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23 Abstract

24 Nonenzymatic browning during storage of pasteurized shelf-stable orange juice causes a major color 

25 deterioration which negatively affects consumer acceptance of the juice. This study, for the first time, 

26 investigated on a kinetic basis the effect of pH and suspected nonenzymatic browning reaction precursors 

27 such as ascorbic acid, fructose, and arginine on nonenzymatic browning during accelerated storage (42 °C)  

28 using an orange juice based model system. The results showed that lowering the pH of the model juice system 

29 from 3.8 to 1.5 significantly increased the rate of ascorbic acid degradation, the rate changes (increases and 

30 decreases) in different sugars, and the rate of furfural and 5-hydroxymethylfurfural formation. These changes 

31 coincided with a higher browning intensity which became more pronounced towards the end of storage of 

32 the juice model system. Similarly, adding more ascorbic acid and fructose largely increased the formation of 

33 furfural and 5-hydroxymethylfurfural, respectively, and resulted in a higher browning intensity. In conclusion, 

34 lowering the pH of the orange juice or addition of ascorbic acid or fructose will enhance its browning during 

35 prolonged storage.

36 Keywords

37 Nonenzymatic browning; Orange juice; Storage; pH; Ascorbic acid; Fructose
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38 INTRODUCTION

39 Browning of fruit juices such as orange juice, lemon juice, and strawberry juice, etc. during storage is one of 

40 the major quality deteriorations which cause a big challenge in the juice industry.1–6 Juice browning can occur 

41 through enzymatic and/or nonenzymatic (NEB) pathways.7,8 However, in case of pasteurized shelf-stable fruit 

42 juices including orange juice in which most of the possible quality degrading enzymes are supposed to be 

43 inactivated during the intensive pasteurization, the browning is primarily due to NEB reactions.3

44 Ascorbic acid (AA) degradation, acid catalyzed sugar degradation, and Maillard reactions have been proposed 

45 as the reaction pathways responsible for NEB of fruit juices.7,9 However, as far as shelf-stable citrus juices are 

46 concerned, AA degradation has been defined as the main contributor towards NEB.9,10 According to this, the 

47 most important precursors to browning are AA and related compounds, which upon degradation yield 

48 reactive carbonyl products (e.g,. furfural) that may polymerize and/or react with amino acids/ nitrogenous 

49 constituents of the juice to form brown compounds. Next to this, given the acidic conditions of citrus juices, 

50 reducing sugars such as fructose and glucose can be decomposed to form reactive carbonyl compounds 

51 which can participate in browning process as mentioned above.8,9,11 The high acidic conditions of citrus juices 

52 (pH < 4.0) may not favor the classical type of Maillard reactions (i.e., reactions between reducing sugars and 

53 free amino group of amino acids and/or proteins) thus this pathway is considered to be less important in 

54 browning of these products.10,12,13 However, a so-called Maillard associated reaction in which reactive 

55 carbonyl compounds resulting from AA and/or sugar degradation condense with amino acids and/or 

56 polymerize to form brown materials could still play an important role in browning of orange juice during 

57 storage.2,6,7,10

58 The browning reactions in orange juice during storage are affected by product related factors such as 

59 composition and pH as well as by the storage conditions.14–16 Among many compounds present in orange 

60 juice, AA, sugars, and amino acids play a key role in browning and are considered as the main NEB 

61 precursors.1,7 The degradation of NEB precursors is highly interdependent and is affected by other factors. 

62 For instance, it has been shown that the presence of amino acids accelerates the degradation of AA and 

63 breakdown of reducing sugars to produce brown colored compounds.14,15,17,18 Among the amino acids, 
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64 arginine was reported to be the most reactive one in browning formation of orange juice model systems.15,17 

65 Between the reducing sugars, fructose was stated to be more reactive than glucose in relation to NEB as it 

66 can form the 1,2-endiol intermediate in the degradation pathway easier than glucose.11,19,20 pH is another 

67 food related factor that can affect the degradation of NEB precursors and formation of NEB intermediates 

68 (e.g., furfural and 5-hydroxymethylfurfural (HMF)).11,14 Other factors such as elevated storage temperatures 

69 (28, 35, and 42 °C) have been reported to accelerate NEB during storage of shelf-stable orange juice and 

70 strawberry juice compared to ambient storage temperature (20 °C).3,5

71 Although extensive research has been conducted on NEB in fruit juices including orange juice, an in-depth 

72 understanding of the browning process is still lacking in literature. To date, most of the studies done on NEB 

73 of shelf-stable orange juice samples made use of either single strength orange juice3,8,18 which is a very 

74 complex matrix or oversimplified model systems15,21,22 which do not reflect the actual browning of orange 

75 juice. Kennedy and co-workers14 used a model based on freshly squeezed orange juice to study the effect of 

76 several factors such as AA concentration and pH on browning during storage. However, the samples did not 

77 undergo any thermal treatment step thus the browning in the samples during storage might result from the 

78 combination of enzymatic and nonenzymatic reactions. Therefore, it is interesting to investigate NEB in 

79 pasteurized shelf-stable orange juice during storage using an orange juice based model system.

80 The main objective of this work was to investigate the effect of pH and NEB precursors including AA, fructose, 

81 and arginine on browning of pasteurized shelf-stable orange juice during storage. In this study, an orange 

82 juice based model system which contains mainly orange juice soluble compounds of the serum (e.g., AA, 

83 sugars, amino acids, organic acids, etc.) was used. The model system was prepared by separation of the 

84 orange juice soluble fraction (orange juice serum) from insoluble fractions (orange juice cloud and pulp) 

85 through an ethanol precipitation technique. Changes in pH or supplementation of AA, fructose and/or 

86 arginine were applied to the model system which was then intensively pasteurized to achieve a shelf-stable 

87 product. The effect of pH and NEB precursor supplementation on browning during storage was evaluated by 

88 analyzing a wide range of NEB related attributes such as oxygen consumption, changes in AA and sugars 

89 content, formation of NEB intermediates (e.g., furfural and HMF), and browning formation.
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90 MATERIALS AND METHODS

91 Preparation of an orange juice based model system 

92 NEB in citrus juices have been linked to chemical reactions related to the presence of soluble compounds 

93 (e.g., AA, sugars, and amino acids) in the soluble fraction of orange juice.1,7,8,23 Therefore, the soluble fraction 

94 can be used as an orange juice based model system of reduced complexity for NEB studies. A single batch 

95 (12 carton boxes x 1 L) of freshly produced single strength refrigerated orange juice (not from concentrate) 

96 was purchased and used as a raw material for the preparation of the orange juice based model system. The 

97 preparation was conducted as much as possible in a cooling room at 4 °C. To prepare the model system, 

98 insoluble compounds (cloud and pulp) of the orange juice were removed by centrifugation and ethanol 

99 precipitation.23,24 First, the orange juice was centrifuged (1000xg, 15 min, and 4 °C) (J2-HS centrifuge, 

100 Beckman, Brea, CA, U.S.A.) to remove big cell wall fragments (the orange juice pulp) from the supernatant 

101 which is the orange juice serum and cloud. To the supernatant, precooled absolute ethanol was added until 

102 an ethanol concentration of 70% (v/v) was reached. The mixture was left for precipitation (24 h) at 4 °C. Next, 

103 the precipitated material was removed by centrifugation (10000xg, 15 min, and 4 °C) and the obtained 

104 supernatant was subjected to evaporation using a rotavapor to remove the ethanol. The supernatant 

105 resulting after the ethanol evaporation mainly contains the soluble compounds of orange juice and was used 

106 as an orange juice based model system. The model system was frozen in liquid nitrogen and stored at –80 °C 

107 until use.

108 pH adjustment or supplementation of the orange juice based model system 

109 To investigate the effect of pH or suspected NEB precursors on NEB of orange juice during storage, different 

110 samples were prepared by changing pH or adding supplements including AA, arginine, and fructose to the 

111 orange juice based model system as summarized in Table 1. The juice model system with a pH of 3.8 and no 

112 precursor addition was used as a control sample. To study the effect of pH on NEB, the pH of the model 

113 system was adjusted to 4.5, 2.5, and 1.5 using concentrated NaOH or HCl. The pH range of 1.5 - 4.5 was 

114 chosen since it is a typical range in pH values of citrus juices including lemon juice and concentrates. Given 

115 the high acidity, an intensive pasteurization will be sufficient to achieve shelf-stable products. AA, arginine, 
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116 or fructose and the combination of AA or fructose with arginine were added to the model system to 

117 investigate their effect on NEB during storage (Table 1). Arginine and fructose were selected as arginine, one 

118 of the major amino acids in orange juice,25,26 was shown to be the most reactive amino acid15,17 while fructose 

119 was found to be twice as reactive as glucose in browning development during storage.20 The supplementation 

120 of each compound was done to largely increase its original concentration (e.g., ten times). The control, pH 

121 adjusted samples, and precursor supplemented samples were filled in glass jars (41 mL volume, 50 mm 

122 height, and 43 mm diameter) up to a volume of 30 mL and kept at 4 °C in a cooling room prior to the thermal 

123 treatment. To prepare the sample for headspace and dissolved oxygen measurement, for each 

124 condition/sample, three bottles were equipped with oxygen sensors (O2xyDots®) prior to filling.

125 It should be noticed that there was no marked change in pH upon adding AA or fructose to the model system. 

126 On the other hand, addition of arginine at a concentration of 1.6  or 3.6 g L-1 increased the pH of the solution 

127 from 3.8 (pH of the control) to 4.0 or 4.2, respectively. pH of all samples remained relatively stable at the 

128 initial value after pasteurization and during the subsequent storage period.

129 Thermal treatment

130 Thermal treatment was carried out in order to obtain shelf-stable products which can be stored at room 

131 temperature or elevated temperatures over an extended storage time. The control, pH adjusted samples, 

132 and supplemented samples were pasteurized in a static steriflow pilot plant retort (Barriquand, Paris, 

133 France). As pH of the samples was below 4.6, a pasteurization value of 10℃P90℃ (Po) = 3 min was selected as a 

134 target. All samples filled in glass jars were loaded into the retort for the pasteurization at a process 

135 temperature of 90 °C. Temperature profiles in the retort and at the coldest point of the sample were 

136 recorded using type T-thermocouples (Ellab, Hillerød, Denmark). At the end of the pasteurization, samples 

137 were cooled down to 20 °C.

138 Storage of the pasteurized samples

139 All the pasteurized samples (the control, pH adjusted, and supplemented samples) were stored at an 

140 elevated temperature of 42 °C for eight weeks in an incubator protected from light. This storage temperature 
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141 was selected since it has previously been confirmed that storage of shelf-stable orange juice at 42 °C only 

142 accelerates the NEB process without inducing new reaction pathways.3 Sampling was done prior to storage 

143 (i.e., immediately after the pasteurization step) and at seven different storage moments (1 and 4 day(s), 1, 

144 2, 4, 6, and 8 week(s)). For each sampling moment, two jars were taken from the incubator and the content 

145 was mixed and divided uniformly to smaller tubes which were frozen in liquid nitrogen and stored at -80 °C. 

146 Prior to analysis, samples were thawed in a circulating water bath at 20 °C for a standardized time.

147 Determination of the dissolved and headspace oxygen content

148 The dissolved and headspace oxygen content of all the samples were measured during storage using a 

149 noninvasive OxySense® 4000B system (OxySense, Las Vegas, NV, U.S.A.). For this purpose, for each condition 

150 tested, three jars were prepared with oxygen sensors (see section pH adjustment or supplementation of the 

151 orange juice based model system). The measurement of the dissolved and headspace oxygen content was 

152 performed five times at room temperature for each jar. As this is a nondestructive measurement, the same 

153 bottles were used for the measurement during the whole storage experiment.

154 Ascorbic acid determination

155 Determination of the AA content was based on the method previously reported.3,23 Briefly, 3 mL of sample 

156 was mixed with 9 mL of extraction buffer (1% (w/v) m-phosphoric acid with 0.5% (w/v) oxalic acid, pH 2.0). 

157 The mixture was centrifuged (24000xg, 4 °C and 15 min) (J2-HS centrifuge, Beckman, Brea, CA, U.S.A.). 

158 Subsequently, pH of the obtained supernatant was adjusted to 3.5 using 1 N NaOH or 1 M HCl. Phosphate 

159 buffer (20 mM NaH2PO4 + 1 mM Na2EDTA, pH 3.5) was added to the pH adjusted supernatant in ratio 2:1 and 

160 the mixture was filtered through a 0.45 µm syringe filter (Chromafil A-45/25, Macherey-Nagel, Düren, 

161 Germany) prior to injection in a HPLC. The analysis was performed in a HPLC (Dionex, Sunnyvale, CA, U.S.A.) 

162 with an AD25 UV-vis detector set at 245 nm. A Prevail C18 column (250x4.6 mm, 5 µm particle size, Grace, 

163 Columbia, MD, U.S.A.) with a corresponding guard column was used for chromatographic separation. The 

164 separation was carried out at 25 °C using isocratic elution with 1 mM Na2EDTA and 10 mM CH3COONH4 at 

165 0.8 mL min-1. The injection volume was 25 µL. A calibration curve with AA (99%, Acros Organics, Geel, 

166 Belgium) in extraction buffer was prepared for quantification.
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167 Determination of the sugar content

168 The extraction and chromatographic analysis of sugars (including sucrose, fructose, and glucose) were based 

169 on the procedure reported earlier.23,27 For extraction, 50 µL of Carrez I (15% w/v K4[Fe(CN)6]) and Carrez II 

170 (30% w/v ZnSO4) was added to 1 mL of the sample and the mixture was homogenized using a vortex mixer. 

171 After resting for 30 min at room temperature, the sample was centrifuged (19900xg, 4 °C, and 15 min) 

172 (Microfuge 22R, Beckman Coulter). The obtained supernatant was filtered through a 0.45 µm syringe filter 

173 (Chromafil A-45/25, Macherey-Nagel, Düren, Germany) and 2 µL of a 10-fold dilution of the filtrate was 

174 injected into the HPLC system. The extraction was done in triplicate for each sample. The analysis was 

175 performed in a HPLC (Agilent 1200 series, Santa Clara, CA, U.S.A.) with evaporative light scattering detection 

176 (ELSD). A PrevailTM carbohydrate ES column (analytical column 250x4.6 mm, 5 µm particle size, Alltech, Grace, 

177 Deerfield, IL) with Prevail C18 guard cartridge (7.5×4.6 mm, 5 μm particle size) was used for chromatographic 

178 separation. The separation was carried out at 30 °C using isocratic elution with 75% (v/v) acetonitrile/water 

179 at 1 mL min- 1. Identification was performed comparing the retention times with the sugar standards 

180 (fructose, glucose, and sucrose), while quantification was carried using calibration curves of these standards.

181 Determination of the furfural and HMF content 

182 The extraction and chromatographic analysis of furfural and HMF were based on the method previously 

183 reported.3,23 500 L of Carrez I and Carrez II was added to 10 mL of the sample and the mixture was 

184 homogenized using a vortex mixer. After resting for 30 min at room temperature, the sample was centrifuged 

185 (24000xg, 4 °C and 15 min) (J2-HS centrifuge, Beckman, Brea, CA, U.S.A). 1 mL of the obtained supernatant 

186 was applied on a C18 SPE precolumn (Sep-PAK Water, Milford, U.S.A.), preconditioned with 2 mL methanol 

187 and 5 mL 0.5% acetic acid. After washing the SPE column with 2 mL of ultrapure water, furfural and HMF 

188 were selectively eluted with 4.5 mL ethyl acetate and dried with anhydrous sodium sulfate. The eluate was 

189 filtered through a 0.45 µm syringe filter into a 5 mL volumetric flask and the volume was adjusted to 5 mL 

190 with ethyl acetate. The extraction was performed in triplicate. The separation and analysis were carried in a 

191 HPLC system (Agilent 1200 series, Santa Clara, CA, U.S.A.) with UV-vis detector. The chromatographic 

192 separation was performed using a Zorbax Eclipse XDB C18 column (150×4.6 mm, 5 μm particle size, Agilent 
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193 technologies, Diegem, Belgium), coupled to a Prevail C18 guard cartridge, at 25 °C. The mobile phase was a 

194 mixture of 5/95 (v/v) acetonitrile/water at 1 mL min-1 isocratic elution. Furfural was detected at 277 nm and 

195 HMF was detected at 285 nm. Identification was performed comparing the retention time with furfural and 

196 HMF standards; while quantification was done using calibration curves of the standards.

197 Browning index measurement

198 Browning index (BI) was determined based on the method previously described23,28 with some modifications. 

199 Specifically, an equal volume of sample was mixed with 95% ethanol, then the solution was filtered (0.45 m) 

200 and the obtained filtrate was placed in a cuvette. Browning index was measured at 420 nm in a 

201 spectrophotometer (Ultraspec 2100pro UV/Visible spectrophotometer, GE Healthcare, Uppsala, Sweden) at 

202 room temperature.

203 Kinetic modeling

204 The evolution of different NEB related attributes including changes in oxygen, AA and sugar content, and 

205 formation of furfural and HMF during storage was quantitatively evaluated by kinetic modeling of the data. 

206 For each attribute, performance of several kinetic models was evaluated examining the R2
adjusted (Eq. 6) and 

207 by visual inspection of the parity plot (estimated values versus measured values) and the residual plot. The 

208 best performing model was selected for each attribute and kinetic parameters were estimated by (non)linear 

209 regression analysis using Statistical Analysis System (SAS) software (SAS 9.3, Cary, NC). Following kinetic 

210 models have been selected: a zero order (Eq. 1), first order (Eq. 2), biphasic first order (Eq. 3), first order 

211 fractional conversion (Eq. 4), and logistic (Eq. 5) model.

212 X = X0 + kt (zero order model for formation) (1)                                                             

213 X = X0 exp (-kt) (first order model for degradation) (2)

214 - ) exp (- t) + exp (- t) (3)𝑋 = (𝑋 𝑋𝑠 𝑘𝑓 𝑋𝑠 𝑘𝑠

215 X = X∞ + (X0 - X∞) exp (-kt) (4)

216 (5)𝑋 =
𝑋∞

1 + 𝑒𝑥𝑝[4𝑘𝑚𝑎𝑥
𝑋∞

(λ - t) + 2]
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217 (6)𝑅2
𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 1 ―  [(𝐷𝐹𝑡𝑜𝑡 ― 1)(1 ―

𝑆𝑆𝑚𝑜𝑑𝑒𝑙
𝑆𝑆𝑡𝑜𝑡𝑎𝑙 )

𝐷𝐹𝑒𝑟𝑟𝑜𝑟 ]
218 In these equations, X is the parameter value at storage time t (weeks), X0 is the initial value before storage, 

219 Xs is the initial value of the slow phase in the biphasic first order model, X∞ is the plateau value which is stable 

220 as a function of time, k and kmax are the apparent reaction rate constants, kf  and ks are the apparent reaction 

221 rate constants of the fast and slow phase (biphasic first order model), respectively, and λ is the duration of 

222 the lag phase in the logistic model. In Eq. 6, DFtot and DFerror are total degree of freedom and degree of 

223 freedom of error, respectively, and SS is the sum of squares. The selected models should be considered as 

224 empirical models and should not be mechanistically interpreted. Statistical differences between the 

225 estimated parameters of different samples were evaluated using their 95% confidence intervals.

226 RESULTS AND DISCUSSION

227 Oxygen consumption

228 Changes in headspace and dissolved oxygen content in the control, pH adjusted, and supplemented samples 

229 as function of time are shown in Figure 1. In general, there was an initial fast and large decrease in the 

230 headspace and dissolved oxygen level of the samples. After four weeks of storage, the headspace and 

231 dissolved oxygen content had reached almost the same low level in all samples and remained relatively 

232 constant until the end of storage. A similar trend was previously reported for the disappearance of oxygen 

233 during storage of pasteurized single strength orange juice packed in different packaging materials3,29 and of 

234 other citrus juices or concentrates.13 These authors have linked the fast decrease of the oxygen content at 

235 the beginning of storage to the aerobic degradation of AA in the stored samples. It was also observed from 

236 our study that the initial fast and large drop of headspace and dissolved oxygen level coincided with the 

237 drastic decrease in AA concentration during the initial stage of storage (see Figures 2A,B). 

238 The decrease in both headspace and dissolved oxygen content was best described by a first order fraction 

239 conversion model (R2
adj ≥ 0.92). This model was also used by other authors to fit the disappearance of 

240 headspace and dissolved oxygen during storage of pasteurized shelf-stable orange juice.3 Estimated kinetic 

241 parameters of the models are summarized in Supplement 1 for the control, pH adjusted, and supplemented 

Page 10 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



11

242 samples. Although no significant difference (P > 0.05) in the rate constant (k) of headspace and dissolved 

243 oxygen consumption was observed among different pH samples, adjusting pH of the model systems to 1.5 

244 and 2.5 caused a decrease in oxygen consumption rate constant, particularly at the lower pH. The k value of 

245 dissolved oxygen consumption in the pH 1.5 sample (0.335 ± 0.155 week-1) was only half of that in the control 

246 (pH 3.8) (0.632 ± 0.083 week-1).

247 Addition of AA to the model system drastically increased the oxygen consumption rat constant of both 

248 headspace and dissolved oxygen (Figures 1B,D). Specifically, the headspace and dissolved oxygen levels in 

249 AA enriched and AA and arginine enriched samples reached equilibrium after two weeks of storage while 

250 this point was only reached after four weeks of storage for the control and other enriched samples. Since the 

251 oxidative degradation of AA is one of the main causes of oxygen depletion,3,13,30 addition of AA with or 

252 without combining with arginine significantly increased the rate constant of headspace and dissolved oxygen 

253 consumption during storage (Supplement 1). On the other hand, enriching the model system with fructose 

254 and/or arginine did not have any effect on the oxygen consumption rate constant compared to the control 

255 sample.

256 Ascorbic acid degradation 

257 It was observed in our study that the AA content decreased quickly at the beginning of storage for all samples 

258 (Figure 2). The naturally present AA content of samples varying in pH or supplemented with arginine and/or 

259 fructose decreased rapidly to zero in the first week of storage at 42 °C (Figures 2A,B). This coincides with the 

260 initial drop of headspace oxygen content which decreased by more than 65% of its initial content 

261 (Figures 1A,B).

262 Regarding to the samples that were supplemented with AA or a combination of AA and arginine, the changes 

263 in AA content showed a biphasic behavior in the time frame of the storage experiment (Figure 2C): a fast 

264 decline in the first two weeks followed by a gradual decrease until the end of eight weeks storage. In presence 

265 of oxygen, AA degradation occurs simultaneously by aerobic (i.e., oxidative) and anaerobic (i.e., 

266 nonoxidative) mechanisms, the latter pathway being slower than the former.31 Therefore, these two phases 

267 in AA degradation correspond to the dominance of the aerobic pathway in the presence of high headspace 
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268 and dissolved oxygen content at the beginning of storage and the dominance of the anaerobic pathway in 

269 the later phase when the oxygen levels were very low after two weeks of storage (Figures 1B,D).

270 The decline in AA content of the control, pH adjusted, arginine and/or fructose supplemented samples was 

271 best fitted by a first order model (R2
adj ≥ 0.97) which is in agreement with other studies on fruit juices 

272 including shelf-stable orange juice.3,5,32,33 The sample adjusted to pH 1.5 or pH 4.5 all showed a significantly 

273 higher AA degradation rate constant (k) as compared to the control (pH 3.8) (Supplement 2). This result is 

274 consistent with the findings of the study by Kennedy et al. (1990)34 who observed a low ascorbic acid 

275 retention in orange juice serum during storage at different temperatures (5, 38, and 50 °C) when the pH of 

276 the juice (3.10) was adjusted to a more acidic pH (1.15 or 1.95) or a less acidic pH (4.15 or 7.0). Thus, it can 

277 be concluded that the pH-dependency of ascorbic acid degradation does not follow a single increasing or 

278 decreasing trend.

279 It has been reported in literature that the presence of amino acids enhance AA degradation.14,18 However, 

280 adding more arginine to the model orange juice solution in our study did, in general, not result in a significant 

281 difference in the rate constant of AA degradation during storage at 42 °C compared to the control. A similar 

282 trend was also observed upon adding fructose to the model juice system. It is worth noting that the control 

283 sample was the soluble fraction of orange juice which contains almost all amino acids and sugars naturally 

284 present in the juice. The natural presence of these compounds was probably more than enough to have an 

285 effect on the degradation of AA, thus adding additional arginine/fructose did not result in any significant 

286 change.

287 For the samples supplemented with AA and combination of AA and arginine, a biphasic first order model 

288 adequately described the two degradation stages of AA in these systems during storage. A fast AA 

289 degradation was observed in the first two weeks of storage followed by a slow degradation phase until the 

290 end of the storage period. There was no significant difference in the estimated rate constants (kf and ks for 

291 the fast and slow phase, respectively) (Supplement 3) between the sample enriched with AA and with the 

292 combination of AA and arginine for both phases. The reason could be the same as explained earlier. For each 

293 supplemented sample, the estimated rate constant of the fast phase (kf) was more than 40 times higher than 

Page 12 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



13

294 the estimated rate constant of the slow phase (ks). The fast and slow stages are probably corresponding to 

295 the aerobic and anaerobic degradation of AA during storage. It has been reported that the rate of aerobic 

296 loss of AA is often ten or up to thousand times the rate of loss under anaerobic conditions.35 Additional 

297 calculations were done to evaluate the correlation between AA degradation and oxygen consumption in 

298 these two supplemented samples considering that 0.5 mole of oxygen (O2) is needed for the aerobic 

299 oxidation of each mole of AA. The results (not shown) revealed that, if aerobic oxidation was assumed to be 

300 the only degradation pathway during the first two weeks of storage, around 95% of the total (headspace and 

301 dissolved) oxygen consumed was used by the oxidation of AA.

302 Changes in sugar content

303 Sucrose, glucose and fructose are the main sugars which represent 80% of the total soluble solid of the 

304 orange juice. During processing and storage of orange juice, sucrose can be converted to glucose and fructose 

305 under acidic conditions.3,14,23 It was noticed that the changes in sugars during pasteurization of the control 

306 (pH 3.8) and pH 4.5 sample were negligible while adjustment of the pH of the solutions to 1.5 and 2.5 caused 

307 a drastic increase in the conversion of sucrose to glucose and fructose (results not shown). Especially in the 

308 pH 1.5 sample, the inversion of sucrose was almost complete after the pasteurization, therefore, the sucrose 

309 content was very low while the glucose and fructose contents were much higher in this sample at the 

310 beginning of storage compared to the control and other pH samples.

311 In general, the sucrose content decreased while the glucose and fructose content increased for all the pH 

312 and supplemented samples during storage (Figure 3). A complete inversion of sucrose was observed in the 

313 pH 1.5 and 2.5 samples after one day and two weeks of storage, respectively (Figure 3A), whereafter, the 

314 sucrose content in these samples was zero and the glucose and fructose content stayed relatively constant 

315 until the end of eight weeks storage (Figures 3A,C,E). Therefore, the changes in sugar content during storage 

316 of the samples at pH 1.5 and 2.5 were not modeled. For the sample supplemented with a high amount of 

317 fructose, its fructose content only slightly increased with storage time and the change was also not modeled. 

318 For the rest of the samples, the decrease of sucrose content could be adequately fitted by a first order model 

319 (R2
adj ≥ 0.99) while a zero order model was used to describe the increase in glucose and fructose content 
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320 (R2
adj ≥ 0.86 and R2

adj ≥ 0.90, respectively). It can be seen from the estimated parameters in Supplement 4 

321 that increasing the pH of the model juice system from 3.8 to 4.5 significantly decreased the rate constant (k) 

322 of acid catalyzed hydrolysis of sucrose during storage. As a result, the k values of glucose and fructose 

323 formation in the pH 4.5 sample were significant lower compared to the control. Similarly, addition of arginine 

324 led to a pH increase of the samples and thus to a decreased k value of sucrose hydrolysis to glucose and 

325 fructose during storage.

326 It has been reported that reducing sugars in orange juice including glucose and fructose can be decomposed 

327 under acidic conditions to from reactive carbonyl compounds such as 3-deoxyglucosone, glyoxal, 

328 methylglyoxal, and HMF.8,19 These compounds are considered as potent intermediates in the formation of 

329 brown colored components. It is commonly observed that glucose and fructose do not decrease in 

330 concentration during storage as they can be generated from sucrose hydrolysis.3,34,36 This is in accordance 

331 with our observation in most of the samples. However, for the low pH samples (pH 1.5 and 2.5) in which the 

332 inversion of sucrose was complete in the early phase of the storage, we expected to see a decrease in the 

333 glucose and fructose content in the later phase of storage which was not the case. A plausible explanation 

334 for this could be that the content of glucose and fructose in the orange juice was high thus a small 

335 degradation might not significantly change their content.

336 Formation of furfural and HMF

337 The formation of furfural during storage at 42 °C for the different samples is shown in Figures 4A,B. It can be 

338 clearly seen from the figures that the furfural content increased linearly with storage time for all investigated 

339 samples. The formation of furfural seemed to be pH dependent with the highest formation rate for the pH 1.5 

340 sample, a similar rate for the pH 2.5 and control samples, and the lowest formation rate for the pH 4.5 

341 sample. Furthermore, addition of AA increased the formation of furfural during storage. The effect of AA 

342 enrichment on furfural formation was less pronounced once it was combined with arginine. This can probably 

343 be attributed to a higher pH value caused by the presence of the basic nature of arginine which reduces the 

344 formation of furfural. According to Yuan and Chen37, furfural was one of the main anaerobic degradation 

345 products of AA and its formation was highly enhanced at low pH values. Similarly, it was reported by 
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346 Berlinet et al.38 that increasing the pH from 3.2 to 4.0 would significantly reduce the amount of furfural in 

347 orange juice stored at 20 °C for one month. 

348 The evolution of furfural during storage of all pH adjusted and supplemented samples was best described by 

349 a zero order model (R2
adj ≥ 0.95) which was previously used to model the formation of furfural in stored citrus 

350 juices including orange juice.3,13,36 The estimated reaction rate constants (k) are summarized in 

351 Supplement  5. Among different pH samples, the lowest pH sample (pH 1.5) had the highest k value. The 

352 k value for furfural formation was much higher for the sample enriched with only AA as compared to the 

353 control and other supplemented samples. Faster formation of furfural due to addition of AA was previously 

354 reported for mango juice stored at 42 °C.39 The samples enriched with fructose also showed a significantly 

355 higher k value for furfural formation. This observation is in agreement with the previous work of Shinoda et 

356 al.22 who showed that the formation of furfural from AA degradation was promoted by the presence of 

357 sugars.

358 Figures 4C,D show the formation of HMF during storage of the pH adjusted and supplemented samples, 

359 respectively. In general, there was an induction phase in the evolution of HMF during the first one or two 

360 weeks of storage after which the HMF content increased as a function of storage time. The formation of HMF 

361 was clearly affected by pH of the model juice system. More specifically, adjustment of the pH to 1.5 and 2.5 

362 highly enhanced the formation of HMF while increasing the pH of the model system from 3.8 to 4.5 reduced 

363 the HMF content formed in the stored samples. This suggests that acidic conditions favor the formation of 

364 HMF. Regarding to the supplementation of different NEB suspected precursors, addition of fructose or the 

365 combination of fructose and arginine increased the formation of HMF while addition of AA and/or arginine 

366 decreased its formation as compared to the control. This is to be expected since HMF has been reported as 

367 a main decomposition product of hexoses such as glucose and fructose.1,19 The reduced HMF formation upon 

368 addition of arginine could be due to the increase in the pH value due to the supplementation of this 

369 compound. No plausible reason could be found in literature to explain why adding more AA decreased the 

370 formation of HMF.

Page 15 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



16

371 A logistic model was used to adequately describe the accumulation of HMF in all pasteurized samples during 

372 storage regardless of their differences in pH or composition (R2
adj ≥ 0.99). Three parameters of the model 

373 including duration of the induction phase (λ), reaction rate constant (k), and final HMF content (X∞) were 

374 estimated for each sample and are reported in Supplement 5. It can be clearly observed that decreasing the 

375 pH to 1.5 significantly shortens the induction phase (λ) and increases the k value and the X∞ in the sample. 

376 Decreasing the pH to 2.5 or addition of fructose did not change the λ value but significantly increased the k 

377 value and the X∞. Wibowo et al.39 observed that adding citric acid to the mango juice resulted in a decrease 

378 in pH which led to a higher rate of HMF formation in the juice during storage. A study on the stability of 

379 reducing sugars at different acid pH reported that the rate of HMF formation from fructose was double at 

380 pH 3 compared to pH 4-6.40 On the contrary, addition of AA or arginine or their combination caused a 

381 significant decrease in the k value and the X∞. 

382 Browning development

383 It was visually observed that, during storage, all the pH adjusted or supplemented samples started to turn 

384 brown after 4 days of storage and that the browning intensity increased with storage time. The browning 

385 development of the samples during storage was quantitatively assessed by measuring the browning index 

386 (BI). The changes in BI as function of storage time for different pH adjusted and supplemented samples are 

387 shown in Figure 5. In agreement with the visual observation, the BI increased during storage for all the 

388 investigated samples. This is probably due to the formation and accumulation of brown colored compounds 

389 through NEB reactions. However, the pattern (will be discussed in detail) of change in BI during storage was 

390 noticed to be different among different pH adjusted or supplemented samples. Therefore, kinetic modeling 

391 was not applied for this attribute and comparison among different samples was done qualitatively based on 

392 the experimental data.

393 Among the different pH samples, it could be observed that the high pH samples (3.8 and 4.5) showed higher 

394 BI values during the first week of storage while in the later phase of storage the BI was distinguishably higher 

395 for the low pH samples, particularly for the pH 1.5 sample (Figure 5A). Changes in pH value not only affected 

396 the absolute BI of the samples but also changed the pattern of BI evolution during storage: for the control 
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397 and pH 4.5 sample, the BI value increased quickly at the beginning of storage then reached an equilibrium 

398 where its value did not further increase significantly. While in case of the pH 1.5 and 2.5 samples, the BI 

399 showed a slow rise in the early phase of storage followed by a gradually increase until the end of storage. 

400 The effect of pH on browning development during storage could result from its effects on the degradation of 

401 AA and/or sugars and the formation of NEB intermediates such as furfural and HMF. It was reported in 

402 previous sections that lowering the pH of the model system from 3.8 to 1.5 increased the degradation rate 

403 constant of AA, the hydrolysis of sucrose, and the formation rate of furfural and HMF. Kennedy et al.14 stated 

404 that the combination of low pH (pH 1.15) with elevated storage temperature resulted in higher browning 

405 formation in orange juice.

406 Regarding to the supplemented samples, a higher BI value was observed for the samples enriched with AA 

407 or fructose with or without combing with arginine, especially in the later phase of storage. Addition of 

408 arginine alone did not have any effect on the browning of the model orange juice system. AA and sugars 

409 (glucose and fructose) have been proposed to be main precursors of NEB reactions in fruit juices including 

410 orange juice. Addition of AA and fructose caused an increase in the formation of furfural and HMF, 

411 respectively, thus intensified the formation of brown colored compounds which was reflected in a higher BI 

412 value. The browning of citrus juices and model juice systems was reported to be proportional to the level of 

413 AA.10,15,18,22,34 The authors attributed this to the higher formation of reactive degradation products when the 

414 AA concentration was increased.22,34 Regarding to the effect of sugars on NEB, Kennedy et al.14 showed that 

415 the browning intensity of orange juice serum stored at 50 °C for 5 days was augmented when adding 15.2 

416 and 30.5 g L-1 of glucose. Amino acids have been reported to react with NEB intermediates to form brown 

417 compounds in fruit juices and model juice systems.10,15,17,34,36 However, they may not be considered as a 

418 limiting substrate of the browning reactions in these matrices. According to Stadtman9, browning of orange 

419 juice and other fruit juices can occur without the transformation of large amounts of amino acids. It is 

420 possible that the natural presence of amino acids in the model juice system is than enough for the browning 

421 reaction to take place. Therefore, adding more arginine did not show any changes in the browning of the 

422 samples during storage as observed in Figure 5B.
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423 In conclusion, lowering the pH of the model juice system from 3.8 to 1.5 did not affect the oxygen 

424 consumption, but significantly increased the rate constant of AA degradation, the hydrolysis of sucrose to 

425 glucose and fructose, and the formation of furfural and HMF. Supplementing the model system with AA or a 

426 combination of AA and arginine speeded up the oxygen consumption and the formation of furfural while 

427 adding more fructose increased the formation of HMF. As a result, decreasing the pH or addition of more AA 

428 or fructose led to a higher browning intensity in the stored samples, particularly in the later phase of storage. 

429 Therefore, it can be concluded that a low pH value (i.e., pH 1.5) or a high concentration of NEB precursors 

430 such as AA and fructose but not arginine intensified the browning of orange juice during storage.

431 ABBREVIATIONS USED

432 AA     ascorbic acid

433 BI browning index

434 DF degree of freedom

435 HMF 5-hydroxymethylfurfural

436 HPLC high performance liquid chromatography

437 NEB nonenzymatic browning

438 UV-vis ultraviolet-visible

439 SS sum of squares

440 ACKNOWLEDGMENTS

441 Huong T. T. Pham is a PhD student funded by the Interfaculty Council for Development Cooperation (IRO). 

442 This research was financially supported by the Research Foundation Flanders (FWO) [Project G0C3718N]. At 

443 the moment of the experimental work, Carolien Buvé was a PhD student funded by the Research Foundation 

444 Flanders (FWO) [Project G0A7615N].

445 CONFLICT OF INTEREST

446 The authors declare no competing financial interest.

Page 18 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



19

447 SUPPORTING INFORMATION DESCRIPTION

448 The estimated kinetic parameters of the kinetic models used for the results in Figure 1-4 are provided in the 

449 Supplementary material (Supplement 1-5). The results in this Supplementary material were sometime 

450 discussed in section Results and Discussion of the Manuscript. Therefore, this Supplementary material 

451 should be included in the final documents for Reviewers and for Publication if accepted.

452 Supplement 1 summarizes the estimated kinetic parameters based on a first order fractional conversion 

453 kinetic model describing headspace and dissolved oxygen consumption 

454 Supplement 2 summarizes the estimated kinetic parameters based on a first order kinetic model describing 

455 ascorbic acid degradation 

456 Supplement 3 summarizes the estimated kinetic parameters based on a biphasic first order kinetic model 

457 describing ascorbic acid degradation 

458 Supplement 4 summarizes the estimated kinetic parameters based on a first order (sucrose degradation) 

459 and zero order (glucose and fructose formation) model describing the changes during storage 

460 Supplement 5 summarizes the estimated kinetic parameters  based on a zero order (Furfural formation) and 

461 logistic (HMF formation) model describing the changes during storage 
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572 FIGURE CAPTIONS

573 Figure 1. Changes in headspace (A and B) and dissolved (C and D) oxygen content during storage at 42 °C of 

574 the control (pH 3.8 and no addition) (), pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg 

575 enriched (), Fru enriched (), Fru+Arg enriched (), and Arg enriched () samples. The experimental data 

576 are represented by the different symbols and the full lines represent the fitted values by a first order 

577 fractional conversion model. The error bars indicate the standard deviation (sample size = 3).
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578 Figure 2. Changes in ascorbic acid (AA) content during storage at 42 °C of the control (pH 3.8 and no addition) 

579 (), pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg enriched (), Fru enriched (), Fru+Arg 

580 enriched (), and Arg enriched () samples. The experimental data are represented by the different symbols 

581 and the full lines represent the fitted values by first order (A and B) and biphasic first order (C) models. The 

582 error bars indicate the standard deviation (sample size = 3).

583 Figure 3. Changes in sucrose (A and B), glucose (C and D), and fructose (E, F, and G) content during storage 

584 at 42 °C of the control (pH 3.8 and no addition) (), pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), 

585 AA+Arg enriched (), Fru enriched (), Fru+Arg enriched (), and Arg enriched () samples. The 

586 experimental data are represented by the different symbols and the full lines represent the fitted values by 

587 first order (sucrose) and zero order (glucose and fructose) models. The error bars indicate the standard 

588 deviation (sample size = 3).

589 Figure 4. Changes in furfural (A and B) and HMF (C and D) content during storage at 42 °C of the control (pH 

590 3.8 and no addition) (), pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg enriched (),Fru 

591 enriched (),Fru+Arg enriched (), and Arg enriched () samples. The experimental data are represented 

592 by the different symbols and the full lines represent the fitted values by zero order (furfural) and logistic 

593 (HMF) models. The error bars indicate the standard deviation (sample size = 3).

594 Figure 5. Changes in browning index (BI) value during storage at 42 °C of the control (pH 3.8 and no addition) 

595 (), pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg enriched (), Fru enriched (), Fru+Arg 

596 enriched (), and Arg enriched () samples. The error bars indicate the standard deviation (sample size = 

597 3).
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Table 1. Overview of pH adjustment or supplementation of the model juice system

Treatment Sample code Description

Control (pH 3.8) Orange juice based model system (original pH of 3.8 and no addition)

pH 4.5 Model system with pH adjusted to 4.5

pH adjustment pH 2.5 Model system with pH adjusted to 2.5

pH 1.5 Model system with pH adjusted to 1.5

AA enriched Model system with addition of 3.6 g L-1 AA

Arg enriched Model system with addition of 3.6 g L-1 arginine

Supplementation Fru enriched Model system with addition of 180 g L-1 fructose

AA+Arg enriched Model system with addition of 3.6 g L-1 AA and 1.6 g L-1 arginine

AA+Fru enriched Model system with addition of 180 g L-1 fructose and 1.6 g L-1 arginine
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Different pH samples Different supplemented samples

A B

C D

D

Figure 1. Changes in headspace (A and B) and dissolved (C and D) oxygen content during storage at 42 °C of the control 

(pH 3.8 and no addition) (), pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg enriched (), Fru enriched (), 

Fru+Arg enriched (), and Arg enriched () samples. The experimental data are represented by the different symbols 

and the full lines represent the fitted values by a first order fractional conversion model. The error bars indicate the 

standard deviation (sample size = 3).
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Different pH samples Different supplemented samples

C

A B

Figure 2. Changes in ascorbic acid (AA) content during storage at 42 °C of the control (pH 3.8 and no addition) (), 

pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg enriched (), Fru enriched (), Fru+Arg enriched (), and 

Arg enriched () samples. The experimental data are represented by the different symbols and the full lines represent 

the fitted values by first order (A and B) and biphasic first order (C) models. The error bars indicate the standard 

deviation (sample size = 3).
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Different pH samples Different supplemented samples

A B

DC

E
F

G

Figure 3. Changes in sucrose (A and B), glucose (C and D), and fructose (E, F, and G) content during storage at 42 °C of 

the control (pH 3.8 and no addition) (), pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg enriched (), 

Fru enriched (), Fru+Arg enriched (), and Arg enriched () samples. The experimental data are represented by the 

different symbols and the full lines represent the fitted values by first order (sucrose) and zero order (glucose and 

fructose) models. The error bars indicate the standard deviation (sample size = 3).
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Different supplemented samplesDifferent pH samples

C D

A B

Figure 4. Changes in furfural (A and B) and HMF (C and D) content during storage at 42 °C of the control (pH 3.8 and no 

addition) (), pH 1.5 (), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg enriched (),Fru enriched 

(),Fru+Arg enriched (), and Arg enriched () samples. The experimental data are represented by the different 

symbols and the full lines represent the fitted values by zero order (furfural) and logistic (HMF) models. The error bars 

indicate the standard deviation (sample size = 3).
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Different pH samples Different supplemented samples
A B

Figure 5. Changes in browning index (BI) value during storage at 42 °C of the control (pH 3.8 and no addition) (), pH 1.5 

(), pH 2.5 (), pH 4.5 (), AA enriched (), AA+Arg enriched (), Fru enriched (), Fru+Arg enriched (), and 

Arg enriched () samples. The error bars indicate the standard deviation (sample size = 3).
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SUPPLEMENTARY MATERIAL

Supplement 1. Estimated kinetic parameters (± standard error) based on a first order fractional conversion kinetic 

model describing headspace and dissolved oxygen consumption during storage at 42 °C.

For each attribute of each set of samples listed in the same column, estimates which are significantly different between samples 

are indicated with a different letter in superscript (P < 0.05).

Headspace oxygen consumption Dissolved oxygen consumption 
Sample

Xo (ppb) X∞ (ppb) k (week-1) R2
adj Xo (ppb) X∞ (ppb) k (week-1) R2

adj

pH 1.5 8038 ± 237a 462 ± 166a 1.20 ± 0.11a 0.99 2794 ± 211a 105 ± 460a 0.34 ± 0.16a 0.92

pH 2.5 8251 ± 312a 505 ± 209a 1.34 ± 0.16a 0.99 3271 ± 178a 314 ± 198a 0.56 ± 0.13a 0.97

Control (pH 3.8) 8302 ± 234a 396 ± 150a 1.52 ± 0.13a 0.99 3075 ± 100a 248 ± 101a 0.63 ± 0.08a 0.99

pH 4.5 8174 ± 290a 372 ± 186a 1.53 ± 0.17a 0.99 2911 ± 132a 252 ± 129a 0.65 ± 0.12a 0.98

Control 8302 ± 234a 396 ± 150a 1.52 ± 0.13a 0.99 3075 ± 100a 248 ± 101a 0.63 ± 0.08a 0.99

AA enriched 8450 ± 54a 266 ± 32a 1.95 ± 0.04b 0.99 3377 ± 123a 344 ± 71a 2.06 ± 0.25b 0.99

Arg enriched 8267 ± 243a 392 ± 156a 1.52 ± 0.14a 0.99 3286 ± 42a 270 ± 37a 0.77 ± 0.04a 0.99

Fru enriched 8694 ± 154a 339 ± 106a 1.23 ± 0.07a 0.99 2912 ± 166a 287 ± 161a 0.66 ± 0.15a 0.97

AA+Arg enriched 8485 ± 49a 232 ± 28a 2.22 ± 0.04c 0.99 3160 ± 91a 296 ± 46a 3.02 ± 0.30b 0.99

Fru+Arg enriched 8650 ± 124a 321 ± 86a 1.21 ± 0.05a 0.99 2836 ± 218a 293 ± 192a 0.75 ± 0.22a 0.94
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Supplement 2. Estimated kinetic parameters (± standard error) based on a first order kinetic model describing 
ascorbic acid degradation during storage at 42 °C.

For each set of samples listed in the same column, estimates which are significantly different between samples are indicated with a 

different letter in superscript (P < 0.05).

Sample Xo (mg L-1) k (week-1) R2
adj

pH 1.5 164.5 ± 0.7b 8.44 ± 0.10b 0.99

pH 2.5 163.8 ± 1.0b 7.79 ± 0.13a 0.99

Control (pH 3.8) 167.8 ± 2.8ab 7.23 ± 0.34a 0.99
pH 4.5 160.0 ± 0.3a 9.68 ± 0.06c 0.99

Control 167.8 ± 2.8a 7.23 ± 0.34a 0.99

Arg enriched 160.4 ± 12.4a 10.63 ± 2.50a 0.97

Fru enriched 153.9 ± 2.4a 6.13 ± 0.28a 0.99

Fru+Arg enriched 150.0 ± 9.5a 7.81 ± 1.40a 0.98
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Supplement 3. Estimated kinetic parameters (± standard error) based on a biphasic first order kinetic model 
describing ascorbic acid degradation during storage at 42 °C.

Estimates which are significantly different between samples are indicated with a different letter in superscript (P < 0.05).

Sample
Xo (mg L-1) kf (week-1) Xs (mg L-1) ks (week-1) R2

adj

AA enriched 3274 ± 55a 1.54 ± 0.41a 2310 ± 122b 0.038 ± 0.009a 0.99

AA+Arg enriched 3056 ± 53a 2.21 ± 0.54a 2141 ± 86a 0.042 ± 0.008a 0.99
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Supplement 4. Estimated kinetic parameters (± standard error) based on a first order (sucrose degradation) and zero 
order (glucose and fructose formation) model describing the changes during storage at 42 °C.

For each attribute of each set of samples listed in the same column, estimates which are significantly different between samples 

are indicated with a different letter in superscript (P < 0.05). * is not modeled.

Sample Sucrose degradation
(First order model)

Glucose formation
(Zero order model)

Fructose formation
(Zero order model)

Xo (g L-1) k
(week-1)

R2
adj Xo (g L-1) k

(g L -1 week-1)
R2

adj Xo (g L-1) k
(g L -1 week-1)

R2
adj

pH 1.5 n/m* n/m n/m n/m n/m n/m n/m n/m n/m
pH 2.5 n/m n/m n/m n/m n/m n/m n/m n/m n/m

Control (pH 3.8) 40.27 ± 0.36b 0.123 ± 0.004b 0.99 17.79 ± 0.27a 1.52 ± 0.07b 0.99 21.06 ± 0.29a 1.67 ± 0.07b 0.99

pH 4.5 42.74 ± 0.68b 0.037 ± 0.005a 0.99 18.20 ± 0.33a 0.51 ± 0.09a 0.86 21.42 ± 0.30a 0.55 ± 0.08a 0.90

Control 40.27 ± 0.36bc 0.123 ± 0.004c 0.99 17.79 ± 0.27bcd 1.52 ± 0.07c 0.99 21.06 ± 0.29ab 1.67 ± 0.07c 0.99

AA enriched 41.51 ± 0.38bc 0.153 ± 0.005d 0.99 19.29 ± 0.28e 2.03 ± 0.07d 0.99 22.48 ± 0.28c 2.12 ± 0.07d 0.99

Arg enriched 40.31 ± 0.20b 0.057 ± 0.002a 0.99 17.45 ± 0.09c 0.78 ± 0.02a 0.99 20.33 ± 0.11a 0.88 ± 0.03a 0.99

Fru enriched 35.55 ± 0.30a 0.115 ± 0.003c 0.99 16.33 ± 0.35ab 1.28 ± 0.09bc 0.97 n/m n/m n/m

AA+Arg enriched 41.39 ± 0.16c 0.083 ± 0.001b 0.99 18.33 ± 0.17de 1.18 ± 0.04b 0.99 21.66 ± 0.21bc 1.26 ± 0.05b 0.99

Fru+Arg enriched 37.16 ± 0.48a 0.089 ± 0.005b 0.99 15.75 ± 0.21a 1.03 ± 0.05b 0.98 n/m n/m n/m
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Supplement 5. Estimated kinetic parameters (± standard error) based on a zero order (Furfural formation) and logistic 

(HMF formation) model describing the changes during storage at 42 °C.

For each attribute of each set of samples listed in the same column, estimates which are significantly different between samples 

are indicated with a different letter in superscript (P < 0.05).

Furfural formation (zero order model) HMF formation (Logistics model)
Sample Xo (mg L-1) k

(mg L -1 week-1)
R2

adj λ (week) X∞ (mg L-1) k
(mg L -1 week-1)

R2
adj

pH 1.5 0.169 ± 0.036a 0.114 ± 0.009b 0.96 1.02 ± 0.31a 81.60 ± 8.39c 11.28 ± 0.90c 0.99
pH 2.5 0.140 ± 0.030a 0.082 ± 0.008b 0.95 2.19 ± 0.24ab 24.02 ± 2.46b 3.37 ± 0.19b 0.99
Control (pH 3.8) 0.133 ± 0.018a 0.085 ± 0.006ab 0.98 3.03 ± 0.23b 7.87 ± 0.43a 1.42 ± 0.06a 0.99
pH 4.5 0.089 ± 0.012a 0.065 ± 0.003a 0.99 4.14 ± 1.19ab 5.40 ± 2.86a 0.70 ± 0.23a 0.99

Control 0.133 ± 0.018c 0.085 ± 0.006b 0.98 3.03 ± 0.23a 7.87 ± 0.43b 1.42 ± 0.06c 0.99
AA enriched 0.046 ± 0.031ab 0.405 ± 0.008d 0.99 2.82 ± 0.20a 3.85 ± 2.46a 0.56 ± 0.03ab 0.99
Arg enriched 0.052 ± 0.009b 0.068 ± 0.002a 0.99 3.19 ± 0.17a 4.25 ± 0.35a 0.71 ± 0.03b 0.99
Fru enriched 0.039 ± 0.020ab 0.116 ± 0.005c 0.99 2.88 ± 0.26a 37.12 ± 4.64c 5.66 ± 0.36d 0.99
AA+Arg enriched 0.033 ± 0.021ab 0.133 ± 0.005c 0.99 3.47 ± 0.60a 3.12 ± 0.85a 0.41 ± 0.06a 0.99
Fru+Arg enriched 0.011 ± 0.011a 0.116 ± 0.003c 0.99 3.01 ± 0.16a 31.09 ± 2.48c 4.98 ± 0.22d 0.99
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