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1 Introduction 

Low-molecular-weight (LMW) organic acids are inter
mediates or final metabolites of many biochemical path
ways in living organisms such as citric acid cycle, malo
lactic and carbohydrate fermentation, ethanol oxidation, 
as well as the product of certain industrial practices and, 
therefore, their measurement can serve as an indicator of 
the extent of several processes and for quality control. On 
the other hand, short-chain organic acids are intermedi
ates or ultimate products in the degradative metabolic 
pathway of amino acids, fats and carbohydrates [1]. Sev
eral human diseases, in particular metabolic disorders, 
often lead to the accumulation of characteristic metabo
lites in body fluids including steroids, carbohydrates, ami
noacids, purines and pyrimidines, and organic acids [2]. 
In metabolic disorders, the diagnostic metabolites accu
mulate as a result of genetic effects causing decreased 
enzyme activity. Combined with clinical information, the 
accurate identification of these metabolites can aid in the 
diagnosis of the disease. Organic acids have been deter
mined in urine and serum in order to diagnose numerous 
inborn errors of metabolism known as organic acidurias 
[3]. Central nervous system diseases, neuroblastoma, 
nephrolithiasis, and other pathologies are also related to 
organic acids increase in body fluids. 

The usual methods for LMW organic acid analysis include 
capillary gas chromatography (GC) with or without mass 
spectrometry (MS) after solvent extraction and derivatiza-
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tion. GC-MS has been used routinely as a screening 
method for the analysis of patient urine for the diagnosis 
of metabolic disorders [4). In spite of its unquestionable 
sensitivity, selectivity and identification ability, two signifi
cant drawbacks of the GC-MS technique are the long 
time of sample preparation and analysis and the need of 
trained personal. That has hindered its use with general 
screening purposes. On the other hand, its use can be 
fully unnecessary for the monitoring of diagnosed dis
eases. 

Another routine method for analyzing LMW organic acids 
is high-performance liquid chromatography (HPLC). 
Organic acids have been analyzed using normal-phase 
silica separation, but more frequently they have been 
separated underivatized or as their phenacyl derivatives 
in reversed-phase HPLC. Anion-exchange chromatog
raphy with suppressed conductivity detection is a well
established technique for the simultaneous determination 
of many inorganic and organic acids in various matrices. 
However, in many cases this technique also needs sam
ple preparation and certain carboxylic acids may be coe
luted. UV detection at 210 nm in line with the conductivity 
detector has also been applied for complementary infor
mation. Other methods of organic acid analysis include 
plasmaspray liquid chromatography and ion-exclusion 
chromatography. Related to clinical laboratory, the more 
common tool for specific assays are enzymatic methods. 
But enzymatic kits are expensive and that is more signif
icant if a big number of samples are daily measured as 
can be the case with oxalate and citrate in kidney stone 
formers. 

Capillary electrophoresis (CE) has been proved to be an 
extraordinary tool for the measurement of LMW organic 
acids. The main features of the technique related to the 
problem are: (i) the ability to separate small molecules 
from complex matrices without sample pretreatment. 
This is because these molecules run faster and then the 
capillary is completely emptied and washed after each 
run. (ii) The possibility of measuring the absorbance at 
200 nm or below, where the carboxylic group absorbs, 
because it works in aqueous media. Oii) The low con
sumption of reactives: a few milliliters of an aqueous 
buffer are enougt) for one day. 

The main drawbacks are related with the detection sys
tems. Since the sample volume employed is very small 
(nanoliters), the limits of detection (LODs) in UV are not 
the best quality of the technique. It can be improved 
around 103 times with laser-induced fluorescence detec
tors, but then derivatization is needed, with all the prob
lems associated. Finally, MS detector could give similar 
identification capability to GC-MS, but the coupling is still 
at the beginning. Chemically short-chain organic acids 
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are small water-soluble molecules that get negatively 
ionized at pH values around 3--6 and do not present 
other chromophore more than the carboxylic group that 
absorbs weakly and presents its maximum absorbance 
around 200 nm. That wavelength only can be employed in 
aqueous media. Coelectroosmotic conditions are usually 
employed in the analysis of LMW carboxylic acids, which 
are accomplished by locating the anode at the capillary 
outlet and with the addition to the background electrolyte 
(BGE) of an electroosmotic flow (EOF) modifier that sup
presses or reverses the EOF. 

The objective of the present paper is to summarize and 
discuss the methods employed for LMW organic acid 
analysis by CE in food and beverages, environmental 
and industrial samples, and body fluids. All these meth
ods are basically very similar and will be discussed alto
gether, but the review of the articles has been organized 
attending to the nature of the matrix because in this way it 
is easier to find the approach more similar to one concrete 
problem. The heterogeneous group of compounds re
lated with body fluids presents similar CE behavior inde
pendently of the disease they are related to. That is the 
cause why in the present paper very different pathologies 
are included and many times physiological compounds 
not associated with a pathological increase, but appear
ing in the electrophoretic profile in the analytical condi
tions. 

Table 1 summarizes the works published on food and 
beverages [5-37], Table 2 on environmental samples [38-
63), Table 3 on industrial processes [64-82], Table 4 on 
miscellaneous samples of diverse origin [83-90), and 
Table 5 on body fluids [2, 15, 43, 91-123) (see Addendum 
pp. 1964-1981). Comprehensive surveys related to the 
application of CE to the analysis of carboxylic acids and 
related acids in one specific matrix have been published 
by Klampfl et al. [124] and Lindeberg [125) in food and 
beverages and by Craston and Saeed [126] in environ
ment. A previous text of clinical applications of CE for 
short-chain organic acids analysis was written by Nuttall 
and Guzman [127]. 

2 Sample pretreatment 

It is important to highlight that simplicity in this step is one 
of the main contributions of the technique and therefore 
most of the methods developed do not employ other 
sample pretreatment more than dilution and filtration 
or centrifugation [5-22, 25, 28, 31-37, 40-43, 48, 50, 
53-56,59-63,66,67, 72, 73, 75, 77-81,83,87].Karlsson 
et al. [46] studied the influence of filtration, preservation 
and storing on the analysis of LMW organic acids in natu
ral waters. Some authors added EDTA to liberate the 
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organic acids from its possible complexes with metals 
[24, 57, 58]. In dairy products, acidification with sulfuric 
acid has been employed to facilitate coagulation [1 O, 11 ]. 
In latex, two modes of coagulation have been employed: 
acidic media and freezing [78]. Gaseous samples such as 
some beers, soft drinks and wines have to be degassed, 
generally it is done by sonication [5-8, 12]. Special treat
ment deserved ascorbic acid analysis in vegetables, 
which employed 2% thiourea in 10 mM HCI acid [27]. In 
some cases, solid-phase extraction (SPE) has been 
employed on C18 [49] or cation exchangers [7 41 and even 
on-line dialysis in a flow injection analysis (FIA) arrange
ment [88] has been coupled to the CE equipment. Re
cently, solid-phase microextraction with polyacrylate
coated fiber has been employed but only for aromatic 
acids in soils [128]. 

In the case of body fluids, the best fluid to analyze for 
organic acids is urine because: (ij organic acids are con
centrated in the urine so that most of them are present 
in the urine in much higher concentration than in the 
blood; (ii) the virtual lack of protein facilitates the analysis 
of the sample, (iii) a specimen consisting of a simple void
ing is easy to obtain and is adequate for analysis. There
fore, urine is the body fluid more frequently analyzed for 
short chain organic acids [2, 15, 94, 98, 100, 102-106, 
108-110, 112-115, 117-123, 129-131]. Other fluids also 
analyzed for organic acids by CE are saliva [91], cere
brospinal fluid (CSF) [92,113], serum [94-96, 99, 100, 
107], and amniotic fluid [113, 116]. 

One of the advantages of CE is the ability to separate 
small molecules in complexes matrices without sample 
pretreatment. That is so, because once the analytes 
pass through the detector the capillary can be emptied 
and washed and it is ready for a new analysis. That is 
why many authors measure organic acids in urine or 
saliva without any other sample treatment more than dilu
tion and filtration or centrifugation to eliminate solid mat
ter [2, 91, 100, 102, 106, 108, 109, 115, 119, 120, 122, 
129]. Nevertheless, although protein content in urine is 
low when uncoated capillaries are employed, proteins 
can interfere because they get adsorbed on the capillary 
wall and they must be eliminated prior to the analysis. It 
can be done with SPE on C18 cartridges [93, 104] although 
Willetts et a/. [103] detected selective retention of certain 
organic acids such as lactate, or with cationic exchange 
resins for orotic acid in urine [105]; by liquid-liquid extrac
tion with ethyl acetate [98]; or by acidification alone [117] 
or followed by thermic treatment [114]. Deproteinization 
with acetonitrile (two volumes of acetonitrile to one vol
ume of sample) seems to offer a simultaneous method of 
stacking for small molecules, which is a mechanism of 
anatyte concentration on the capillary itself [132]. 
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Purification has also been developed in-line by isotacho
phoresis [11 OJ prior to CZE. On conditions that a suitable 
electrolyte system is selected for ITP step, performed in 
the first preseparation capillary of a higher internal diam
eter, sample components create correct and stable isota
chophoretic zones with sharp boundaries. Only a well
defined traction of the sample containing the stacked 
analyte is transferred into the second analytical capillary 
and analyzed by CE. 

Serum with higher protein content than urine is usually 
deproteinized because proteins can precipitate in the 
capillary or get adsorbed to the wall in uncoated capil
laries and migration times, in that cases, vary broadly. It 
has been done by ultrafiltration [95] not only in serum, 
but also in cerebrospinal liquid [92] or by precipitation 
with cold methanol [100]. However, some authors have 
succeeded to measure directly in serum with polyacryl
amide(PM)-coated capillaries and a careful selection of 
the BGE components [96]. Derivatization for including a 
group that facilitates detection is another way of sample 
pretreatment used by some authors, but it will be de
scribed in more detail in the Section 3.5. 

3 Method development parameters 

Parameters to be optimized during method development 
include separation mode, type of capillary, BGE, injec
tion mode, and detection. They are discussed briefly 
below. 

3.1 Separation mode 

Separation mode is the first election to develop an ana
lytical method for short-chain organic acids. Since their 
electrophoretic mobility towards the anode is usually 
higher than the EOF towards the cathode, the most com
mon mode of analysis is the mode called reversed polar
ity, which means that the injection is performed at the 
negative end (cathode) while the detector is placed in the 
positive end (anode). 

The analysis of LMW organic acids with the opposite 
polarity is not frequent, because these compounds pre
sent high electrophoretic mobility towards the anode and 
could exit by the injection end without passing through 
the detector. Nevertheless, benzoic acid [12], ascorbic 
acid [17] alone or with isoascorbic acid [49], and a group 
of compounds produced as effluents in a distillery (69] or 
in the production of sugar [71] have been measured with 
normal polarity. In the case of clinical analysis, vanillyl
mandelic acid (VMA) and homovanillic acid (HVA), which 
contain an aromatic ring and therefore bigger size, normal 
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polarity is the most common mode, but reversed polarity 
has also been employed (122]. It must be pointed that in 
some papers it is not possible to work out that reversed 
polarity was employed, but the migration orders of the 
analytes make think in that sense (33, 74, 88]. 

3.2 Type of capillary 

Reversal of the polarity needs the EOF (towards the 
cathode in the standard configuration) to be suppressed 
or even reverted. Flow reversal is achieved by two basic 
methods, use of coated capillaries or uncoated capillaries 
with a surfactant added to the BGE. Most of the methods 
developed for LMW organic acids employed uncoated 
silica capillaries with a surfactant added, but the adsorp
tion of compounds to the wall make the reproducibility 
not always as good as it would be desiderable. Some 
authors employed different capillary types such as eCAP 
(9], fluorinated ethylene propylene (FEP) capillary (16], 
and PAA-coated capillary (19]. 

Fourteen short-chain organic acids were studied by CE 
with indirect UV detection in three different capillary con
ditions: polyacrylamide-coated, myristyltrimethylammo
nium bromide dynamically coated and uncoated. Actu
ally, dynamical coating consists of a surfactant added to 
the background buffer and it cannot be considered a type 
of capillary. The best performance regarding precision 
in migration time, highest column efficiency, and better 
LODs was obtained by using the PAA-coated capillary. 
Nevertheless, when the method was applied to clinical 
urine samples, several interferences appeared and the 
authors recognize that method needed further study for 
real samples (100]. Our experience, as much with stan
dards as with many different biological samples [108, 
109, 113, 117, 122], is also that PAA-coated capillaries 
performances related to reproducibility are the best. 
Moreover, if capillaries are adequately treated, their usa
ble period can be very long (to our experience even more 
than two years working daily) and that compensates the 
initial higher costs. 

Orotic acid was analyzed in capillaries coated with poly
vinyl alcohol [104]. Following the authors, these capillaries 
performed well, were stable and required little condition
ing to give reproducible migration times. However, it was 
necessary to employ relative complex specimen prepa
ration steps to achieve good assay precision, which elim
inates the major advantage of the technique. FEP and 
fused silica was employed for the ITP-CZE measurement 
of erotic acid in children urine (11 OJ. On the other hand, 
Nutku and Erim [35] employed a polyethyleneimine
coated capillary that generated an anodic EOF and thus 
favored the separation speed of organic acids. 
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3.3 Background electrolyte 

The nature, concentration and pH of the BGE in CE are the 
most important parameters for resolution and detection. 
Theoretically, once the organic acids are fully ionized, 
which happens at pH values two units over their pKa, the 
pH value is not very important and it ought to be adjusted 
considering the maximum buffer capacity of the electro
lytes, but under this limit, small variations even in the 
second decimal figure significantly affect the separation. 
Buffering electrolytes of sufficient capacity are needed to 
control buffer-ion depletion caused by electrolysis. 

Harrold et al. (97] demonstrated the ability to modify 
electrophoretic mobility and selectivity as a function of 
temperature and electrolyte ionic strength for inorganic 
and short chain organic acids. Although it is a work devel
oped only for standards and focussed in the application 
of a particular mode of detection, it provides with strate
gies to be applied for the separation of these compounds. 
It is well known that as electrolyte ionic strength de
creases, the inherent electrophoretic mobility of the anions 
toward the anode decreases while the EOF toward the 
cathode increases, resulting in an overall run time de
crease. The important observation is that the electro
phoretic mobilities of the anions change at different rates 
and that permits to manipulate the selectivity. Nonabsorb
ing electrolytes have been employed for direct detection 
such as tetraborate at pH 9.3 [21, 28], phosphate at 
pH 10.2 (69], pH 7.5 (19], pH 6.5 [33], 6.25 (78], and pH 6 
[59]. Regarding concentration, it affects EOF, electrodis
persion of the analyte bands, and current generated at a 
given potential. An equilibrium ought to be found between 
the stacking effect and current generated, nevertheless, 
concentrations in the BGE as high as 500 mM have been 
employed without any problem, with equipment that re
frigerate the capillary (78]. 

For indirect detection, the BGE is even more critical not 
only the pH and wavelength of the chromophore, but 
also its mobility related to these of the analytes and the 
concentration to give a maximum range for measuring. 
Wu et al. [22] investigated and discussed the suitability 
of several absorbance providers, additives and pH, 
affecting the selectivity and resolution of CE for mono-, 
di- and tricarboxylic acids, as much as, hydroxy acids. 
Although their work was only applied to standards, the 
information can be very useful to work with indirect detec
tion of short-chain organic acids. Moreover, these factors 
have been reviewed for carboxylic acids by Doble and 
Haddad (133]. 

As chromophore and buffer have been employed phtalate 
[11, 15, 18, 62, 67, 72, 73, 91, 98, 100), benzoate (9, 36, 
81, 82, 85, 86], PDC [5, 6, 10, 14, 20, 25, 38, 61, 75], 
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TMA [22, 45, 54, 57, 58, 74], MES [16, 31], PMA [36, 37, 
41, 82], 2,4-dihydroxybenzoic acid with £-aminocaproic 
acid [35, 96], 1,2-dimethylimidazole and trimellitic acid 
[13], p-hydroxybenzoate [40, 43, 47, 63], p-anisate [84], 
3,5-dinitrobenzoic acid [42], salicylic acid with Tris [48, 
52], benzoic acid and Tris [107], NOC [39], p-AB [32, 38, 
51 ], BTA [46], phenylhydroxyacetic or mandelic acids [96], 
glutamic acid plus spermine [11 O]. and 5-sulfosalicylic 
acid [44]. The sensitivity obtained with 2,6-naphthalenedi
carboxylic acid was reported as five times higher than 
with phthalate, which is commonly used. On the other 
hand, inorganic chromophores have also been employed 
such as chromate [23, 24, 26, 65, 66, 68, 70, 76, 77, 80, 
88, 89, 114] and molybdate [53]. 

With uncoated capillaries and revesed polarity a sur
factant must be added to decrease, suppress or even 
reverse the EOF. Cationic surfactants such as CTAB [5, 
6, 10, 11, 18, 23, 26, 38, 40, 42, 55, 72, 73, 76, 78, 79, 
88, 134], CTAH [14, 20, 53, 75), TTAB [7, 8, 22, 24, 31, 
32, 39, 45, 51, 54, 57-61, 66, 74, 81, 82, 85-87,89]. 
TTAOH [21, 28], and MTAB [33, 34, 62] have traditionally 
been employed. Surfactants with different nature have 
also been employed such as HOM [25, 50, 80, 82]. The 
more hydrophobic the surfactant, the more effective is 
the reversal of EOF and the faster the migration time of 
the acids [39, 135]. Volgger et al. [90] corn pared the effect 
of CTAB, TTAB _and HOB. For these authors HOB ren
dered the best overall results in terms of separation speed 
and resolution of relevant acids for their problem. Various 
alkylamines have been more recently investigated as EOF 
suppressors and tetraethylenepentamine was selected 
by Fung and Tung [83] to obtain a nice separation of 25 
organic and inorganic anions. In a previous work, Arellano 
et al. [36] employed EDTA for the separation of seven 
organic acids and four inorganic anions in wine and fruit 
juices. Generally, a single-surfactant species has been 
used, to reverse the EOF, but Haddad et al. [66] noted cer
tain selectivity effects in the separation of inorganic and 
organic anions when a binary mixture of surfactants is 
used. 

Another method for manipulating selectivity is the addi
tion of alkali-earth metals, mainly Ca2 +, to the BGE 
[21, 28, 43, 45, 48, 51, 54, 63, 67, 103]. In the capillary 
these ions interact with the organic analytes through the 
formation of complexes with different stabilities, which 
affects the electrophoretic mobility of the ligands. Small 
amounts of organic solvents can also be added to the 
BGE for improving resolution. Methanol has been added 
at 5 [33, 34, 62, 122], 10 [108, 109, 117], 20 [18, 83], 
30 (31), and even 50% [84]. Acetonitrile has been 
employed at 5 [88], 15 (59], 20 [60], and 30% [98]. Even 
mixtures of both (94] have been employed as organic 
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modifiers to improve resolution in some cases. Some 
authors employed a commercial BGE of undescribed 
composition [102]. 

Special mention must be made of CE-MS buffers, that 
should contain mainly volatile compounds to work at an 
optimum level. Thus, ammonium bicarbonate [112], 
ammonium acetate [2] or an aqueous solution of naphtha
lene disulfonate, PMA, and methanol with diethylenetri
amine as EOF modifier have been employed [111 ]. Com
pounds such as orotic acid with a protonable nitrogen can 
also be measured at low pH, positively charged [104]. 

3.4 Injection mode 

In hydrodinamic injection, the loaded sample volume is 
nearly independent of the sample matrix, although it 
depends on the viscosity. However, in electrokinetic injec
tion, the amount loaded is dependent on the EOF, con
ductivity and viscosity of BGE, and sample and electro
phoretic mobilities of the analytes. Thus, injection bias 
exists with the more mobile species being loaded to a 
greater extent. Levart et al. (38] found preconcentration 
factors ranging from 14 (chloride) to 3 (propanoate) by 
using electrokinetic injection. Electrokinetic sample intro
duction with transient isotachophoretic preconcentration 
was optimized for peak height, peak area, peak asym
metry, efficiency, peak resolution, and reproducibility of 
migration time and peak area for the ultratrace determi
nation of anions on silicon wafer surfaces [82]. The detec
tion limit was 10 nmol · L- 1 and results agreed with those 
obtained by ion chromatography (IC). Nevertheless, ex
cept for samples with a constant matrix, the use of 
electrokinetic injection enhances CE sensitivity, but it 
suffers from matrix bias and poorer precision and, there
fore, it is not recommended for quantification. 

3.5 Detection 

As previously described, organic acids can be separated 
in aqueous buffers and if nonabsorbing electrolytes are 
employed, direct measurement at 200 nm or below is a 
good option for the carboxylic group [92, 93, 95, 101-
104, 106, 108, 109, 122, 129]. Obviously, when organic 
acids with a characteristic spectra are measured, differ
ent wavelengths can be employed, for example, orotic 
acid was analyzed at 280 nm [105]. Positive identification 
of these compounds can be enhanced by the use of 
diode-array detection and spectral matching. 

As can be seen in Tables 1-5, in 79 proposals out of 124 
indirect detection was employed. Indirect detection is 
achieved by including an absorbing ion (UV-absorbing 
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or fluorescence-absorbing chromophore) in the buffer, 
which provides a high background absorbance. Displace
ment of the absorbing ion by analytes within the sample 
produces negative absorbance peaks, which can be 
turned in positive by the software of the equipment. The 
choice of the indirect chromophore is dictated by the 
mobility of the ions to be analyzed, since the best resolution 
occurs when the mobility of the anion in the buffer is close 
to that of the sample ions. In some cases, a derivatizating 
agent, such as pirenyldiazomethane has been bonded to 
the molecules to increase the UV absorbance [94, 99]. 

Nevertheless, controversy exits about direct or indirect 
detection for providing better LODs. Generally, the latter 
is considered a mode more sensible than direct detection, 
and it can be so for standards, but when dirty or complex 
samples have to be measured, such as biological fluids, 
high dilution rates have to be employed to avoid very 
noisy baselines and overlapping peaks and, then, the 
result is not so good. Tables 1-4 include the LODs 
reported for the different methods and when two values 
appear they are the range (minimum and maximum 
LODs) for the different acids. Castifieira et a/. [34] con
cluded that the sensitivity of the analysis in wine samples 
carried out using direct detection was from 35-80-folds 
higher than for the indirect procedure. Similarly, for satu
rated carboxylic acids which are intermediates and reac
tion products in the conversion pathway of citric acid and 
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itaconic acid in hot, LOO of 100 ppb for direct detection 
and 25 ppb for indirect detection have been found (90]. 
Probably, that is in part due to the different behavior of 
standards and samples. In general, indirect detection 
provides higher sensitivity for standards but, as every 
compound with lower absorption than the BGE gives 
a peak, samples have to be more diluted to avoid inter
ferences than samples measured with direct detection 
and final LODs in real samples are similar or even lower. 

Figure 1 shows an example of a CE separation with indi
rect UV detection for 25 standards and Fig. 2 the corre
sponding application to herb extracts. For comparison, 
Fig. 3 shows an example of a CE separation with direct 
UV detection for standards and a sample of natural rub
ber latex serum and Fig. 4, an example of a CE separation 
with direct UV detection for standards related to clinical 
samples. 

Since the first commercially available CE device offering 
the possibility of conductivity detection, only a small num
ber of papers dealing with the applicability of this system 
for the analysis of real samples has been published. LMW 
ionic compounds have been measured in electrodeposi
tion coatings by CE with conductivity detection [136]. 
Authors found an excellent agreement with the results 
achieved by IC and shorter analysis time. Nonaqueous 
capillary electrophoresis is best suited for fluorescence 
detection. Merocyanine 540 has been employed as a 

tlmAu 

20 21 

18 21 

Figure 1. Electropherogram 
of a standard mixture of organ
ic anions. Conditions: buffer, 
15.0 mM tetraethylenepenta
mine (fEPA), 20.0% methanol 
at pH 8.4; capillary, 65 cm x 
75 µm ID fused silica; voltage, 
-18 kV; current, 6 µA; injection, 
8 cm for 25 s; detection wave
length, 254 nm; concentration, 
each anion 0.1 mM. Peaks: 1, 
chloride; 2, nitrate; 3, sulfate; 
4, oxalate; 5, malonate; 6, for

mate; 7, fumarate; 8, tartrate; 9, malate; 10, succinate; 11, glutarate; 12, adipate; 13, citrate; 14, acetate; 15, propionate; 
16, lactate; 17, n-butyrate; 18, 2-hydroxyisobutyrate; 19, valerate; 20, chlorovalerate; 21, capronate; 22, glutamate; 
23, octanoate; 24, quinate; 25, glucuronate. Reprinted from [83], with permission. 
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Figure 2. Electropherograms of typical herb samples colleted from a local pharmaceutical shop. (A) Flos chrysthemi, 
(8) Spies prunellae, (C) Folium mori. Conditions as in Fig. 1, except injection, 8 cm for 30 s. Peaks: 1, chloride; 2, sul
fate; 3, oxalate; 4, malonate; 5, tartrate; 6, succinate; 7, glutarate; 8, citrate; 9, lactate; 10, valerate; 11, chlorovalerate; 
12, quinate; 13, glucoronate; S, system peak; U1-U3, unidentifiend peaks. Reprinted from [83], with permission. 
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Figure 3. Electropherogram of a standard mixture and 
sample of natural rubber latex. Conditions: buffer, 500 mM 
H3PO4, 0.5 mM CTAB, pH 6.25; capillary, 57 cm x 50 µm ID 
uncoated fused silica; voltage, -1 O kV; current, 118 µA; 
injection for 5 s; detection wavelength, 200 nm; Peaks: 
1, nitrate (0.25 mM); 2, oxalate (0.5 mM); 3, formate (4 mM); 
4, fumarate (0.25 mM); 5, aconitate (0.25 mM); 6, succinate 
(2.0 mM); 7, malate (2.0 mM); 8, glutarate (2.0 mM); 9, cit
rate (2.0 mM); 10, acetate (3.0 mM); 11, glycolate (3.0 mM); 
12, propionate (2.0 mM); 13, furanoic (0.5 mM); 14, pyro
glutamate (0.5 mM); 15, quinate (2.0 mM). 

fluorophore for indirect laser-induced fluorescence de
tection of ascorbic acid and its stereoisomer isoascorbic 
acid, but LOOs were not better that 0.30 and 0.17 µM, 

respectively (137}. Fluorescence has also been employed 
after derivatizating the carboxylic acids, but derivatization 

of short-chain organic acids in aqueous solution is the 
most challenging because of the low reactivity of the 
carboxylic group in water. Usually, it requires several reac
tion steps. Nevertheless, some derivatizating agents have 
been employed in biological samples: 5-bromofluorescein 
for C8-C1, carboxylic acids to be detected with the argon 
laser at 488 nm [107]; 1-pirenyldiazomethane for dicar
boxylic acids to be detected with He-Cd laser [94, 99]. 

Methods of describing LODs are usually very confusing 
because many authors report absolute masses in the 
capillary and it must be borne in mind that there are 
only a few nanoliters of sample into the capillary; other 
authors give concentration in the vial, but samples have 
to be diluted during the treatment; Schneede et al. [94] 
clearly describe 40 nM for the methylmalonic-pirenyldia
zomethane derivative and under 1 µM of methylmalonic 
in human serum. An exhaustive study of parameters that 
influence on separation was developed by these authors, 
but there are no data about the quantitativity or repro
ducibility of the derivatization reaction. 

Electrochemical detection has also been employed in 
some cases, but the problem of measuring very small cur

rents at the end of a capillary with high voltage is well 
known, as are the problems related to the extreme poten
tials needed for obtaining a redox response from car
boxylic acids. Fu et al. [115] employed a graphite-paste 
electrode modified with cobalt phthalocianine, but they 
only measured oxalate, ascorbate and uric acids, those 

with known electrochemical properties, and recently Li 
et al. [123] employed a carbon-fiber microdisk for meas
uring VMA and HVA. 



1958 

0.014 

0.012 

0.010 
A 
L 
0.008 

0.006 

0.004 

0.002 

V. Galli et al. Electrophoresis 2003, 24, 1951-1981 

Figure 4. Electropherogram of 
a standard mixture of short
chain organic acids. Conditions: 
buffer, 200 mM phosphate, 
pH 6.0, with 10% methanol 
added, neutral coated capillary, 
37 cm length, injection by pres
sure of 0.5 psi for 5 s, voltage, 
-10 kV; detection at 200 nm. 
Peaks: 1, oxalic; 2, fumaric; 
3, ketoglutaric; 4, malic; 5, me-

4 5 6 7 8 9 10 11 12 13 14 15 16 thylmalonic; 6, glutaric; 7, citr-
Min ic; 8, adipic; 9, methylcitric; 10, 

N-acetylaspartic; 11, glycolic; 12, acetoacetic; 13, propionic; 14, lactic; 15, ketoisovaleric; 16, glyceric; 17, 2-hydroxy
butiric; 18, 3-hydroxybutiric; 19, 2-hydroxyisovaleric; 20, 3-hydroxyisovaleric; 21, propionylglycine; 22, 4-methylvaleric; 
23, phenyllactic; 24, homogentisic; 25, hypuric; 26, uric; 27, 4-hydroxyphenyllactic; 28, aminoadipic acids. 

Related to MS detection, to date only two works have 
been published dealing with the analysis of small car
boxylic acids [138, 139]. In the first study, succinic, 
maleic, malonic, and glutaric acids were separated, 
meanwhile in the second one, 11 LMW organic acids 
were determined and parameters optimized to achieve 
the highest sensitivity. Applicability to an ale sample was 
included. Dealing with the analysis of diagnostic metabo
lites by GE-MS two works have also been published. The 
first one by He et a/. (112] includes glutathione, pyrogluta
mate, adenylosuccinate, ornithine, histidine, and homo
gentisic acid measurement in normal and spiked urine 
samples. The second one was developed by Jellum et al. 
[130] and is devoted to the analysis of urine and blood 
samples from patients with known metabolic disorders 
(galactosemia, neuroblastoma, Zellweger syndrome, pro
pionic academia, and alcaptonuria) by GE-tandem MS. 
The authors say that although the results are promising, 
there is still a long way to go. Libraries of urinary metabo
lites must be created for automated identification and the 
potential of these techniques must be further evaluated 
by running patient samples routinely. 

4 Chiral analysis 

Chiral analysis of short-chain organic acids is compli
cated because their short chains make difficult the 
three-point interaction generally accepted as necessary 
for chiral recognition. Moreover, they lack a powerful UV-

absorbing chromophore. That is why many methods for 
chiral short-chain organic acids analysis have been 
developed with derivatization to diastereomers. Rela
tively recent works have shown the possibility of their 
direct chiral separation in CE by different mechanism: 
Ligand-exchange CE, macrocyclic antibiotics and cyclo
dextrins. 

The presence of organic acid racemates in food prod
ucts can indicate their use as additives, which are not 
always permitted and needs to be controlled. On the 
other hand, different isomers of the same acid can 
present different flavor or taste and their analysis can 
be of interest for quality control. Lactic acid in sake, 
as well as in wine, is a major organic acid and it is 
thought to have a great influence on the taste. Whereas 
naturally occurring lactic acid bacteria are used in the 
traditional brewing of sake, the use of lactic acid addition 
has recently been predominant in order to simplify sake 
brewing (140]. Authors say that although sensory stud
ies are needed, o-lactic acid in water has a different sour 
taste from L-lactic. 

On the other hand, most biochemical reactions have 
enantiomeric selectivity. Different enantiomers of the 
same compound can activate different metabolic path
ways (141 ]. Enantiomeric ratio of chiral metabolites is an 
important parameter for the understanding of metabolic 
processes and in many cases it can have diagnostic pur
poses. From this point of view it is possible to determi
nate the origin of several pathologies by an enantiorneric 
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analysis of selected metabolites. o-Enantiomers usually 
have a bacteriological origin while L -enantiomers have 
predominantly an endogenous one. GE has demon
strated to be a good choice for enantiomeric resolutions 
using chiral selectors in the separation buffer which can 
provide very simple and automated method develop
ment. 

The optimization of the separation conditions in GE of 
the two optical isomers of lactic acid by a factorial 
design has been reported. The method, which does not 
require any other sample pretreatment more than dilu
tion and filtration, was applied to the identification of 
both isomers in body fluids as plasma, urine, amniotic 
fluid, and CSF [113]. This very complex area exceeds 
the intention of the present paper, but to mention that a 
comprehensive review on the subject has been recently 
published [142]. 

5 Comparison of CE with other separation 
techniques 

Many of the authors have compared CE analysis with 
IC, being the general conclusion that CE offers several 
advantages over IC: enhanced separation efficiency, 
tolerance of complex matrices without laborious sample 
pretreatment, shorter analysis time, and lower cost (7, 73, 
82). Results obtained by GE during the determination of 
LMW ionic compounds in electrodeposition coatings 
[136], a wide variety of samples, ranging from simple 
aqueous solutions to complex plant organic streams 
[73], silicon wafer surfaces [82] showed excellent agree
ment with those achieved by IC; in a systematic approach 
to the separation of mono- and hydroxycarboxylic acids 
in environmental samples by IC and CE. Souza and co
workers {42] concluded that a complete characterization 
of all analytes could not be achieved by IC due to co
elution of certain analytes. On the other hand, in CE it 
was possible to discriminate all analytes, but the method 
lacked concentration sensitivity. Similar conclusions were 
obtained by Rosell6 et al. [25] when comparing a CE 
method for organic acids involved in tomato flavor analy
sis with routine HPLC methods. 

6 Applications 

The applications related to food, beverages, environment, 
and industry are clearly summarized in Tables 1-4 and 
they do not deserve further comments. Those applica
tions related to body fluids will be briefly discussed to 

establish their clinical relevance. 

Organic acids in different matrices by CE 

6.1 Short-chain organic acids profiling 

1959 

Individually, many disorders of organic acid, fatty acid 
metabolism and other aminoacidopathies excluding 
phenylketonuria (PKU) are rare, but collectively they are 
probably of an equal incidence to PKU at about 1 :5000-
1:10000 live births [143]. The analysis of short-chain 
organic acids in urine is a well-established procedure for 
the diagnosis of inherited errors of metabolism [144, 145]. 
Currently, GC-MS is the most reliable technique for this 
purpose, nevertheless, it is also expensive, laborious 
and limited to referral laboratories. On the other hand, 
CE can provide a simple and rapid alternative [127]. CE 
is limited at the present time to the analysis of a relatively 
short number of acids and identification is performed by 
migration time as compared with standards and by spik
ing and therefore it has not the structural elucidation abil
ity of GC-MS, but the benefits of a method such as CE 
that provides rapid analysis is apparent in such situations 
as the critically ill newborn presenting coma and meta
bolic acidosis. In such cases, rapid diagnosis facilitates 
appropriate treatment. 

Nowadays, when done, screening of inborn errors of 
metabolism including phenylketonuria is developed by 
MS/MS in blood samples [146]. This is a very expensive 
technique and it measures carnitines and glycines more 
than organic acids. Thus, it does not allow one to dif
ferentiate propionic from methylmalonic aciduria. Both 
derive from the metabolism of propionate, and the same 
conjugated compounds are increased, but methylmalonic 
acid is the essential marker of methylmalonic aciduria 
[147]. In this case, CE could be a complementary diag
nostic tool. Clinical management of methylmalonic acid
uria is considered to be most critical during the early 
years of life [148]. 

On the other hand, CE with a very different separation 
mechanism can be also a complementary analytical tool 
for compounds such as propionic or oxalic acids poorly 
detected by GC-MS, due to their low recovery after sam
ple pretreatment, and for compounds such as pyrogluta
mic and pipecolic acids with the same masses and there
fore interfering. Chen et al. [100] described an indirect 
detection assay for 14 short-chain organic acids in serum 
and urine. Wu et al. [22] also separated 14 short-chain 
organic acids with indirect UV detection, but only prelimi
nary results with body fluids were provided. Shirao et al. 
[93] described an assay for 12 short-chain organic acids 
in urine and Jariego and Hernanz {102] also described an 
assay for 10 short-chain organic acids in urine both with 
direct detection at 185 nm. Hiraoka et al. [92] described 
a similar method for CSF. Petucci et al. [95] reported a 
method for screening 19 metabolites in uremic serum 
with direct detection and normal polarity. Barbas et al. 
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[108) developed and validated a method for measuring 10 
organic acids in urine and, then, with small variations, it 
was applied to identlfy 27 organic acids [109). Simulta
neously, a second buffer at a lower pH was developed 
with confirmatory purposes. This is the method with the 
largest number of biologically relevant organic acids iden
tified in urine by CE. Figure 4 shows the separation 
obtained for the standards with this method. Moreover, 
the urine sample collection in filter paper to facilitate the 
collection and sending to the clinical laboratory has been 
studied by these authors [131) and 20 organic acids can 
be detected. In opinion of Seymour et al. [4) general 
screening programs would be recommended for glutaric 
aciduria, because prevention is possible and it is included 
in the study. At least 15 acids can be measured with 
this method. That could facilitate massive screening pro
grams. 

6.2 Nephrolithiasis markers 

The evaluation of risk factors for calculi formation is a 
common clinical test in developed countries. The majority 
of stones, 7D-80%, are composed mainly of calcium oxa
late crystals (149). Thus, elevated oxalic acid excretion is 
a risk factor, meanwhile, elevated citric acid excretion is 
a protective factor that tends to prevent calcium from pre
cipitation. A comprehensive review on the subject has 
been recently published by Garcia et al. [150). The classi
cal clinical tests are enzymatic assays which measure 
each acid in a separate probe, these methods are expen
sive and need manual work. CE permits the simultaneous 
and automated measurement of both acids, and many 
times other related compounds, in a short time and with
out any other sample pretreatment more than dilution 
and filtration. Holmes [114) described a method with indi
rect detection that permits to detect related anions such 
as glycolate and urate. Samples need 100-fold dilution, 
mainly to reduce chloride concentration. That affects 
LODs, and it may be variable depending on the concen
trations. Garcia et al. [122) validated the method pre
viously described for profiling short-chain organic acids 
for quantifying oxalate and citrate. These compounds are 
also present in the separations obtained by other authors 
previously quoted. Accuracy was established by compar
ing with the enzymatic assays in 29 urine samples with 
very good results. 

6.3 Homovanillic and vanillylmandelic acid and 
related compounds 

HVA and VMA, the major metabolites of catecholamines, 
are often tested in urine for neurologic diagnosis and 
for monitoring the response to therapy in illnesses like 
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phaeochromocytoma and neuroblastoma [151-153]. The 
latter is the second most frequent disease, leukemia 
being the first, seen in children with malignant tumors 
[120). Neuroblastoma, neuroblastic tumor, is the most 
frequent extracranial solid tumor in early childhood [154). 
In USA, the incidence is one out of 7000 children younger 
than the age of five [155]. In England, the incidence of 
neuroblastoma in the northern region is one in 1 O 580 
live births [156). This disease is one of the few malignant 
tumours that excrete unambiguous markers for diagno
sis. About 95% of the patients studied were reported to 
excrete abnormal levels of either or both VMA and HVA in 
their urine [157). If detected in the early stages, before the 
age of 1 year, the disease may be perfectly cured [158]. 

In view of this, low-cost methods are necessary to satisfy 
the rising demand for mass screening in childhood (159). 
Moreover, a second area of clinical pathology that in
volves the cardiovascular system (hypertension, hypo
tension) is also related with these metabolites [160) and 
so the demand for their measurement is increasing. On 
the other hand, intestinal tumors, which secrete large 
amounts of serotonin, are often discovered by the en
hanced urinary excretion of 5-hydroxyindolacetic acid 
(HIA) [161). In a strict definition, these compounds are 
not short-chain organic acids, but they can be considered 
included in a wider sense of the term. 

lsaaq et at. [118) described a CZE method for HVA and 
VMA measurement in infant urine samples after extraction 
with ethyl acetate. Since the concentration in the urine 
samples of healthy infants is less than the detection limit, 
a concentration step is also necessary with this method. 
Caslavska et al. (119] developed a method based in 
MEKC for urinary indole derivatives and catecholamine 
metabolites with fluorescence detector by direct injection 
of plain or diluted samples. On the other hand, Shirao et al. 
[120) recently published another micellar alectrokinetic 
chromatographic method including VMA and HVA, but 
not HIA As only spiked samples are treated the method 
is intended for detecting clearly pathological situations 
during routine mass screening of pheochromocytoma 
and neuroblastoma. 

Garcia et al. [122] developed separation conditions in CE, 
with a neutral-coated capillary and reversed polarity. The 
method was optimized to make direct measurement of 
VMA, HVA and HIA possible in urine samples without 
pre-treatment. The method developed was validated, 
presenting adequate parameters for linearity, accuracy 
and precision. Detection limits range from 0.03 to 2.5 µM. 

It was applied to urine samples taken from patients both 
adults and children in hospital. Some of them were also 
measured by immunoassay and with HPLC with electro
chemical detection (ED) and results compared well. 
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7 Concluding remarks 

GE is already a mature technique to be implemented 
in routine analysis of short-chain organic acids with 
various advantages, with reference to other more clas
sical techniques. The success of the technique arises 
from its ability to provide simple, efficient and low-cost 
separations in a short time with minimum consumption 
of reactives. With regard to organic acidurias, this tech
riique provides an interesting tool for screening pro
grams in newborns. For prenatal diagnosis or when the 
patient is acutely ill, the procedures utilized must be 
capable of providing not only accurate but also rapid 
results. 

The GE method with a higher number of organic acids 
separated and identified permits analysis of 27 com
pounds in a 15 min run {109], out of near 200 that might 
exist. Although this is not many, it is important to consider 
that included in this list are some of the more frequent 
pathologies, such as methylmalonic, propionic, Canavan 
disease, pyroglutamic aciduria, hyperoxaluria, orotic, 
fumaric, isovaleric, alkaptonuria, lactic aciduria, ketosis, 
and even more important glutaric aciduria. In the last 
instance, if it is detected and treated at an early stage, 
development can be normal. 

On the other hand, GE is a technique with a mechanism 
of separation orthogonal to GG-MS and, therefore, it can 
be a complementary analytical tool. GE would be the best 
option for monitoring previously diagnosed diseases, 
when the structural identification of unknown diagnostic 
metabolites is not necessary. A possible role of GE in the 
routine system for metabolic disorders might be following 
the diagnosed samples and pretesting all urine samples. 
Samples with abnormal GE-profiles would subsequently 
be given high priority for more elaborate analysis with 
GG-MS or MS/ MS. 

Finally, related to quantitative aspects, several authors 
have validated the methods previously described and 
when these methods have been compared with other 
well-established separation techniques there was a 
good agreement in the results. Moreover, interlaboratory 
assays are being run to submit methods to regulatory 
authorities to be considered as official methods. The 
main drawbacks are the lack of sufficient concentration 
sensitivity in some demanding analysis and of GE-trained 
personnel in many quality control laboratories. The first 
point relays on new technical developments for its solu
tion while the second is just a question of detecting the 
need. 
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9 Addendum 

Table 1. Determination of short-chain organic acids and inorganic anions in food and beverages by CE 

Sample Analytes Sample Electrophoretic conditions nme LOO Ref. 
pretreatment (tanai. min) 

Beer Oxalic, formic, malic, Degassing by sonica- Fused-silica capillary 7 0.6-1.6 mg/L [5] 
citric, succinic, lion and dilution (72 cm x 75 µm ID) 
pyruvic, acetic, 1 :5 with water Indirect UV detection at 350 nm 
lactic, and pyro- with reference at 200 nm 
glutamic acid, - 25 kV potential 
cI-·. so!-, Po!- ~nj = 2 S 

P = 20°c 
5 mM POC, 0.5 mM CTAB, pH 5.6 

Beer Oxalic, formic, malic, Degassing by sonica- Fused-silica capillary 8 0.9-2.5 mg/L with [6] 
citric, succinic, tion and dilution (72 cm x 75 µm ID) 3:1 signal-to-
pyruvic, acetic, 1 :5 with water Indirect UV detection at 350 mm noise ratio 
lactic, and pyro- with reference at 200 nm 
glutamic acid, - 25 kV potential 
cI-, so!-, Po!- ~nj = 2 S 

ra = 20°c 
5 mM POC, 0.5 mM CTAB, pH 5.6 

Beer Oxalic, formic, citric, Dilution 1 : 1 O and Fused-silica capillary 10 (a) 0.117- 0.229 [7, 8] 
malic, succinic, degassification (48 cm x 50 µm ID) mg/L 
acetic, lactic, for UV detection and (b) 0.034- 0.667 
pyroglutamic, (60 cm x 50 µm ID) mg/L 
and pyruvic acid, for conductivity detection 
cI-. so!-, Po!- (a) Indirect UV detection at 

254 nm; (b) conductivity 
detection 

- 30 kV potential 
~=0.2 min 
7.5 mM p-AB containing 0.12 mM 

TTAB, pH 5.75 with His 

Bread Propionic acid Dilution with water eCAP capillary tubing 15 0.03-0.08 111M [9] 
and sonication (40 cm x 75 µm ID) 

Indirect UV detection at 214 nm 
10 kV potential 

~=3S 
5 mM Tris, pH 4.6 with benzoic 

acid 
Cheese and Oxalic, formic, citric, Acidification with Fused-silica capillary 20 0.2-5.7 X ,0-2 mM (10] 

yogurt succinic, orotic, H~04, centrifuga- (105 cm x 75 µm ID) 
uric, pyruvic, acetic, tion and filtration Indirect UV detection at 230 
propionic, lactic, with 0.45 µm and 300 nm 
sulfuric, and butyric - 25 kV potential 
acid ~= 10s 

P = 25°C 
20 l1lM PDC, 0.5 mM CTAB, 

pH 12.15 

Dairy products Oxalic, citric, formic, Acidification with Fused-silica capillary 18 [11] 
(cheddar succinic, orotic, H~04, centrifuga- (105 cm x 75 µm ID) 
cheese and uric, pyruvic, acetic, tion and filtration Indirect UV detection at 200 nm 
plain liquid propionic, lactic, with 0.45 µm - 25 kV potential 
yogurt) sulfuric, and butyric fini=2S 

acid T8 = 3D°C 
4.4 mM potassium hydrogen 

phthalate, 0.27 mM CTAB, pH 11.2 
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Table 1. Continued 

Sample Analytes Sample Electrophoretic conditions Time LOD Ref. 
pretreatment (t81,8i, min) 

Diet cola soft Benzoic acid Degassing, and Fused-silica capillary 9 2-5 mg/L with (12} 
drinks and dilution with (52 cm x 75 µm ID) 3:1 signal-to-
artificial water Direct UV detection at 214 mm noise ratio 
sweetening 15 kV potential 
powders ~nj = 30 s 

Phosphate bufferµ= 0.025, pH 11 

Fruit juices Ascorbic, sorbic, Filtration with Fused-silica capillary 6 0.08-5 mg/L {13] 
benzoic, malic, 0.45 µm or (38 cm x 50 µm ID) 
tartaric, maleic, dilution Indirect photometric detection 
lactic, acetic, at210 mm 
malonic, and - 20 kV potential 
oxalic acid, CI04 ~= 15s 

ra = 25°c 
4 mM 1,2 dimethylimidazole, 

1 mM TMA, 2.86 mM 
18-crown-6, pH 7.5 

Fruit juices, Oxalic, formic, malic, Dilution with water Fused-silica capillary 18 6-12 mg/L with [14] 
nutrient citric, succinic, and centrifugation (104 cm x 50 µm ID) 3:1 signal-to-
tonic and pyroglutamic, Indirect UV detection at 350 nm noise ratio 
soy sauce acetic, and lactic with reference at 230 nm 

acid, sr-, c1-, -30 kV potential 

~,N03 , ~nf = 6s 
S 

1
-, F-, P20~- P = 15°C 

P0
4

- so~- 20 mM PDC, 0.5 mM CTAH, 
pH 12.1 

Fruit juices, Acetic, malic, Microfiltration, Fused-silica capillary 15 1 mg/L with [15} 

soy sauce succinic, lactic, dilution with (100 cm x 75 µm ID) 3:1 signal-to-

and wines citric, butyric, water and filtra- Indirect UV detection at 254 nm noise ratio 
and tartaric acid tion, 0.45 µm - 20 kV potential 

Millex HV t..i=45s 
5 mM potassium phthalate, 

0.5 mM OFM, pH 7.0 

Fruit juices, Sorbic acid Dilution and Fluorinated ethylene-propylene 5 5 X 1 □· 4 mM (16} 

wine, marg- filtration capillary (20 cm x 30 µm ID) 

arine and Indirect UV detection at 254 nm 
marmalade 100 ITlM MES, 10 mM Bris-Tris, 

0.2% PEG, pH 5.2 

Fruits, vege- Ascorbic acid Centrifugation Fused-silica capillary 2 0.06 mg/L with (17} 

tables, juice and filtration, (27 cm x 57 µm ID) 3:1 signal-to-

and drinks 0.45 µm Indirect UV detection at noise ratio 
254 and 265 nm 

10-30 kV potential 
~=5S 
P= 25°C 
100 mM sodium borate, pH 8.0 

Juices Citric, isocitric, Filtration 0.20 µm Fused-silica capillary 12 60 mg/L (18} 

and tartaric acid (50 cm x 75 µm ID) 
Indirect UV detection at 254 nm 
-10 kV potential 
fini = 1 s 
50 lllM phthalic acid, 0.5 mM CTAB, 

pH 7 .0 and 20% methanol 
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Table 1. Continued 

Sample Analytes Sample Electrophoretic conditions Time lOD Ref. 
pretreatment (taria1,min) 

Orange juices Citric, tartaric, Dilution and filtration Neutral polyacrylamide-coatecl 11 2-9 mg/l (19] 
isocitric, and 0.45 µm capillary (57 cm x 50 µm ID) 
malic acid Direct UV detection at 200 nm 

-14 kV potential 
~nj = 5 S 
200 mM phosohate, pH 7.50 

Sea urchin Malle, succinic, Dilution 1 :40 v/v with Fused-silica capillary 20 6-12 mg/L with [20] 
and sake acetic, lactic, water and ultra- (104 cm x 50 µm ID) 3:1 signal-to-

pyroglutamic, centrifugation Indirect UV detection at noise ratio 
and citric acid, 350 nm with reference at 
c1-, sot· , Po!- 230 and 275 nm 

- 30 kV potential 
~ny = 6 s 
.,,. = 15°c 
20 mM PDC, 0.5 mM CTAH, pH 12.1 

Sherry wine Citric, tartaric, malic, Dilution with water Fused-silica capillary 20 1.~.1 mg/L (21] 
vinegar succinic, lactic, (53 cm x 75 µm ID) 

and acetic acid Direct UV detection at 185 nm 
- 7 kV potential 
~j = 1 s 
l1' = 20°c 
1 O mM tetraborate, O. 5 mM 

TTAOH, 100 mg/L ea2- and 
Mg2-, pH 9.3 

Sports drinks, Citric, oxalic, succinic, Dilution 10-fold Fused-silica capillary (a) 10 2.0 x 10-3 mM [22] 
nutrients- acetic, tartaric, and filtration (70 cm x 75 µm ID) (b) 5 
added drink, malic, lactic, Indirect UV detection at 220 nm 
fruit juice, aspartic, glutamic, - 20 kV potential 
and tea ascorbic, and ~1=3S 

gluconlc acid ra = 25°c 
(a) 5 mM TMA, 1 mM TTAB, pH 9.0 
(b) 5 mM TMA, 1 mM TTAB, pH 5.5 

Sugar and Oxalic, citric, malic, Fused-silica capillary 0.08-0.3 mg/L (23] 
wine lactic, formic, acetic, (17 cm x 50 µm ID) (for anions) 
samples and pyroglutamic Indirect UV detection 

acid, c1-, N02. at 214/254 nm 
N03, soi-. F-, ~i = 6 s (electrokinetic) 
H2P04, HC03 at0.5 kV 

0.7 ml of 270 mM sodium 
chromate, 3.75 ml of 20 mM 
CT AB and 1.2 ml ACN to 30 ml 
total volume, pH adjusted 
by addition of 100 ffiM NaOH 

Tea Infusions Oxalic, citric, malic, Dilution, addition Fused-silica capillary (24] 
aspartic, glutamic, of Na~DTA and (57 cm x 75 µm ID) 
and quinic acid, F- microfittration, Indirect UV detection 

0.45 µm at 254 nm 
- 20 kV potential 
t.1=5S 
l1' = 20°c 
1 O mM sodium chromate, 

0.5 mM TTAB, 0.1 mM Na2 EDTA 
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Table 1. Continued 

Sample Anatytes Sample Electrophoretic conditions Time LOO Ref. 
pretreatment (tana!, min) 

Tomato Oxalic, malic, Centrifugation Fused-silica capillary 18 0.8-1.6 mg/l [25] 
and citric acid and dilution, (60 cm x 50 µm ID) 

0.2 µm Direct UV detection at 200 nm 
- 25 kV potential 
~rlj = 20 s 
P = 20°c 
20 mM PDC acid, 0.1% HOM, 

pH 12.1 

Various vege- Oxalic, succinic, Fused-silica capillary 8 0.05 mg/l [26] 
tables citric, formic, (52 cm x 75 µm ID) (for N03 ·· 

acetic, propionic, Indirect UV detection at 254 nm and N02-) 

and butyric acid, - 20 kV potential 
sr-, c1-, N03, fini = 10 s 
N02, so!·, 1 0 ffiM chromate, 2.30 mM CTAB, 
HPO!-, co~- pH 11 .5 

Vegetables Ascorbic acid Homogenization Fused-silica capillary 5 0.35 mg/L with [27] 
with 2% thiourea- (50 cm x 50 µm ID) 3:1 signal-to-
10 mM HCI Direct UV detection at 270 nm noice ratio 

- 20 kV potential 
~nj = 3 s 
P = 35°c 
20 mM sodium tetraborate, 

pH 9.2 

Vinic sample Formic, fumaric, Oesalinization by Fused-silica capillary 15 0.08-4.75 mg/l [28] 
· succinic, oxalic, dilution (53 cm x 75 µm ID) 
malic, tartaric, Direct UV detection at 185 nm 
acetic, lactic, - 7 kV potential 
and citric acid ~n1=30s 

10 mM tetraborate, 0.5 mM 
TTAOH, 100 mg/L ea2- and 
Mg2 .. , pH 9.3 

Water c1·, so~- Fused-silica capillary 5 [29] 
samples and HC03 (50 cm x 75 µm 10) 

Indirect UV detection at 214 nm 
-- 25 kV potential 
~n1 = 5 s (electrokinetic) at 5 kV 
-r = 25°c 
(a) 5 mM imidazole, 2 mM HN03, 

pH 4.0 adjusted with fumaric 
acid 

(b) 2.5 mM Cu(N03h, 5 mM ethylen-
ediamine, 1 mM fumaric acid, 
pH 8.5 adjusted with TEAOH 

Drinking Oxalic acid, c1-, Fused-silica capillary (different 10 5 X ,o-J mM [30} 

water N03, so~-. measures cm x 75 µm 10) 

CIOj' F··' sr-' Indirect UV detection at 220 nm 
$i03- Different kV potential 

~. hydrodynamic and electrokinetic 
(a) 5 mM imidazole, 5 mM thiocyanate, 

2 mM citric acid, 1 mM 18-crown-6 
(b) 12 ffiM OIPP, 4 mM TMA, 1.5 mM 

HIBA, 2.3 mM 18-crown-6, pH 4.8 
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· Table 1. Continued 

Sample Analytes Sample Electrophoretic conditions Time LOD Ref. 
pretreatment (tana1, min) 

Wine Tartaric, malic, Dilution in electrolyte Fused-silica capillary 1 X 10-3 mM [31) 
succinic, acetic, by a factor (66 cm x 75 µm ID) with 2:1 signal-
and lactic acid ofHHOO Conductivity detection to-noise ratio 

- 25 kV potential 
7 mM MES/His, 0.5 mM TTAB 

and 30% methanol, pH 6.0 

Wine Oxalic, tartaric, citric, Dilution 1:100 Fused-silica capillary 10 (a) 0.131-0.510 [32) 
malic, succinic, and filtration, (48 cm x 50 µm ID) mg/L 
adipic, glutaric, 0.45 µm for UV detection and (b) 0.054-2.750 
acetic, lactic, (60 cm x 50 µm ID) mg/L 
butyric, valeric, for conductivity detection 
and shikimic acid, (a) Indirect UV detection at 
c1-. so~ 254 nm; 

(b) conductivity detection 
- 30 kV potential 
lini = 0.2 min 
7.5 mM p-AB, 10.5 mM Bis-Tris 

containing 0.1 mM TTAB, 
pH 7 .0 with UOH 

Wine Tartaric, malic, Dilution 1 :40 with Fused-silica capillary 6 (a) 0.015-o.054 [33, 34) 
succinic, acetic, water and (60 cm total length x 75 µm ID) mg/L 
and lactic acid filtration, (a) Direct UV detection at 185 nm; (b) 1.407-2.296 

0.45 µm (b) Indirect UV detection at mg/L 
254mm 

(a) 20 kV potential, 
(b) 15 kV potential 
~i=30s 
ra = 25°C 
(a) 3 mM phosphate, 0.5 mM 

MTAB, pH 6.5 
(b) 7 mM phthalic acid, 2 mM 

MTAB, 5% v/v methanol, 
pH 6.1 

Wine and Tartaric, malic, citric, Dilution with water Polyethyleneimine (PEl)-coated 11 3-9 mg/L [35) 
fruit juices lactic, succinic, and filtration, silica capillary (45.5 cm/ 

and acetic acid 0.45 µm 57.3 cm x 75 µm ID) 
Indirect UV detection at 249 nm 
- 28 kV potential 
~nj=0.1 S 
ra = 30°c 
20 mM 6-aminohexanoic acid, 

5 mM 2,4-dihydroxybenzoic 
acid, pH 4.9 

Wines and fruit Oxalic, tartaric, malic, Dilution with water Fused-silica capillary 11 0.06-1.07 mg/L [36, 37] 
juices succinic, citric, and filtration, (44 cm x 75 µm ID) 

acetic, and lactic 0.45 µm Indirect UV detection at 220 nm 
acid c1-, N03, - 20 kV potential 
s~-. PO!- ~~ = 2 s 

ra = 30°c 
3 mM PMA, 3 mM EDTA, pH 7.5 

DIPP, dimethyldiphenylphosphonium iodide; HIBA, hydroxyisobutyric acid; TEACH, tetrabutylammonium hydroxide; 
TTAOH, tetradecyltrimethylammonium hydroxide 
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Table 2. Determination of short-chain organic acids and inorganic anions in environmental samples by CE 

Sample Analytes Sample Electrophoretic conditions Time LOO Ref. 
pretreatment (tana1, min) 

Air Oxalic, formic, Fused-silica capillary 5 0.04---0.6 mg/L [38] 
malonic, glutaric, (50 cm x 50 µm ID) with 3:1 signal-
glycolic, acetic, Indirect lN detection at 200 nm to-nose ratio 
lactic, and - 20/ - 25 kV potential 
propionic acid, ~i = 5 s (hydrodynamic inj.) 
cI-, so:- and t.,i = 5 s (electrokinetic inj. 

at -5/-15 kV) 
5 mM PDC, 0.5 mM CTAB, pH 5.6 

Air extracts Formic, fumaric, Fused-silica capillary 5 100 mg/L [39] 
(solid and glutaric, adipic, (50 cm x 75 µm ID) 
liquid) pimelic, suberic, Indirect UV detection at 254 nm 

azelic, sebacic, - 20 kV potential 
phthalic, methane- inj=10s 
sulfonic, carbonic, P = 25°c 
cetric, chloroacetic, 2 mM NDC, 0.5 mM TTAB and 
dichloroacetic, 5 mM NaOH, pH 11 
propionic, butyric, 
and benzoic acid 

Aqueous Oxalic, formic, Dilution, centrifuga- Fused-silica capillary 5 0.13-2.67 mg/L [40] 
extract tartaric, pyruvic, tion and filtration, (52 cm x 75 µm ID) 
of soil citric, lactic, 0.2µm Indirect UV detection at 254 nm 

succinic, and -30 kV potential 
acetic acid, cI--, 4i = 30 s 
NOj, PO~-, P = 25°c 
so

4
- 1 0 mM p-hydroxybenzoate, 

0.5 ffiM CTAB, pH 4.5 

Atmospheric Oxalic acid, sr-, Filtration, 0.22 µm Fused-silica capillary 4 0.03!Hl.154 mg/L (41] 
aerosols cI-, NOj, N02 (50 cm x 75 µm ID) 

and so4 - Indirect UV detection at 254 nm 
-30 kV potential 
~nj=10s 
2.25 mM PMA, 6.5 mM NaOH, 

0.75 mM hexamathonium 
hydroxide, 1.6 mM TEA, 
pH 7.7-7.9 

Atmospheric 13-Hydroxybutyric, Filtration, 0.22 µm Fused-silica capillary 7 0.050---0.36 mg/L (42] 

particulate acetic, lactic, (50 cm x 50 µm ID) 
matter formic, glycolic, Indirect UV detection at 254 nm 

butyric, and -15 kV potential 
propionic acid lini= 10s 

P = 25°c 
10 mM 3,5-dinitrobenzoic acid, 

0.1 mM CTAB, pH 5-6 

Culture Formic, oxalic, Filtration, 0.45 µm Fused-silica capillary 8 [43] 

filtrates of pyruvic, maleic, (52.4 x 75 µm ID) 

soil fungi aspartic, glucuronic, Indirect UV detection at 254 nm 
acetic, ascorbic, - 20 kV potential 
shikimic, gallic, ~nj=10S 
propionic, butyric, 1" = 25°C 
fumaric, citric, malic, p-Hydroxybenzoate, 0.4 mM 
lactic, succinic, and Ca2+, 2.5% OFM, pH 4.75 

gluconic acid 
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Table 2. Continued 

Sample Analytes Sample Electrophoretic conditions Time LOD Ref. 
pretreatment (t_,min) 

Forensic envi- Oxalic, citric, malic, Fusee-silica capillary 7 1.5x 10-·L [44] 
ronmental tartaric, formic, (70 cm x 50 µm ID) 1 X 10--3 mM 
samples acetic, propionic, Indirect UV detection at 21 O nm (hydodynamic 

trichloroacetic, -30 kV potential injection)/ 
butyric, valeric, tin/ = 22 s (hydrodynamic)/16 s 2 X 10--6_ 
and &,,o~- , Br-, (electrokinetlc injection) 1.3 x 10-6 mM 
Cl -, 1-, N02, at -2 kV (electrokinetic 
NO;-' so!-' F ' P = 30°c injection) 
scN-, CIOj' HPo!--' 3 mM 5-sulfosalicylic acid, 
HC03, S03 - , PO!-- 21 mM Tris, pH 8.6 

Fresh snow Formic, acetic, pro- Fused-silica capillary 11 0.1-0.2 mg/L [45] 
sample pionic, butyric, (75 cm x 75 µm ID) (hydrodynamic 
(water) valeric, oxalic, Indirect UV detection at 254 nm inj.) and 0.001-

malonic, succinic, - 30 kV potential 0.02 mg/L (elec-
glutaric, adipic, ~"I = 30 s (hydrodynamic) trokinetic inj.) 
fumaric, maleic, and ~ = 45 s (electrokinetic with 2:1 signal 
citric, and tartaric at -5 kV) to-noise ratio 
acid, c1-, N03 5 mM Tris, 2 mM TMA, 0.2 mM 
and so!- TTAB, 0.6 mM ca2-, pH 8.5 

Natural Acetic, butyric, Fused-silica capillary 15-20 10-3 mg/L [46] 
waters ~-hydroxybutyric, (43 cm x 75 µm ID) 

formic, lactic, Indirect UV detection at 254 nm 
maleic, methyl- -15 kV potential 
succinic, malonic, ~ni = 45 s (electrokinetic) 
oxalic, succinic, at 5 kV 
valeric acid, 5 mM BTA solution (Jassen), 
Moo!-, Hco;- 0.5 mM OFM, pH 8 

Novel anti- Acetic acid Fused-silica capillary 5 0.1 mg/L [47] 
fungal (56 cm x 75 µm ID) 
lipopeptide Indirect UV detection at 450 nm 

with reference at 220 nm 
- 20 kV potential 
~=3S 
P = 25°c 
4 mM p-hydroxybenzoic acid, 

OFM, pH 6.0 with UOH 

Plant Oxalic, malonic, Dilution with water Fused-silica capillary 6 5 X 10-·4-2 X [48] 
matrices fumaric, formic, and filtration, (55 cm x 75 µm ID) 10-3 mM with 

succinic, tartaric, 0.45 µm Indirect UV detection at signal-to-noise 
malic, glutaric, 232 nm ratio of 3 
pyruvic, lactic, 4'i=3S 
citric, and ascorbic 7.5 mM salicylic acid, 15 mM 
acid, c1-, N03, Tris, 500 µM DoTAOH, 
PO!--, co;·- 180 µM mM Ga(OHh, pH 8.3 

Plant tissue Ascorbic and C1a SPE (samples Fusee-silica capillary 10 84fmol (49] 
isoascorbic are injected (50 cm x 75 µm ID) 
acid in3% MPA, Direct UV detection at 260 nm 

1 mM EDTA) 25 kV potential 
4,i = 3-10 s 
ra = 25°c 
200 mM borate, pH 9 
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Table 2. Continued 

Sample Analytes Sample Electrophoretic conditions Time LOO Ref. 
pretreatment (t.na1, min) 

Plants Ascorbic acid Centrifugation Fused-silica capillary 4 0.2 mg/L [50] 
and filtration, (33.5 cm x 50 µm ID) 
5µm Indirect UV detection at 265 nm 

-15 kV potential 
~=20s 
'f' = 23°c 
60 mM sodium chloride, 60 mM 

sodium dihydrogen phosphate, 
1 x 10-4% HOM, pH 7 

Rain drop Fomic, acetic, Fused-silica capillary 10 fmol [51] 
and oxalic acid, (63 cm x 75 µm ID) 
c1-, N03, s~--, Indirect UV detection at 264 nm 
C2~-. co!·· - 28 kV potential 

~=30S 
7.5 mM p-AB, 750 µM barium 

hydroxide, 100 µm TTAB(H), 
pH9.4 

Rain drop Oxallc, formic, acetic, Fused-silica capittary 6 32-72fmol [52] 
proplonic, malooic, (50 cm x 50 µm ID) 
maleic, azelic, Indirect UV detection at 220 nm 
butyric, valeric, - 25 kV potential 
and pelargonic ~nj = 45 s 
acid, c1-, N03, 'f' = 25°C 
so!- 20 !TIM salicylic acid, 32 mu 

tris-(hydroxy-methyl)amino-
methane, 0.001% hexa-
dimethrion bromide, pH 8.1 

Rainwater Formic and acetic Rltration, 0.45 µm Fused-silica capillary 7 0.5-20 mg/L [53] 
acid Cl-, N03, (65 cm x 75 µm ID) (hydrodynamic 
so!·, F-, Indirect UV detection at 230 nm injection)/ 
HPO!-, HC03 - 20 kV potential 0.1-3 mg/L 

t.iJ = 60 s (hydrodynamic)/20 s (electrokinetic 
(electrokinetic) at - 3 kV injection) 

ra = 24°C 
5 mM molybdate, 0.15 mM CTAH, 

0.01 % polyvinyl alcohol, 
5 mM Tris, pH 7.9 

Rainwater Malonic, oxalic, Fused-silica capillary 8 5x,O·Lsx [54] 
samples fumaric, maleic, (76 cm x 75 µm ID) 10-3 mg/L 

and soil formic, succinic, Indirect UV detection at 254 nm with 2:1 signal-

extracts tartaric, glutaric, - 30 kV potential to-noise ratio 
adipic, propionic, t.iJ = 45 s at - 5 kV (electrokinetic) 
butyric, valeric, 5 111M Tris, 2 mM TMA, 0.6 mM 

and citric acid TTAB, 0.6 mM Ca(OH)i, pH 8.5 

Root Oxalic, formic, Filtration with fused-silica capillary 14 [55, 56] 

exudates fumaric, acetic, 0.22 µm and (57 cm x 75 µm ID) 

malic, citric, dilution with Direct UV detection at 200 nm 
succinic, and water -10 kV potential 

lactic acid, N03 ftr.=10s 
P = 25°C 
200 mM phosphate, 0.5 mM 

CTAB, pH 6 
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Table 2. Continued 

Sample Analytes Sample Electrophoretic conditions Time LOD Ref. 
pretreatment (fanat, min) 

Soil Oxalic, malonic, Centrifugation, Fused-silica capillary 10 2.6 X 10-4- [57, 58] 
tartaric, malic, addition of (50/70 cm x 75 µm ID) 1.77 X 10-3 mM 
succinic, citric, N~EDTAand Indirect UV detection at 254 nm 
formic, acetic, filtration, - 30 kV potential 
propionic, valeric, 0.45µm P = 20°c 
and lactic acid, (a) 3 mM TMA, 0.02% v/v EDTA, 
cI-. N03, so!- pH 5.8 

(b) 8 mM Tris, 2 mM TMA, 
0.3 mM TTAB, pH 7.6 

Soil and plant Oxalic, formic, Dilution with water, Fused-silica capillary 12 1 X 10-3-9 X [59] 
extract fumaric, tartaric, centrifugation (95.5 cm x 50 µm ID) 10-3 mM with 

malonic, malic, and filtration, Direct UV detection at 185 nm 3:1 signal-to-
citric, succinic, 0.45 µm - 20 kV potential noise ratio 
maleic, acetic, ~nj=30s 
and lactic acid, ra = 25°c 
cI-, N03, N02, 25 mM sodium phosphate, 
so~- 0.5 mM TTAB, 15% CAN, pH 6 

Soil and Oxalic, fumaric, Shaking and Fused-silica capillary 10 1 X 10-3_ [60] 
plant tissue tartaric, malonic, centrifugation (70.4 cm x 50 µm ID) 8 X 10-3 mM 
extract malic, citric, maleic, Direct UV detection at 190 nm 

phthalic, acetic, - 20 kV voltage 
benzoic, salicylic, ~ni=10s 
p-hrydroxybenzoic, P = 25°c 
p-coumaric, ferulic, 30 mM phosphate, 1.0 mM TTAB, 
and sinapinic acid, 20% v/v ACN, pH 6.5 
NO;, N02, so~-

Waste water Formic, acetic, Filtration and Fused-silica capillary 7 0.3-0.6 mg/L [61] 
propionic, butyric, dilution, (60 cm x 50 µm ID) 
oxalic, malonic, 0.45 µm Indirect UV detection at 254 nm 
succinic, phthalic, - 20 kV potential 
and maleic acid, ~nj = 30 S 
cI-, N03, N02, 9 mM PDC, 0.5 mM TTAB, 
F-, H2P04, co~- , pH 7.8 
so!·· 

Water, soil Oxalic, formic, Shaking and Fused-silica capillary 15 5 X 10-3-0.03 mM [62] 
and plant tartaric, aconitic, centrifugation (70.4 cm x 50 µm ID) 
extract malic, citric, Indirect detection at 215 nm 

pyruvic, succinic, - 20 kV voltage 
acetic, and ascorbic ~nj = 3 s 
acid, cI-, Po~-. P = 20°c 
so!- 10 mM phthalic acid, MTAB, 

5% methanol, pH 5.6 

Xylem Fumaric, aspartic, Dilution Fused-silica capillary 5 [63] 
exudates glutamic, tartaric, (52.5 cm x 75 µm ID) 

malic, citric, Indirect UV detection at 254 nm 
and succinic acid, - 20 kV potential 
cI-, Po~-, so~- fin! =20S 

5 mM p-hydroxybenzoate 
containing 0.1 mM ca2+ 

DoTAOH, dodecyltrimethylammonium hydroxide; MPA, metaphosphoric acid; TEA, triethanolamine 
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Table 3. Detennination of short-chain organic acids and inorganic anions in industrial processes by CE 

Sample Analytes Sample Electrophoretic conditions nme LOD Ref. 
pretreatment (t..n.i,min) 

Aspergillus niger Oxalic, formic, Fused-silica capillary 9 0.1 mg/L [64] 
in recycling acetic, propionic, (40 cm x 50 µm ID) 
culture pyrrolodonic, Indirect UV detection at 230 mm 

valeric, capronic, ~nj = 3s 
and gluconic acid, P = 30°C 
sr-, c1-, so!-, Prototype wide-range anion anal-
PO!- ysis electrolyte containing 

trimesic acid (Perkin-Elmer/ ABD) 

Atmospheric Oxalic, malonic, Fused-silica capillary 3.5 0.088- 0.119 mg/L [65] 
aerosol formic, succinic, (52 cm x 75 µm ID) with 2:1 signal-

and acetic acid, Indirect IN detection at 254 nm to-noise ratio 
c1-, N03, so~- - 20 kV potential 

(nj = 30 S 
ra = 25°c 
6 mM chromate, 2.5 cm3 OFM 

in 100 cm3 solution 

Bayer liquor Malonic, acetic, citric, Dilution with Fused-silica capillary 5 (a) 0.09-0.34 mg/L [66] 
tartaric, succinic, water (52 cm x 75 µm ID) (b) 0.16--0.88 mg/L 
formic, and oxalic Indirect UV detection at 254 nm 
acid, c1-, sot, - 20 kV potential 
F-, Po!- , co

3
·· ~=45s 

(a) 3 mM TTAB, 3 mM DTAB, 
7.5 mM chromate, pH 9 

(b) 5 mM TTAB, 1 mM DTAB, 
5.5 mM chromate, pH 9 

Chicory root Formic, tartaric, Thawing where Fused-silica capillary 6 [67] 
thick juice malic, citric, necessary and (53 cm x 75 µm ID) 
and beet succinic, glycolic, dilution with Indirect UV detection at 254 nm 
sugar acetic,and lactic water - 20 kV potential 

acid ~nj=20S 
5 mM phthalate, 0.2--0.6 mM Ca2+, 

2% OFM, pH 5.6 

Corrosion Acetic and formic acid, Fused-silica capillary 6 [68] 
c1-, N02, N03, (53 cm x 75 µm ID) 
so!-, HPO!-, Indirect UV detection at 350 nm 
HC03, Cr20~- with reference at 230 nm 

-17 kV potential 
~=30S 
(a) 5 mM sodium chromate tetra-

hydrate and 0.5 mM 0FM-0H, pH 8 
(b) 12.5 mM potassium phosphate 

monobasic, 14.8 mM sodium 
phosphate dibasic, 1 mM 
0FM-0H, pH 8 

Distillery Acetic, propionic, Fused-silica capillary 0.22--0.38 mg/L (69] 
effluents butyric, and (80 cm x 75/100 µm ID) 

valeric acid Direct IN detection at 185 nm 
25 kV potential 
~ = 45 s (hydrodynamic)/~nj = 45 s 

(electrokinetic) at 5 kV 
7.5 mM Na2HP04, 1 mM OFM-0H, 

pH 10.2 
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Table 3. Continued 

Sample Analytes Sample Electrophoretic conditions Time LOO Ref. 
pretreatment (t_,min) 

Bectronic Oxalic acid, cI-, Fused-silica capillary (a) 2 X 10-4_ [70) 
components N03,s~-. (60 cm x 75 µm ID) 6.5 X 10-4 mg/L 

F-, HPO!- Indirect UV detection at 254 nm (b) 2.3 X 10-4_ 
-15 kV potential 1.16 X 10-3 mg/L 
~ = 30 s (electrokinetic) with 3:1 signal-

at -5 kV to-noise ratio 
(a) 1 O ITlM chromate. 1.5 lllM 

OFM-OH, pH 11 
(b) 7 mM chromate, 0.5 ITlM 

OFM-OH, pH 8 

Fluids formed Hippuric, isovaleric, Fused-silica capillary 15 1 mg/L with 2:1 (71) 
in the produc- butyric, propionic, (60/80 cm x 50 µm ID) signal-to-noise 
tiofl of sugar acetic, malonic, Indirect UV detection ratio 

pyruvic, and oxalic at 254/260 mm 
acid, cI-, N02, 20-25 kV potential 
NOj, s~-, F-, ~=3120s 
P03-- • P04-- ra = 25°c 

0.5 mM sulfonated nitronaphthols, 
pH 8.0 

Industrial Succinic and Dilution with water Fused-silica capillary 8 0.5 mg/L [72) 
process levulinic acid or water-ACN (56 cm x 75 µm ID) 
streams (30:70 v/v) Indirect UV detection at 310 nm 

with reference at 21 O nm 
- 20 kV potential 
~ = 3 s (electrokinetic) at -5 kV 
f' = 20"C 
5 mM potassium hydrogen 

phthalate, 2.5% KOH, 
0.25 mM CTAB 

Industrial Oxalic, malooic, Dilution Fused-silica capillary 4 0.1-0.2 mg/L [73] 
samples formic, acetic, (40 cm x 50 µm ID) 

isovaleric, valertc, Indirect UV detection at 340 nm 
isocaproic, phthalic, with reference at 21 O nm 
propionic, butyrtc, - 20 kV potential 
and benzoic, sr-, ~= 10s 
e1-, No;;-, NOj, 5 mM phthalate, 0.25 ll1M CTAB, 
so!-, F-, P04- pH7.0 

Industrial Oxalic, malonic, cation Fused-silica capillary 10 [74) 
wastewater succinic. glutaric, exchangers (45/50 cm x 50 µm ID) 

adipic, fonnic, Indirect UV detection at 285 nm 
acetic, fumaric, 10 kV potential 
maleic, tartartc, ~= 10s 
malic, and citric 0.6 111M TTAB, 3 !TIM TMA, 
acid pH 10.15 

Nickel plating Oxalic, formic, lactic, Dilution with Fused-silica capillary 15 0.8-1.9 mg/l [75] 
bath sample tartaric, malic, water (104 cm x 50 µm ID) 

citric, acetic, Indirect UV detection at 350 nm 
succinic, and with reference at 230 nm 
oxalic acid, - 30 kV potential 
Br,C1-,N03, ~11 = 6s 
s~- pa3-- l8 = 15°C 
PO!-' POj_' 20 lllM PDC, 5 mM CTAH, pH 5.7 3 • 4 



Electrophoresis 2003, 24, 1951-1981 Organic acids in different matrices by CE 1975 

Table 3. Continued 

Sample Analytes Sample Bectrophoretic conditions Time LOO Ref. 
pretreatment (t_, min) 

Osmotically Oxalic, formic, fumaric, Fused-silica capillary 10 0.1 o--0.50 mg/L (76] 
treated water pyruvic, matonic, (56 cm x 75 µm ID) with 3:1 signal-

maleic, citric, lactic, Indirect UV detection at 365 nm to-noise ratio 
succinic, aspartic, -15 kV potential 
gluicoric, acetic, ~0.1 
ascorbic, shikimic, JB = 45°c 
propionic, and 5 mM Boric acid, 1 O mM sodium 
butyric acid, c1-, chromate, 0.03 lllM CTAB, 
N03, F-, ~!-, 4% butanol, pH 8 with 
HPO!- 0.1 M NaOH 

Orange pulp- C1-, No; and soi- Dilution and Fused-silica capillary 2 0.20 mg/L (77] 
wash and filtration (60 cm x 75 µm ID) 
water samples Indirect UV detection at 254 nm 
from juice - 20 kV potential 
processing ~nj=30S 
plants 5 mM sodium chromate, 

0.4 mM OFM, pH 8.0 with 
lactic acid 

Serum of natural Oxalic, formic, fumaric, Coagulation Fused-silica capillary 15 0.002-1.612 ffiM (78, 79] 
rubber latex aconitic, succinic, and filtration (57 cm x 50 µm ID) 

malic, glutaric, 0.45µm Direct UV detection at 200 nm 
citric, acetic, -1 O kV potential 
propionic, glycolic, ~=5S 
and quinic acid, JB = 25°c 
NO3-· 0.5 M H3P04, 0.5 mM CTAB, 

pH 6.25 

Waste streams Oxalic, formic, acetic, Acidification and Fused-silica capillary 3 0.5-1 mg/l (80] 
from pulp propionic, and centrifugation (24.5 cm x 50 µm ID) 
processing butyric acid, Indirect UV detection at 185 nm 

c1-, N03, so!- . - 30 kV potential 
so;-. co~-. 5 mM chromate, 32% ACN, 
~o~-. s2- 0.001 % HOB, pH 10.8 

Wine residues Tartaric acid Sonication and Fused-silica capillary, 30 cm 2 (81] 
and c1- dilution with Indirect UV detection at 260 nm 

water - 11 kV potential 
t.iJ = 1 s 
12 mM benzoic acid, 1 O mM His 

and 1 ffiM TTAB, pH 5.0 
with NaOH 

Wafer surfaces Oxalic, formic acid, Electrokinetic Fused-silica capillary 5 50-500 ffiM [82] 
Cl-, Cl03, No;·, sample injection (40 cm x 50 µm) 
so!-, er-. N02, with transient Indirect UV detection at 350 nm 
F-, PO!- isotachophoretic with reference at 245 nm 

preconcentratton - 30 kV potential 
~ni• electrokinetic 
2.25 mM PMA, 6.5 mM NaOH, 

1.6 mM triethanolamine, 
0.75 mM HOB, pH 7.7 

DTAB, dodecyltrimethylammonium bromide; HDB, hexadimethrine bromide 
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Table 4. Determination of short-chain organic acids and inorganic anions in miscellaneous samples by CE 

Sample Analytes Sample Bectrophoretic conditions Time LOO Ref. 
pretreatment (fe..i, min) 

Chinese Oxalic, malonic, Drying, digestion, Fused-silica capillary 20 2 X ,o-3-8.5 X [83] 
traditional formic, fumaric, and filtration (45 cm x 75 µm ID) 10-3 mM 
herbs tartaric, malic, 0.2µm Indirect UV detection at 254 nm 

succinic, glutaric, -18 kV potential 
adipic, citric, acetic, ~=25s 
propionic, lactic, 15 mM Tris, 30 mM BTA, 
butyric, 2-hydrox- 1.5 mM TEPA, 20% methanol, 
yvaleric, valeric, pH 8.4 with 0.1 M LiOH 
chlorovaleric, 
caproic, glutamic, 
octanoic, quinic, 
and glucoric acid, 
cI-, N03, so!-

Coco oil Fatty acids Fused-silica capillary 9 2 X ,0- 4_5 X [84] 
extract (Cz-C14) (50 cm x 50 µm ID) 10-4 mg/L 

Indirect lN detection at 270 nm 
-14 kV potential 
fmi = 1 s 
P=30°C 
20 mM Tris, 10 mM p-anisate, 

1 mM trimethyl-p-co, 
50% methanol, pH 8.2 

Culture media Succinic, pyruvic, Fused-silica capillary 8 0.02-2.75 mg/L [85, 86] 
acetic, lactic, (75 cm x 75 µm ID) 
propionic, Indirect lN detection at 220 nm 
2-hydroxybutyric, -14 kV potential 
butyric, isovaleric, ~=2S 
2-hydroxyvaleric, ra = 20°c 
isocaproic, and 1 O mM benzoic acid, 10 mM His, 
3-phenilpropionic 1 M Tris-base, 1 mM TTAB, 
acid pH 6.0 

Drinking water Oxalic, formic, Dilution Fused-silica capillary ,o-3 mg/L [87] 
and condensate glycolic, glyoxylic, (56 x 50 µm ID) 
samples from acetic, lactic, Indirect photometric detection 
Space Shuttle propionic, and at 350 with reference 
and Mir Space butyric acid, Br-, at 200 nm 
Station cI-, N02, N03 , - 30 kV potential 

SO!·, F-, HPO! ~ni=20s 
ra = 20°c 
Organic acids buffer solution 

(Hewlett-Packard), 
pH 5.56/5 mM KHP, 2 mM 
TTAB, pH 5.56 

Orange juices, Oxalic, citric, maleic, On-line dialysis Fused-silica capillary 10 [88] 
slurry, liquors fumaric, tartaric, in an FIA (45 x 50 µm ID) 
from pulp and succinic, formic, arrangement Indirect UV detection at 372 nm 
paper industry malic, acetic, 25 kV potential 
and milk propionic, lactic, 6 mM sodium chromate, 

butyric, and benzoic 3 mM borate and 0.032 mM 
acid, cI-, N03, so~-, CTAB, 3 mM boric acid, 
F-,ow,Hco;, 5% ACN, pH 8.0 
HPo!-, so~-
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Table 4. Continued 

Sample 

Parental 
nutrition 
solutions 

Standards 

Analytes 

Oxalic acid 

Mesaconic, pyruvic, 
glyoxylic, citraconic, 
mesaconic, citric, 
glutaconic, itaconic, 
2-hydroxyisobutyric, 
acrylic, glutaric, 
methacrylic, acetic, 
crotonic, and butyric 
acid 

Sample 
pretreatment 

Organic acids in different matrices by GE 

Electrophoretic conditions 

Fused-silica capillary 
(60 x 75 µm ID) 

Indirect UV detection at 254 nm 
-15 kV potential 
~nj=10s 
10 mM chromate, 0.5 mM TTAB, 

0.1 mM EDTA, pH 8 

Fused-silica capillary 
(24.5 x 50 µm ID) 

Direct UV detection at 185 nm 
- 1 0 kV potential 
~i = 2 s (electrokinetic), -2 kV 
Different BGEs tested 

Time LOO 
(t..nah min) 

7 0.24 mg/L with 
3:1 signal-to
noise ratio 

1977 

Ref. 

[89] 

[90] 

Table 5. Determination of short-chain organic acids in body fluids by GE: organic acids profiling, chiral analysis, nephro-
lithiasis, and neuroblastoma markers 

Sample Analytes Sample Electrophoretic conditions Time LOO Ref. 
pretreatment (fooa1,min) 

Standards and Formic, succinic, Dilution Reversed polarity 6 UV254 nm [91] 
human saliva acetic, lactic, and Uncoated capillary Indirect detection 

propionic acid Phthalate and commercial EOF 
modifier (OFM), pH 5.6 

Foods and Acetic, lactic, citric, It does not work Filtration, 0.45 µm 15 UV 254 nm [15] 
urine tartaric, malic, with fumaric Reversed polarity Indirect detection 

and succinic acid and orotic acid Uncoated capillary 
Phthalate and commercial EOF 

modifier 

CSF Lactate and Oeproteinization Reversed polarity 10 UV 185 nm [92] 

pyruvate by centrifuga- Uncoated capillary Direct detection 
tion and ultra- Tetraborate and TTAB, pH 9.2 
filtration 

Urine Oxalic, formic, 20 min centri- Reversed polarity 12 UV 185 nm [93] 
methylmalonic, fugation and Uncoated capillary Direct detection 
fumaric, succinic, SPE C1s Tetraborate and commercial EOF 
2-ketoglutaric ... modifier, pH 10.0 
acid (n = 12). 

Standards Oxalic, formic, It does not work Reversed polarity 12 UV254 nm [43] 
propionic, fumaric, with oxalic Uncoated capillary Indirect detection 

and others acids acid 4-Hydroxybenzoate, commercial 

(n = 14) EOF modifier and calcium salt, 
pH 4.75 
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Table 5. Continued 

Sample Analytes Sample 8ectrophoretic conditions nme LOD Ref. 
pretreatment (fenai,min) 

Urine and serum Methylmalonic and Oerivatization with Normal polarity 14 Fluorescence (94] 
short-chain 1-pyrenyldiazo- Uncoated capillary LIF He-Cd 
dicarboxytic acids methane and Phosphate-acetate, 50% organic 
(n= 6) dilution with modifier,pH 4.8 

organic solvents 
(1:15) 

Uremic and Uric, hippuric and Uttrafiltration Normal polarity 16 UV diode-array [95] 
normal serum others acids Uncoated capillary 

Borate, pH 9.0 

Serum Pyruvic, citric, malic, No pretreatment Reversed polarity 12 UV 220 nm [96] 
acetoacetic, Capillary coated with linear PAA Indirect detection 
and lactic acid t::-Aminocaproic and 2-hy-

droxyphenylacetic acid, 
pH 3.8 

Standards Organic and inorganic Normal polarity 13 Suppressed (97] 
acids (n = 13) Uncoated capillary conductivity 

Sodium tetraborate and barium 
borate 

Urine Methylmalonic, citric, Liquid-liquid Reversed polarity <6 UV 210 nm [98) 
2-ketoglutaric, extraction Uncoated capillary Indirect detection 
and succinic acid Phthalate, phosphate, CTAB and, 

30% v/v ACN 

Serum Methylmalonic acid Deproteinization Reversed polarity 25 Fluorescence (99] 
Derivatlzation with Capillary coated with linear PAA detection 
1-pyrenyldiazo- Tris-acetate, pH 6.4 LIF He-Cd 
methane and Hydroxypropylmethylcellulose 
dilution with and dimethylforrnamide 
organic solvents 
(1:80) 

a) Serum Short-chain organic a) Deproteinization, Normal polarity 22 UV230 nm (100] 
b) Urine acids(n= 14) centrifugation, Uncoated capillary Indirect detection 

evaporation, Carbonate and phthalate, pH 7.0 
and redissolutlon 

b) Filtration and 
dilution 

Standards Aliphatic ~orrnic Reversed polarity 16 UV 185 nm (101] 
and tartaric) and Capillary coated with Direct detection 
aromatic acids poly(acryloylaminoethoxy)-

ethyt-~-o-glucopyranose 
Addition of divalent cations 

Urine Mettwlmalonic, Cut-off filtration Reversed polarity 10 UV 185 nm [102} 
glutaric, N-acetyl- (M, 10000) and Uncoated capillary Direct detection 
aspartlc, aminoadipic, centrifugation Sodium sulfate, calcium chloride 
and propionic acid and commercial EOF modifier 
(n= 10) 

Urine Oxalic, malonic, SPE C1a Reversed polarity 30 UV196 nm (103] 
maleic, succinlc, Uncoated capillary Direct detection 
pyruvic, lactic, Tetraborate and commercial EOF 
3-hydroxybutyric, modifier (TTAB) and calcium 
and hippuric acid salt, pH 10.0 
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Table 5. Continued 

Sample Analytes Sample Electrophoretic conditions Time LOD Ref. 
pretreatment (~.min) 

Urine Orotic acid Complex pretreat- Normal polarity 10 Direct detection UV [104] 
ment centrifuga- Gapillary coated with polyvinyl Diode-array 
tion, SPE C,8 alcohol 
and cut-off Phosphate, pH 3.0 
centrifugation 

Urine Orotic acid cation-exchange Reversed polarity 7 Direct detection UV (105] 
resin Uncoated capillary Diode-array 

Phosphate, pH 2.23 

Urine Mevalonic, glutaric, No pretreatment Normal polarity 10-15 Direct detection UV [106] 
glyceric, and Uncoated capillary Diode-array 
methylmalonlc Borate, pH 8.5 
acid 

Serum Short-chain organic Derlvatization with Normal polarity 10 a) Fluorescent [107] 
acids 5-bromomethyl- Uncoated capillary detection 

fluorescein a) Borate, pH 10.0 SOS and urea UF argon 488 nm 
(MEKC) b) Indirect detection 

b) Tris and benzoate at 220 nm 

Urine Short-and medium- Centrifugation with Reversed polarity 15 UV200 nm [108] 
chain organic acids ultrafugue filters Capillary coated with linear PAA Direct detection 
(n=9) (Mr 30000) Phosphate, pH 6.0, + 10% v/v 

methanol 

Urine Short-and medium- Centrifugation and Reversed polarity 15 UV 200 nm [109] 
chain organic acids dilution (1 :3) Capillary coated with linear PAA Direct detection 
(n = 27) a) Phosphate, pH 6.0, + 10% v/v 

methanol 
b) Phosphate and acetate, pH 4.0 

a) Urine from Orotic acid ITP preconcentration Normal polarity 6 a) UV254 nm (110] 
healthy people and preseparation Uncoated capillary b) UV 280 nm 

b) Urine from on-line with CZE a) Glutamate and spermine, 
patients pH 5.2 

b) Phosphate and glycine, pH 2. 15 

Standards Succinlc, malelc, Reversed polarity 30 CE-MS [111] 
malonic, and Uncoated capillary ESI interface 
glutaric acid Naphthalene disulfonate, Quadrupole 

pyromellitic acid, methanol, 
and diethylene triamine 

Urine Homogentisic, and No pretreatment Normal polarity 15 CE-MS-MS (112] 
pyroglutamic acid, Uncoated capillary ESI interface 
and others corn- Ammonium bicarbonate, pH 8.5 Ion-trap MS 
pounds 

Urine Propionic, benzoic, Filtration Normal polarity 15 CE-MS-MS [2] 
homogentisic, HVA, Uncoated capillary ESI interface 
VMA, glyceric, Ammonium acetate, pH 8.5 Triple-quadrupole 
orotlc acid, and MS 
more organic acids 

Urine, CSF, o- and L -lactic acid Centrifugation and Reversed polarity 40 UV200 nm [113] 
amniotic dilution (1 :4) Capillary coated with linear PAA Direct detection 
fluid Phosphate, pH 6.0, and 

2-hydroxypropyl-p-
cyclodextrin 
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Table 6. Continued 

Sample Analytes sample Bectrophoreticcondmons nme LOO Ref. 
pretreatment (f.nai, min) 

Urine Oxalic and citric acid Acidification, Reversed polarity 5 UV254 nm [114] 
heating, centri- Uncoated capillary Indirect detection 

tugation, Chromate and TTAB, pH 8.1 
and dilution 

Urine Oxalic, ascorbic, and Filtration and Reversed polarity 12 Amperometric (115) 
uric acid dilution with Uncoated capillary detection 0.8 V 

BGE (1:200) Phosphate and CTAB, pH 5.7 vs.Ag/AgCI 
Cobalt phthalocy-

anine, modified 
carbon-paste 
electrode 

Amniotic fluid Oxalic acid Six equilibration Reversed polarity 10 UV254 nm (116] 
and plasma solvents mixed Uncoated capillary Indirect detection 

with sample Chromate, TTAB, EOTA, pH 8 
Centrifugation and 

cation (Ag+ -form) 
resin 

Urine Oxalic, citric, Acidification, and Reversed polarity 10 UV200nm (117] 
glyoxylic, and centrifugation Capillary coated with linear PM Direct detection 
glyceric acid a) Phosphate, pH 6.0, + 10% v/v 

methanol 
b) Phosphate and acetate, pH 4.0 

Urine VMA and HVA Acidification, liquid- Normal polarity 12 lN 214 nm [118] 
liquid extraction, Uncoated capillary Direct detection 
evaporation, and Acetate buffer, pH 4.1 O 
redissolution 

Urine VMA, HVA, HIA, Centrifugation and Normal polarity 10 a) Absorption (119] 
and others urinary dilution Uncoated capillary at 220 nm 
indole derivatives MEKC Direct detection 

Phosphate-tetraborate buffer b) Fluorescence 
with SOS, pH 9.2 at 340 nm 

Urine Creatinine, VMA, HVA, Centrifugation and Normal polarity 15 UV245 nm [120] 
and uric acid dilution Uncoated capillary Direct detection 

MEKC 
Phosphate buffer with SOS, 

pH 7.0 

Urine VMA and HVA (only No pretreatment Normal polarity 10 Direct detection UV [106] 
detection) Uncoated capillary Diode-array 

Borate, pH 8.5 

Urine Biogenic amines a) Hydrolysis with Normal polarity 35 lN 220 nm (121] 
aodVMA, HVA HCI (basic amines) Uncoated capillary Direct detection 
and HIA or with NaOH Ammonium acetate buffer, 

(acidic metabolites) pH4.0 
b)Centrifugationand 

filtration 

Urine VMA, HVA and HIA Centrifugation and Reversed polarity 30 lN 192 nm [122] 
dilution Capillary coated with linear PM Direct detection 

Phosphate-acetate buffer, 
pH 4.4 with 10% v/v methanol, 
or pH 4.3 with 5% v/v methanol 
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Table 5. Continued 

Sample 

Urine 

Urine 

Anatytes 

VMA, HVA and more 
organic acids 

VMAand HVA 

Sample 
pretreatment 

FIitration 

Acidification, 
liquid-liquid 
extraction, 
evaporation, 
and redissolution 

Organic acids in different matrices by CE 1981 

Electrophoretic conditions 

Normal polarity 
Uncoated capillary 
Ammonium acetate buffer, 

pH 8.5 

Normal polarity 
Uncoated capillary 
Phosphate buffer, pH 5.2 

Time LOO Ref. 
(fanai, min) 

15 CE-MS-MS [2] 
ESI interface 
Triple-quadrupole 

MS 

12 Amperometric [123] 
detection 1.1 v 
vs. Hg/Hg2Cl2 

Carbon-fiber 
microdisk bundle 
electrode 




