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Abstract The rheological property of Shanxi aged vine-

gar (SAV) was determined by rheometer, and its effects

on release in eight key aroma components of SAV was

investigated by SPME–GC–MS. In order to simulate the

change of rheological property of SAV, a modified SAV

system was developed from a finished SAV using car-

boxymethylcellulose, pectin, glucose, fructose, sodium

chloride and tannic acid at indicate levels. The consis-

tency coefficients (K) of SAV ranged from 1.09e-5 to

0.0137, which was correlated to glucose, polyphenol,

acids and oBx. SAV changed from shear-thickening to

Newtonian fluid during long-time ageing. In the modified

SAV system, the K values increased significantly, and two

modified vinegar became quasi-Newtonian fluids too.

Furthermore, release of the eight key aroma compounds

decreased significantly and decreased was pronounced, for

acetic acid, furfural and tetramethylpyrazine. The results

demonstrated rheological property correlated to the con-

centrate of sugar, salt, polyphenol, acids and macro-

molecule, which significantly affected the release of

major aroma compounds.

Keywords Shanxi aged vinegar � Aroma release �
Rheological property � Consistency coefficient � Flow

behavior

Introduction

Shanxi aged vinegar (SAV) is the most famous traditional

vinegar in northern China. SAV is a product from a solid-

state fermentation process, including five successive stages,

i.e. (1) starter preparation, (2) alcohol fermentation, (3)

acid fermentation, (4) thermal process and (5) ageing

(ranged from 1 to 20 years; Liu et al. 2004). The aroma

perception, which is an important quality factor of SAV, is

determined by aroma composition and the release of aroma

compounds (Poinot et al. 2013). More than 56 aroma

compounds, including acids, esters, aldehydes, ketones,

alcohols, and volatile phenols have been identified in SAV

(Wang et al. 2012a; Xiao et al. 2011). Nineteen compounds

have been identified as key aroma compounds of SAV.

Among them, propanoic acid, acetic acid, trimethyl oxa-

zole, butanoic acid, acetoin, 3-methylbutanoic acid and

furfural were the most powerful odorants (Zhu et al. 2016).

The rheological property of food is related to aroma

release, but the relationship between them was complicated

(Lubbers et al. 2004; Muñoz-González et al. 2014). It was

found that the quantity of aroma compounds in the head-

space of strawberry fat-free stirred yogurt was drastically

reduced, while the apparent viscosity was significantly

increased during storage (Lubbers et al. 2004). However,

Decourcelle et al. (2004) found that adding locust bean

gum to fat-free stirred yogurt increased the viscosity of

yogurt, which resulted in the increase of flavor release.

Furthermore, it was reported that perceived volatile fruity

flavor was significantly different in model oil/water
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emulsions with similar rheological property (Bayarri et al.

2007). Although the relationship between rheological

property and aroma release was complicated, it is critical to

study in SAV. The reason was two-fold: (1) the rheological

property could be a simple and reliable quality indicator of

vinegar (Falcone et al. 2008); (2) rheological property is

closely related to sensory property of fluids food, such as

mouth-feel (Bourne 2002) and the intensity of flavor

(Godshall 1997). Viscosity is also known to influence other

taste perception, including saltiness, sweetness, bitterness,

flavor and astringency (Christensen 1980). Therefore, the

effect of rheological property on aroma release is needed to

be investigated.

Rheological property of vinegar was influenced by

several factors, including sugar content, NaCl, polyphenol

and polymerization during ageing. The glucose concen-

tration as well as the ratio of glucose to fructose have

proven to be the most significant factors affecting the

steady shear viscosity and flow activation energy of vine-

gar (Falcone et al. 2007). Flow behavior index is found to

be negatively related to both glucose and fructose con-

centration and oBx of vinegar (Falcone et al. 2008). In

addition, polymerization during long-time ageing process

led to alteration of rheological property of vinegar, which

is from Newtonian to shear-thinning flow behavior (Fal-

cone and Giudici 2008). A modified SAV system would be

developed by adding sugar, salt, polyphenol and polysac-

charide into SAV in this work so as to simulate the change

of rheological property and analyze the changes of aroma

release while keeping aroma composition unchanged.

Static headspace analysis was widely used to analyze

aroma release. Solid phase microextraction (SPME) cou-

pled with GC–MS, was carried out to analyze the air/pro-

duct partition coefficient of the compounds (Mitropoulou

et al. 2011). Based on previous works (Wang et al. 2012a;

Xiao et al. 2011; Zhu et al. 2016), eight compounds (pro-

panoic acid, acetic acid, trimethyl oxazole, acetoin,

3-methylbutanoic acid, furfural, tetramethylpyrazine and

2-methylphenol), which were identified as key aroma in

SAV, would be quantified by SPME–GC–MS in this study.

The aim of our research is to study the rheological property

of SAV, and effect of rheological property variation on the

release of key aroma compounds of SAV.

Materials and methods

Chemical

Chemical standards of the aroma compounds, including

propanoic acid, acetic acid, trimethyl oxazole, acetoin,

3-methylbutanoic acid, furfural, tetramethylpyrazine and

2-methylphenol, were supplied by Sigma-Aldrich

(Shanghai, China) and J&K (Beijing, China). Tannic acid

(reagent grade), CMC (Carboxymethyl Cellulose) and

pectin were also purchased from Sigma-Aldrich (Shanghai,

China). Glucose, fructose and NaCl were purchased from

J&K (Beijing, China). Pure water was obtained from a

Milli-Q purification system (Millipore, Bedford, MA,

USA).

Sample preparation and experimental design

Four kinds of SAV made from sorghum, tartary buckwheat,

wheat and millet were purchased from Shanxi Ziyuan

Microorganism R&D Co., Ltd. (Shanxi, China). The age-

ing time of these four SAV samples was 3 years. Other

seven SAV samples, which have continuous aging time

(young, 3, 5, 8, 10, 16 and 20 years), were obtained from

Donghu Co., Ltd. (Shanxi, China). The raw material of

these seven vinegar samples was sorghum.

A modified SAV system was developed by adding

nonvolatile components into the tartary buckwheat SAV,

which was used as the control, to simulate the change of

rheological property in SAV. Six nonvolatile components

(CMC, pectin, glucose, fructose, sodium chloride and

tannic acid) were added into each tartary buckwheat SAV

at two levels (low and high), respectively (Table 1).

Chemical analysis

Sugar content was determined by ion chromatograph;

model ICS-5000 (Dionex, USA). The chromatographic

conditions were as follows: CarboPac PA10

(4 9 250 mm) and Guard, BorateTrap; 1.0 mL/min flow

rate; isocratic separation with 52 mM NaOH; detected on

integrated amperometry, quadruple waveform; gold elec-

trode; 1 mL injection volume. The content of acetic acid

and lactic acid was analyzed by the method reported in

our previous research (Zhu et al. 2016). Total polyphe-

nolic content was measured by the Folin-Ciocalteu

method (Wang et al. 2012b). The content of NaCl was

determined according to AOAC Official Method 971.27,

Sodium Chloride in Canned Vegetables, Method III (Po-

tentiometric Method). The soluble solids content in

vinegar was measured using a Leica temperature com-

pensating oBx scale (0–30) refractometer (Leica Inc.,

Buffalo, NY). The pH value of the vinegar was measured

by a pH meter (InoLab 720, WTW99 GmbH, Weilheim,

Germany). Density was measured according to the

method of AOAC (1990).

Rheological measurement

Rheological behavior was studied by a controlled-strain

rotational viscosimeter (ARES model, TA Instruments,
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New Castle, USA) equipped with a force rebalance trans-

ducer (model 1KFRTN1, 1–1000 g cm, 200 rad/s, 2–2000

gmf) and a couette tool, a concentric cylinder geometry

(diameter of cup and bob, 34 and 32 mm, respectively).

The steady temperature was controlled with an accuracy of

±0.1 �C by means of a controlled fluid bath unit and an

external thermostatic bath. Three replicates of flow

experiment were performed for each sample. Steady shear

stress was measured over a range of shear rates of

0.1–500 s-1. The flow experiment was conducted at 20 �C.

In order to prevent acetic acid evaporation, the couette tool

was sealed by a cover tool during tests.

SPME extraction and gas-chromatographic analysis

Eight volatile compounds, including propanoic acid, acetic

acid, trimethyl oxazole, acetoin, 3-methylbutanoic acid,

furfural, tetramethylpyrazine and 2-methylphenol were

chosen as aroma indicator as reported earlier (Wang et al.

2012a; Zhu et al. 2016). The analysis of aroma compounds

was performed by SPME–GC–MS. Five milliliters of SAV

was transferred into a 10 mL vial and the vial was tightly

capped with a PTFE/silicon septum (Bellefonte, PA, USA).

The incubation time was 15 min, during which the samples

were magnetically agitated at 37 �C. The solutions were

heated at 37 �C corresponding to the average temperature

in the oral cavity. After equilibration, the headspace of the

samples was sampled using a DVB/CAR/PDMS (divinyl-

benzene-carboxen-polydimethylsiloxane 50/30 lm) coated

fiber. The extraction time was 20 min exactly. Then, it was

placed into the GC injection port for 5 min in splitless

mode. Additionally, the SPME fiber was conditioned for

30 min at 230 �C in the GC injector before the first daily

analysis.

Gas chromatographic analysis was carried out with a

VARIAN GC system coupled with 210 mass spectrometer.

The separation was performed using a HP-innowax fused

capillary column (30 m 9 0.25 mm, and 0.25 lm film

thickness). Oven temperature started from 40 �C and held

for 3 min, increased to 120 �C at a rate of 5 �C/min,

increased to 200 �C at a rate of 10 �C/min, and then held

for 5 min. The injection temperature was 230 �C. Helium

was used as the carrier gas at a constant rate of 1.0 mL/

min. Each analysis was undertaken three times and average

values were calculated. The identification method of the

target aroma compounds in SAV was done according to

Wang et al. (2012a) and Zhu et al. (2016). The relative

content of aroma compounds in the headspace was repre-

sented by the peak area of GC–MS.

Statistical analysis

Statistical analysis was performed using SPSS 18.0 software.

A Pearson correlation test was conducted to determine the

correlation between variables. Duncan’s significance test at a

significance level of p\ 0.05 was carried out to determine

significant differences among mean values.

Results and discussion

Rheological property of Shanxi aged vinegar

Flow experiments provided a wide range of rheological

responses among the investigated vinegar samples includ-

ing the shear-thickening and Newtonian behavior. The

rheogram of shear stress and shear rates of investigated

SAV is given in Online Resource 1. Rheological data of

SAV fitted to power law model, and the determination

coefficient, (R2) was above 0.99 in present study. The

values of two rheological parameters, consistency coeffi-

cient (K) and flow behavior index (n) obtained from the

power law curve, were presented in Table 2. Higher

K value indicates higher viscosity. There was a wide range

Table 1 Experimental design

of the modified Shanxi aged

vinegar system

Addition (w/w %) CMC Pectin Glucose Fructose NaCl Tannic acid

Low level 0.25 0.25 5 5 5 0.50

High level 1 1 20 20 20 1

Table 2 Consistency coefficients (K) and the flow behavior index

(n) of the Shanxi aged vinegar

No. Samples K (Pa sn) n

1 Sorghum 1.23e-4 1.58

2 Tartary buckwheat 3.56e-4 1.43

3 Millet 1.09e-4 1.59

4 Wheat 1.10e-4 1.59

5 Young 2.14e-4 1.49

6 3 year 1.86e-4 1.52

7 5 year 3.74e-4 1.42

8 8 year 3.75e-4 1.42

9 10 year 0.00516 1.06

10 16 year 0.00903 1.04

11 20 year 0.01379 1.03

The raw material of sample No. 1–4 were sorghum, Tartary buck-

wheat, millet and wheat, respectively, of which ageing time were

three years. The raw material of sample No. 5–11 were sorghum,

however, their ageing time were young, 3, 5, 8, 10, 16, and 20 years
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of K values among different raw material and ageing time

(from 1.09e-4 to 0.0137). K value increased along with

longer ageing time. The n values of all SAV were higher

than 1, indicating their SAV were shear-behavior. How-

ever, three vinegar samples with longer ageing time

exhibited Newtonian behavior.

The result indicated that the K values of SAV varied in a

wide range due to different raw material and ageing time.

K values of SAV were much lower than those of balsamic

vinegar and soursop juice, which ranged from 0.001 to 12

(Falcone et al. 2008; Quek et al. 2013). According to the flow

behavior index, the SAV samples were classified into two

groups. Vinegar samples with shorter ageing time (below

10 years) were shear-thickening fluids, while vinegar sam-

ples with longer ageing time (above 10 years) exhibited

Newtonian behavior. This indicated long-time ageing pro-

cess of vinegar might result in the variation of microstruc-

ture. The previous study proposed that the formation of

polydisperse melanoidins was responsible for change of

rheological property (from Newtonian to shear-thinning

fluid) of traditional balsamic vinegar (Falcone et al. 2012).

Therefore, the contribution of certain macromolecule

formed in SAV during the ageing process to its rheological

property (both K and n value) can not be ruled out.

From the perspective of rheological property, SAV was

different from gels, emulsions and balsamic vinegar. The gel

is solid-in-liquid colloid in which the solid phase forms a

network structure and produces solid-like property (Tabilo-

Munizaga and Barbosa-Cánovas 2005). Compared to gel, the

viscoelasticity of emulsion was much lower (K values are

around 0.01), while it was still stronger than that of SAV

(Arancibia et al. 2011). The oil, which was not found in SAV,

may have been responsible for the viscosity of emulsion

(Tabilo-Munizaga and Barbosa-Cánovas 2005).

Chemical analysis of Shanxi aged vinegar

The SAV was a complicated liquid system, the main

components of SAV were sugar, sodium chloride, organic

acid and polyphenol. Chemical compositions of eleven

SAV were reported in Table 3. Glucose content of SAV

ranged from 7.40 to 54.40 g/L, and increased significantly

(p\ 0.05) during the ageing process. However, fructose

cannot be detected in vinegar if ageing time was too long.

The total sugar content of all SAV was much lower than

that of balsamic vinegar (ranged from 410 to 470 g/L)

(Masino et al. 2008). Total polyphenol content ranged from

0.88 to 25.94 g/L, and the highest level was found in SAV

with 20 ageing years. The phenolic content of SAV was

comparable to that of wine and other Chinese vinegar, and

ranged from 0.38 to 4.51 g/L (Budak and Guzel-Seydim

2010; Fan et al. 2011). In particular, the content of glucose,

total polyphenol, NaCl, acetic acid, lactic acid and values T
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of pH, density and oBx of SAV all increased with ageing

time. This may be due to the loss of a large amount of

water, such as evaporation in summer and ice-removing in

winter during the ageing process. The condensation effect

of SAV ageing was proven in a previous study, which

indicated most conventional ingredients (organic acids,

free amino acids, carbohydrates) were increased during

ageing process (Chen et al. 2013). Besides the increasing

trends, the content of acetic acid was fluctuating during the

early stage of ageing. In fact, the content of acetic acid

depended on condensation effect of SAV ageing and

evaporation of acetic acid. The former factor led to the

increasing of acetic acid, while the latter one resulted in the

decrease. So the contents of acetic acid may be affected by

the packaging season as well.

The composition of vinegar was related to the rheological

property (Falcone et al. 2007). The apparent viscosity of non-

Newtonian vinegar was found to be positively related to the

fructose concentration (Falcone et al. 2008). Person

coefficients of correlation relationships between composition

and K values of SAV were listed in Table 3. Positive cor-

relations were found between K values and the concentration

of glucose, polyphenol, acetic acid, lactic acid and oBx. The
oBx value, glucose and fructose content also contributed to

the vinegar viscosity (Falcone et al. 2008). It is reasonable

that K values of SAV were lower than those of balsamic

vinegar (from 0.898 to 12), because the oBx values of bal-

samic vinegar (around 70 oBx) (Falcone et al. 2008) were

much higher. It could be concluded that variation of main

components in SAV could lead to the change of rheological

property.

Rheological property of Shanxi aged vinegar

with modification

The rheological property of buckwheat SAV added with

CMC, pectin, glucose, fructose, sodium chloride and tannic

acid are presented in Fig. 1. The rheological data fitted to

power law model showed, R2. As shown in Fig. 1a, the

K values of all the modified SAV increased significantly.

The highest K value (0.0428) was obtained by adding pectin,

followed by adding CMC (0.0359). CMC and pectin were

widely used in emulsion and gel system to increase the

viscosity (Decourcelle et al. 2004; Roberts et al. 1996).

Interestingly, among the SAV added with glucose, fructose

and sodium chloride, the K values depended on the addition

level rather than the components added. Figure 1b shows the

n values of all modified SAV decreased, compared with

control. Minimum n values (0.93 and 0.94) were obtained in

the sample with CMC and pectin at high level. This indi-

cated these two modified vinegar samples were quasi-

Newtonian fluid, which was similar to SAV with longer

ageing time (over 10 years). The variation of n values of

glucose, fructose and NaCl groups were similar. Specifi-

cally, n values decreased slightly at the low addition level

and further decreased close to 1 (still [1) at high addition

level. The addition of tannic acid led to the increase of

K value and decrease of n value. Unlike the other five

components, tannic acid at low level (0.5 %) has a greater

influence on K and n values than at high level (1 %), indi-

cating the effect of tannic acid on the rheological property of

SAV could be more complex.

This modification system provided evidence for our two

hypotheses. First, a small amount of macromolecules,

namely CMC and pectin, could increase K values and

change the flow behavior of SAV towards Newtonian flu-

ids. Secondly, the increasing of sugar, sodium chloride and

polyphenol could increase the K values of SAV. Further-

more, this modified SAV system was suitable for analysis

of aroma release because the volatile composition of

modified SAV did not change by the addition of non-

volatile components. Therefore, the modified SAV system

Fig. 1 K (a) and n (b) values of modified Shanxi aged vinegar

samples (C carboxymethylcellulose; Pe pectin; G glucose; F fructose;

N NaCl; Ta tannic acid)
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was developed in this study successfully, which simulated

the change of rheological property.

Relationship between rheological property

and aroma release of Shanxi aged vinegar

The variation of the release of each aroma compound in as

percent rate of content of counterpart compounds in control

was shown in Table 4. Compared to control, the total

content of these eight aroma compounds was decreased.

The SAV with high CMC addition level showed the lowest

aroma release content, followed by SAV with high level of

pectin addition. Moreover, the key aroma release decreased

along with the increase of viscosity. These results were in

agreement with studies on yogurt, model solutions and

custard. The release of aroma compounds in the headspace

of strawberry fat-free stirred yogurt was significantly

weaker during storage, as the apparent viscosity of the

products significantly increased (Lubbers et al. 2004).

Meanwhile, the highly volatile compounds showed a sig-

nificant decrease in maximum abundance (aroma release

determined by APCI-MS) as the viscosity increased in

CMC, guar and sucrose solutions (Roberts et al. 1996). In

addition, custard with lower apparent viscosity showed a

higher kinetic release of aroma compounds under in-mouth

simulated conditions (Lubbers and Butler 2010). Accord-

ing to mass transfer theory, an increase in matrix viscosity

would lead to the decrease of aroma release in amount

(Crank 1979). This relationship between viscosity and

aroma release was also predicted by the Stokes–Einstein

and Wilke–Chang equations (Wilke and Chang 1955).

In the vinegar modified by CMC and pectin (high

level), most aroma compounds were retained. Therefore,

the release of aroma in SAV decreased when it converted

to Newtonian fluid. Even if a small amount (around 1 %)

of polysaccharide were formed during ageing, the rheo-

logical property of SAV would be changed and the release

of aroma compounds was significantly reduced accord-

ingly. As for sodium chloride addition, the release of

some aroma compounds, such as trimethyl oxazole,

tetramethylpyrazine, propanoic acid and 3-methyl-bu-

tanoic acid, increased. This might be due to the salting-out

effect of sodium chloride, which could increase the

release of aroma compounds significantly (Paula Barros

et al. 2012). In the tannic acid group, the release of acetic

acid, furfural, tetramethylpyrazine and 2-methylphenol

was reduced more than those of other four aroma com-

pounds. The previous study reported that p–p stakes could

be involved in direct interactions between polyphenols,

such as tannic acid and catechin, and aroma compounds

with aromatic cycles (Muñoz-González et al. 2014).

Moreover, the release of three aroma compounds, namely

acetic acid, furfural and tetramethylpyrazine, was reduced

significantly (p\ 0.05) in most modified vinegar samples,

except for the vinegar modified by 20 % sodium chloride.

According to our previous studies, these three aroma

compounds accounted for the majority of volatile com-

pounds of SAV and were the most powerful odorants (Zhu

et al. 2016). Thus, alteration of rheological property,

which referred to increasing K values and decreasing

n values, could slow the release of major aroma com-

pounds and improve the quality of SAV.

Table 4 The change of release quantity of eight key aroma compounds in modified Shanxi aged vinegar samples (%)

Trimethyl

oxazole

Acetoin Acetic

acid

Furfural Tetramethyl

pyrazine

Propanoic

acid

3-Methyl Butanoic

acid

2-Methyl

phenol

Sum

CMC 1 % 110.71* 14.71* 49.11* 38.09* 62.00* 79.79 82.50 91.18 52.31*

CMC 0.25 % 109.50* 65.44 62.96* 36.99* 73.88* 68.09 67.50 88.24* 61.48*

Pectin 1 % 114.34* 15.44* 51.32* 42.19* 77.07* 122.34 103.75 85.29* 58.57*

Pectin 0.25 % 105.53* 99.63 75.74* 59.08* 79.74* 112.77 111.25 85.29* 75.10*

Glucose 20 % 104.84* 107.72 77.04* 35.64* 72.06* 60.64 55.00* 105.88 67.15*

Glucose 5 % 107.25* 11.40* 71.66* 35.88* 75.25* 70.21 65.00 102.94 63.71*

Fructose 20 % 98.10 108.46 76.37* 45.54* 71.99* 62.77 103.75 64.71* 69.32*

Fructose 5 % 95.16 56.99* 66.36* 43.23* 81.89* 108.51 111.25 88.24* 66.11*

NaCl 20 % 153.20* 12.50* 67.49* 37.16* 117.07* 110.64 192.50* 129.41* 76.05*

NaCl 5 % 116.58* 14.71* 87.15* 46.26* 80.59* 111.70 116.25 100.00 75.26*

Tannic acid

1 %

107.08* 115.07 90.95 70.73* 64.08* 147.87 111.25 73.53* 81.29*

Tannic acid

0.5 %

105.70* 110.66 59.05* 71.66* 70.54* 123.40 105.00 85.29* 69.64*

The change of release quantity of aroma compound in modified Shanxi aged vinegar samples was expressed by the percentage of the release

quantity in the control sample

* Represented the release of aroma compounds differ from control significantly (p\ 0.05)
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Conclusion

The rheological property and its effect on aroma release of

SAV were studied. SAV showed shear-thickening and

Newtonian fluids behavior. Vinegar aged for shorter period

(less than 10 years) were shear-thickening fluids, while

those aged for longer period (above 10 years) exhibited

Newtonian behavior. The K values of SAV varied largely

(1.09e-4 to 0.0137) according to raw material used and

length of ageing process. Chemical analysis demonstrated a

positive correlation between the content of glucose,

polyphenol, acetic acid, lactic acid and oBx and K values of

SAV. A modified SAV system, which simulated the change

of rheological property, was successfully developed by

adding different levels of CMC, pectin, glucose, fructose,

NaCl and polyphenol. In the modified system, CMC and

pectin modified SAV became quasi-Newtonian fluid, and

the K values of all modified SAV increased significantly.

This modification system proved that a small amount of

macromolecules could change rheological property (both

K and n value) of SAV significantly, and increasing amount

of sugar, NaCl and polyphenol could increase the K values

of SAV. The SPME–GC–MS analysis indicated the total

key aroma compounds released for modified SAV was

lower than that of control. Formation of small amount

(around 1 %) of polysaccharide in SAV led to significant

reduction the release of aroma compounds. Moreover, the

release of aroma compounds, namely acetic acid, furfural

and tetramethylpyrazine, decreased significantly in modi-

fied vinegar which also showed an increase in the viscosity.
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