
Abstract Determination of low molecular weight or-
ganic acids in soils and plants by capillary zone electro-
phoresis was accomplished using a phthalate buffer and
indirect UV detection mode. The influence of some cru-
cial parameters, such as pH, buffer concentration and sur-
factant were investigated. A good separation of seven or-
ganic acids was achieved within 5 min using an electro-
lyte containing 15 mmol L–1 potassium hydrogen phthal-
ate, 0.5 mmol L–1 myristyltrimethylammonium bromide
(MTAB), and 5% methanol (MeOH) (v/v) at pH 5.60,
separation voltage –20 kV, and temperature 25 °C. The
relative standard deviation (n=5) of the method was found
to be in range 0.18–0.56% for migration time and
3.2–4.8% for peak area. The limit of detection ranged be-
tween 0.5 µmol L–1 to 6 µmol L–1 at a signal-to-noise ratio
of 3. The recovery of standard organic acids added to real
samples ranged from 87 to 119%. This method was sim-
ple, rapid and reproducible, and could be applied to the si-
multaneous determination of organic acids in environ-
mental samples.
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Introduction

Low molecular weight organic acids present in water,
soils, and plants play important roles due to their capacity
to complex with metals and release protons. The low mo-

lecular weight organic acids found in the environment
comprise mono-, di-, and tricarboxylic acids including com-
pounds containing unsaturated carbon and hydroxyl groups.
The low-molecular-weight organic acids function as lig-
ands increasing the total amount of dissolved cations such
as aluminium and iron in soil solutions by complexing of
metal cations [1, 2, 3]. Chemical conditions in the rhizos-
phere soils are often different from the bulk soil as plant
roots exude organic compounds including low-molecular-
weight organic acids [4, 5].

The common methods for determination of low-molec-
ular-weight organic acids include gas chromatography
(GC) [6, 7], ion-exclusion chromatography (IEC) [8, 9]
and high-performance liquid chromatography (HPLC)
[10, 11]. Traditionally, organic acids have been analyzed
by using GC methods with derivatization steps to increase
their volatility before GC separation. The derivatization
process is often quite tedious, and retards the repro-
ducibility of the analysis. Ion exclusion chromatography
with various detection techniques was developed for the
analysis of weak and medium strength acids with a long
run time (at least 30 min), leading to large volumes of elu-
ents required. Additionally, the IEC column used was ex-
pensive and would last for up to a few thousand injec-
tions. For the last two decades, HPLC has been a common
technique for the determination of organic acids. The ma-
jor disadvantages are clogging problems with sample and
complex pretreatment with HPLC. Thus, the methods
above mentioned lack specificity and ruggedness for rou-
tine analyses.

In recent years, capillary zone electrophoresis (CZE)
has become a powerful separation technique and is used
more and more as a standard analytical tool for organic
acids [12, 13, 14]. Advantages of the CZE technique in-
clude small sample volume requirement, the robustness of
the capillary to samples containing humic substances, and
the low expense of replacement of old or damaged capil-
laries. In previous papers, excellent separations were re-
ported with different background electrolytes (BGEs) in-
cluding chromate [15, 16], phthalate [12, 17, 18], benzoic
[19], trimellitic [13, 20] and pyromellitic [21] acids used
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for indirect UV detection and borate [22], phosphate [23],
carbonate [24] for direct UV detection. The limitation of
direct UV detection in CZE is that the organic acids have
poor chromophore properties or none at all. Therefore,
much attention was focused on CZE analysis with indirect
UV detection. The indirect detection technique relied on
the presence of a UV-active buffer component with the
same charge as the analytes. Since the introduction of indi-
rect UV detection by Hjertén et al. [25], chromate [15, 16],
phthalate [12, 17, 18], benzoic [19], etc., have been suc-
cessfully applied to detect organic acids as chromophoric
electrolytes. Indirect UV detection has become a popular
detection mode for all kinds of analytes in electrophoresis,
due to its higher sensitivity [17, 18, 19, 20, 21, 26]. In real
samples, many interfering peaks can be observed due to the
complicated sample matrix. Pretreatments such as ultrafil-
tration and centrifugation are needed to eliminate contami-
nants. When the concentrations of solutes are relatively
low, organic acids are extracted from the sample solution
by adding water-immiscible organic solvents such as ethyl
acetate or by solid-phase extraction (SPE) procedures, ad-
sorbing and eluting through a solid-phase C18 column [27].
However, SPE procedures prolonged the overall analysis
time and contributed to additional errors to the results. The
detection sensitivity is relatively low. In our experiment,
the pretreatment is relatively simple due to the use of a sen-
sitive method with a lower LOD.

This paper describes CZE separation of organic acids
using phthalate, MTAB and MeOH as buffer. In our study
an efficient method was developed for the qualitative and
quantitative determination of low molecular weight or-
ganic acids in environmental samples, with minimal sam-
ple preparation and analysis time. The experimental results
show great potential for wide application in the future.

Experimental

Instrument

The instrument used was a P/ACE MDQ capillary electrophoresis
system from Beckman (Fullerton, CA, USA), equipped with a UV

detector. The electrophoretograms were recorded and integrated
by an IBM personal computer with 32 Karat software version 4.0
(Beckman). All separations were performed in a fused-silica capil-
lary of 75 µm i.d. and total length of 57 cm (YongNian, China). 
A detection window was created 50 cm from the capillary inlet by
removing the polyimide coating. The UV detector was set at 254 nm.

Electrophoretic procedures

A new capillary was firstly pretreated by passage of 0.1 mol L–1

HCl for 10 min, and deionized water for 5 min. Before each run the
capillary was rinsed according to the following cycle: 0.1 mol L–1

NaOH for 5 min, deionized water for 3 min, and then running
background electrolyte for 5 min. The hydrostatic injection mode
(5 s, 20 psig) was used for the standard solution and sample injec-
tion. The capillary was thermostatted at 25 °C, and the applied
constant voltage was set at –20 kV. Detection was carried out us-
ing a UV detector at 254 nm.

Chemicals and sample preparation

All organic acids, including formic, tartaric, malic, citric, succinic,
acetic and lactic acids were purchased from Beijing Chemical
(China). Potassium hydrogen phthalate was obtained from Shang-
hai Chemical Factory (China). Myristyltrimethylammonium bro-
mide (MTAB) was purchased from Kanto Chemicals (Tokyo,
Japan). All reagents were of analytical-reagent grade. Deionized
water obtained from a Milli-Q purification system with a 0.2 µm
fiber filter (Barnstead, USA) was used for preparation of sample
and buffer solutions.

Soils were shaken with water (2 g/4 mL) on a mechanical
shaker for 4 h. Crushed plant roots were extracted with 4 mL water
(0.4 g/4 mL) in a water bath held at 50 °C for 1 h [17]. The extracts
were then centrifuged at 1760 g for 10 min and the supernatants
were filtered through a Millipore 0.45 µm membrane filter before
injection into the CZE system.

Results and discussion

Effect of BGE

In CZE analysis, selection of the BGE is important for in-
direct UV detection. To achieve high separation and de-
tection sensitivity, the mobility of the BGE should match
the mobility of the organic acids as close as possible. 
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Fig. 1 Effect of BGE concen-
tration on the mobility of or-
ganic acids. Conditions: fused-
silica capillary, total length 
57 cm, length to detector 
50 cm; buffer phthalate con-
taining 0.5 mmol L–1 MTAB,
5% MeOH, pH 5.6; voltage:
–20 kV; detection at 254 nm;
temperature 25 °C; hydrody-
namic injection 20 psig for 5 s



Phthalate with a medium mobility matched the mobility
of most organic acids. Hence phthalate was chosen as the
suitable BGE for subsequent studies.

The influence of BGE concentration on the mobility of
organic acids is shown in Fig. 1. It could be seen clearly
that the mobility decreased when BGE concentration in-
creased from 5 to 25 mmol L–1. This could be attributed to
the fact that the electroosmotic flow (EOF) was reduced
by the higher ionic strength. When the BGE concentration

was 10 mmol L–1 and below, malic acid and citric acid
could not be baseline separated. Increasing the BGE con-
centration improved the separation of organic acids, but at
the expense of the baseline noise and longer separation
time. Therefore, the optimal BGE concentration chosen
was 15 mmol L–1, due to the shorter migration times and
better separation.

Effect of electrolyte pH

The pH of the electrolyte had a significant impact on the
ionization of solutes and BGE. Organic acids have pKa
values in the range pH 3 to 6, as shown in Table 1 [28]. So
electrolyte pH was tested in this range because the mobil-
ity changes of the organic acids were most pronounced
between pH 3.6 and 5.8 due to the ionization of the or-
ganic acids at their pK a values [14]. In the present experi-
ment the pH was ranged from 4.7 to 5.9, where the mo-
bility of the organic acids was more stable. The influence
of pH on the mobility of organic acids is shown in Fig. 2.
When the electrolyte pH was below 5.3, the peaks of
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Table 1 pKa values of organic anions

Anion pK a1 pK a2 pK a3

Formate 3.75 
Tartrate 2.98 4.34
Malate 3.40 5.11
Citrate 3.14 4.77 5.40
Succinate 4.16 5.16
Acetate 4.76
Lactate 3.86

Data from Ref. [28]

Fig. 2 Effect of buffer pH on
the mobility of organic acids.
Conditions: buffer 15 mmol L–1

phthalate containing 0.5 mmol
L–1 MTAB, 5% MeOH; other
conditions were the same as
used in Fig. 1

Fig. 3 Effect of MTAB con-
centration on the mobility of
organic acids. Conditions:
buffer 15 mmol L–1 phthalate
containing MTAB, 5% MeOH,
pH 5.6; other conditions were
the same as used in Fig. 1



acetic and lactic acids overlapped. When pH was above
5.7, the mobility of organic acids increased, leading to de-
crease of resolution. Based on the above study one may
conclude that the best resolution and peak shape were at-
tained at the electrolyte pH of 5.6.

Effect of surfactant and organic solvent

In CZE separation surfactant and organic solvents are
usually added to electrolytes to decrease EOF or reverse
the direction of EOF. Previous results were obtained with
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Fig. 4 Electrophoretograms of
seven organic acids. Condi-
tions: fused-silica capillary, to-
tal length 57 cm, length to de-
tector 50 cm; buffer 15 mmol L–1

phthalate, 0.5 mmol L–1 MTAB,
5% MeOH, pH 5.6; separation
voltage: –20 kV; detection 
254 nm; temperature 25 °C;
electrokinetic injection 5 s,
Vinj=–5 kV.I. Electrophore-
togram of standard sample.II.
Electrophoretogram of organic
acids in real samples. (A) Hei-
longjiang soil. (B) Jiangxi soil.
(C) Chinese cabbage roots. 
(D) Chinese garland chrysan-
themum roots. Peaks: 1. formic
acid, 2. tartaric acid, 3. malic
acid, 4. citric acid, 5. succinic
acid, 6. acetic acid, 7. lactic
acid



trimethylammonium bromide (MTAB), hexadecyltrimethyl-
ammonium bromide (CTAB) or octadecyltrimethylammo-
nium chloride (OTAC) as surfactant. All of them can suc-
cessfully reverse the EOF, and similar resolution was ob-
tained. However, the solubility decreased with increasing
hydrophobic carbon chain. So MTAB was chosen as the
best surfactant. As shown in Fig. 3 the separation of or-
ganic acids was little affected by the concentration of
MTAB. When MTAB concentration ranged from 0.2 to
0.4 mmol L–1, the electroosmotic mobility increased.
Then, the mobility remained almost constant for further
higher MTAB concentration. Hence, a 0.5 mmol L–1 MTAB
concentration in the electrolyte was chosen, since the sen-
sitivity was affected negatively when the concentration
was too high.

Generally, organic solvents are used to improve the
separation resulting from changes of EOF. In this case,
improvement of the separation was studied by adding
methanol as organic solvent to the electrolyte. Both reso-
lution and peak shape were improved. To obtain a reason-
able migration time, 5% methanol was added to the elec-
trolyte.

CZE separation

The CZE separation of organic acids using indirect UV
detection at 254 nm is presented in Fig. 4, where the elec-
trolyte contained 15 mmol L–1 potassium hydrogen phtha-
late, 0.5 mmol L–1 MTAB, and 5% MeOH at pH 5.6.
Seven organic acids were well separated in 5 min with the

solutes migrating in the order formic, tartaric, malic, cit-
ric, succinic, acetic, and lactic acids.

As shown in Table 2 the peak area was linearly related
to the concentration of the tested acids over the range of
0.004–2 mmol L–1. Correlation coefficients (r2) were in the
range 0.9960 to 0.9996. Relative standard deviations
(R.S.D.) of peak area and migration time were calculated
based on five duplicate injections of standard mixtures.
The values of reproducibility were between 0.18–0.56%
for migration time and between 3.2–4.8% for peak area.
The limits of detection (LOD) were obtained at a signal-
to-noise ratio of 3, which ranged between 0.5 µmol L–1

and 6 µmol L–1. The high reproducibility and low LOD in-
dicated that the method is reliable for analyses of organic
acids.

Analysis of real samples

The proposed method was used to determine the organic
acids in different soil, plant and water extracts. Typical
electrophoretograms are shown in Fig. 4 and concentra-
tions of organic acids in these samples are listed in Table 3.
Acetic and lactic acids were detected in Beijing soil,
which is a common soil of northern China. In Heilong-
jiang and Jiangxi soils, formic, acetic and lactic acids were
detected, and the concentrations of acetic acid in these
two soils were higher than that in Beijing soil. The LOD
of soil samples were 5.2 µmol L–1, 9.7 µmol L–1, and 
8.4 µmol L–1 for formic, acetic and lactic acids, respec-
tively. Besides these three acids, malic and succinic acids
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Table 2 Calibration of organic acids

Organic acid Linear range r2 LOD Peak area Migration time 
(mmol L–1) (µmol L–1) R.S.D. (%) R.S.D. (%)

Formic acid 0.004–2 0.9996 0.49 3.25 0.22
Tartaric acid 0.02–2 0.9963 1.30 4.10 0.27
Malic acid 0.04–2 0.9964 6.00 3.80 0.22
Citric acid 0.06–2 0.9986 3.21 4.79 0.18
Succinic acid 0.02–2 0.9960 2.03 4.44 0.41
Acetic acid 0.04–2 0.9989 3.96 3.20 0.56
Lactic acid 0.02–2 0.9964 2.01 3.75 0.33

Calibration curves are expressed as regression lines (y=ax+b),
where y is integrated peak area and x is concentration of organic
acids (mmol L–1). a is slope, b is intercept and r2 is correlation co-

efficient. R.S.D. is relative standard deviation (n=5). LOD is limit
of determination at signal-to-noise ratio of 3

Table 3 Determination of or-
ganic acids in real samples by
CZE (mmol L–1)

*Under hydroponic conditions
n.d.=not detected

Sample Formic Malic Succinic Acetic Lactic 
acid acid acid acid acid

Beijing soil n.d. n.d. n.d. 0.184 0.189
Heilongjiang soil 0.0126 n.d. n.d. 0.451 0.199
Jiangxi soil 0.0179 n.d. n.d. 0.750 0.133
Chinese cabbage roots 7.04×10–3 0.288 0.106 0.350 0.088
Chinese garland chrysanthemum roots n.d. 0.559 0.287 0.593 0.203
Chinese shallot roots n.d. n.d. 0.051 0.747 0.115
Commoelina communis leaves n.d. 3.34 0.108 n.d. 2.74×10–2

Commoelina communis * 7.89×10–3 n.d. n.d. n.d. 3.72×10–2



were also detected in three common kinds of Chinese
vegetable roots. Detection limits in plant samples were
5.4 µmol L–1 for formic, 11.7 µmol L–1 for malic, 7.3 µmol
L–1 for succinic, 9.6 µmol L–1 for acetic and 8.1 µmol L–1

for lactic acids. Commoelina communis, which is a copper
hyperaccumulator, contains much malic acid, possibly
due to its particular character. Under hydroponic condi-
tions relatively low contents of formic and lactic acids
were detected in Commoelina communis. The LOD of
formic and lactic acids in water samples were 5.1 µmol
L–1 and 8.4 µmol L–1, respectively. Standard organic acids
were added to the real samples before organic acids were
extracted from soil and plants. The recovery was found to
be 87–119%. It should be pointed out that the migration
time of organic acids in real samples differed slightly
from the standard organic acids because different matrices
in samples might influence the separation. The migration
times of organic acids in standards were often different
from that of organic acids in real samples. The potential
reasons were ascribed to:

1. the surfactants cationic activation decreased; and/or
2. ion concentrations in the buffer changed continuously

during the electrophoretic separation process.

All these changes could influence the ionization of solutes,
thus mobility of BGEs and migration time could be al-
tered. However, identification of organic acids could be
achieved by addition of standard organic acids to the real
samples. In addition, a reproducible migration time and
peak area could be obtained when the same real samples were
successively injected to the CZE system under the operat-
ing conditions defined above. Therefore, quantitative analy-
sis could be achieved.

Conclusion

The method presented in this paper is rapid, simple and
reliable for the determination of organic acids in environ-
mental samples. In the present experiments five organic
acids, including formic, malic, succinic, acetic and lactic
acids were quantitatively determined in eight real samples
without complicated sample preparation. Compared to
other methods of separating organic acids, the recom-
mended method is more suitable for quick determination
of organic acids in environmental samples.
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