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Abstract 

Electro driven separation techniques offer a different approach to the analysis of complex mixtures than do traditional 
pressure-driven chromatographic system; it may rely on electrophoresis, the transport of charged species through a medium 
by an applied field or may rely on electro driven mobile phase to provide a true chromatographic separation.  In the current 
work the potential of an electro driven separation technique viz. micellar electrokinetic chromatography (MEKC), is 
harnessed for the separation of selected agrochemicals (organophosphorus pesticides, OPPs) widely used in the agriculture 
sector in Malaysia.  The current study compares the use of MEKC in normal mode (NM) and reverse mode (RM) for the 
separation of the selected OPPS.  This study also highlights the difference in separations produced by performing separations 
in normal mode-MEKC (NM-MEKC) and reverse mode-MEKC (RM-MEKC) for the selected OPPs. In RM-MEKC, 
separation is conducted at acidic pH (pH 2.5 in the current work) where the electroosmotic flow (EOF) is weak whereas in 
NM-MEKC, the separation is carried out under basic pH (9.3 in this work) where the EOF is strong.  A reverse migration 
order of the OPPs was observed under RM-MEKC.  Separation under NM-MEKC was found to be superior to those of RM-
MEKC.  A comparison is also made between separations performed under sweeping-NM-MEKC and sweeping-RM-MEKC. 
In sweeping, the OPPs are prepared in the same background solution (BGS) minus the micelles and is adjusted to the same 
conductivity as the BGS.  The study showed that NM-MEKC is more sensitive than RM-MEKC but sweeping-RM-MEKC is 
superior to sweeping-NM-MEKC.  However, sweeping-RM-MEKC only separates two of the OPPs in a single run whereas 
sweeping-NM-MEKC separates four OPPs in a single run.  The better choice of separation mode would be sweeping-NM-
MEKC for more OPPs separation in a single run. 
 

Abstrak 
Teknik pemisahan pacuan elektro menawarkan satu pendekatan berlainan analisis suatu campuran kompleks berbanding 
dengan sistem kromatografi pacuan tekanan; ia boleh bergantung kepada elektroforesis, pengangkutan spesis bercas melalui 
media oleh medan yang dikenakan atau bergantung kepada fasa bergerak pacuan elektro untuk memberikan pemisahan 
kromatografi sejati.  Dalam kajian ini keupayaan teknik pemisahan pacuan elektro iaitu kromatografi elektrokinetik misel 
(MEKC) digunakan untuk pemisahan bahan kimia agro terpilih (pestisid organofosforus) yang banyak digunakan dalam 
sektor pertanian di Malaysia.  Kajan ini membandingkan penggunaan MEKC dalam mod normal (NM) dan mod terbalik 
(RM) untuk pemisahan OPPs terpilih ini. Kajian ini juga menonjolkan perbezaan pemisahan yang dihasilkan dalam mod 
NM-MEKC dan mod RM-MEKC.  Dalam mod NM-MEKC, pemisahan dijalankan di dalam keadaan berbes (pH 9.3 dalam 
kajian ini) di mana daya electroosmosis (EOF) adalah kuat sementara dalam mod RM-MEKC, pemisahan dijalankan dalam 
keadaan berasid (pH 2.5) di mana EOF adalah lemah.  Tertib migrasi yang dicerap dalam RM-MEKC adalah berlawanan 
dengan tertib migrasi dalam NM-MEKC.   Perbandingan juga dibuat antara pemisahan secara sapuan-NM-MEKC dan 
sapuan-RM-MEKC.  Dalam mod sapuan, OPPs disediakan dalam larutan latarbelakang (BGS) tanpa misel dan kekonduksian 
diubahsuai supaya sama dengan kekonduksian BGS.  Kajian ini menunjukkan bahawa NM-MEKC lebih sensitif berbanding 
RM-MEKC tetapi sapuan-RM-MEKC lebih baik berbanding sapuan-NM-MEKC.  Walau bagaimanapun, sapuan-RM-
MEKC hanya mampu memisahkan dua OPPs dalam satu larian berbanding dengn sapuan-NM-MEKC yang dapat 
memisahkan empat OPPs dalam satu larian.  Pemilihan mod pemisahan yang lebih baik adalah sapuan-NM-MEKC untuk 
pemisahan lebih banyak OPPs dalam satu larian. 
 
 

Introduction 
Capillary electrophoresis (CE) has become a powerful separation technique and has been applied to the analysis 
of a wide range of molecules.  Electrokinetic chromatography (EKC) is a mode of CE and was first introduced 
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by Terabe and co-workers [1, 2] in 1984.  Since the first introduction of EKC, it has become widely popular as a 
powerful separation technique for both neutral and ionic compounds [3-5].  In EKC, the use of charged 
pseudostationary phases (PSP) like sodium dodecyl sulphate (SDS) is by far the most famous experimental form 
of EKC and called micellar electrokinetic chromatography (MEKC). Species having the same charge as the 
micelles do not interact with the micelle, while those having opposite charge strongly interact with the micelles. 
The separations of charged species depend on the species difference in electrophoretic mobility.  The formation 
of micelles provides a unique chromatographic process for the separation of neutral molecules where partitioning 
between the micellar PSP and the electroosmotically pumped aqueous phase take place.  The use of untreated 
silica capillaries and separation in basic buffers with positive potential were considered as the standard features 
in most of the MEKC works [6-8]. In these particular conditions, the bulk electroosmotic flow (EOF) is 
dominant and that ultimately drives the anionic sodium dodecyl sulphate (SDS) micelles toward the cathode end. 
However, in few works, especially those described in the newer online concentration techniques [9-12] have 
studied the effect of buffers pH in relation with the overall separation performances. 
 
In the current work the potential of an electro driven separation technique, micellar electrokinetic 
chromatography (MEKC), is harnessed for the separation of selected agrochemicals (organophosphorus 
pesticides, OPPs) widely used in the agriculture sector in Malaysia.  Electro driven separation techniques offer a 
different approach to the analysis of complex mixtures than do traditional pressure-driven chromatographic 
system; it may rely on electrophoresis, the transport of charged species through a medium by an applied field or 
may rely on electro driven mobile phase to provide a true chromatographic separation.  The current study 
compares the use of MEKC in normal mode (NM) and reverse mode (RM) for the separation of the selected 
OPPS.  This study also highlights the difference in separations produced by performing separations in normal 
mode-MEKC (NM-MEKC) and reverse mode-MEKC (RM-MEKC) for the selected OPPs. In RM-MEKC, 
separation is conducted at acidic pH (pH 2.5 in the current work) where the anionic micelles (sodium dodecyl 
sulphate, SDS) move faster than the electro-osmotic flow (EOF), which is weak; thus positive potential is 
applied at detector end in order to detect the analytes.  In NM-MEKC, the separation is carried out under basic 
pH (pH 9.3 in this work) where the EOF is strong. 
 
In CE, the injected sample volumes are typically limited to 1% of the total capillary volumes in order to maintain 
efficiency. Therefore to increase detection sensitivity, various concentration techniques can be used. In this 
study, sweeping is used and a comparison of sweeping in NM-MEKC and RM-MEKC is also made.  Sweeping 
is one of the on-line concentration techniques in MEKC and is based on the accumulation of analyte molecules 
by an additive in the background solution (BGS), which they have a considerable affinity for [10, 13]. 
 

Experimental 
Reagents  All pesticides were analytical standards purchased from Dr. Ehrenstorfers GmbH laboratory 
(Augsburg, Germany).  SDS was purchased from Fisher Scientific (Loughborough, UK), methanol from BDH 
(Poole, England), acetonitrile and disodium tetraborate 10-hydrate (B4Na2O7 10H2O) from MERCK (Germany), 
hydrochloric acid (37.5%) from Sigma (St. Louis, MO, USA), sodium hydroxide pellets and disodium hydrogen 
phosphate 12-hydrate (Na2HPO4 12H2O) from Riedel-de Haen (Seelze, Germany).  
 
Instrument 
Capillary electrophoresis was performed on a CE – L1 instrument (CE Resources Pte. Ltd. Singapore) fitted with 
a UV-Visible detector (SPD – 10A VP) from Shimadzu (Kyoto, Japan). Electropherograms and data were 
recorded by Chromatography Station software (CSW) for Windows at 202 nm. Uncoated fused-silica capillaries 
(total and effective lengths are 82 and 42 cm, respectively) from SGE (Victoria, Australia) of 50 µm ID were 
used.  
 
Procedures 
Standard solutions of about 1 mg mL-1 of each pesticide were prepared in methanol. Working standard solutions 
were prepared by diluting the corresponding stock solutions in buffer, surfactant and modifiers, and the ionic 
strengths of sample matrix and running buffers were maintained at same level. Dilutions in sweeping procedures, 
corresponding pH of sample and buffer matrices were mentioned in respective places. All the stock buffers and 
surfactants were prepared in distilled deionized (DD, 18 MΩ) water. Concentrations of buffers, SDS, methanol 
and acetonitrile are reported based on the final volume in the running buffer. All running buffers were filtered 
through 0.45 µm nylon filter disc from Whatman (Clifton, New Jersey, USA). Separation voltage of 25 kV 
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(either + or − mode) was employed depending on the requirements. Sample injections were performed 
electrokinetically at 15 kV in all separations where basic running buffer were involved, while samples were 
injected hydrodynamically at 2.8 kPa for various times where separations were performed in RM-MEKC.  All 
experiments were conducted at an ambient temperature of 25°C. At the beginning of each day, the capillary was 
rinsed for at least 10 min with 0.1 M NaOH solution followed by DD water for 10 min and conditioned with 
running buffer for 10 min. In between runs, the capillary was also conditioned by running buffer for 5 min. At 
the end of the day, the capillary was rinsed with DD water for 30 minutes followed by passing air.  
 

Results and Discussions 
Separation in NM- MEKC  
The five OPPs chosen for the study are hydrophobic compounds (Figure 1) and were baseline separated in 
normal mode MEKC (NM-MEKC) within 20 minutes run. A representative electropherogram is shown in Figure 
2. The elution order is consistent with their water solubility (Table 1). Methidathion elutes first and the elution 
continues in the order of decreasing water solubility or in the order of increasing hydrophobicities (taking the 
upper value in the range).  The limit of detection for separation in NM MEKC is in the range 1.6-6.4 ppm and 
migration time relative standard deviation (RSD) is less than 1%. 
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Figure 1:. Names and structures of OPPs used in the current work 
 

Table 1: Selected properties of investigated OPPs [14-15]. 
Name (mp/bp, oC) Mol. weight Sw (g/L, 20oC) Log Kow 

Methidathion (mp 39-40) 302.31 0.25 1.58-2.42 
Diazinon (bp 83-84) 304.35 5.35×10-2 3.02-3.86 
Quinalphos(bp 142) 298.3 2.4×10-2 3.04-4.44 
Profenofos (bp 110) 373.64 2.0×10-2 4.68-4.8 
Chlorpyrifos (bp decom. 160) 350.59 0.73×10-3 4.68-5.3 

Sw = Solubility in water; Log Kow = log value of octanol, water partition coefficient 

Chlorpyrifos 

Methidathio
    Diazinon 

Quinalphos 

Profenofos 
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Figure 2: OPPs separation in NM-MEKC. Conditions: separation buffer contained 10 mM 1:1 Na2HPO4-Na2B4O7 (pH 9.3), 

10 mM SDS and 10 % 1:1 methanol-acetonitrile; applied potential 25 kV; sample prepared in 10 mM 1:1 Na2HPO4-Na2B4O7 
(pH 9.3), 10 mM SDS and 10 % 1:1 methanol-acetonitrile; sample injection: 10 s at 15 kV. Peaks: EOF electroosmotic flow 

marker (methanol); 1, methidathion (20 ppm); 2, diazinon (20 ppm); 3, quinalphos (5 ppm); 4, chlorpyrifos (5 ppm); 5, 
profenofos (5 ppm). 

 
Separation in RM-MEKC 

RM-MEKC was investigated for the possibility of better sensitive detection. In acidic condition the use of borate 
in running buffer is limited and the 20 mM phosphate buffer is found optimal in the range of 5-80 mM. The 
presence of organic modifier (especially methanol) in buffer and sample matrix is also found crucial but only 5-
10% methanol is necessary. The concentration of SDS remained at 10 mM as before. Sample injections were 
performed hydrodynamically at 2.8 kPa for 10 s, as electrokinetic sample injection (here by negative potentials) 
causes peak disappearances. Diazinon, profenofos and chlorpyrifos co-eluted and the possible optimisation 
schemes could not resolve these three peaks. Runs by single compound have shown that the sensitivity of 
diazinon is very weak and the resolution of profenofos and quinalphos peak is poorer than the chlorpyrifos and 
quinalphos peaks. Therefore, only metidathion, quinalphos and chlorpyrifos were separated in acidic phosphate 
buffer at pH 2.5. A typical electropherogram of the separation is shown in Figure 3.  The concentration of 
quinalphos and chlorpyrifos are the same as in Figure 2 except for methidathion where the concentration is half.  
In RM-MEKC, the migration order is reverse the migration order in NM-MEKC.  Chlorpyrifos eluted first 
followed by quinalphos and finally methidathion. The three OPPs were separated in less than 18 minutes with 
baseline resolution.  The limit of detection (LOD) in RM-MEKC is in the range of 0.63-6.7 ppm and a RSD 
migration time of 0.69-1.4%. 
 
Sweeping-NM- MEKC  
Sweeping is a technique for on-column sample concentration of non-polar molecules based on the analytes 
ability to partition into the pseudo-stationary phase (PSP) in MEKC.  The effectiveness of sweeping is closely 
related to the analyte/s affinity for the micellar phase.  The greater the affinity of the analyte toward the micelle 
or the higher the retention factor of the analyte, the greater the concentrating effect.  Sweeping requires low 
EOFs and thus is often constrained to separations performed in acidic conditions.  Sweeping is defined as the 
picking and accumulation of analytes by the PSP that fills the sample zone that bears no micelles in it during 
application of voltage [10].  Samples are prepared in buffer of equivalent ionic strength to the running buffer but 
without any micelles, and a longer plug is injected in sweeping.  Utility of sweeping in various micellar systems 
has been tried and recently reviewed [16].  Figure 4 shows the sweeping of five selected OPPs used in this study. 
It is to be noted that the concentration range in sweeping is five times lower and sample injection time is five 
times higher than the NM-MEKC run (Figure 2 and Figure 4). 
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Figure 3: OPPs separation in RM-MEKC. Conditions: separation buffer contained 20 mM Na2HPO4 (pH 2.5), 10 mM SDS 
and 5 % methanol. Sample prepared in 20 mM Na2HPO4 (pH 9.3), 10 mM SDS and 5 % methanol; sample injection: 10 s at 

2.8 kPa; Peaks: 1, methidathion (10 ppm); 3, quinalphos (5 ppm); 4, chlorpyrifos (5 ppm). 
 
The presence of 10% organic solvents in sample matrices has actually increased the solubility of pesticides, 
especially for profenofos and chlorpyrifos. The question of non-suitability of sweeping phenomenon for 
methidathion can be explained by the theories that were proposed initially that characteristically sweeping 
depends on the retention factor, therefore is effective to strongly retained analytes [10, 17]. The LOD in 
sweeping-NM-MEKC is in the range 0.15-3.0 ppm with a migration time RSD less than 0.5%. 
 
 

 
 
Figure 4: OPPs separation by sweeping-NM-MEKC. Conditions: separation buffer contained 10 mM 1:1 Na2HPO4-Na2B4O7 

(pH 9.3), 10 mM SDS and 10 % 1:1 methanol-acetonitrile; applied potential 25 kV; sample prepared in 10 mM 1:1 
Na2HPO4-Na2B4O7 (pH 9.3) and 10 % 1:1 methanol-acetonitrile.  Sample injection: 50 s at 15 kV; Peaks: 1, methidathion (4 

ppm); 2, diazinon (4 ppm); 3, quinalphos (1 ppm); 4, chlorpyriphos (1 ppm); 5, profenofos (1 ppm). 
 
Sweeping-RM-MEKC 
Sweeping can offer better results where EOF is weak when neutral hydrophobic analytes were used [10]. 
Therefore, sweeping in RM-MEKC was tried as an effort to further increase the sensitivity.  However, in 
sweeping-RM-MEKC, mixture of only quinalphos and chlorpyrifos was used, as the methidathion peak cannot 
be uniquely focused. As the profenofos and chlorpyrifos co-eluted, therefore, another mixture of quinalphos and 
profenofos was also swept to compare the peak sensitivity of quinalphos with respect to both of chlorpyrifos and 
profenofos. Here, significantly longer sample plug (ca. 10 cm that corresponds to 400s injection at 2.8 kPa) can 
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be injected. Figure 5A & 5B shows the respective electropherogram.  Both peaks were eluted within 10 minutes. 
The LODs for the quinalphos-chlorpyrifos and quinalphos-profenofos pair is in the range of 0.27-0.86 ppm and 
0.19-0.29 ppm respectively.    
 
Table 2 summarises the LODs of the various MEKC modes used in the study.  As can be seen from the table, 
sweeping-RM-MEKC gives the lowest LOD but the separation is only limited to two of the selected OPPS in a 
single run.  Sweeping in NM-MEKC separates all the five OPPs but the separation of methidathion in this mode 
is not suitable as the peak is broad and short.  A better way of online concentration for methidathion would be 
stacking [18, 19].  Sweeping-NM-MEKC also produces low migration time RSD (less than 0.5%).  Table 2 
summarises the LODs for the various modes of MEKC used in the study.   

 
Table 2:  Limit of detection of various MEKC modes 

Mode LOD, ppm 
NM-MEKC 1.6-10.4 
Sweeping-NM-MEKC 0.15-3 
RM-MEKC 0.63-6.7 
Sweeping-RM-MEKC 0.19-0.86 

 
 

 
 

 
Figure 5: OPPs separation in sweeping-RM-MEKC.  Conditions: separation buffer contained 20 mM Na2HPO4 

(pH 2.5), 10 mM SDS and 5 % methanol; sample prepared in 20 mM Na2HPO4 (pH 9.3) and 5 % methanol; 
sample injection: 400 s at 2.8 kPa; Peaks: 3, quinalphos (0.25 ppm); 4, chlorpyrifos (3 ppm). (B) Conditions: As 

in (A); sample prepared in 20 mM Na2HPO4 (pH 9.3) and 5 % methanol; sample injection: 400 s at 2.8 kPa. 
Peaks: 3, quinalphos (0.25 ppm); 5, profenofos (1 ppm) 

 
Conclusions 

The study carried out showed that NM-MEKC is more sensitive than RM-MEKC for the selected OPPs.  In both 
normal MEKC and RM-MEKC, sensitivity enhancements were found to be at least one order higher but 
sweeping-RM-MEKC is superior to sweeping-NM-MEKC. However, separation in acidic buffer is limited, as 
the short optimisation scheme could not resolve the co-elution of few OPPs. Instead of anionic SDS surfactant, 
the use of cationic surfactant and the use of coated capillaries where EOF is absent could be worth trying in 
further investigation of sweeping for this particular set of hydrophobic OPPs.  Even though sweeping-RM-
MEKC gave lowest LOD but it only separates 2 OPPs in a single run.  The better mode of separation for the 
selected OPPS would be sweeping-NM-MEKC as it separates 4 OPPs in a single run with LOD in the sub-ppm 
level.  Off-line extraction such as liquid-liquid extraction (LLE) or solid phase extraction (SPE) in combination 
with sweeping-NM-MEKC would achieve ppb levels needed for pesticide analysis. 
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