i t  w as 
found  th at th e  m o st p ro bab le  cau se  is m u ltip le  cap illary  in sertion s into a sin g le  P C R  tube. 
T h is m ay  b e  d u e  to  th e  large  tem p era tu re  am p litu d e  b e tw ee n  th e  sam p le storage m o d u le  
(m ain ta in ed  a t T  = 10 °C ) an d  th e  sep aratio n  tem p era tu re  (35 °C ). T h e  tip  o f th e  capillary , 
im m e rsed  in  th e  sam p le  in  a P C R  tu be , m ay  cau se  ch an g e s  in  th e  ch e m ica l co m p o sitio n  
o f th e  sam p le  m a trix  (e .g ., sp eed  u p  the e v a p o ra tio n  o f th e  m o st v o la tile  co m p o n e n ts  or 
ch an g es  re la ted  to  d iffu sio n  o r tem p era tu re  tran sfer). T h erefo re , to  im p ro v e  th e  in jectio n  
p re c isio n , i t  w a s  d ecid ed  to  v e r ify  lo w e r te m p era tu re  co n d itio n s in  th e  sam p le  storag e  
m od u le  (1 0 ,1 5 , and 20 °C ) so th at the above-m entioned  am plitud e w as sm aller. C om paring  
th e  o b ta in ed  in je c tio n  rep eatab ility , it  w a s  fo u n d  th a t s im ila rly  sa tis fa c to ry  resu lts  w ere  
ob tained  for the tem p eratu res o f 15 °C  and 20 °C , n am ely  C V  = 0 .27  and 0 .26, respectively. 
H o w ev er, b e tte r  sep a ra tio n  o f th e  p e ak s w as o b serv e d  a t 15 °C ; th u s, it  w a s  se lected  fo r 
fu rth er stages of the research .

Taking in to  acco u n t th e  C V  v a lu es  co rresp o n d in g  to  th e  in term ed ia te  p rec isio n  com ­
pared  to th e  rep eatab ility  o f th e  m eth o d , one shou ld  rem em b er th at, w h en ev er p o ssib le , a 
co m p arativ e  analysis o f u n k n ow n  and reference sam p les sh ou ld  b e  p erfo rm ed  in one d ay 
u sin g  the sam e capillary.



Table 2. The results of validation— average relative migration times, standard deviation (SD), and 
coefficient of variation (CV) of 9 peaks corresponding to standard disperse dyes.

Peak 1(D 8) 2 (D3) 3 (D1) 4 (D4) 5 (D2) 6(D 7) 7(D 5) 8(D 9) 9 (D6)

In jection  repeatability (1 sample X 4 repetitions X 1 day = 4 runs), 3-day average

rel tm, av [min] 1.37 1.39 1.41 1.43 1.46 2.05 2.11 2.13 2.37

SD 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01

CV [%] 0.72 0.91 0.82 1.24 0.86 0.42 0.43 0.39 0.32

Sam pling repeatability (4 samples X 1 repetition X 1 day = 4 runs), 3-day average

rel tm, av [min] 1.39 1.40 1.43 1.44 1.47 2.01 2.09 2.10 2.34

SD 0.01 0.01 0.01 0.01 0.01 0.01 0.003 0.002 0.004

CV [%] 0.60 0.63 0.71 0.52 0.65 0.56 0.16 0.11 0.19

The intermediate precision of in jection (1 sample X 4 repetitions X 3 days = 12 runs)

rel tm, av [min] 1.37 1.39 1.41 1.43 1.46 2.04 2.11 2.12 2.37

SD 0.01 0.02 0.01 0.02 0.01 0.07 0.05 0.05 0.06

CV [%] 0.58 0.72 0.62 1.03 0.78 3.21 1.67 1.61 2.13

The intermediate precision of sam pling (4 samples X 1 repetition X 3 days = 12 runs)

rel tm, av [min] 1.39 1.40 1.42 1.44 1.47 2.01 2.09 2.11 2.34

SD 0.01 0.02 0.01 0.01 0.01 0.05 0.02 0.02 0.03

CV [%] 0.88 1.08 0.99 0.93 1.01 2.67 0.87 0.88 1.28

The intermediate precision in relation to the capillary (4 sam ples X 1 repetition X 2 capillaries X 1 day = 8 runs)

rel tm, av [min] 1.39 1.41 1.43 1.45 1.47 2.03 2.09 2.11 2.35

SD 0.01 0.01 0.02 0.01 0.02 0.06 0.02 0.02 0.04

CV [%] 1.02 1.04 1.15 0.90 1.21 2.93 1.05 1.03 1.50

2.5. A n aly sis o f  R eal S am ples

T h e n e x t step  w as to  an a ly ze  a co lle c tio n  o f real sam p les— p o ly e ster fab rics  secu red  
fro m  v a rio u s  c lo th es . T h e  co lle cte d  sam p les  v a r ie d  co n sid era b ly  in  te rm s o f  co u n trie s  o f 
orig in , d istributor, p ro d u cts  from  w h ich  th ey  w ere  taken  (c lo th in g  or d eco rativ e  e lem en ts 
o f h o u ses), the ch e m ica l co m p o sitio n  o f the fa b ric , an d  co lo r (d e ta ils  in  S e c tio n  3 .2  in  
Table 7 ). A ll 2 8  sam p les  w ere  d iv id ed  in to  fo u r g ro u p s co n sid erin g  th e ir co lo r an d  th en  
treated  according to the presented  above procedure (extraction  and sep aration  o f the extract 
co m p o n en ts w ith  th e  u se  o f th e  d ev elop ed  M E E K C  m ethod ).

It is w o rth  e m p h a siz in g , th a t th e  p artia l d iffe ren tia tio n  o f th e  sam p les w as p o ssib le  
as e a rly  as a t th e  stag e  o f  e x tra ctio n , d u e  to  the d iv ersity  o f co lo rs  o f o b ta in ed  ex tracts . 
T h is  o b serv a tio n  is m o st v a lu a b le  in  th e  case  o f fab rics  th a t d id  n o t d iffer  in  co lo r  b efo re  
extraction . T his p henom enon  can  sim p ly  be exp lained  b y  the so lvent (extractant) in teraction  
w ith  the chrom oph ores of d issolved  m olecules of one or m ore dyes (m ixtures o f several dyes 
are u su ally  used  to  dye the fibers) and cau se sh ifting  in  the m axim u m  rad iation  absorption  
in the v isib le  ran ge . A s a result, extracts obtained , fo r exam p le, fro m  b lack-co lo red  fab rics, 
ca n  h av e  a co lo r th a t fa lls  in to  g reen  o r b lu e  shad es. T h is e ffect is n o t sp ectacu lar, b u t i t  is 
su ffic ien tly  n oticeab le  th at it can  b e  used  in the in itia l stag e  o f d ifferentiation .

A  d atabase  w as created , in clu d in g  th e  fo llo w in g  ob tained  results:

• Total nu m ber of signals present at the e lectropherogram s registered  at 220 nm  (signals 
w ith  in ten sity  ab ove 0.5 m A U );

• N u m b e r o f d y e  s ig n als  se lected  b a se d  o n  th e  U V -V is sp ectra  (in c lu d in g  d y e  sig n als  
w ith  in ten sity  ab ove 0.4 m A U  at 220 nm );

• B an d s in  th e  V is ab so rp tio n  sp ectru m  reco rd ed  fo r d y e  s ig n a ls— in fo rm a tio n  co rre ­
sp o n d in g  to  th e  co lo r of an aly zed  dyes;



• R e la tiv e  m ig ra tio n  tim es o f a n a ly te s, ca lcu la ted  in  re la tio n  to the m ig ra tio n  tim e  o f
electro osm otic  flow  (EO F) sig n al, treated  s im ilarly  to an in tern al stand ard .

To fa c ilita te  th e  co m p a riso n  o f th e  re la tiv e  m ig ra tio n  tim es o f th e  an a ly te s , a  sim p le  
sch em e w as d ev e lo p e d  b a sin g  o n  the resu lts  o b ta in ed  in  the m e th o d  v a lid a tio n  p ro cess. 
M e a su re m e n ts  fo r real sam p les  w e re  carried  o u t o v er a t le a s t a  few  d ay s, th ere fo re  the 
resu lts  (SD ) o b ta in ed  d u rin g  the in te rm e d ia te  p re c isio n  o f sa m p lin g  w ere  u sed . T h e  
e x p a n d e d  u n certa in ty  (U , k  =  2 ) o f th e  re la tiv e  m ig ra tio n  tim es o f 9  in d iv id u a l p eaks 
w as d eterm in e d . T h e  v a lu e s  o f th is  p a ra m ete r  w ere  in  th e  ran g e  0 .0 2 -0 .1 1 . It  is w o rth  
e m p h a siz in g  th a t in  C E , a lo n g  w ith  th e  in crease  in  the m ig ra tio n  tim es o f a n a ly te s, a 
d e terio ra tio n  in  th e  re p e a ta b ility  is u su a lly  o b serv ed  d u e  to  th e  tim e -d ep e n d e n t ch an g es 
in E O F (cau sed , am o n g  oth ers, b y  th e  m o d ifica tion  of th e  e lectrica l d ou ble  layer, w h ich  in 
tu rn  is a co n seq u en ce of the ad sorp tion  o f m o lecu les to  silanol groups on the in n er w all of 
th e  ca p illa ry  o r b y  th e  d ee p e n in g  d isp e rs io n  o f th e  an aly te ). H ow ev er, th e  u se  o f re la tiv e  
m ig ra tio n  tim es a llo w s fo r re d u c in g  th is  e ffect. F u rth e rm o re , th e  C V  v a lu e s  o b ta in ed  d o 
n o t d irectly  re flec t th e  d escrib e d  p h e n o m en o n  (s ig n a l 6  is ch a ra cteriz e d  b y  m u ch  lo w er 
rep eatab ility  th an  sign als 7 , 8 , and 9  occu rring  at lon g er m igration  tim es). T herefore, it can 
b e  co n c lu d e d  th a t th e  re p e a ta b ility  o f the resu lts  d ep en d s la rg e ly  o n  the typ e o f a n a ly te  
tested  and the w ay  it in teracts w ith  M E  d u ring  m easu rem en t and less on the E O F  stability . 
H ow ever, in forensic com p arative  stu d ies, the analysts do n o t have in form ation  on  specific 
analytes presen t in  the sam ple and do n ot have the v alid ation  param eters assigned  to them  
th at reflect repeatability. For th is reason, it is n ecessary  to  d eterm ine the lim its of expanded 
u n certa in ty  valu es that w ould  allow  the assessm ent of the q u ality  of the sim ilarity  betw een  
th e  re la tiv e  m ig ra tio n  tim es o f the an a ly tes  o f co m p ared  sam p les. U sin g  the m a x im u m  
e x p a n d e d  u n certa in ty  v a lu e  o b ta in ed  in  m eth o d  v a lid a tio n , tw o  g ro u p s w e re  created  to 
assess the s im ilarity  o f th e  resu lts ob ta ined  (d etails in Table 3 ) .

Table 3. Limits of CV and range values defining the similarity of samples in the comparative examination.

Sim ilarity Sim ilar D ifferent

expanded uncertainty
<0.11 >0.11

(U, k  = 2)

annotations
U  values lower than parameters obtained in 

method validation
U  values higher than parameters obtained in 

method validation

2.6. A pp lica tion  o f  the D eveloped  M eth od  f o r  the C om parison  S tu dy  o f  P oly ester  F ibers

To co n firm  th e  p o ssib ility  o f u sin g  a d ev elo p ed  sep ara tio n  m eth o d  fo r th e  d ifferen ti­
a tio n  o f fib er ex tra c ts , the in tra la b o ra to ry  test w as carried  o u t. T h e  first stag e  o f the test 
h ad  to  re flec t th e  s itu a tio n  o f th e  co m p a ra tiv e  stu d y  o f th e  fibers. To av o id  th e  a n a ly st 's  
se lf-su g g estio n , n ew  sy m b o ls w ere  a ssig n e d  to the sam p les  tak en  fo r th e  test. F o r  this 
pu rp ose, three b lack  fabrics B 1 -B 3  (com parative m aterial) w ere selected  from  the collection  
o f tw en ty -e ig h t av a ilab le  fab rics, an d  th read  X  (ev id en ce  m ateria l) w as tak en  fro m  on e  of 
th em . T h e  a n a ly st's  ta sk  w as to  d eterm in e  from  w h ich  o f th e  three  co m p arativ e  m ateria ls  
B 1 -B 3  th e  secu red  th read  X  o rig in a ted . T h e  facto rs  u sed  fo r d iffe ren tia tio n  step s w ere  as 
fo llo w s: e x tra c t color, th e  to ta l n u m b e r o f s ig n als , th e  n u m b e r  o f d y e  sig n a ls , a b so rp tio n  
b an d s in th e  V is sp ectru m , and relativ e  m ig ratio n  tim es o f analytes.

A s m en tio n ed  in  S e c tio n  3 .5 .  th e  d iffe ren ces  in  th e  e x tra c t co lo rs w ere  p o ssib le  to  be 
v isu ally  detected . T he co lors of the extracts from  sam ples B2 and X  show ed  a h igh  sim ilarity  
(a n oticeab le  ch aracteristic  green  sh ad e), w h ich  w as th e  first in d ication  o f the s im ilarity  of 
th e  sam p les. A  M E E K C  an a ly sis  w a s  p e rfo rm e d  to  co n firm  the p re lim in a ry  resu lts . T h e  
d ata obtained , inclu d ing  the nu m ber of signals (total and dye), the V is rad iation  absorption  
ranges (correspond ing to the dye colors), and the ca lcu lated  relative m ig ration  tim es o f the 
an aly tes are su m m arized  in Table 4 .



Table 4. Results of differentiation of samples B1-B3 and X; yellow, red, and blue colors corresponding 
to signals with the; maximum absorption bands at 380-490,490—5580, and >580 nm, respectively.

T h e  ran g es o f  V is ra d ia tio n  a b so rp tio n  w ere  d etecte d  u sin g  p h o to d io d e  a rray  d etec­
tio n  (P D A ). T h e  fra g m en ts  o f  P D A  e le c tro p h tro g ra m  v ie w s sh o w in g  th e  d y e s ig n a ls  are 
p resen ted  in  F ig u a e 4  and  th e  e lectro p h erog ram s a t 220 n m  are in  F ig u re  5 .

Figure 4. Fragments of PDA "views registered for samples B1-B3, and X. Dye signals are marked on 
the top, by the orange arrows.

Figure 5. Electropherograms registered for samples B1-B3, and. X at 220 nm, dred— red dyes, 

dyellow—yellow dyes, dWue—blue dyes.

Signal
Number

Relative M igration Times of the Analytes 
B1 B2 B3 X

U (k = 2) for Sam ples 
B2 and X

1 1.32 1 .32 1.33 1.33 0.02
2 1.39 1 1.40 1.41 1.41 0.02
3 1.44 1.44 1.48 1.47 0.03
4 1.47 1.47 1.56 1.49 0.03
5 1.54 1.54 1.59 1.57 0.04
6 1.57 1.57 - 1.60 0.05

total 6 6 5 6
dye 4 5 3 5
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T h e to ta l n u m b e r o f s ig n a ls , as so  th e  n u m b e r o f  d y e  sig n a ls , m a k e  it p o ss ib le  to 
ex c lu d e  th e  co m m o n  o r ig in  o f  sam p les  B 3  an d  X . T h e  n u m b e r o f d y e  s ig n als  an d  the 
absorption  b an d s in  the 'Vis spectru m  show ed  the d ifferences in  the com p ositien  o f extracts 
fro m  sam p les  B1 an d  X . T h e  sam e n u m b e r o f  s ig n als  (to ta l an d  d y e), an d  tire a b so rp tio n  
b a n d s  in  th e  V is sp ectru m  (d ye co lo r) in d ica te  th e  s im ila rity  o f sam p les  B 2 en d  X . Tire 
ca lcu la ted  Ur v a lu e s  are  lo w e r th an  0 .11 fo r a ll p eak s an d  sh o w  v e ry  g o o d  sim ilarity . T he 
resu lts  led  to  th e  co n c lu sio n  th a t sam p les B 2  an d  X  w e re , w ith  v e ry  lik e lih o o d , p reserv ed  
from  th e  sam e m ateria  l.

2.7. A p p licstion  o f  the D evelopsd  M eth od  . o r  the Iden  tifiaation  e tu dy  o fP o ly e s te r  F ibers

The next step of the in tralaboratory  test w as m ad e to reflect the id entification  stud y of 
fib err. F o r th is p u rp o se , a ll 28  real sam p les w ere  d iv id ed  in to  five  g ro u p s, b ased  (in co lor:
red (1), green  (2), b lu e  (3), b la ck  (4), and o th er (5) (d etails sh ow n  in F igu re  6 ).

Figure 6. The color groups of fabrics and symbols of the samples belonging to them.

A  single fabric from  each  created  group (1 -4 ) w as p icked  up , and then  the thread  sam ­
p les w ere  co llected  (nam ed , respectively , A 1, A 2, A 3, and A 4; n ew  sy m b ols w ere  assigned  
to  avoid  analyst self-su ggestion ) and analyzed  according to the developed  procedure. Then, 
th e  in fo rm a tio n  o b ta in ed  fro m  e le ctro p h e ro g ra m s, an d  P D A  v iew s w as co m p ared  to  the 
d a ta b a se , w ith in  fo u r co lo ris tic  g ro u p s. A n  ex am p le  o f th is co m p a riso n  is p resen ted  in  
F igu re  7 , for th e  id en tificatio n  o f th e  extracts  from  th e  gro u p  o f green  textiles (2).

A lre ad y  b y  a n a ly z in g  th e  e le ctro p h o re tic  p ro files  a t 2 2 0  n m , s ig n ifica n t d ifferen ces 
b e tw e e n  th e  sam p les  ca n  b e  n o ticed . W h a t is w o rth  e m p h a siz in g , th e  p re sen ted  e lectro - 
p h e ro g ram s c lea rly  sh o w  th e  sh ifts  o f s ig n als  g e n era ted  b y  E O F (e sp e c ia lly  fo r sam p le  
P 16a  co m p ared  to  th e  o th er sam p les). T h is  creates th e  n e ed  to  u se  m o re  re liab le  m eth o d s 
th an  ju st v isual analysis of obtained  electropherogram s, for com paring  the data for in d iv id ­
u a l sam p les . T h ere fo re , the re la tiv e  m ig ra tio n  tim es o f the a n a ly tes  w e re  ca lcu la ted  and  
com p ared  as in Sectio n  2 .5 . T h e  d eta ils are sh ow n  in Table 5 .

Sim ilarly , as in  the first stage of the test, the nu m bers of signals (total and dye) exclude 
th e  co m m o n  o r ig in  o f  sam p les  A 2 w ith  P 2 , P 8 , an d  P 25 . T h e  V is sp ectra  in d ica te  the 
d ifferences in  the chem ical com p osition  of sam ples P21 and A 2. The total nu m ber of signals, 
as w ell as the n u m b er o f d yes (establish  accord ing  to the range o f Vis rad iatio n  absorp tion  
co rresp o n d in g  to  the co lo r o f d y es  u sed  in  d y in g  m ix tu re s), g iv e  a b a sis  fo r co n sid erin g  
the com m on  orig in  o f sam p les A 2 and P16a. The ca lcu lated  U  v a lu es for sign als presented  
in e lectro p h ero g ram s for b o th  com p ared  sam p les are lo w er th an  0.11 w h ich  sh ow s a v ery  
good  s im ilarity  o f the sam p les (see Table 5 ) . It can  be conclu d ed  th at sam p les A 2 and P16a 
co m e from  th e  sam e sou rce.

T h e  sam e id e n tifica tio n  p ro ced u re  w as p e rfo rm e d  w ith in  g ro u p s A 1, A 3 , an d  A 4, 
d eta ils  presen ted  in Su p p lem en tary  M ateria ls  (Tables S 4 -S 6 , and Figu res S 1 -S 3 ) . In  group  
A 3 th e  id en tifica tio n  o f sam p les w as p o ssib le  a lread y  b y  co m p a riso n  o f th e  to ta l n u m b e r 
o f s ig n a ls , in  A 4  b y  th e  n u m b e r o f d y e  s ig n a ls , an d  in  A 1 b y  a b so rp tio n  b a n d s  in  the Vis 
spectrum . In  each  case, the U  valu es for the com pared  sam ples w ere low er th an  0.11, w h ich  
m akes it p ossib le  to consid er sam ples A1 w ith  P 26, A 3 w ith  P9, and A 4 w ith  P 20 as sim ilar.



Table 5. Results of differentiation of samples from a group of green fabrics (2) and sample A2; 
yellow, red, andblue colors corresponding to signals with the maximum absorptionbands at 3x0-490, 
490-580, anti >580 nm, tespectively.

3. Materials and Methods
3.1. M ateria ls

R e a g en ts  u sed  d u rin g  th e  e x p e rim e n t, su ch  as ch lo ro b e n z e n e , so d iu m  te trab o ra te  
d ecah y d rate, p o tassiu m  d ih yd ro gen  p h o sp h ate , p h o sp h oric acid , sod iu m  d od ecy l su lfate , 
sod iu m  d ocu sate, sod iu m  ch olate , B rij-35 , Tw een 20, 2 -h y d ro xy p ro p y l-ß -cy clo d extrin  (av­
erage m olecular w eigh t 1.540) and 2-hyd roxyp rop yl-y -cyclod extrin  (0.6 m olar substitution) 
w ere  p u rch ased  fro m  S ig m a  A ld rich  (D a rm sta d t, G erm an y ). S o d iu m  h y d ro x id e  an d  h y ­
drochloric acid w ere supp lied  by  P O C H  (G liw ice, P oland ), w h ereas n-h eptane by  C hem p ur 
(P iekary  Ś ląsk ie , P oland ), isop rop anol and m ethanol b y  H on eyw ell (O ffenbach , G erm any), 
an d  b u ta n -1 -o l, n -o c ta n e  an d  D M S O  b y  M E R C K  (D arm stad t, G erm an y ). T h e  w a ter  so lu ­
tio n s w ere  m ad e  u s in g  u ltrap u re  w a ter  g e n era ted  in -lab  b y  th e  M iliQ  M E R C K -M illip o re  
sy stem  (D arm stad t, G erm an y).

Figure 7. Comparison of electropherograms with dye signals, recorded at 220 nm for the extracts 
from fibers included in group 2 from green fabrics and sample A2, secured from one of the textiles.

Signal Relative M igration Times of the A nalytes U (k = 2) for Samples
Numbe r P2 P8 P16a P21 P25 A2 P16a and A2

1 1.46 1. 48 1.33 1 . 32 1.24 1.32 0.01
2 1.49 1. 79 1.43 1 . 38 1.33 1.42 0.02
3 1.46 1.40 1.44 1.45 0.02
4 2 26 1.42 1.47 2.25 0.01
5 1.49
6 2.39

total 2 2 4 4 6 4
dye peaks 2 2 2 2 4 2



3.2. S am ples

N in e  co m m e rc ia lly  a v a ila b le  d y e in g  m ixtu res  (D 1 -D 9 , T able 6 ) w e re  u sed  in  the 
op tim ization  of the sep aration  cond itions process. T hese p ow d er m ixtures w ere com posed  
o f d isp erse  d yes (single  or m u ltip le) and o th er co lorless  excip ien ts . T he d yes con tain ed  in 
th e  an a ly zed  m ixtu res a lo n g  w ith  th e  co m m ercia l n am e s an d  th e  n am e s acco rd in g  to  the 
C o lo r In d ex  (C I) [47 ] (C .I. G en eric  N am e (C IG N ) re lated  to  th e  u sag e  class o f d y e  an d  C .I. 
C o n stitu tio n  N u m b er (C IC N ) related  to th e  stru ctu re  of dye) are listed  in  Table 6 .

Table 6. Commercially available dyeing mixtures used in experiments.

M ixture Sym bol Commercial Name
D yeing Component 

CIGN , CICN
Color of M ethanolic 

Solution
Fabric Sym bol 

(Color)

D1
D2
D3

Setapers scarlet SE-3GFL 
Serilene blau HBGL 200% 

Serilene pink A-2GN

Disperse Red 54 (11131) 
Disperse Blue 73 (63265) 
Disperse Red 86 (62175)

red
blue
rose

FA
(orange)

D4 eerifene blau RG 200%o
Disperse Blue 165 (11077) 

Disperse Blue (50 blue

D5

D6

Serilene yellow 6 GLS 200% 

Serilene golden yellow K-2 G

(61104) 
Disperse Yellow 114 

(128455) 
Disperse Orange 25 

(112.7) 
Disperse Yellow 86 

(103h3) 
Disperse Yellow 211 

(12755)

yellow

yellow-orange

FB
(light green)

D7 Serilene yellow A-GL
Disperse Yellow 42 

(10338)
yellow FC

D8
D9

Serilene red A-TB 
Serilene blau A-BL

Disperse Red 92 (60752) 
Disperse Blue 77 (60766)

red
blue

(light grey)

To op tim ize extraction  cond itions three p o lyester fabrics m ad e of p o lyethylene tereph- 
th a la te  (P E T ), o rig in a tin g  fro m  M iran d a  T extiles (Turek, P o lan d ) w ere  u sed : o ran g e  (FA ), 
lig h t green  (FB ), and lig h t g rey  (FC ). T h ey  w ere  co lored  w ith  tern ary  m ixtu res of d isp erse 
d y es  in  th e  la b o ra to ry  o f  th e  F a cu lty  o f M a teria l T ech n o lo g ies an d  T extile  D esig n  o f the 
L o d z  U n iv ers ity  o f  T ech n o lo g y  [4 6 ] . In  th e  co u rse  o f th e  research , a  co lo rless  fab ric  (FD ), 
read y for d yeing , w as a lse  used . D etails  are presen ted  in Table 6, and p h otos o f fabrics are 
p ro vid ed  in F ig u re  8 .

Figure 8. Fabrics used in experiments FA-orange, FB-light green, FC-light grey?, and FD-colorless.

T h e  real sam p les  (P 1 -P 2 6 ) w ere  co llec ted  fro m  clo th in g . M o st o f th e m  w e re  fab rics  
m ad e  en tire ly  o f p o ly ester o r co n ta in in g  a p red o m in an ce  o f p o ly ester in  th e  com p ositio n . 
A  d eta iled  d escrip tion  o f th e  real sam p les tested  is inclu d ed  in Table 7 .



Table 7. The real sample used in experiments.

Sample Fabric Com position Color
D istributor 

(Origin Country) Clothing Type

P1 100% polyester navy
OTCF S.A. 
(Poland)

sweatshirt

P2 - green
MiLady
(Italy)

dress

P3
50% polyester 

50% viscose black
unknown

(unknown) sweater

P4
50% cotton 

50% polyester
grey

Medicine
(China)

sweatshirt

P5 100% polyester red
Asos

(China)
dress lining

P6 100% polyester navy
Reserved
(China) jacket

P7 100% polyester blue
Mohito
(China)

sweater

P8 100% polyester green
Asos

(China)
dress

P9 100% polyester blue
Janina

(China) dress

P10 100% polyester gold
MANGO

(Spain)
skirt lining

P11 100% polyester black
MISSGUIDED

(UK)
top

P12 100% polyester red
Pepco

(unknown) pillowcase

P13a *
95% polyester 
5% spandex

rose
Mohito

(Poland)
dress

P13b * unknown black
Mohito

(Poland)
dress

P14
94% polyester 
6% spandex black

AMISU
(China) skirt

P15
90% polyester 
10% spandex

black
F&F

(India)
top

P16a
85% polyester 

13%viscose 
2% spandex

green
House
(China)

skirt

P16b
85% polyester 

13%viscose 
2% spandex

black
House
(China)

skirt

P17
64% polyamide 
28% polyester 
8% spandex

blue
Primark
(China)

swimsuit

P18
73% cotton 

23% polyester 
4% spandex

black
H&M

(China)
shirt

P19 100% polyester navy
Alena firany 

(Poland)
curtains

P20 100% polyester black
Sinsay

(China) top



Table 7. Cont.

Sample Fabric Com position Color
D istributor 

(Origin Country) Clothing Type

P21 100% polyester green
Reserved
(China)

dress

P22
95% polyester 
5% spandex

black
Mohito

(Cambodia)
jumpsuit

P23 unknown red
Labres LINGERIE 

(Poland) nightshirt

P24 100% polyester blue
Eva & Lola 

China
dress lining

P25
94% polyester 
5% spandex

green
Sinsay

(Burma)
dress

P26 unknown red
unknown

(unknown) hairband

* a or b—samples taken from different parts of the same garment.

3.3. In stru m en tation

In  th is study, a  PA  800  P lu s  ca p illa ry  e le ctro p h o re sis  sy stem  w ith  a P D A  d etecto r 
(1 9 0 -6 0 0  n m ) an d  K a ra t 32 so ftw are  v e rs io n  9.1 (B eck m an -C o u lter, B rea , C A , U S A ) w as 
used . Sep aration  w as carried  out for 30 m in  in a p o ly im id e-coated  fused  silica  cap illary  of 
a to ta l len g th  o f 50  cm  (effectiv e  len g th  o f 40  cm  to  th e  d etec to r  w in d o w ) an d  an  in tern al 
d iam eter o f 50 gm . T he sep aration  vo ltage w as 30 kV, and the sep aration  tem p eratu re  w as 
25, 30, or 35 ° C , d ep end ing  on the experim ent. The sam p le w as in jected  hyd rod ynam ically  
at 0 .7  psi for 6 s. B etw een  in jections, sam p les w ere stored  at 15 °C  in the sam p le  storage to 
m in im ize  evap o ration  o f vo latile  com p on en ts of B G E . Before each  m easu rem en t seq u en ce, 
th e  cap illa ry  w as co n d itio n ed  b y  rin sin g  fo r 5 m in  (p ressu re  20  p si) w ith  m eth an o l, 5  m in  
w ith  1 M  H C l, 1 m in  w ith  w ater, 5  m in  w ith  0.1 M  N a O H , 1 m in  w ith  w ater, an d  10 m in  
w ith  backgrou n d  electro lyte  w ith  an applied  vo ltage o f 20 kV. B etw een  m easu rem en ts, the 
ca p illa ry  w as rin sed  fo r 4 m in  w ith  m eth an o l, 1 m in  w ith  1M  H C l, 30  s w ith  w ater, 5  m in  
w ith  0.1 M  N aO H , an d  2.5 m in  w ith  B G E . Im m e d ia te ly  b efo re  in sertio n  in to  th e  capillary , 
a ll so lu tio n s w ere  d eg assed  b y  cen trifu g a tio n  a t 10 ,000  x  g  rp m  (A lleg ra  X -35  C en trifu g e , 
B eck m a n  C o u lter, B rea , C A , U SA ). A ll n ecessary  sta tis tica l ca lcu la tio n s  w ere  p erfo rm ed  
u sin g  the S ta tistica  13.3 PL so ftw are  (T IB C O  Softw are , P alo  A lto , C A , U SA ).

3.4. S tock  M E  an d  B G E  P reparation  P rocedure

The stock  M E  w as prepared  b y  w eig h in g  the organ ic p hase (n -octan e and b u tan -1-o l), 
d irectly  in  the beaker. T hen, solid  su rfactants w ere added to the beaker, carefu lly  to prevent 
su rfactan ts from  d ep ositing  on  the w alls  of the beaker. The aqueou s p hase— 40 m M  borate 
b u ffer— w a s th e n  d ro p p ed  in to  th e  b e a k e r  a t a  ra te  o f a b o u t 2 d rop s p e r  seco n d . T h en , 
th e  m ixtu re  w as sealed  w ith  p arafilm  an d  p laced  in  an  u ltraso n ic  b a th  (P o lso n ic , W arsaw , 
P olan d ) for 30  m in  an d  set asid e o v ern ig h t at am b ien t tem p eratu re .

In  the n ext step , the stock  M E w as m ixed  w ith  isop rop anol in  the appropriate  vo lu m e 
ratio , d ep end ing on the research  stage. Finally, so lutions of cyclod extrins: 2 -hyd roxypropyl- 
ß -cy c lo d e x tr in  an d  2 -h y d ro x y p ro p y l-y -cy c lo d e x trin  (se p a ra te ly  o r m ix ed  in  a 1:1 m o lar 
ra tio , co n cen tra tio n s  d e p e n d in g  o n  th e  e x p e rim e n t) in  s to ck  M E  w ith  th e  a d d itio n  o f 
isop rop anol w ere p repared . The B G E  prepared  in  th is w ay  w as then  filtered  u sin g  a nylon  
sy rin g e  filter w ith  a p o re  d iam eter of 0 .45 gm  (L ab ex  L td ., B u d ap est, H u n g ary ).

3.5. S am p le P reparation  P rocedures

For op tim ization  and v alid ation  of the developed  m eth o d , m ethanol stock  solutions of 
com m ercia lly  available d yeing  m ixtu res (D 1 -D 9 , Table 6) at a con cen tratio n  of 1 m g -m L -1  
w ere used  as stand ard s. In  to ta l, 10 gL o f each  o f the sto ck  so lu tion s w ere p laced  in a P C R



tu be, then  the so lvent w as evaporated  under a n itrogen  atm osphere at 40 ° C using a sam ple 
co n cen tra to r (L ieb isch , G erm an y ). Su b seq u en tly , th e  resid u es w ere  d isso lv ed  in  50  gL o f 
B G E , cen trifu ged  fo r 5 m in  a t 12 ,000  x  g  rp m  (M icro fu ge  16 C en trifu g e , B eck m an  C oulter, 
K refe ld , G erm an y ), and analyzed .

P o ly este r  th read s o f 1 o r  4  cm  len g th  (co n sistin g  o f a p p ro x im a te ly  50  sin g le  fibers) 
w ere  u sed  as a sam p le . E x tra c tio n  w as carried  o u t in  g la ss  v ia ls  c lo sed  w ith  cap s w ith  
50 gL of ch loroben zen e at 100 °C  in  a th erm o sh aker (V W R , Radnor, PA, U SA ) op erating  at 
1000 rpm  fo r 0 .5 ,1 , o r  6 h , d ep en d in g  o n  th e  exp erim en t. T h e  p rep aratio n  o f five  sam p les 
(P10, P 13a , P 13b , P 17 , P 18) requ ired  so m e ad ju stm en ts (see Table 8 for details).

Table 8. Modifications of extraction procedure for samples P10, P13a, P13b, P17, P18.

Sam ple Sym bol Comment Adjustm ent

P10
P17

Poor extraction yield: only a pale beige color was 
observed after reducing the solvent volume

The amount of sample increased to a sheet of 
fabric ca. 0.5 x 0.5 cm

P13a
P13b

Poor extraction yield: colorless extract. The fibers 
were not entirely colored, only the top layer of the 

fabric was colored,

The amount of sample increased to a sheet of 
fabric ca. 0.5 x 0.5 cm

P18

Poor extraction yield: colorless extract. Probably 
due to the high content of cotton and low content 

of polyester in the fabrics which indicate dying 
with other classes of dyes than disperse ones

Excluded from the study

T h e e x tra cts  w ere  tra n sferred  to  P C R  tu b es  w ith  th e  u se  o f a  m icro  sy rin g e  to  av o id  
tra n sferr in g  m icro fib ers. T h e  ex tracts  w e re  th en  e v a p o ra te d  to  d ry n ess  u n d e r g en tle  
n itrog en  flow  (40 °C ) and d isso lved  s im ilarly  to d ye stand ard s.

4. Conclusions

T h e d ev elo p e d  M E E K C  m eth o d  is ch aracterize d  b y  a h ig h  an a ly tica l p o ten tia l e v en  
in  th e  case  o f su ch  d ifficu lt sam p les  as d y e in g  m ixtu res  o f  n o n -io n ic  d isp e rse  d y es  w ith  
v a r io u s  ch e m ica l s tru ctu res. B ased  o n  th e  co n d u cted  research , it  ca n  b e  co n c lu d e d  th a t 
i t  is a  u se fu l to o l m ain ly  b eca u se  o f th e  m u ltitu d e  o f p a ra m ete rs  th a t ca n  b e  m o d ified : 
instru m ental param eters of the sep aration  p rocess and the com p osition  of M E  con stitu tin g  
th e  b a ck g ro u n d  e lectro ly te , an d  th u s th e  in te ractio n s o ccu rrin g  in  th e  sy stem  d u rin g  the 
sep aration  process. The in trod u ction  of cyclod extrins to BGE sign ificantly  im proved  the res­
olution  and shortened  the analysis tim e. The b est results w ere obtained  for m icroem u lsions 
w ith  a m ixtu re  o f tw o cyclod extrin s.

C arrying out the D oeh lert m atrix  d esign  enables the d eterm ination  o f the optim al con ­
d ition s for M E E K C  sep aration  in only  13 exp erim en ts. T he b est BG E con sisted  o f b ase  M E 
(1.5%  (w/w) sod iu m  ch olate , 1.5%  (w/w) SD S, 0 .8%  (w/w) n -o ctan e , 6%  (w/w) b u tan -1-o l, 
90.2%  (w/w) 10 m M  sod iu m  tetraborate) m odified  b y  30%  (v/v) iPr and the ad dition  o f tw o 
C D s (20 m M  2-h yd ro xyp rop y l-ß -cyclod extrin  and 20 m M  2-hyd roxyp rop yl-y-cyclod extrin ). 
T h e  sep ara tio n  p ro cess w as m ain ta in ed  a t 35  °C  an d  a h ig h  v o lta g e  o f 30 kV  w as ap p lied . 
T h e  o p tim al co n d itio n s  o f  th e  d y e  e x tra c tio n  p ro cess tu rn ed  o u t to  b e  as fo llo w s: th read  
len gth  1 cm , extractio n  tim e 6h, T = 100 °C , ro tation  speed  1000 rpm , extractant: ch loro ben ­
zene. The M E E K C  m ethod  op tim ized  in  th is stu d y w as su ccessfu lly  applied  to the analysis 
o f 26 p o ly ester fabrics w ith  accep tab le  rep eatab ility  (re lR SD tm <  0 .38% ) and in term ed iate  
p recision  (relR SD tm <  3.21% ). A  qualitative approach  w as sufficien t to  con d u ct a successful 
co m p arativ e  ex am in atio n  of p o ly ester fibers.

Certainly, fu rther research  is need ed  to im prove the developed  m ethod. O ne d irection  
is to  a d a p t th e  m e th o d  to  an a ly z e  an d  d iffe ren tia te  fib ers s im ila r in  s ize  to  th o se  th a t are 
secu red  in  p ractice  at the scene o f a crim e. H ow ever, it shou ld  be noted  th at to the au th ors ' 
k n o w le d g e , n o  m e th o d  u sin g  cap illa ry  e le ctro p h o re s is  h as y e t b e e n  d ev e lo p e d  fo r the 
an alysis of extracts  from  p o ly ester fibers of su ch  sm all sizes [33 ] .



F o r  th is reaso n , th e  a u th o rs  co n sid er  in cre a sin g  th e  sen sitiv ity  o f th e  m eth o d  by  o p ­
tim iz in g  th e  o n -lin e  stack in g  p ro cess , b y  u s in g  laser in d u ce d  flu o re sce n ce  (L IF ) o r m ass 
sp e ctro m ete r (M S) d etecto r. In  th e  case  o f th e  latter, an o th er a d v a n ta g e  is th e  ad d itio n a l 
in fo rm a tio n  o b ta in ed  in  th e  fo rm  o f M S  sp ectra , w h ich  g iv e s  ev e n  g re a te r p o ssib ilities  o f 
id en tifica tio n . U n fortu n ate ly , th e  su rfactan ts  u sed  in  th e  M E  o f th e  p ro p o sed  m eth o d  are 
incom patib le  w ith  the m ass spectrom eter as they are non -vo latile  and m ay contam in ate the 
ion  source. Potential so lutions inclu de the d evelopm en t o f a new  backgrou nd  electro lyte for 
the n on aqu eou s cap illary  e lectro p h oresis (N A C E ) tech n iqu e, in  w h ich  the obtained  resolu ­
tion , com bined  w ith  the p ossib ility  o f extractin g  in form ation  about a specific analyte based  
o n  m ass sp e ctra , m ay  p ro v e  su ffic ien t to  co n d u ct re liab le  an a ly ses . In  a n o th er  case , the 
so lu tio n  m ay  b e  to u se  M E co n ta in in g  v o la tile  su rfactan ts  or M E w ith o u t su rfactan ts  [4 8 ] .

Supplem entary M aterials: The following supporting information can be downloaded at: https: 
//www.mdpi.com/article/10.3390/molecules27206974/s1, Figure S1: Electropherograms with dye 
signals, recorded at 220 nm  for the extracts from fibers included in group (1) from red fabrics and 
sample A1, secured from one of the textiles; Figure S2: Electropherograms with dye signals, recorded 
at 220 nm for the extracts from fibers included in group (3) from blue fabrics and sample A3, secured 
from one of the textiles; Figure S3: Electropherograms w ith dye signals, recorded at 220 nm  for the 
extracts from fibers included in group (4) from black fabrics and sample A4, secured from one of the 
textiles; Table S1: The compositions of tested BGE; Table S2: The results obtained in the preliminary 
studies for applied background electrolytes; Table S3: Values of coefficients of quadric response 
model developed for optim ization of separation conditions; Table S4: Results of differentiation of 
samples from a group of red fabrics (1) and sample A1; Table S5: Results of differentiation of samples 
from a group of blue fabrics (3) and sample A3; Table S6: Results of differentiation of samples from a 
group of black fabrics (4) and sample A4.
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