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Abstract Site-specific natural isotope fractionation by nu-
clear magnetic resonance (SNIF-NMR) is an accurate meth-
od for examining food adulteration. SNIF-NMR can be used
to determine the ratio of deuterium to hydrogen (D/H) of a
specific molecule position. Because the quantity of D differs
between synthetic and fermented acetic acids, the method
can be used to accurately monitor food adulteration. How-
ever, the effect of pretreated food on the results of SNIF-
NMR has rarely been discussed. We present an extractive
distillation method to increase the purity of acetic acid for
fractionation; we used an orthogonal array experimental
design to determine the optimal extraction conditions. We
discuss the influence of extract solvents and sample concen-
tration on the (D/H)CH3 values calculated from the NMR
results. The optimal conditions for extracting acetic acid
were found to be a sample-to-solvent ratio of 1:1, seven
extractions, and an extraction time of 15 min. The extraction
rates for acetic acid were 93.65% and 80.57% when ethyl
acetate and diethyl ether, respectively, were used. The acetic
acid concentration of the ethyl acetate- and diethyl ether-

extracted samples was further improved by distillation from
5 g/100 mL to 33.84 and 51.65 g/100 mL, respectively.
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Introduction

In the food production industry, additives can improve the
taste, odor, and color of the products. However, the content
of the product and information about the additives must be
stated clearly for potential customers. In conventional in-
dustrial manufacturing of vinegar, there are two steps to
fermentation: alcoholic fermentation and transformation of
the alcohol to acetic acid. The quality and authenticity of
vinegar are of particular importance because of the large
quantities of vinegar consumed in daily diets. The major
adulteration of vinegar is the addition of cheap synthesized
acetic acid. The content of synthesized acetic acid must be
made known to consumers for safety reasons.

Site-specific natural isotope fractionation by nuclear
magnetic resonance (SNIF-NMR) is an accurate and effec-
tive analytical method to detect the isotope ratio on a spe-
cific position of a molecule (Martin and Martin 1990;
Martin et al. 1983, 1986). For a given natural substance,
SNIF-NMR provides information about the chemical path-
way of biosynthesis and, in some cases, the geographic
origin of the sample (Martin and Martin 1990).

Remaud et al. (1992) were the first to use SNIF-NMR to
examine vinegar adulteration. Their method was based on
the ratio of deuterium to hydrogen (D/H) at a specific
position (methyl group) of acetic acid obtained by fermen-
tation through different biosynthetic mechanisms that result
in different isotopic ratios. Their method can be used to
quantify the natural isotopic ratio D/H of ethanol and acetic
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acid to as low as 5% of the synthetic acetic acid in natural
vinegar. Other researchers have provided more complete
results using SNIF-NMR (Vallet et al. 1998; Hermann
2001; Boffo and Ferreira 2006; Vignali et al. 2007; Freddy
and Eric 2009). The experimental methods of these studies
revealed the importance of increasing the purity of acetic
acid before SNIF-NMR. Azeotropic, membrane, and extrac-
tive distillation are effective methods for increasing the
concentration of acetic acid (Saha et al. 2000). However,
azeotropic distillation consumes too much energy, and
membrane distillation requires a high fixed cost.

No publication has described the effect of acetic acid
concentration and extraction solvents on the D/H value for
SNIF-NMR. We developed a method involving extractive
distillation and tested it in orthogonal array design (OAD)
experiments to reveal the optimal operating conditions. We
selected extractive distillation as the purification method in
this study because it requires less energy and is low cost. We
obtained the main effect from several factors by OAD and
reduced the number of experiments to the minimum
(Bakhtiari et al. 2006). The extraction time, number of
extractions, and solvent-to-sample ratio were set as OAD
factors for a series of experimental combinations; the results
were analyzed by a common mathematical procedure (Liang
2008). The optimized extraction samples were further dis-
tilled for deuterium nuclear magnetic resonance (2H-NMR)
determination.

Materials and Methods

Reagents

Acetic acid (99.99%) and N,N-tetramethylurea (TMU, 99%)
were from Sigma-Aldrich (St. Louis, MO, USA). All other
solvents and chemicals, including diethyl ether and ethyl
acetate, were of analytical grade and from Katayama Chem-
ical Co. (Osaka).

OAD Experiment for Extracting Acetic Acid

The vinegar sample we used was pseudo-vinegar composed
of 5% (v/v) acetic acid mixed with deionized water. The
vinegar samples were passed through a cellulose filter with a
pore size of 11 μm before extraction to eliminate suspended
particles. The filtered sample was mixed with a solvent and
extracted in a vibration batch vessel at a constant tempera-
ture. We collected the organic phase of the extracted sample
and re-performed the extraction step to set the extraction
number. The organic phase was further extracted in a Soxh-
let extractor to separate the extract and solvent. We investi-
gated the effect of extraction time, number of extractions,
and sample-to-solvent ratio on the extraction yield by

selecting an L9 orthogonal matrix with three factors—each
factor containing three levels—for the experimental design.
Levels for extraction times (factor A) were 5, 15, and
25 min; the numbers of extractions were (factor B) 1, 4,
and 7; and the sample-to-solvent ratios of the extraction
were (factor C) 1:2 (0.5), 3:4 (0.75), and 1:1 (1). The
temperature of the extraction vessel was controlled to be
25 °C through the use of a batch vessel with a digital
temperature controller. After extraction, the organic fraction
was further distilled by use of a Soxhlet extractor at 80 °C to
separate the extracts and solvents.

SNIF-NMR

TMU with a constant isotopic content was used as an
internal standard for NMR analysis. The TMU solution
(1.3 mL) was placed into a previously weighed bottle and
weighed to the nearest 0.1 mg. Then, 3.2 mL of the acetic
acid was placed in the bottle to weigh to the nearest 0.1 mg;
the solution was homogenized by shaking. The 2H NMR
spectra were recorded on an NMR spectrometer (Bruker
DMX 600, Bruker Biospin GmbH, Rheinstetten, Germany)
equipped with a 10-mm probe operating at 1H frequency of
299.9 MHz and at 92.0 MHz for deuterium. The measure-
ments followed the AOAC protocol (Martin et al. 1996).
Transients were accumulated with 16,320 data points over a
1,200-Hz spectral bandwidth with a 30 μs (90°) rf pulse.
The acquisition time was 1.5 s. This set of accumulations
was repeated 2,000 times for each sample.

The equation for calculation is as follows (Freddy and
Eric 2009):

D=Hð ÞCH3 ¼
Pst

Paa
� Maa

Mst
� mst

maa
� Saa

Sst
� D=Hð Þst

where aa is acetic acid; st is the internal standard TMU; P is
the number of equivalent deuterium positions for the con-
sidered molecular site; M is the molecular weight; m is the
weighted mass; S is the NMR signal area; and (D/H)st (parts
per million) is the certified deuterium content of TMU
provided by the supplier.

The following equation was used for calculating extrac-
tion rate:

Eð%Þ ¼ w0 � wn

w0
� 100

where E is the extraction rate, w0 is the acetic acid concen-
tration before extraction, and wn is the acetic acid concen-
tration after extraction.

Statistical Analysis

All experimental combinations were replicated three times.
Data were analyzed by ANOVA with SAS for Windows v8
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(SAS Inst., Cary, NC, USA). Significant differences were
analyzed by Duncan’s multiple range test (p<0.05).

Results and Discussion

L9 for OAD Experiments for Extraction

Table 1 shows the results of the OAD experiments for
extracting vinegar. OAD is effective for investigating the
effects of relevant factors on extraction results while reduc-
ing the number of experiments. The extraction rates were
higher for the ethyl acetate than for the diethyl ether sam-
ples. The highest extraction rate achieved with the ethyl
acetate samples was 85.31%. In addition, the extraction
rates increased when the sample-to-solvent ratio was in-
creased. The best extraction rate was achieved with seven
extractions. Therefore, the dissolvable portions of vinegar
were completely extracted with seven extractions. Table 2
summarizes the statistical analysis of factors affecting ethyl
acetate and diethyl ether extraction. All chosen factors af-
fected the response.

Table 3 shows the influence of each factor on the extrac-
tion rates listed in Table 1. K1, K2, and K3 are the extraction
rates corresponding to levels 1, 2, and 3 for each factor,
respectively; k1, k2, and k3 are the averages of K1, K2, and
K3 for each factor, respectively; and R is the extreme dif-
ference of the maximum and minimum k1, k2, and k3 for
each factor reflecting the contribution of the factor to the
extraction result. The extraction rate increased with increased
extraction time. The extraction rate for ethyl acetate increased
greatly from 55.03% to 63.41% from 5 to 15 min, and then the
increase tapered off from 15 to 25 min (63.41% to 64.82%,
ethyl acetate; 48.53% to 49.57%, diethyl ether). Thus, the
solution of extraction approached equilibrium around an ex-
traction time of 15 min (Garner and Ellis 1953), and the
optimal extraction time was controlled at 15 min.

The response values for a single extraction were 36.59
and 25.17 for ethyl acetate and diethyl ether, respective-
ly. The response values for each solvent were further
enhanced to 67.40 and 47.76 with four extractions and
79.26 and 58.40 with seven extractions, respectively.
Therefore, the extraction rate increased with increased
extraction time. We determined that the optimal number
of extractions was seven times to reduce the consump-
tion of solvents. From the calculated R value, the number
of extractions was the most effective factor related to
vinegar extraction.

The optimal technique involves the following combi-
nation of factors and factor level: A2B3C3 (factors A, B,
C; levels 2, 3, 3). The maximal extraction rate of
85.31% for ethyl acetate involves an extraction time of
15 min, seven extractions, and a sample-to-solvent ratio
of 1.

Table 1 Results of L9 (3
4)

orthogonal array design
experiments for factors and
extraction rate when extracting
ethyl acetate and diethyl ether

Data are means±SD (n03)

A extraction time, (1) 5 min, (2)
15 min, (3) 25 min; B number of
extractions, (1) one time, (2) four
times, (3) seven times; C sample-
to-solvent ratio of extractions, (1)
0.5, (2) 0.75, (3) 1

Experiment number Factors Extraction rate (%)

A (min) B (times) C (ratio) Ethyl acetate Diethyl ether

1 5 1 0.50 20.64±0.59 10.58±0.26

2 5 4 0.75 59.21±0.37 36.60±0.18

3 5 7 1.00 85.31±0.24 52.53±0.41

4 15 1 1.00 46.44±0.17 34.50±0.29

5 15 4 0.50 58.67±0.46 42.65±0.17

6 15 7 0.75 85.13±0.51 68.45±0.41

7 25 1 0.75 42.69±0.54 30.43±0.36

8 25 4 1.00 84.41±0.84 64.05±0.98

9 25 7 0.50 67.41±0.18 54.23±0.79

Table 2 ANOVA results of ethyl acetate and diethyl ether extraction
by orthogonal array

Factors SS df MS F

Ethyl acetate A* 515 2 257.7 11.9

B* 8,665 2 4,332.7 200.2

C* 2,472 2 1,235.8 57.1

Error 433 20 21.6

Total 12,085 26

Diethyl ether A* 1,537 2 768.3 57.69

B* 5,170 2 2,584.8 194.12

C* 980 2 489.8 36.78

Error 265 20 13.3

Total 7,952 26

F0.01 (2, 20)05.85

SS sum of squares, df degrees of freedom, MS mean square F F value,
A extraction time, B extraction frequency, C sample-to-solvent ratio

*p<0.01 (F>F0.01(2,20))

Food Bioprocess Technol



Changes in Acetic Acid Concentration After Distillation

Table 4 shows the extraction rate, acetic acid concentra-
tion, and (D/H)CH3 ratio for ethyl acetate and diethyl
ether extraction of acetic acid after distillation. After
distillation, the concentration of ethyl acetate–extracted
acetic acid increased sixfold, from 50 to 335.2–341.4 g/L.
Similarly, the concentration of diethyl ether–extracted acetic
acid increased tenfold from 5 to 51.58–51.76 g/L. The
extraction rate and acetic acid concentrations were
greater for the ethyl acetate- than for the diethyl ether-
extracted samples. Sano et al. performed membrane
distillation with silicalite and found the concentration

of acetic acid increased 2.2-fold (Sano et al. 1997).
The extractive distillation method we used is more
efficient than the membrane distillation method.

Comparison of (D/H)CH3 Values

We analyzed the optimized extractive-distilled samples by 2H-
NMR to determine the (D/H)CH3 values for acetic acid. The
(D/H)CH3 values were 134.3 and 131.5 ppm for ethyl acetate-
and diethyl ether-extracted samples, respectively; these are
significantly different and imply the need for further discus-
sion on the effect of the extraction solvent and concentration
of acetate acid in SNIF-NMR experiments.

Effect of Acetate Acid Concentration on SNIF-NMR
Results

Table 5 shows the effect of different concentrations of syn-
thetic acetic acid on the (D/H)CH3 values. The (D/H)CH3
values were similar when the acetic acid concentrations was
≥500 g/L but differed when the acetic acid concentration was
≤250 g/L. The fluctuation in (D/H)CH3 values at low acetic
acid concentrations was due to the sample concentration being
below the detection limit of the NMR (Lacey et al. 1999).

Conclusions

We present the optimal experimental conditions for an ex-
tractive distillation method to obtain high-purity acetic acid.
The experimental factor with the most effect was the num-
ber of extractions, so the extraction time had little effect.
After distillation, the concentration of acetic acid increased
six- and tenfold for samples of ethyl acetate and diethyl
ether, respectively. The extractive-distillated samples were
suitable for NMR analysis. The (D/H)CH3 values were in-
fluenced by acetic acid concentration; the acetic acid con-
centration must remain at ≥500 g/L for NMR detection. Our
extractive distillation method is an economical and conve-
nient process for isotope analysis.

Table 4 Acetic acid concentration and (D/H)CH3 value by extractive
distillation method with ethyl acetate and diethyl ether

Ethyl acetate extraction conditions

A2B1C3 A2B2C3 A2B3C3

Extraction rate (%) 46.44±0.17c 82.76±0.33b 93.65±0.25a

Concentration
(g/100 mL)

33.52±0.35a 34.14±0.28a 33.86±0.42a

(D/H)CH3 (ppm) 133.83±0.29a 133.67±0.31a 134.27±0.41a

Diethyl ether extraction conditions

A2B1C3 A2B2C3 A2B3C3

Extraction rate (%) 34.50±0.29c 63.48±0.38b 80.57±0.45a

Concentration
(g/100 mL)

51.62±0.41a 51.76±0.35a 51.58±0.26a

(D/H)CH3 (ppm) 131.43±0.25a 131.57±0.31a 131.53±0.32a

Data are mean±SD (n03). Means followed by different lowercase
letters in the same row are significantly different (p<0.05)

Table 5 Effect of acetic acid concentration on (D/H)CH3 value

Concentration of acetic acid (g/L)

999 750 500 250 150 50

Mean
(D/H)CH3
(ppm)

131.62c 131.43c 131.54c 134.06b 147.42a 93.75d

Standard
deviation

0.25 0.18 0.22 0.31 1.52 0.86

n03; Means followed by different lowercase letters in the same row are
significantly different (p<0.05)

Table 3 Results from orthogonal array design experiments by range
analysis

A B C

Ethyl acetate K1 165.08 109.77 146.65

K2 190.23 202.21 186.95

K3 194.45 237.78 216.16

k1 55.03 36.59 48.88

k2 63.41 67.40 62.32

k3 64.82 79.26 72.05

R 9.79 42.67 23.17

Diethyl ether K1 99.68 75.52 107.45

K2 145.60 143.29 135.48

K3 148.71 175.20 151.07

k1 33.23 25.17 35.82

k2 48.53 47.76 45.16

k3 49.57 58.40 50.36

R 16.33 33.23 14.54

A extraction time, (1) 5 min, (2) 15 min, (3) 25 min.; B number of
extractions, (1) one time, (2) four times, (3) seven times; C sample-to-
solvent ratio, (1) 0.5, (2) 0.75, (3) 1
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