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Abstract 9 

Evaluation of food quality and stability during storage and processing necessitates understanding 10 

of the kinetics of food functional property changes and the underlying reactions. In this study, 11 

textural stability of beans during storage and subsequent cooking was evaluated through an 12 

integrated kinetic approach. Red kidney beans stored for different periods at various conditions of 13 

temperature (25 °C - 42 °C) and moisture content (6.9% - 14.5%) relative to their glass transition 14 

temperature (Tg) (above and around the Tg) were studied in detail. Consequently, kinetics of 15 

softening during subsequent cooking were investigated and the dependence of these rate constants 16 

on storage time (representing the hard-to-cook (HTC) development rate) as a function of storage 17 

temperature and moisture content was evaluated. All parameters investigated, moisture content, 18 

temperature and storage time, had a significant (p<0.05) influence on the cooking rate of beans. It 19 

was revealed that the HTC development rate of beans during storage increases with increase in 20 

temperature and moisture content, these parameters showing a synergistic effect. In addition, the 21 

rate of HTC development during storage of beans was controlled by the difference between storage 22 

temperature and Tg, showing the important role of glass transition in textural stability of beans 23 

during storage. 24 
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1. Introduction 29 

Texture is an important quality attribute that determines the palatability and consumer 30 

acceptability of legumes. According to Bourne (2002), the textural property of food, mainly 31 

perceived by the sense of touch, is characterized as a physical attribute arising from its structural 32 

composition and is related to the disintegration of the food under a force. It follows that puncture 33 

and compression tests commonly used to analyze the texture of foods, measure the force and 34 

deformation required to push a probe into or on the food to cause a certain deformation up to tissue 35 

failure (Chen & Opara, 2013). In plant tissues, including legumes, the structural integrity is mainly 36 

attributed to the mechanical properties of the cell walls and the middle lamella that links cells 37 

together (Waldron, Parker & Smith, 2003). Therefore, weakening or strengthening the cell wall 38 

and/or middle lamella polymer network is suggested to result in texture degradation (softening) or 39 

enhancement (hardening) respectively, and is the basis for quality assessment of many fruits, 40 

vegetables and legumes. 41 

According to Shomer et al. (1990), during postharvest storage and processing, the structural 42 

integrity of bean cells as well as the biochemical composition of the cell wall can be altered and 43 

consequently influence the bean texture. Storage temperature, relative humidity (influencing the 44 

sample moisture content) and storage time are the most critical factors affecting the quality of 45 

beans (Jayas & White, 2003). Legumes stored under conditions of high temperature (>25 °C) and 46 

relative humidity (>65%) (typical in tropical and sub-tropical regions) can develop hard-to-cook 47 

(HTC), a phenomenon characterized by beans requiring longer cooking times to achieve the 48 

desired texture (Paredes-Lopez & Reyes-Moreno, 1993; Njoroge et al. 2016). Although the full 49 

mechanistic understanding of the occurrence of this phenomenon is still lacking, the most plausible 50 

hypotheses (membrane damage due to lipid oxidation, pectin-cation-phytate, and involvement of 51 

phenolics) point towards biochemical induced modifications of pectin polymers in the cell wall 52 

and middle lamella, phytate hydrolysis in the protein bodies and the diffusion of cations from the 53 

environment of the protein bodies to the cell wall and middle lamella (Garcia et al. 1993; Liu & 54 

Bourne, 1995; Chen et al. 2021).  55 

Food processing such as thermal treatment plays an important role in determining the mechanical 56 

resistance and failure behavior of plant foods as it can alter the structure of the cell wall by 57 

solubilizing cell wall components. In fact, during thermal processing of beans, softening has been 58 
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reported to result mainly from pectin solubilization in the middle lamella and cell wall 59 

(Chigwedere et al. 2018) and HTC beans have been shown to better retain the integrity of the 60 

middle lamella during cooking leading to a slower loss of cellular adhesion (Shomer et al. 1990). 61 

Thus, the rate of softening of beans depends on the rate of cell wall/tissue integrity 62 

damage/disintegration which as previously discussed can be modified during storage. Therefore, 63 

understanding and controlling the factors implicated in the HTC development hypotheses is of 64 

importance towards maintaining the quality of common beans during storage and subsequent 65 

processing. 66 

According to Rahman (2009), the physicochemical stability of a system is ensured when the food 67 

is stored at a temperature/temperatures below their glass transition temperature (Tg), which is the 68 

temperature at which diffusion-limited reactions are greatly suppressed. Therefore, the relation 69 

between Tg, moisture content and temperature presented as state diagrams is crucial for 70 

establishing biologically and chemically safe storage conditions for foods. The concept of glass 71 

transition has been recently introduced to express the relation between storage conditions and HTC 72 

development in beans (Chigwedere et al. 2019a; Kyomugasho et al. 2020). Although in the 73 

aforementioned studies a link was established between storage conditions in reference to Tg and 74 

the HTC development rate (expressed as the change in cooking time during storage), an integrated 75 

study on the influence of storage temperature (in relation to Tg) on the cooking rate kinetics of 76 

beans of distinct moisture contents would be insightful. Additionally, although the link between 77 

HTC development and delayed softening has been established for fixed storage time (Njoroge et 78 

al. 2016; Chigwedere et al. 2018), the dependence of kinetics of HTC development during storage 79 

and softening during cooking on combined critical factors (storage time-moisture content-80 

temperature) has not been fully explored. So far, this hypothesis has not been illustrated and 81 

confirmed from a single large scale storage experiment.  82 

Therefore, in this study, an integrated kinetic approach was used to explore the textural stability 83 

of beans (particularly the role of critical parameters; temperature, moisture content and storage 84 

time) during postharvest storage and subsequent cooking. The kinetics of HTC development of 85 

red kidney beans stored at different conditions of moisture and temperature in relation to the glass 86 

transition line (that is, above and around the Tg) for varying time periods was determined based on 87 

their softening rates during cooking. The dependence of these rate constants on moisture content, 88 
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temperature and storage time was also evaluated. In addition, the influence of storage above Tg on 89 

the HTC development rate of beans was evaluated in order to provide guidelines on proper storage 90 

conditions to ensure textural stability of beans during storage. 91 

 92 

2. Materials and methods 93 

2.1 Raw materials 94 

Red kidney beans grown and harvested in Belgium (2019) were used. The beans were first sorted 95 

to remove dirt and defective beans before further analysis. The clean and sorted beans were stored 96 

at -40 °C until further use. For the storage experiment, the beans were first equilibrated at 4 °C to 97 

distinct moisture contents using different saturated salt solutions (sodium nitrate (aw 0.78), sodium 98 

bromide (aw 0.63), magnesium chloride (aw 0.33), potassium hydroxide (aw 0.14)). After 99 

equilibration the moisture contents were determined using the oven drying method (described in 100 

section 2.2). For each moisture content, a part of the equilibrated beans was stored at -40 °C (herein 101 

referred to as fresh beans) and the rest were stored/aged up to 6 months, with periodic sampling 102 

(Table 1). The beans were stored in airtight glass jars which were placed in incubators set at 103 

different temperatures. For this study, 4 storage temperatures (25 °C, 30 °C, 35 °C and 42 °C), 5 104 

moisture contents (6.9%, 8.7%, 11.1%, 12.8% and 14.5%) and 4 to 7 sampling points (in weeks) 105 

per temperature-moisture combination were employed to obtain 87 samples in total as shown in 106 

Table 1. The temperatures explored in this study were selected to reflect points above and around 107 

the glass transition line of the red kidney bean and they also cover the range of temperature relevant 108 

for bean storage. The sampled beans were stored at -40 °C until further use/analysis. 109 

2.2 Moisture content determination 110 

Moisture content was determined using the oven drying method as described by Chigwedere et al. 111 

(2019a) and Kyomugasho et al. (2020). Crucibles were first dried at 105 °C for 1 h and cooled in 112 

a desiccator before weighing. About 100 mg of sample was then weighed into the pre-weighed 113 

crucibles in triplicate and dried at 105 °C. After 20 h, the samples were cooled in a desiccator and 114 

weighed. Moisture content was expressed as the change in weight after drying divided by the initial 115 

weight. 116 

2.3 Cooking and texture evolution 117 
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2.3.1 Soaking and cooking 118 

Fresh and stored red kidney beans were soaked in distilled water (1:5 w/v) at 25 °C for 16 h. About 119 

20 seeds of the soaked beans were drawn to represent the 0 min (non-cooked) sample. For the 120 

cooking experiment, several cooking time moments (up to 240 min) were explored in order to 121 

obtain an evolution of hardness with cooking time for a particular sample. Therefore, for each 122 

cooking moment 20 soaked beans were added into a Duran flask containing water (1:5 w/v) at 98 123 

°C. The Duran flask was closed and heated in an oil bath and (cooked cooking the beans) for the 124 

predetermined times. Subsequently, the flask was removed from the oil bath, cooled to room 125 

temperature in an ice bath and the texture/hardness of the beans was measured. 126 

2.3.2 Texture analysis 127 

Texture analysis was done as described by Gwala et al. (2019). Briefly, hardness of a half 128 

cotyledon of the beans was measured by means of a compression test using a TA-XTplusC texture 129 

analyzer (Stable Micro Systems, Godalming, UK) equipped with a 25 kgf cell and a cylindrical 130 

flat-head aluminium probe of diameter 25 mm. Hardness was measured as the maximum force (N) 131 

required to compress a single cotyledon to 75% strain at a speed of 1 mm/s. For each cooking time 132 

moment, the average hardness of 20 half cotyledons was obtained. The data obtained was 133 

normalized by dividing the hardness at a particular time moment by the hardness at cooking time 134 

0 min. Texture evolution curves were obtained by plotting the graph of normalized hardness as a 135 

function of cooking time. 136 

 137 

2.4 Determination of glass transition temperature (Tg) 138 

Glass transition temperature (Tg) determination was done following sample preparation and Tg 139 

measurement procedures as described by Chigwedere et al. (2019a) and Kyomugasho et al. (2020), 140 

respectively. Given that the Tg of cotyledons has recently been shown to largely reflect the Tg of 141 

whole beans (Kyomugasho et al. 2020) and the HTC defect is related to changes in the cotyledon 142 

(Chigwedere et al. 2019b) only the cotyledons were used for this study. 143 

2.4.1 Equilibration of bean samples  144 

Fresh (non-stored) red kidney beans were dehulled and then milled to obtain cotyledon powder. 145 

The cotyledon powder was equilibrated to different moisture contents using saturated salt solutions 146 
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at 4 °C for 3 weeks. The saturated salt solutions used were potassium hydroxide, magnesium 147 

chloride, sodium iodide, magnesium nitrate, sodium bromide and, sodium chloride and their 148 

corresponding water activities at 4 °C are 0.336, 0.42, 0.589, 0.63 and 0.757, respectively. After 149 

equilibration the moisture content of the powders was determined using the oven drying method 150 

as described in section 2.2. 151 

2.4.2 Tg measurement  152 

Tg was determined using differential scanning calorimeter (DSC). A V24.11 Build, 124 Q2000 153 

heat flux DSC, designed with Advanced Tzero technology (TA Instruments, ™ Delaware, US) 154 

and equipped with a refrigerated cooling system (RCS 90). Nitrogen gas was used to purge the 155 

DSC cell at 50 mL/min. Prior to sample analysis, cell constant and temperature calibrations in a 156 

Tzero aluminium pan were performed using indium of known weight. About 10-15 mg of the 157 

equilibrated sample was weighed into Tzero aluminium pan and the pan was hermetically sealed. 158 

A reference pan consisting of a similar empty pan was used. Thermal scanning involved cooling 159 

to -60 °C followed by a first heating ramp to 90 °C at 10 °C/min. This step ensures that irreversible 160 

changes such as starch gelatinization and protein denaturation do not interfere with Tg 161 

determination. The sample was then cooled back to -60 °C and a second heating ramp to 90 °C at 162 

10 °C/min was conducted. The obtained thermograms were processed using version 4.5A Build 163 

4.5.0.5 of Universal Analysis 2000 software (TA Instruments-Waters LLC) and the inflection point 164 

of the thermogram from the second heating step was identified as the Tg value. 165 

 166 

2.5 Data modelling and analyses 167 

2.5.1 Modelling state diagrams (Tg lines) 168 

The relation between the analysed Tg and their corresponding dry matter fractions was modeled 169 

using Gordon-Taylor equation (Equation 1). 170 

 171 

 172 

 173 

Tgmix=
Xw*Tgw+Kgd*Xs*Tgs

Xw+Kgd*Xs
  Equation 1 
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where Tgmix is the Tg of the mixture, Tgw and Xw are the Tg and the mass fraction of the component 174 

with the lowest Tg (in this case the water fraction). Tgw was the Tg value of water, being -135°C. 175 

Tgs and Xs are the Tg and mass fraction of the other component (in this case the dry matter mass 176 

fraction). Kgd is a constant relating to the free volume of the sample and is influenced by the change 177 

in thermal expansion coefficient of the components as they make the transition from a glassy state 178 

to a rubbery state. The parameters Kgd and Tgs were estimated by non-linear regression using the 179 

SAS Proc NLIN procedure (SAS version 15.1, SAS Institute, Inc., Cary, NC, USA). 180 

2.5.2 Cooking profile 181 

In order to determine the rate of softening during cooking of beans, the normalized hardness data 182 

obtained in section 2.3.2 was modeled as a function of cooking time using the fractional 183 

conversion model (Equation 2).  184 

 185 

 186 

H represents the relative hardness at a particular time of cooking (CT, min), Hf represents the final 187 

relative hardness value reached after prolonged cooking and Hi represents the initial relative 188 

hardness value. Ks (min-1) represents the cooking rate constant. 189 

For each cooking curve Ks was estimated by fixing Hi at 1.0 and Hf at 0.175. A preliminary analysis 190 

of the cooking curves (estimating both Ks and Hf) allowed to conclude that all curves converged 191 

towards the same final hardness value. The average of the estimated values (Hf=0.175) was used 192 

to estimate the final cooking rate constants. All parameters were estimated by non-linear regression 193 

using the SAS Proc NLIN procedure (SAS version 15.1, SAS Institute, Inc., Cary, NC, USA). 194 

2.5.3 Regression analyses 195 

Regression analysis was used to evaluate the effect of storage time, storage temperature and 196 

storage moisture content on the cooking rate constant. Initially, a model that included all the main 197 

factors and all two-factor interactions (Equation 3), was selected and the least squares method was 198 

used to estimate the parameters of the model.  199 

 200 

H= Hf + (Hi – Hf) × exp (-Ks × CT) Equation 2 
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Kr = β0 + β1X1 + β2X2 + β3X3 + β4X1X2 + β5X1X3 + β6X2X3 + Ɛ Equation 3 

 201 

Kr is rate constant, β0 is the intercept, β1-β6 are the coefficients of the terms, X1, X2 and X3 are main 202 

terms (that is, temperature, moisture content and time), X1X2, X1X3 and X2X3  are two-factor 203 

interaction terms and Ɛ is the error term. The constructed regression model was then reduced by 204 

removing the non-statistically significant (p>0.05) parameters in a stepwise way (starting with the 205 

parameter with the highest p-value). This was done until all the estimated parameters left in the 206 

model were either significant or were involved in significant interactions. Regression analysis was 207 

performed using JMP software (JMP Pro 15, USA) using general linear models procedure. 208 

2.5.4 Modelling HTC development rate 209 

To further determine the HTC development rate of beans stored at a particular moisture content 210 

and temperature, the relative cooking rate constants were modeled as a function of storage time 211 

using a first order model (Equation 4). 212 

 213 

 214 

With Ksr the relative cooking rate constant, being the cooking rate Ks after a particular time of 215 

storage (t in weeks) divided by the cooking rate at time zero of storage at a given temperature and 216 

moisture content. R (week-1) represents the HTC development rate constant. The R-value was 217 

estimated by non-linear regression using the SAS Proc NLIN procedure (SAS version 15.1, SAS 218 

Institute, Inc., Cary, NC, USA). 219 

 220 

2.5.5 Modelling the influence of storage above Tg on HTC development rate constant  221 

HTC development rate constants (for a particular storage moisture content and temperature) were 222 

modeled as a function of temperature difference between storage temperature and glass transition 223 

temperature (T-Tg) using an exponential empirical equation (Equation 5) as described by 224 

Kyomugasho et al. (2020). 225 

 226 

Ksr = 1 × exp(-R × t) Equation 4 
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R = Ro + exp(a*(T-Tg)) Equation 5 

 227 

Where R is the HTC development rate (HTC development), Ro is the HTC development rate for 228 

the lowest T-Tg and a (exponential factor) is an empirical constant. T is the storage temperature 229 

and Tg is the glass transition temperature. Both Ro and a were estimated by non-linear regression 230 

using the SAS Proc NLIN procedure (SAS version 15.1, SAS Institute, Inc., Cary, NC, USA). 231 

 232 

3. Results and discussion 233 

3.1 Glass transition temperature (Tg) 234 

State diagrams have been used in food technology to illustrate the relation between Tg and moisture 235 

content of foods and can be used to predict the behavior of foods either during storage and/or 236 

processing (Roos, 2010). Therefore, in the context of the textural stability of the dry beans during 237 

storage and changes in the cooking behavior as a consequence of storage, it was relevant to first 238 

determine the glass transition line of the red kidney beans. In Fig. 1A both the experimental values 239 

and the Gordon Taylor predictions are shown. The Gordon Taylor equation parameter estimates 240 

were Tgs=375.2 K with approximate standard error of 12.4 K (the Tg of 100% dry matter bean 241 

material) and Kgd=0.189 with an approximate standard error of 0.027 (the empirical constant 242 

related to the free volume). From Fig. 1A it is evident that the Tg of red kidney beans increased 243 

with increasing dry matter content (decreasing moisture) reflecting the plasticization of water. The 244 

enhanced molecular mobility caused by the increase in moisture content (Rahman, 2009) is able 245 

to facilitate diffusion-controlled reactions causing instability of a system.  246 

Given that Tg can greatly vary depending on the moisture content of the system, it is important to 247 

identify the Tg of beans at particular moisture content to determine a safe storage temperature. In 248 

addition, although composition and molecular weight of biomolecules within a matrix are reported 249 

to influence Tg, it has recently been shown that at a given dry matter, bean variety does not have a 250 

significant influence on the Tg of beans (Kyomugasho et al. 2020). However, it should be noted 251 

that in the aforementioned study only three varieties were explored and a wider range of varieties 252 

should be studied to confirm these observations. Therefore, a glass transition line is important and 253 

should be established even for other legume types to help identifying proper storage conditions 254 
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that ensure textural stability as well as the prevention of HTC development. In that regard, the Tg 255 

line established in this study was essential in generating red kidney bean samples at various storage 256 

conditions (moisture-temperature combinations) relative to the Tg line. The storage conditions 257 

explored in this study projected on the Tg line obtained are shown in Fig. 1B. As can be seen 258 

several moisture-temperature combinations were selected representing samples either around or 259 

above their Tg. The hypothesis was that samples stored at temperatures far above their Tg would 260 

lose their textural stability faster and would develop the HTC defect equally faster due to the 261 

enhanced molecular mobility that facilitates biochemical reactions and this would translate to 262 

differences in softening kinetics during cooking. 263 

 264 

3.2 Texture evolution during storage and cooking 265 

3.2.1 Texture stability of dry beans during storage 266 

The graphs highlighting the texture evolution of soaked raw (non-cooked) beans as a function of 267 

storage time are shown in Fig. 2. The average textures of fresh (non-stored) soaked beans were 268 

207 ±16, 217±23, 196±18, 200±18 and 208±20 N for beans of 6.9%, 8.7%, 11.1%, 12.8% and 269 

14.5% moisture contents, respectively and did not vary considerably with storage time for most 270 

temperatures except for the beans stored at 25 °C (Fig. 2), where a slight increase in texture was 271 

observed. In addition, there were no observable differences in the evolution of hardness with 272 

storage time (for soaked raw (non-cooked) beans) among the different moisture contents. These 273 

results are an indication of textural stability of raw beans (stored at different temperatures and 274 

moisture contents) after soaking. Although literature suggests that beans that have developed HTC 275 

do not readily soften during cooking, there is limited information about the texture of aged (stored) 276 

beans before cooking. Therefore it was interesting to observe in this study that storage did not lead 277 

to changes that markedly affect the texture of raw (non-cooked) beans after soaking Therefore, it 278 

can be inferred that textural instability of beans (regarded as hard-to-cook development) brought 279 

about by changes occurring during storage of beans at adverse conditions of temperature and 280 

relative humidity is mainly linked to the changes in the cooking behavior of beans with little 281 

involvement of changes in soaking mechanism. Similar observations were made by Koriyama et 282 

al. (2017) in a study on influence of soaking treatments and storage on hardening of red kidney 283 
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beans who concluded that different factors are involved in suppression of bean softening between 284 

soaking and storage.   285 

3.2.2 Kinetics of softening during cooking of beans 286 

Hardness data obtained during cooking of beans was modelled using a fractional conversion model 287 

(Equation 2), the hardness profiles are presented in Figs. 3, 4 and 5. Generally for all samples, 288 

there was a decrease in bean hardness as cooking progressed, with the graphs/profiles exhibiting 289 

an exponential decrease during the initial cooking phase/times followed by a plateau phase towards 290 

the end of cooking. Similar profiles have been reported in literature during cooking of beans and 291 

other legumes (Gwala et al. 2019; Rousseau et al. 2020). This texture degradation during cooking 292 

of beans, a matrix containing protein, starch and pectin, has been mainly attributed to thermal 293 

solubilization of pectin in the middle lamella with limited influence of starch gelatinization and 294 

protein denaturation (Chigwedere et al. 2018). Particularly, the high temperature employed during 295 

cooking has been reported to facilitate pectin interconversion from water insoluble (strongly 296 

bound) to  water soluble (loosely bound) pectin, resulting in solubilization as cooking progresses 297 

(Njoroge et al. 2016). 298 

 299 

Fig. 3 shows the cooking profiles of the fresh (non-stored) beans conditioned to different moisture 300 

contents. All moisture contents exhibited similar cooking profiles with the graphs being almost 301 

superimposable which signifies similar cooking behavior. In addition, the cooking rate constants 302 

(values at 0 weeks storage) were similar for all samples except 14.5% moisture content sample 303 

which had a slightly lower value (Table 2). Nevertheless, this difference was very small compared 304 

to changes in cooking rate constant as a function of storage time (for a given condition of storage 305 

temperature and moisture content) for the samples that developed hard-to-cook. These results 306 

indicate that the cooking behavior of beans was not affected by the conditioning step (aimed to 307 

obtain the distinct moisture contents). 308 

 309 

Looking into a particular storage moisture content (for instance 14.5%, the highest moisture 310 

content explored), a noteworthy difference in the cooking profiles of the beans stored at different 311 

temperatures can be observed (Fig. 4). At this moisture content, the curves/profiles of the beans 312 

stored at 25 °C for different storage times are almost superimposable but as the storage temperature 313 
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increases, the profiles/curves spread out (are no longer superimposable), shifting to the right as 314 

storage progresses. This signifies slower softening for these samples and this trend can also be 315 

quantitatively visualized with the decreases in cooking rate constants as temperature and storage 316 

time increase (Table 2). Similar trends were observed for beans at a particular temperature (for 317 

instance 35 °C) as shown in Fig. 5 whereby cooking profiles of beans stored at 8.7% moisture 318 

content are superimposable but as storage moisture content increases the curves shift to the right 319 

as storage progresses. All the other moisture content-temperature combinations explored in this 320 

study (Supplementary Figs. 1-4) showed  similar trends whereby for a particular moisture content, 321 

beans stored at higher temperatures and for a longer duration of time exhibited more pronounced 322 

shifts. These results indicate a significant role of storage temperature and moisture content during 323 

cooking of beans. 324 

Although no remarkable changes in texture were observed after soaking raw (non-cooked) beans 325 

stored at different temperatures and moisture contents (section 3.2.1), the cooking behavior of the 326 

beans changed considerably particularly for the beans stored at higher temperature and moisture 327 

content. Therefore, it can be inferred that during storage, texture-related changes are promoted by 328 

moisture content (relative humidity) and temperature which influences the cooking kinetics of 329 

beans. 330 

 331 

3.2.3 Dependence of cooking rate constants on storage time, temperature, moisture content and 332 

time 333 

In a first step, regression analysis showed that storage time, temperature and moisture content 334 

significantly influence the cooking rate constant. All the tested parameters, that is, storage time, 335 

moisture content and temperature, had a significant (P<0.05) influence on the cooking rate (Table 336 

4). An increase in storage time, moisture content or temperature resulted in a decrease in the 337 

cooking rate. Notably, there was also a significant interaction between storage time and moisture 338 

content as well as temperature signifying that the effect of moisture content and temperature on 339 

cooking rate constant is dependent on the time of storage. 340 

In a second step, we developed kinetic models representing the evolution of the cooking rate 341 

constants, for a particular storage temperature and moisture content, as a function of storage time 342 
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using a first order model (Equation 4). As visualized in Fig. 6, on the one hand, cooking rate 343 

constants (indication of the rate at which the bean softens) decreased with increasing storage time, 344 

implying that beans become harder to cook with increased storage time. On the other hand, cooking 345 

rate constants, at a given storage time, decreased with increasing storage temperature or/and 346 

moisture content (Table 3). This signifies that beans stored at either higher moisture content or 347 

higher temperature develop HTC at a faster rate. This is confirmed by a regression analysis relating 348 

the HTC development rate (R) with the storage temperature and moisture content (Table 5) in 349 

which the interaction between storage temperature and moisture content was also found to be 350 

significant (Table 5). 351 

Temperature and moisture content are fundamental factors linked to the quality changes of beans 352 

during storage due to their ability to facilitate (bio)chemical reactions. Particularly, these factors 353 

have been proposed to enhance molecular mobility and the rate of enzymatic reactions during 354 

storage of beans (Liu & Bourne, 1995; Wainaina et al. 2021). The rate of most reactions (lipid 355 

oxidation being a notable exception) have been shown to increase with an increase in water activity 356 

or moisture content. This is attributed to increased availability of water to act as either a reactant 357 

or a solvent in which reaction mobility occurs (Nelson & Labuza, 1994). Similarly, the rate of 358 

reactions increases with increase in temperature due to increase in the kinetic energy of the 359 

reactants. In addition, an increase in temperature will result in a significant increase in water 360 

activity even at constant moisture content (Roos, 2007).  361 

Given that pectin solubilization has been shown to be the main mechanism promoting softening 362 

of beans during cooking, it follows that those biochemical reactions leading to pectin changes 363 

during storage are greatly enhanced during long term storage of beans at high temperature and 364 

moisture content and result in delayed pectin solubilization during subsequent cooking. Such 365 

biochemical reactions include enzymatic reactions which are largely reported to be involved in 366 

mechanisms leading to bean hardening (Liu & Bourne, 1995). For instance, the pectin-cation-367 

phytate theory suggests involvement of both phytase and pectin methylesterase (PME) enzymes 368 

while the lignification theory suggests involvement of peroxidase enzyme. However, it should be 369 

noted that current literature suggest very limited involvement of PME related pectin changes 370 

(Chigwedere et al. 2019; Chen et al. 2021) during storage induced HTC development in beans.   371 
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In this study, it was interesting to observe that for all the temperature-moisture content 372 

combinations explored in this study, red kidney beans stored at the lowest moisture (6.9%) and 373 

highest temperature (42 °C) combination as well as those stored at the highest moisture contents 374 

(12.8% and 14.5%) and lowest temperature (25 °C) combinations showed similarly low HTC 375 

development rates (9.80±1.51 (×10-3), 9.94±0.89 (×10-3) week-1 and 10.3±2.16 (×10-3) week-1, 376 

respectively). . Visualization of all the temperature-moisture content combinations explored in a 377 

3D plot as a function of HTC development rate as shown in Fig. 7 revealed that beans stored at 378 

low temperature-moisture content combination have the lowest HTC development rates and this 379 

HTC development rate increases as both temperature and moisture content increase. This 380 

highlights the synergistic effect of temperature and moisture content in influencing HTC 381 

development during storage of beans.  382 

All together, these results suggest that cooking behavior stability can be theoretically ensured when 383 

beans are stored at both very low temperature (<25 °C) and moisture content (<6.9 %) 384 

combinations. This conclusion is in line with that recently put forward by Kyomugasho et al. 385 

(2020) based on limited datasets derived from literature data on several common bean varieties. 386 

However, caution should be exercised when translating these findings into a practical set-up as the 387 

additional cost of drying beans to really low moisture values may not be economical (depending 388 

on the drying method used). Additionally, beans can be susceptible to mechanical damage such as 389 

splitting/cracking if handled while too dry (Siddiq & Uebersax, 2013; Bradford et al. 2018) which 390 

could lead to poor canning quality and consequently lower consumer acceptability. Therefore, an 391 

optimum combination of temperature-moisture content conditions during storage should be 392 

considered. 393 

 394 

3.3 Influence of storage above Tg on HTC development 395 

The concept of Tg suggests that the rate of reactions in food systems is majorly determined by how 396 

far their temperature is above or below their Tg (T-Tg). Therefore, in order to determine the 397 

applicability of the Tg concept in HTC development during storage, the influence of storing beans 398 

at temperatures above Tg on HTC development was determined. This was done by plotting the 399 

graph of HTC development rate as a function of temperature difference between storage 400 

temperature and Tg (T-Tg). As can be seen from Fig. 8, the larger the T-Tg, the higher the HTC 401 
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development rates signifying that the beans whose storage temperature was well above their Tg 402 

developed HTC at a faster rate compared to those stored closer to their Tg (lower T-Tg). The results 403 

obtained in this study indicate a strong correlation (r=0.742) between storage above Tg with HTC 404 

development of beans. A more detailed analysis reveals that the relation of the HTC development 405 

rate with T-Tg appear to be moisture content dependent (see Fig. 6). A major reason for this 406 

observation may be the fact that the Tg line was based on the average moisture content of the beans 407 

while local conditions will apply due to the heterogeneous composition of the beans (e.g. protein 408 

bodies, cell wall material, starch granules) causing a heterogeneous level of moisture content at a 409 

given condition of temperature and relative humidity (water activity). Overall, the relevance of Tg 410 

in controlling the rate of HTC during storage of common beans cannot be ignored. Therefore, to 411 

ensure cooking behavior stability, beans should be stored at temperature and moisture content 412 

conditions at which they are at or below their Tg.  413 

 414 

4. Conclusion 415 

In this study an integrated kinetic approach was used to study the textural stability and cooking 416 

behavior of red kidney beans stored at different conditions of temperature and moisture content 417 

for varying time. Although for all samples texture degradation occurred in a similar manner during 418 

cooking, the kinetics differed depending on storage time, temperature and moisture content. All 419 

the parameters; storage time, moisture content and temperature had a significant influence 420 

(p<0.05) on the cooking rate of red kidney beans with the influence of temperature and moisture 421 

content being dependent on the storage time. Additionally, moisture content and temperature had 422 

a significant (p<0.05) influence on the rate of HTC development of beans during storage with these 423 

two parameters exhibiting a synergistic effect. Moreover, moisture content was shown to have a 424 

significant influence on the Tg of beans. Glass transition (Tg) was shown to control HTC 425 

development during storage whereby the larger the difference between the storage temperature and 426 

the Tg, the higher the HTC development rate of the beans. Therefore, textural stability resulting in 427 

cooking behavior stability of stored beans can be ensured when the temperature-moisture content 428 

combination during storage of the beans are at or below their Tg. In regions where the average 429 

temperatures are generally high with limited cooled-storage facilities, drying of beans to moisture 430 

content levels that ensure the beans are at or below their Tg is favorable and recommended. 431 
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 529 

Tables 530 

Table 1 Storage conditions and sampling plan. 531 

Moisture content 

(%) 

Temperature 

(°C) 

Sampling time 

(weeks) 

14.5 25 0,2,4,8,12,16,20 

 
30 0,2,4,8,12,16,20 

 
35 0,2,4,8,12,16,20 

12.8 25 0,2,4,8,12,18,24 

 
30 0,2,4,8,12,18,24 

 
35 0,2,4,8,12,18,24 

11.1 25 0,4,8,18,24 

 
30 0,4,8,18,24 

 
35 0,4,8,12,18,24 

 
42 0,4,8,12,18,24 

8.7 25 0,2,4,18,24 

 
30 0,2,4,18,24 

 
35 0,2,4,18,24 

 
42 0,4,12,24 

6.9 42 0,4,10,24 

  532 
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Table 2 Kinetic parameters estimated by fractional conversion model (Equation 2). Ks is the cooking rate constants 533 

(min-1) for bean samples stored at a certain moisture content (%) and temperature (°C) for a specific storage time 534 

(weeks) and cooked in demineralized water at 98 °C. Abbreviation “n.d.” refers to “not determined”. 535 

25 °C Cooking rate constant (Ks) (min-1) 
Storage time (weeks) 8.7% 11.1% 12.8% 14.5% 

0 0.029±0.002 0.031±0.001 0.027±0.002 0.025±0.002 
2 0.028±0.002 n.d. 0.026±0.002 0.024±0.002 
4 0.032±0.003 0.029±0.002 n.d. 0.022±0.001 
8 0.028±0.002 0.029±0.002 0.023±0.002 0.024±0.001 
12 n.d. n.d. 0.022±0.001 0.024±0.002 
16 n.d. n.d. n.d. 0.020±0.001 
18 0.028±0.001 0.028±0.001 0.022±0.001 n.d. 

20 n.d. n.d. n.d. 0.022±0.001 
24 0.030±0.002 0.027±0.001 0.022±0.002 n.d. 

     
30 °C     

Storage time (weeks) 8.7% 11.1% 12.8% 14.5% 
0 0.029±0.002 0.032±0.001 0.027±0.002 0.025±0.002 
2 0.030±0.002 n.d. 0.028±0.002 0.026±0.001 
4 0.031±0.002 0.030±0.002 0.026±0.002 0.025±0.002 
8 0.027±0.002 0.025±0.001 0.023±0.002 0.021±0.002 
12 n.d. n.d. 0.020±0.001 0.020±0.001 
16 n.d. n.d. n.d. 0.018±0.001 
18 0.035±0.001 0.026±0.001 0.020±0.001 n.d. 
20 n.d. n.d. n.d. 0.016±0.001 
24 0.031±0.001 0.024±0.001 0.020±0.001 n.d. 

     
35 °C     

Storage time (weeks) 8.7% 11.1% 12.8% 14.5% 
0 0.029±0.002 0.032±0.001 0.027±0.002 0.025±0.002 
2 0.028±0.002 n.d. 0.022±0.001 0.023±0.002 
4 0.031±0.002 0.028±0.002 0.024±0.001 0.024±0.002 
8 0.025±0.001 0.025±0.001 0.020±0.001 0.017±0.001 
12 n.d. 0.024±0.001 0.020±0.001 0.016±0.001 
16 n.d. n.d. n.d. 0.012±0.001 
18 0.042±0.002 0.023±0.001 0.020±0.000 n.d. 
20 n.d. n.d. n.d. 0.010±0.000 
24 0.026±0.001 0.022±0.000 0.016±0.001 n.d. 

     
42 °C     

Storage time (weeks) 6.9% 8.7% 11.1%  
0 0.029±0.002 0.029±0.002 0.032±0.001  
4 0.028±0.001 0.028±0.002 0.027±0.001  
12 0.025±0.001 0.024±0.000 0.021±0.000  
24 0.023±0.001 0.020±0.001 0.016±0.001  

 536 
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 537 

Table 3 Kinetic parameters estimated by first order model. R is the HTC development rate constant (×10-3) (week-1) 538 

for bean samples stored at a specific temperature-moisture content combination. Abbreviation “n.d.” refers to “not 539 

determined”. 540 

% Moisture content 

HTC development rate (R) (×10-3) week-1 

25 °C 30 °C 35 °C 42 °C 

6.9 n.d. n.d. n.d. 9.94±0.89 

8.7 0.00 0.00 6.48±3.35 15.3±0.66 

11.1 7.05±1.17 12.5±2.37 18.2±2.04 31.6±1.92 

12.8 9.80±1.51 14.9±2.07 22.1±3.50 n.d. 

14.5 10.3±2.16 22.2±1.58 44.2±2.96 n.d. 

 541 

  542 
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 543 

Table 4 A summary of the effect of storage parameters; moisture content (%), temperature (°C) and time (weeks) on 544 

the cooking rate constant for red kidney beans during cooking in demineralized water at 98 °C. Asterisk sign (*) 545 

represents statistical significance (p<0.05). RMSE=0.0019, RSq=0.84, and Pvalue < 0.0001. 546 

 547 

Term Estimate Std Error pvalue 

Intercept 53.6E-03 1.9E-03 <.0001* 

Moisture content (%) -14.1E-04 1.0E-04 <.0001* 

Temperature (°C) -3.1E-04 0.4E-04 <.0001* 

Storage time (weeks) -3.0E-04 0.3E-04 <.0001* 

(Moisture content (%)-11.58)*(Storage time (weeks) -9.53) -0.7E-04 0.1E-04 <.0001* 

(Temperature (°C) -31.75)*(Storage time (weeks)-9.53) -0.3E-04 0.1E-04 <.0001* 

 548 

  549 
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 550 

Table 5 A summary of the effect of storage parameters; moisture content (%) and temperature (°C) on HTC 551 

development rate of red kidney beans during storage. Asterisk sign (*) represents statistical significance (p<0.05). 552 

RMSE=0.0041, RSq=0.91, and Pvalue < 0.0001. 553 

 554 

Term Estimate Std Error pvalue 

Intercept 82.7E-03 9.7E-03 <.0001* 

Moisture content (%) 40.5E-04 4.8E-04 <.0001* 

Temperature (°C) 16.5E-04 2.0E-04 <.0001* 

(% Moisture content -11.2)*(Temperature (°C)-32.4) 21.3E-04 0.8E-04 0.0193* 

 555 

 556 

 557 

  558 
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Figures 560 

 561 

 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

  573 

Fig. 1 The glass transition line of red kidney bean (A). Markers represent experimental values 

whereas the solid line represents values predicted by Gordon-Taylor equation (Equation 1). The 

relative position of the bean storage conditions explored in this study on the glass transition line 

(B). The black crosses represent moisture-temperature conditions explored. 
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 574 

  575 

Fig. 2 Texture evolution of non-cooked (raw) beans stored at different temperature-moisture content combinations after 

soaking. The dotted line is the regression line obtained from overall regression analysis between hardness (N) and storage 

time (weeks) for all the moisture contents at a particular temperature. 
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 576 

Fig. 3 Cooking profiles of red kidney beans (after conditioning to different moisture contents (6.9%, 8.7%, 11.1% 577 

12.8% and 14.5%) at 4 °C) cooked in demineralized water at 98 °C. The markers represent experimental hardness 578 

values whereas the solid lines represent values predicted by hardness fractional conversion model (Equation 2). 579 
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  582 

Fig. 4 Cooking profiles (at 98 °C in demineralized water) of red kidney beans stored at 14.5% moisture content and 

different temperatures (25 °C, 30 °C and 35 °C). The markers represent experimental hardness values whereas the 

solid lines represent values predicted by hardness fractional conversion model (Equation 2). 
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  585 

Fig. 5 Cooking profiles (at 98 °C in demineralized water) of red kidney beans stored at 35 °C and different moisture 

contents; a) 8.7%, b) 11.1% c) 12.8% and d) 14.5% moisture content. The markers represent experimental hardness values 

whereas the solid lines represent values predicted by hardness fractional conversion model (Equation 2). 
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  589 

Fig. 6 HTC development profiles of red kidney beans stored at different moisture contents (6.9% - 14.5%) and 

temperatures (25 °C – 42 °C). The markers represent cooking rate values obtained from cooking profiles of hardness 

data whereas the solid lines represent values predicted by first order model (Equation 4). 
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Fig. 7 3D plots of A) experimental and B) predicted HTC development rate constants of red kidney beans as a function of 

storage temperature (°C) and moisture content (%). 
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Fig. 8 Change in HTC development rate constants of red kidney beans as a function of 

storage temperature above the Tg (T-Tg). Markers represent samples stored at specific  

moisture content and temperature combinations. Different colors represent different 

storage temperatures (green: 25 °C, grey: 30 °C, orange: 35 °C and red: 42 °C) whereas 

different markers represent different storage moisture contents (×: 6.9%, ○: 8.7%, □: 

11.1%, ◊: 12.8% and ∆: 14.5%). The solid line represents modeled data (Equation 5). 

Correlation coefficient (r) = 0.742. 


