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The effect of reaction conditions, which comprised the reaction temperature (150–190°C), processing time (0.50, 0.75, 1.00, 1.25, 1.50, 2.00, and 2.50 h), pH (5.0, 7.0, and 9.5), and concentration (0.03–0.07 mol/L) of L-ascorbic acid (ASA), on the degradation of ASA was investigated in hot-compressed water (HCW). The degradation kinetics of ASA and generation kinetics of browning products (BPs) were studied. The results showed that ASA degradation conformed to the pseudo-first-order kinetics, and the formation of BPs was closely related to the concentration of H3O+ in HCW. The acidic condition (pH = 5.0) and lower concentration of ASA (0.03 mol/L) were more favorable for ASA degradation. In HCW, the average apparent activation energy (Ea) of ASA was 15.77, 31.70, and 47.53 kJ/mol at pH 5.0, 7.0, and 9.5, respectively. The possible degradation mechanisms of ASA and the generation of BPs in HCW were proposed based on the experimental results.
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1. Introduction

L-ascorbic acid (ASA) is vitamin C, which is an essential nutrient for humans. There is abundant ASA in fruits and vegetables, and it also exists as a food additive in various processed foods (1–3). The degradation of ASA commonly occurs during the thermal processing of food, which not only leads to the loss of nutrients but also initiates the non-enzymatic browning reactions, resulting in a color change in the food (4–5). There are some related studies reported on the kinetics of the degradation of ASA (6–15). Most of the studies were usually conducted under conventional conditions in which temperature was below 150°C and pressure was at atmospheric pressure (16–18). The temperature and pressure of extracting bioactive compounds from vegetable sources are generally higher than those of experimental conditions, usually above 150°C and much higher pressure (19, 20).

Hot-compressed water (HCW) is also known as subcritical water (4, 21, 22). It generally refers to the liquid state of heated water by controlling the pressure of the system. The temperature of HCW is lower than the critical point (Tc = 373°C, pc = 22.1 MPa), while it is higher than the boiling point (T = 100°C, p = 0.1 MPa) (23, 24). Approaching critical conditions, the polarity of HCW drops sharply, and it has some organic solvent properties (25, 26), while retaining the advantages of being nontoxic, environmentally friendly, and economical. Therefore, HCW has been used in many fields, such as extraction of natural products, detection of pesticide residues, degradation of pollutants, and decomposition of woody biomass or lignocellulosic materials. The extraction of antioxidants from the potato skin was carried out in subcritical water (220°C, 2.317 Mpa) (27). The lignocellulosics converted into energy and chemicals were studied by using the semi-flow hot-compressed water treatment (230–270°C, 10 Mpa) (28).

During the extracting processing, such as the extracting bioactive compounds from the vegetable sources, HCW plays an important role. The study of the degradation of ASA and the browning reaction has drawn more attention. However, there is limited research on the degradation kinetics of ASA in HCW. The objective of this study was to elucidate the degradation process kinetics of ASA and to reveal the underlying mechanisms of the browning reaction in HCW. The browning kinetics of ASA and the possible formation mechanisms of BPs were also discussed based on the experimental results and the theoretical explanations. The study on the degradation behavior of ASA in HCW would help to obtain more knowledge about HCW technology.



2. Materials and methods


2.1. Materials

L-ascorbic acid (≥99.7 %) and HPO3 were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Na2HPO4 (≥98.5 %), NaH2PO4 (≥98.5 %), and NaOH (≥98.5 %) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Double-distilled water (SZ-93, Shanghai Yarong Instrument Co., Ltd) was used in all the experiments.



2.2. Experimental procedure

The experimental procedure and apparatus have been described previously (4). In brief, ASA (0.30, 0.50, and 0.70 mmol) was dissolved in 10 mL of phosphate buffer (0.20 M), and then, the pH was adjusted to 5.0, 7.0, and 9.5 with NaOH using a pH meter (Sartorius AG, China), respectively. The mixture was then sealed in a high temperature and pressure autoclave (BE100-HP, stainless steel 316L, Shanghai LABE Instrument Co., Ltd) with quartz lining. After the reaction solution was loaded into the reactor and the reactor is assembled, nitrogen was continuously introduced from the inlet pipeline to allow air to escape from the reactor and solution, so as to ensure the whole reaction is in an oxygen-free atmosphere. The reaction temperature and time ranged from 150 to 190°C and from 30 to 150 min, respectively. The reaction temperatures were controlled using the oven, and the pressure defaulted to the saturated vapor pressure of water, ranging from 0.791 to 1.254 MPa, at the experimental temperature (29). The reaction was terminated with ice-bath water when each reaction time was reached. The experiments were carried out at least in triplicate under identical conditions to eliminate errors.



2.3. Measurement methods


2.3.1. Determination of the ASA concentration

The concentration of ASA was determined using reverse phase high-performance liquid chromatography (HPLC) (Agilent, model 1260, Santa Clara, CA, USA) equipped with a UV diode array detector (Agilent, 1260 Infinity II DAD WR, Waldbronn, Germany) and a C18 column (Agilent, HC-C18, 3.5 μm, 4.6 mm i.d. × 100 mm, Santa Clara, CA, USA). The mobile phase was composed of water/methanol/0.1 (wt. %) and meta-phosphate (v % / v % / v %) by using the following gradient for elution. At first, the elute solution ratio was set as 8/8/84 and was changed to 50/50/0 in 20 min. Then, the ratio was changed to 8/8/84 in 6 min. During the subsequent elution, the elute solution ratio was set as 8/8/84. The whole elution time was 35 min. The flow rate was 1.0 mL/min, the column temperature was 30°C, the injection volume was 10 μL, and the detection wavelength was 243 nm (9).

The calibration curve was drawn with ASA as the external standard. The linear regression equation of ASA was as follows: Y = 30.10757 X+6.64471 (X is the standard solution concentration, Y is the peak area, and the correlation coefficient, R2 = 0.9998). The experiments were conducted at least three times to achieve a relative standard deviation (RSD) lower than 5 %.



2.3.2. Determination of uncolored intermediate products (UIPs) and BPs

The UV absorbance and browning were measured as reported by Li et al. (9) and Zhou et al. (30). The UV absorbance of the reaction solutions was measured at 294 nm for the UIPs (31) and at 420 nm for the BPs (32) using a spectrophotometer (UV 2550, Shimadzu Co., Ltd., Kyoto, Japan). The solution was diluted using 30x−100x/0x−25x to obtain the highest optical density value, in which the absorbance was less than 1.0.

The experiments were performed at least three times to achieve a relative standard deviation (RSD) less than 5 %.




2.4. Kinetics

The possible degradation mechanisms of ASA to form BPs are proposed as follows: Scheme 1.
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SCHEME 1
The formation of BPs from the ASA degradation.



2.4.1. Kinetic model of the ASA degradation

In the reaction system, only ASA participated in the reaction as the material.

nASA → → the final products

As ASA was the only initial compound present at the time (t) zero in the solution loaded in the closed reactor, it was the only compound whose concentration was measured during the reaction. The following chemical equation can be written as Formula A (5).
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where r is the velocity of reaction at a constant volume, n is the stoichiometric coefficient of ASA in the chemical reaction, [ASA] is the ASA concentration remaining at time t, k is the kinetic rate constant, and n is the pseudo-order of the reaction.

The decreasing concentration of ASA over time t, as presented in Formula A, could be calculated using the consumption concentration of ASA and the elapsed time t.

The apparent activation energy (Ea) was calculated using the Arrhenius equation (33), which was estimated using ln k and 1/T as shown in Formula B.
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2.4.2. Kinetic model for the formation of BPs

As one of the final products of ASA degradation, BPs are generated using two pathways. According to previous studies (6, 7, 16), first, the aldehyde pentose (PT) is generated by the ring-opening, decarboxylation reaction of ASA in step 1. Then, BPs are generated through two different pathways, Step 2 and Step 4. On the one hand, UIPs are generated through the further degradation of PT in Step 3, and then, BPs are generated subsequently in Step 4 because UIPs are the precursors of BPs (5). Step 3 and Step 4 proceed under acidic, neutral, or basic conditions. On the other hand, because PT is a polyhydroxy intermediate with an aldehyde group and its chemical structure resembles that of sugar, BPs are generated using the caramelization reaction pathway in Step 2, which occurs under acidic conditions (34).




2.5. Statistical analysis

The data, kinetics calculation, and correlation analysis were performed using Origin Pro 8.0 software and Microsoft office 2010. All statistical analyses were performed with at least a 95% level of confidence.




3. Results and discussion


3.1. The final color of the reaction solution

The final color of the reaction solution is shown in Figure 1 under different concentrations of ASA and pH values when the temperature was 190°C and the time was 90 min. Intuitively, it could be seen that under different reaction conditions, the solution presented different degrees of brown.
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FIGURE 1
The color of the reaction solution at different concentrations of L-ascorbic acid (ASA) and pH values, at 190°C, 90 min.


The solution color at pH 5.0 was darker than those under other pH values, while the color of the solutions at pH 7.0 and 9.5 were very similar. The much higher concentrations of ASA resulted in much more darkening of the reaction solution, which was observed at each pH in Figure 1. However, all the reaction solutions were clear and transparent, and no precipitations were observed. In addition, it is worth noting that pH could affect the state of the chromophore, and the solution color could be changed. However, BPs were measured in a neutral environment because the solution has been greatly diluted during detection.



3.2. Effects of the parameters on ASA degradation

In the HCW condition, the reaction parameters, which included reaction temperature, time, the concentration of ASA, and pH, had remarkable effects on the degradation of ASA, and the results are shown in Figure 2.
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FIGURE 2
Effect of reaction parameters on the self-degradation of ASA under two temperatures. (A) pH = 5.0; (B) pH = 7.0; (C) pH = 9.5.


The effect of temperature on the degradation of ASA was obvious. The degradation rate of ASA was faster (5, 9, 30, 35). The concentration of ASA decreased as the reaction time elapsed; the concentration of ASA reached equilibrium within the long reaction time. These data are statistically fitted to a pseudo-first-order reaction, which suggests that the value, of n = 1, was 1, and the values of R2 are shown in Table 1. The phenomena could be observed from the continuous lines shown in Figures 1, 2.


TABLE 1    The kinetic constant k (min–1) values under different reaction parameters.

[image: Table 1]


The effect of the initial concentration of ASA on the reaction was remarkable. After the reaction, the residual concentration of ASA in the solution was higher and its degradation rate was lower when the initial concentration was 0.07 M compared with those of other concentrations. When the solution pH was 5.0 and the reaction temperature was 190°C, the degradation rate of the reaction solution with the initial ASA concentration of 0.07 M was 84.4%, while the degradation rates of the reaction solutions with the initial ASA concentration of 0.05 M and 0.03 M were 86.2 and 87.3%, respectively.

The effect of pH on ASA degradation was remarkable, which can also be observed in Figure 1. The results shown in Figure 2 imply that ASA degradation consumed much faster in the acidic environment than in other conditions. When pH was 9.5, the change tendency was not obvious, and the curve of the decreased concentration of ASA became smooth. As reported previously (9), there was an enol moiety in the structure of ASA, which was prone to dehydration and isomerization reaction under acidic conditions and led to the degradation of ASA (7).



3.3. Relationship between the concentration of ASA and A294 nm and A420 nm

The relationship between the concentration of ASA and A294 nm and A420 nm at two temperatures 150 and 190°C and three pH values (5.0, 7.0, and 9.5) is shown in Figure 3. The results suggest that A294 nm and A420 nm increased as the concentration of ASA decreased at all parameters. The degree of increase in the two situations, A294 nm and A420 nm, was different.
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FIGURE 3
The relationship between concentration of ASA, A294 nm and A420 nm. (A) pH = 5.0, (B) pH = 7.0, (C) pH = 9.5; 1, 150°C, 2, 190°C.


The concentration of ASA decreased rapidly when time ranged from 0 to 90 min, while the absorbance of the UIPs and A 294 nm increased fast, which indicates that the generation of UIPs was closely related to the consumption of ASA. The absorbance of the BPs was also increased as the A294 nm increased. However, the increasing range of A 420 nm was not significant as that of A294 nm. That was because the UIPs are the precursors for the formation of the BPs during the ASA degradation.

When the pH was 5.0, at 150°C and the three concentrations of ASA, with increasing reaction time (30–150 min), the absorbance value of 420 nm, A420 nm, increased from 0 to 1.58, 0 to 3.15, and 0 to 4.11, respectively (Figure 3A1). However, within the same reaction time, the values of A420 nm increased from 0 to 4.10, 0 to 6.40, and 0 to 10.33 at 190°C (Figure 3A2). The absorbances of A 294 nm and A 420 nm were less than the absorbance value at a pH of 5.0 compared with those at the pH of 7.0 and 9.5 at different concentrations of ASA. Therefore, the formation of BPs would be promoted with the higher reaction temperature and increased concentration of ASA under acidic conditions.



3.4. Kinetic study


3.4.1. Kinetic model for ASA degradation

The degradation kinetic behavior of ASA was analyzed according to the kinetic model when the temperature ranged from 150 to 190°C and the pH value was 5.0, 7.0, and 9.5, respectively. According to the method described in a previous kinetic calculation, Formula (1), it was found that the ASA degradation complied with the pseudo-first-order, and the n in Formula 1 was 1. The degradation rate constant (k) under different parameters is presented in Table 1.

The kinetic data obtained from the experiment indicate that the reaction temperature and pH had a remarkable influence on k for ASA degradation, while the excessive concentration of ASA had no obvious effect on it. The rate constant (k) for ASA degradation varied from 0.00439 to 0.01279 at the lower reaction temperature, 150°C, three pH values, and the different concentrations of ASA. However, within the three pH values and the various concentrations of ASA, k varied from 0.01380 to 0.01768 at the higher reaction temperature, 190°C. In particular, it was found that at the same temperature and pH, k decreased slightly as the concentration of ASA increased, which may be due to the unique properties of water, which participated in the reaction in HCW. The water dissociation capacity is enhanced in HCW compared with conventional conditions. When the concentration of ASA was relatively low, the chance of mutual contact between ASA and water molecules under microscopic conditions was higher, and water was more likely to participate in the ASA degradation, which would accelerate the ASA degradation. In addition, the apparent activation energies (Ea) at pH 5.0, 7.0, and 9.5 were calculated according to the kinetic model, and the values were 15.77, 31.70, and 47.53 kJ/mol, respectively. The Ea for ASA degradation at pH 5.0 was much smaller than those values at pH 7.0 and 9.5, which indicates that ASA was much more easily degraded under acidic conditions to generate BPs. The Ea for ASA degradation in HCW was much less than those in a previous study (9). The aforementioned results suggest that water might play a non-negligible role in ASA degradation in the microenvironment of HCW, and the possible mechanism of ASA in HCW was not the same as that in conventional conditions.



3.4.2. Kinetic study for the formation of BPs

According to the aforementioned proposed degradation mechanism of ASA in HCW shown in Scheme 1, the formation rate of BPs could be calculated and expressed by applying the law of mass action and is shown as follows:
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According to Scheme 1, the formation concentration of [PT] and [UIPs] could be represented by Equations 2, 3 using the steady state conditions and approximately operating (36).

[image: image]
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Substituting Equations 2, 3 to Equation 1, Equation 4 could be obtained by properly operating.

[image: image]

According to the law of mass, the total concentration of ASA, [ASA]T, is shown in Equation 5.

[image: image]

BPs are the final substances from the degradation of ASA, and they are macromolecular polymers and their solubility in water is limited. However, no materials could be observed, and the reaction solution was clear (Figure 1). The phenomena suggest that the number of BPs generated from the degradation of ASA was very limited. Compared with the concentration of ASA and PT, as the UIPs were the precursors of BPs from the aforementioned experimental results, the concentration of the BPs could be negligible. Equation 5 could be simplified as follows:

[image: image]

Substitute Equations 2, 3 into Equation 6 to obtain the following equation,

[image: image]

Swap [ASA] and [ASA]T in Equation 7 to obtain Equation 8, which is shown as follows:

[image: image]

Substitute Equation 8 into Equation 4 to obtain Equation 9 as follows:

[image: image]

In the HCW reaction system, [H3O+] was a very small value (10–9.5–10–5.0) because the reaction solution pH was set at 5.0, 7.0, and 9.5. However, there was a large amount of water in the reaction system as k1, k2, k3, and k4 could not arrive at several orders of magnitude. Therefore, k1k4[H3O+], k1k3[H3O+], and k2k4[H3O+] could be neglected compared with k3k4[H2O], so Equation 9 can be simplified as Equation 10.

[image: image]

Though the water was consumed in the HCW system and it participated in the reaction as the raw substance, its amount was huge compared with the concentration of ASA. The concentration of water was much more than the other substances and could be regarded as a constant value. Therefore, the product k3’, which is [H2O] times k3, is also a constant. Thus, Equation 10 can be simplified as Equation 11,

[image: image]

[ASA]T is also a constant in a settled reaction system according to the material balance principle, which meant that the browning rate was independent of the concentration of ASA. In addition, the browning rate was also related to the concentration of H3O+ according to Equation 11, which indicates that the formation rate of BPs was greatly affected by the pH value of the reaction system. According to the results shown in Figure 1, the solution color change from the degradation of ASA was closely related to the primary solution pH, which conformed to the result of Equation 11. Once the concentration of hydrogen ions was determined, the formation rate of BPs could be determined in the reaction.

Combining Scheme 1 and Equation 11, it was found that the two different pathways, Step 2 and Step 3, competed with each other to generate BPs. The values of k2 and k3’ in the system when the concentration of H3O+ is a certain value determine which pathway is generated for the formation of the BPs.





4. The mechanism of ASA degradation and the formation of BPs

According to the experimental results and the substances detected from the reaction (4), paths A, B, and C, and the possible mechanisms for the degradation of ASA in HCW were proposed and are shown in Figure 4.
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FIGURE 4
The possible mechanism of hydrolysis mechanism of ASA and formation of BPs. (A) (Z)-2,3,4,5,6-pentahydroxyhex-2-enoic acid, (B) aldopentose, (C) furfural, and (D) browning products.


The presence of the lactone structure and poly hydroxyl groups in ASA means that the structure of ASA could be transformed through ring-opening or isomerization reactions. Under the HCW condition, the dissociation constant of water increased with increasing temperature, which caused more hydrogen and hydroxide ions to be generated. Based on the reasons mentioned earlier, the degradation mechanism of ASA may be different in HCW compared with that in the ambient condition (37).

From the experimental results, the collected substances, and the organic chemistry theory, there are three possible mechanisms for the structural transformation of ASA under different acidic or basic conditions.

For pathway A, when the reaction solution is in the acidic condition, the carbonyl oxygen atom in ASA is protonated by hydronium ions, coming from HCW, and then an unstable intermediate structure is generated. The intermediate structure could become stable after being surrounded by water molecular clusters in HCW, and finally, it undergoes intramolecular proton transfer to generate product A (Figure 4). For pathway B, the lactone carbonyl of ASA is also directly attacked by the nucleophilic of water to undergo the nucleophilic addition reaction due to the lower dielectric constant and weaker hydrogen bonding of water molecules in HCW (Figure 4). For pathway C, because there are also abundant hydroxide ions in HCW, the structure of lactone in ASA can also be attacked by hydroxide ion, resulting in a nucleophilic addition-elimination reaction (Figure 4). The three hydrolysis mechanisms of ASA may exist simultaneously in HCW, and they are the competing reactions. However, regardless of which of the pathway mechanisms is used for the hydrolysis of ASA, the product A, (Z)-2,3,4,5-pentahydroxyhex-2-enoic acid, is ultimately generated.

Product A undergoes further decarboxylation and dehydration reaction to generate product B, aldopentose. Then, a large amount of furfural, product C, including the derivatives of furan, is generated from the decomposition of B, which has been reported in a previous study (4). Owing to the abundance of furan derivatives, they react with each other, and then the macromolecule, product D, is generated eventually.

At present, there are some viewpoints about the structure of BPs generated from the Maillard reaction (38–40). One of the views is that BPs are mainly composed of repeating units of furan, and they finally form the Maillard reaction product through the polycondensation reaction (38). According to the aforementioned experimental results, it could be concluded that the BPs generated from the degradation of ASA may conform to the view mentioned previously.

BPs are formed by the polymerization of furan or furan derivatives, the main low molecular weight products generated from the degradation of ASA. Furan or furan derivatives are polymerized into polymer-1 and polymer-2, respectively. The structures of polymer-1 and polymer-2 merely represented different structures or substructures of brown polymer. In fact, during the complex degradation process of ASA, many different polycondensation reactions occurred simultaneously and produced the complex BPs, product D, which was also generally defined as BPs.



5. Conclusion

From the experimental results, the degradation behavior of ASA and the formation mechanism of BP in HCW were discussed and presented. Compared with neutral or alkaline environments, ASA was more easily degraded under acidic conditions, which also accelerated the formation of BPs. In addition, the browning reaction was significantly accelerated by increasing the reaction temperature or prolonging the reaction time. The degradation of ASA followed the pseudo-first-order kinetics, and the degradation of the Ea of ASA was the least in the acidic system. The formation of BPs closely depended on the concentration of hydrogen ions. Finally, the possible degradation mechanism of ASA and the formation mechanism of BPs were proposed based on the experimental results. It was found that there were several hydrolysis mechanisms of ASA degradation. BPs might be the complex macromolecule formed by the condensation of various furan derivatives.
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