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Abstract An ion-exclusion liquid chromatography with
mobile phase 0.005 mol L™' H,SO4 and step flow rate
gradient (0.2 mL min ' in the first 40 min and
0.5 mL min~' from 41 to 60 min) was used to determine
20 organic acids simultaneously at 17 °C within 51 min.
The peak resolutions (Rs) were 0.45~3.02 and separation
factors («) were all higher than 1. Impurities in fruit vinegar
executed with direct injection or C18 cartridge clean-up for
analysis would influence the glutaric and oxalic acid
measurement; however, SAX cartridge extraction could
reduce the interferences (organic acid recoveries were
93.93~99.98%). Acetic, ascorbic, citric, malic, and malonic
acids were the major organic acids in fruit vinegars (apple,
apple sparkling, plum, cranberry, and grape).

Keywords Analysis - Fruit vinegar - lon-exclusion liquid
chromatography - Organic acid - Sample preparation
Introduction

Vinegars are usually used as seasonings and preservatives
in food preparation, and also watered done as drink
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(Tesfaye et al. 2002). Reports indicated that vinegars have
antioxidant (Davalos et al. 2005) and anti-microbial
(foodbrone pathogens) (Karapinar and Goniil 1992; Medina
et al. 2007) effects. They can also prevent inflammation and
hypertension (Murooka and Yamshita 2008), lower serum
cholesterol and triacylglycerol (Fushimi et al. 2006),
decrease the glycemic index of carbohydrate food for
people with and without diabetes (Sugiyama et al. 2003;
Johnston et al. 2004), reduce food intake for diet control
(Ostman et al. 2005) and so on. Due to health benefits,
there are many kinds of vinegar products exploited in
Taiwan recently. The fruit vinegar is the most popular one.

Organic acids are an important group in fruit vinegars.
They may play a protective role against diseases as a result
of their antioxidant activities (Silva et al. 2004; Valentao et
al. 2005). Ascorbic acid is a widely distributed water-
soluble antioxidant in plants. Oxalic acid, the simplest
dicarboxylic acid, has remarkable chelating capacity for
multivalent cations; furthermore, carboxylic acids, e.g.,
citric, malic, succinic, and tartaric acid, have a capacity to
chelate metals as well (Oliveira et al. 2008). The content of
organic acids is also an important quality control index for
edible vinegar productions in Taiwan. However, there are
rare reports concerning content and component of organic
acids in fruit vinegars. High-performance liquid chroma-
tography (HPLC), gas chromatography (GC), and capillary
electrophoresis (CE) are the major methods for organic
acids determination (Klampfl et al. 1998; Yang and Choong
2001; Suarez-Luque et al. 2002a; Chinnici et al. 2005;
Mato et al. 2005). In spite of GC method having excellent
separation and sensitivity, it often needs time-consuming
derivatization steps and high operation temperature, which
may cause artifacts and sample decomposition (Chinnici et
al. 2005). CE separation has good resolution, short analysis
times, low consumption of reagents and samples, and
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simple sample preparation; however, poorer reproducibility
and precision limit its quantitative application (Mato et al.
2005; Mato et al. 2007). Though HPLC analysis has lower
resolution compared with the two methods as described
above, it is popularly used due to simplicity, especially
ion-exclusion liquid chromatography (Chinnici et al. 2005;
Saraduldhat and Paull 2007; Ribeiro et al. 2007).

Organic acids in samples could be purified with C18 or
strong anion exchange (SAX) cartridges for analysis or
determined directly after filtration (Suarez-Luque et al.
2002a, b; Chinnici et al. 2005).

In the study, we established an ion-exclusion liquid
chromatography with step flow rate gradient to determine 20
organic acids in fruit vinegars simultaneously. Three sample
preparation methods were also compared: direct injection,
C18 cartridge clean-up, and SAX cartridge clean-up. Besides,
composition and content of organic acids in five kinds of fruit
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vinegars (apple, apple sparkling, plum, cranberry, and grape)
were also measured.

Materials and Methods
Chemicals and Standards

Organic acid standards: glutaric, oxalic, citric, x-ketoglutaric,
tartaric, pyruvic, malic, ascorbic, quinic, malonic, trans-
aconitic, lactic, shikimic, succinic, formic, acetic, fumaric,
propionic, pyroglutamic and gluconic acid were purchased
from Sigma Co. (St. Louis, MO, USA). Their structures are
showed in Fig. 1. Methanol (MeOH), hydrochloric acid
(HCl) and sulfuric acid (H,SO,4) and sodium hydroxide
(NaOH) were obtained from Merck Co. (Darmstadt,
Germany). Deionized distilled water (dd H,O) was prepared
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Fig. 1 Structures and pKa values of organic acids
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Fig. 2 HPLC chromatograms of
organic acids added to plum
vinegars through various
preparation procedures: a direct
injection, b C18 cartridge
clean-up, and ¢ SAX cartridge
clean-up. HPLC conditions:
column, Rezex ROA (300 %

7.8 mm, 8§ um); column
temperature, 17 °C; mobile
phase, 0.005 mol L' H,SO,=
0.2 mL min' in the first
40 min and 0.5 mL min~ E
from 41 to 60 min; detection, <
UV 210 nm

1

T T T T T T T T T
20 40 60
Retention time [(min)
Table 1 Separation factor (), resolution (Rs) of organic acids
Peak no. Compound Retention time (min) @ Rs LOD LOQ
(mgL™) (mg L™
1 Glutaric acid 21.02 - - 3.6 11.6
2 Oxalic acid 22.51 3.87 (1/2) 0.99 (1/2) 1.2 43
3 Citric acid 26.11 2.79 (2/3) 2.88 (2/3) 33 10.9
4 «-Ketoglutaric acid 27.50 1.25 (3/4) 1.26 (3/4) 14 4.7
5 Tartaric acid 27.98 1.07 (4/5) 0.52 (4/5) 32 10.7
6 Pyruvic aicd 29.59 1.22 (5/6) 1.31 (5/6) 1.3 44
7 Malic acid 31.04 1.16 (6/7) 1.21 (6/7) 3.6 11.5
8 Ascorbic acid 31.52 1.05 (7/8) 0.55 (7/8) 3.0 10.1
9 Quinic acid 31.95 1.04 (8/9) 0.61 (8/9) 4.1 13.9
10 Malonic acid 32.55 1.05 (9/10) 0.71 (9/10) 4.0 13.3
11 Aconitic acid 34.74 1.18 (10/11) 2.19 (10/11) 0.1 0.4
12 Lactic acid 37.76 1.20 (11/12) 3.02 (11/12) 43 14.4
13 Shikimic acid 38.50 1.04 (12/13) 0.89 (12/13) 0.3 1.0
14 Succinic acid 38.82 1.02 (13/14) 0.45 (13/14) 3.8 12.7
15 Formic acid 41.93 1.17 (14/15) 2.96 (14/15) 5.1 17.0
16 Acetic acid 43.47 1.07 (15/16) 1.54 (15/16) 5.8 19.4
17 Fumaric acid 44.96 1.06 (16/17) 1.10 (16/17) 0.3 1.1
18 Propionic acid 46.94 1.08 (17/18) 1.58 (17/18) 5.8 19.5
19 Pyroglutamic acid 49.11 1.08 (18/19) 1.89 (18/19) 2.8 9.3
20 Gluconic acid 50.02 1.03 (19/20) 0.81 (19/20) 4.1 13.6

Values in parentheses represent two neighboring peaks

a = tgy — ty/tr1 — ty, where tg,=retention time of an analyte, fo=retention time of an unretained peak

Rs = 2(tgy — tg1)/(w1 + wy), where w,=band width of an analyte at the baseline
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by Ultrapure™ water purification system (Lotun Co., Ltd.
Taipei, Taiwan). Bond-Elute SAX (functional group: quater-
nary ammonium cation) and C18 cartridges (500 mg) were
purchased from Varian Co. (Harbor City, CA, USA).

Sample Preparation

Apple, apple sparkling, plum, condensed cranberry and
condensed grape vinegars were provided by Pai Chia Chen
Brewery & Foods Co., Ltd., Chiayi County, Taiwan.
Sample preparation methods were based on those reported
by Chinnici et al. (2005) and Oliveira et al. (2008). One
milliliter of condensed vinegars (cranberry and grape) was
diluted with 4 mL of dd H,O in advance. For direct
injection: 1 mL of each sample was diluted with 9 mL of
0.055 mol L' H,SO, and then filtrated through a 0.22 pm
Teflon membrane filter (Millipore Co., Bedford, MA,
USA). For C18 cartridge clean-up: 1 mL of each sample
was passed through a C18 cartridge (previously conditioned
with 3 mL of MeOH and 3 mL of acid water (pH 2 with HCI))
and then diluted with 9 mL of 0.055 mol L' H,SO, (Suarez-
Luque et al. 2002a). For SAX cartridge clean-up: 1 mL of
each sample was adjusted to pH 9—10 with 1 mol L™! NaOH,
and then loaded into a SAX cartridge conditioned previously
with 3 mL of MeOH and 3 mL of dd H,O. The cartridge was
washed with 3 mL of dd H,O, eluted with 0.5 mL of

0.5 mol L™ H,SO, twice, and then the eluate was diluted
with 9 mL of dd H,O (Chinnici et al. 2005).

HPLC Analysis of Organic Acids in Fruit Vinegars

Organic acids were determined by a HPLC system
consisted of a PrimeLine™ Gradient Model 500 G HPLC
pump system (Analytical Scientific Instruments, Inc., El
Sobrante, CA, USA), a S-3210 photodiode-array detector
(PDA) (Schambeck SFD GmbH, Bad Honnef, Germany)
and an injection valve with a 20 uL loop (Rheodyne Inc.,
Cotati, CA). The analytical condition was improved from
that reported by Ribeiro et al. (2007). The stationary phase
was a Rezex ROA organic acid column (300%7.8 mm,
8 um) (Phenomenex, Torrance, CA, USA), which was kept
at 17 °C using a Colbox column oven (Hipoint Scientific
Co., Kaohsiung, Taiwan). The column resin is polymerized
with styrene and divinylbenzene, and 8% of the benzene
rings are sulfonated. The mobile phase was an isocratic
solvent system (0.01 NH,SO,) with step flow rate gradient:
0.2 mL min "' in the first 40 min and 0.5 mL min "' from 41
to 60 min. Detection was at 210 nm. HPLC separation
efficiency was evaluated through the separation factor («)
and resolution (Rs). The limits of detection (LODs) and
quantification (LOQs) for organic acids were measured by
the signal-to-noise ratio (S/N) of 3 and 10, respectively. The

Table 2 Reproducibility of the

organic acids Peak no. Compound RSD (%)
Retention time Integrated area
Run-to-run Day-to-day Run-to-run Day-to-day
1 Glutaric acid 0.39 0.75 1.45 2.09
2 Oxalic acid 0.49 0.86 2.81 2.89
3 Citric acid 0.64 1.04 3.31 3.96
4 «-Ketoglutaric acid 0.62 1.20 3.02 3.66
5 Tartaric acid 0.81 1.66 2.64 2.52
6 Pyruvic aicd 0.38 1.31 1.94 2.21
7 Malic acid 0.84 1.88 2.62 3.83
8 Ascorbic acid 0.73 1.76 2.82 4.12
9 Quinic acid 0.63 1.93 3.08 4.39
10 Malonic acid 0.69 1.64 2.73 4.23
11 Aconitic acid 0.47 1.28 1.47 2.26
12 Lactic acid 0.75 1.71 2.64 3.72
13 Shikimic acid 0.82 1.83 1.97 2.76
14 Succinic acid 0.66 1.57 2.72 435
15 Formic acid 0.42 0.96 1.75 2.59
16 Acetic acid 0.52 0.93 1.62 2.68
The analytical conditions are 17 Fumaric acid 0.43 0.82 1.07 2.15
described in the text 18 Propionic acid 0.55 0.88 1.36 2.57
The result was obtained from 19 Pyroglutamic acid 0.71 1.33 2.77 4.52
50 mg/mL of each organic acid 2 Gluconic acid 0.59 112 1.92 3.51

with six measurements
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reproducibility for each organic acid was determined, and the
standard deviation was calculated through six measurements
by run-to-run and day-to-day.

Preparation of Standard Curves

Five concentrations of organic acids were injected into
HPLC (20 pL), and the linear regression equation for each
standard curve was established by plotting the quantity of
standard compound injected against the peak area. The
regression equation and the correlation coefficients (%)
were calculated with Chem-Win computer software system
(Shuen-Hua, Taipei, Taiwan).

Determination of Recovery

The recoveries were measured by adding a mixture of
organic acid standards (each weighing 0.1, 0.25, and
0.5 mg) to 5 mL of fruit vinegars followed by extraction
and analysis of organic acids as described above. The
recovery of each organic acid was obtained from the
analytical result and the original amount of organic acid
standard added as the following formula: Recovery (%)=

(analytical result—original amount of organic acid in
vinegar)/original amount of organic acid standard added.

Statistical Analysis

All determinations were performed in triplicate and the
mean values were calculated. The data subjected to analysis
of variance and Duncan’s multiple range tests were taken to
resolve significance between means, at a level of p<0.05.

Results and Discussion
HPLC Separation of Organic Acids

Ion-exclusion liquid chromatography is a practical method
for organic acid analysis (Soyer et al. 2003; Chinnici et al.
2005; Oliveira et al. 2008). The characteristic feature of the
chromatography technique for organic acid separation is
that dissociated acidic compounds (negatively charged
ions) are separated on cation exchanged resins with anionic
functional groups (usually sulfonic acid groups). Ion
exclusion is the primary mechanism of ion retention, which

Table 4 The linear regression equations of the organic acid standards using UV 210 nm detection

Compound UV 210 nm

Linear range

Linear regression equations Correlation coefficient (+°)

(mg L)
Glutaric acid 15~1,000 Y=(0.423 X—4.751)x10* 0.9991
Oxalic acid 5~1,000 Y=(0.5371 X—7.754)x 10° 0.9991
Citric acid 15~1,000 Y=(0.510 X—6.971)x10* 0.9993
«-Ketoglutaric acid 5~1,000 Y=(0.351 X—6.281)x10° 0.9991
Tartaric acid 15~1,000 Y=(0.833 X—7.999)x 10* 0.9994
Pyruvic aicd 5~1,000 Y=(0.388 X—6.337)x10° 0.9996
Malic acid 15~1,000 Y=(0.431 X—4.969)x10* 0.9994
Ascorbic acid 15~1,000 Y=(0.963 X—6.472)x10* 0.9991
Quinic acid 15~1,000 Y=(0.253 X—3.042)x10* 0.9993
Malonic acid 15~1,000 ¥=(0.150 X—3.965)x10* 0.9994
Aconitic acid 0.5~600 Y=(3.090 X—5.518)x10° 0.9990
Lactic acid 15~2,000 Y=(0.040 X—1.040)x10° 0.9986
Shikimic acid 1~600 Y=(2.393 X—7.976)x10° 0.9991
Succinic acid 15~1,000 ¥=(0.350 X—7.715)x10* 0.9986
Formic acid 20~5,000 ¥=(0.150 X—3.965)x10* 0.9994
Acetic acid 20~10,000 ¥=(0.782 X—5.313)x10° 0.9993
Fumaric acid 2~600 Y=(2.125 X—9.592)x10° 0.9991
Propionic acid 20~5,000 Y=(0.070 X—1.435)x10* 0.9993
Pyroglutamic acid 10~1,000 Y=(0.171 X—2.697)x 10° 0.9993
Gluconic acid 15~1,000 Y=(0.456 X+3.922)x10* 0.9995

All data are the means of triplicate analyses

Y value of the peak area, X value of sample concentration (mg L")
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depends on the ratio of the concentrations of ionized to
neutral forms of the analyzed compounds (Glod 1997).
Besides pKa value (Fig. 1), length of aliphatic chain,
structure, molecular size, electrostatic interaction, and
operating temperature would influence the sample elution
(Glod 1997).

However, the conditions of ion-exclusion liquid chro-
matography presenting in reports were generally used to
separate fewer organic acids and some compounds did not
show good resolutions (even overlap). Chinnici et al.
(2005) used 0.00167 mol L' phosphoric acid
(0.4 mL min"', at 25 °C) to analyze nine organic acids
(oxalic, citric, malic, quinic, galacturonic, ascorbic, suc-
cinic, and fumaric) within 20 min. Oliveira et al. (2008) and
Ribeiro et al. (2007) separated 6 organic acids (oxalic,
citric, malic, quinic, shikimic, and fumaric acid) within
55 min through 0.005 mol L! H,SO4 (0.2 mL min !, at
30 °C). Soyer et al. (2003) determined 5 organic acids
(citric, tartaric, malic, succinic, and shikimic acid) within
13 min by 0.005 mol L' H,SO, (0.6 mL min "', at room
temperature). In our work, 0.005 mol L' H,S0, was

Table 5 Organic acid contents in fruit vinegars

adopted as mobile phase performed with step flow rate
gradient (0.2 mL min ' in the first 40 min and
0.5 mL min~" from 41 to 60 min) to analyze 20 organic
acids simultaneously at 17 °C. All organic acids could be
determined within 51 min (Fig. 2 and Table 1). The
condition for the organic acid separation exhibited good
reproducibility, RSD<1.93% for retention times and RSD<
4.52% for integrated areas (Table 2). The separation factors
() for all peaks were higher than 1 (Table 1). Rs for peaks
3 (citric acid) and 4 (x-ketoglutaric acid), 7 (malic acid)
and 8 (ascorbic acid), 8 and 9 (quinic acid), 9 and 10
(malonic acid), and 13 (shikimic acid) and 14 (succinic
acid) were in the range of 0.45-0.71, whereas others were
higher than 0.8 (Table 1). The LODs and LOQs for these
organic acids at 210 nm were 0.1 (aconitic acid) ~5.8
(propionic acid) mg L' and 0.4 (aconitic acid) ~19.5
(propionic acid) mg L', respectively (Table 1). Chinnici et
al. (2005) found that LODs (S/N=3) for nine organic acids
at 210 nm were 0.5 (fumaric acid) ~7.3 mg L™ (quinic
acid). Their results were higher than ours (0.3 mg L™ for
fumaric acid and 4.1 mg L' for quinic acid). The

Peak no. Compound Contents (mg L")

Vinegar

Apple Apple (sparkling) Plum Grape Cranberry
1 Glutaric acid 91.7+4.5 62.5+3.6 125.0+8.6 1,144.2+93.2 1,538.5+100.6
2 Oxalic acid 123.3+9.2 69.0+21.1 655.2+33.0 1,796.7+136.0 4,227.6+262.3
3 Citric acid 129.4+7.3 2353+16.2 294.1+1.99 1,663.0+140.9 7,173.9+408.2
4 «-Ketoglutaric acid 22.9+1.2 20.8+1.4 31.3+2.1 521.9+43.1 ND
5 Tartaric acid 64.7+2.0 58.8+3.5 88.2+5.1 166.7+£10.8 3,529.4+195.7
6 Pyruvic aicd 33.7+2.3 20.4+1.1 40.8+2.0 879.3+58.6 ND
7 Malic acid 300.0+26.9 1,090.9+85.4 181.8+11.9 2,023.8+113.7 2,857.1+220.8
8 Ascorbic acid 385.1+25.3 590.8+31.7 262.6+18.6 2,921.9+170.2 11,093.8+914.4
9 Quinic acid 293.3+25.8 401.2+22.3 200.6+15.5 1,159.1£91.4 ND
10 Malonic acid 122.2+411.5 222.2+11.5 222.2+14.9 472.2+39.3 1,388.9493.5
11 Aconitic acid ND ND ND ND ND
12 Lactic acid ND ND 551.0+33.6 435.9+31.0 641.1+42.1
13 Shikimic acid ND ND 11.7+1.0 59.0+3.5 347.2+27.0
14 Succinic acid ND ND 90.9+6.1 293.1+15.4 2,413.8+122.4
15 Formic acid 344+1.2 31.3+2.3 109.4+82.2 443+3.1 208.3+113.6
16 Acetic acid 7,921.2+115.7 2,702.2+124.7 10,802.1+863.5 26,066.7+1,123.1 18,333.5+835.4
17 Fumaric acid 97.1£7.2 139.7£10.3 161.8+9.6 435.9+31.7 2,788.5+155.3
18 Propionic acid ND ND ND ND ND
19 Pyroglutamic acid 41.5+43.5 18.9+0.9 37.742.5 154.5+10.3 ND
20 Gluconic acid 73.3£6.0 33.3+2.4 33.0+1.8 751.4+46.7 ND
Total amount 9,733.8 5,697.3 13,899.4 40,989.6 56,541.6

All values are mean+SD obtained by triplicate analyses

ND not detected
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established condition was used to determine the organic
acids in fruit vinegars.

Comparison of Sample Preparation

Suitable preparation method is important for sample
analysis, which could obtain the accurate analytical results.
For organic acid analysis, direct determination after sample
filtration is a simple preparation method; however, more
impurities might interfere with the analytical results.
Sample passing through CI18 cartridge for purification
could remove some compounds as the anthocyanins.
Though sample purified with SAX cartridge needs more
steps, it could remove the neutral and positively charged
species (Suarez-Luque et al. 2002a, b; Chinnici et al. 2005;
Mato et al. 2005). In the investigation, we compared the
three preparation methods for determination of organic
acids in fruit vinegar samples. Figure 2 shows that glutaric
(peak 1) and oxalic acid (peak 2) were interfered seriously
by impurities in the samples injected directly or cleaned up
with C18 cartridge for analysis; however, samples purified
through SAX cartridges could effectively eliminate the
interference. Though direct injection and C18 cartridge
clean-up could obtain higher recoveries for most organic
acids in plum vinegar than SAX cartridge extraction
(Table 3) (other samples also showed the similar results
(data not show)), SAX cartridge was adopted to prepare
samples before analysis in our work. Because plum vinegar
contained more organic acids, we showed the representative
data here. Mato et al. (2005) found that recoveries of
organic acids added to grape juice and wine samples were
99.0~104.3% and 92.7~105.8%, respectively; these samples
were done by water dilution and direct injection into HPLC for
analysis. Suarez-Luque et al. (2002b) observed that recoveries
of organic acids added to honey were 62.9~99.4% after C18
cartridge clean-up. Analytical recoveries of organic acids
added to brewed coffec and apple juice were 24~112%
(Rodrigues et al. 2007) and 94.2~102.3% (Chinnici et al.
2005), respectively, through SAX cartridge extraction. Our
results showed that recoveries of organic acids added to fruit
vinegar samples were 95.04~101.17% for direct injection
(except glutaric and oxalic acid), 94.62~100.23 for CI8
cartridge clean-up (except glutaric and oxalic acid), and
93.93~99.98% for SAX cartridge clean-up, respectively
(Table 3).

Organic Acid Content in Fruit Vinegars

The linear ranges of each organic acid used to establish
standard curves were showed in Table 4. Their correlation
coefficients (+%) of linear regression equations were higher
than 0.9986. If organic acid concentrations in fruit vinegars
were higher, the samples should be diluted to enter into the

@ Springer

linear ranges during quantitative process. Table 5 shows that
the sequence for organic acid contents in fruit vinegars was
in the order of cranberry (56.5 gL™")>grape (41.0 gL ")>
plum (13.9 gL ")>apple (9.7 gL ")>apple sparkling
5.7 gLfl). Acetic, ascorbic, citric, malic, and malonic acids
were the major organic acids in these vinegar samples, and
the acetic acid level was the highest (Table 5). Other organic
acids such as glutaric, oxalic, «-ketoglutaric, tartaric,
pyruvic, quinic, lactic, shikimic, succinic, formic, fumaric,
pyroglutamic, and gluconic could also be determined in
these samples. Shahidi et al. (2008) indicated that acetic,
citric, malic, lactic, succinic, tartaric, and fumaric acid could
be found in fruit vinegars (including apple, grape, and so on)
as our results; however, content of each organic acid was not
showed in their report. Giumanini et al. (2001) found that
apple vinegar contained lactic, succinic, malic, glutaric,
tartaric, o-ketoglutaric and citric acid. Nevertheless, lactic
acid could not be detected in our apple vinegar. Organic
acids in fruit vinegars might source from the original
materials and be generated during the fermentation process
(Shahidi et al. 2008).

In the investigation, a simple ion-exclusion liquid
chromatography using step flow rate gradient was developed,
which could simultaneously determine 20 organic acids in one
time injection. As compared with direct injection and C18
cartridge purification, SAX cartridge purification could
reduce the interference of impurities for determination of
organic acids in fruit vinegars. The study could provide more
information for content and composition of organic acids in
different fruit vinegars.
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