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Abstract 39 

This study analysed the moisture absorption kinetics of FruitPad embedded with different 40 

concentrations of fructose with further application of such pads in packaging of fresh strawberries. 41 

The FruitPad was exposed to different storage conditions (temperature and RH) and moisture 42 

absorption kinetics was gravimetrically determined over 5 days of storage. FruitPad with 30% 43 

fructose showed highest amount of moisture absorption (0.94 g of water/g of pad) at 20 °C and 44 

100% RH. The Weibull model combined with the Flory-Huggins model adequately described 45 

changes in moisture content of the FruitPad with respect to storage time and humidity (R
2
 = 93 – 46 

96%). The FruitPad containing fructose minimized in-package condensation compared to the pad 47 

without fructose. Weight loss of packaged strawberry was less than 0.9% which was much below 48 

the acceptable limit of 6% for strawberry. 49 

 50 

Keywords: Modified atmosphere packaging, Fragaria x ananassa Duch, condensation, absorbing 51 

pads  52 



1. Introduction 53 

Fresh fruits and vegetables (FF&V) have continuous metabolism as they keep losing water due to 54 

respiration and transpiration processes. If not controlled, water released through these processes 55 

results in moisture condensation inside packaged FF&V; since packaging acts as an additional 56 

barrier for moisture transfer (Bovi et al., 2016). In turn, condensation represents a risk to product 57 

quality as water may accumulate in packaging system and/or on product surface leading to defects 58 

in external appearance, quality deterioration, flavour loss, and promoting growth of spoilage 59 

microorganisms (Linke and Geyer, 2013). Thus, moisture regulation is essential for extending 60 

FF&V shelf life as it can lessen the risk of spoilage causing microorganisms growth, and therefore 61 

maintain product quality. Various strategies for controlling moisture inside packaged fresh produce 62 

have been reported: i) use of moisture absorbers inside the package (Mahajan et al., 2008); ii) use of 63 

a humidity-regulating tray that can actively absorb moisture (Rux et al., 2016) ; and, iii) use of a 64 

packaging material with a very high permeability for water vapour (Caleb et al., 2016).  65 

Moisture absorbing pads are one of the most innovative and versatile applications of active food 66 

packaging systems. It is generally constituted of an upper and lower sheet of film coating and a core 67 

middle layer composed mainly of cellulose and an active ingredient that absorbs excess liquid (drip 68 

loss) present in the package. Pads can be divided into two main categories: water contact and non-69 

contact absorber. The water contact absorber pad is commercially being used for packaging of meat 70 

products, such as fish, beef, and pork (Fang et al., 2017). These pads are useful, however; the excess 71 

moisture leached out from the product must be in direct contact with the active ingredient of the pad 72 

in order to be absorbed. Therefore, these pads are not suitable for fresh produce application as 73 

FF&V continue to respire and transpire and the water vapour released in these process remains 74 

inside the package headspace and not necessarily in direct contact with the pad. Thus, there is a 75 

need for novel and non-contact moisture absorbing pads that can not only absorb the water in direct 76 

contact with FF&V but also water vapour from the package headspace.  77 

The idea of incorporating active hygroscopic NaCl between the two layers, like humidity regulating 78 

tray (Rux et al., 2016), was further applied to absorbing pads using fructose as an active ingredient. 79 

Fructose contributes to functional attributes when applied to food and beverage. These include 80 

flavour enhancement, osmotic stability, humectancy, and freezing point depression (White, 2014). 81 

These functional properties may be attributed to physical and chemical properties of fructose itself 82 

or to the interaction of fructose with the food system. Fructose is hygroscopic and can absorb 83 

moisture from its environment. It begins to absorb water vapour at approximately 55% relative 84 

humidity (RH). Furthermore, fructose has good humectant properties and it can retain moisture for a 85 

long period of time, even at low RH (White, 2014). Therefore, fructose has a great potential of 86 



acting as a moisture absorber. The integration of fructose into the matrix of absorbing pad 87 

structures, as active substance, is promising as it can absorb free water in the tray and also absorb 88 

excess water vapour in the package headspace. In this context, the aim of this study was to 89 

investigate the moisture absorption kinetics of absorbing pads (namely FruitPad) matrix, embedded 90 

with varying concentrations of fructose as active ingredient for moisture absorption.  91 

 92 

2. Materials and methods 93 

2.1 FuitPad 94 

The pad consisted of a 3-layer structure (Fig. 1). The top and bottom layers were made of 95 

polyethylene with 8 micro-perforations of 0.3 mm diameter per cm
2
. The middle layer contained 96 

cellulose fibres (McAirLaid’s Vliesstoffe GmbH, Steinfurt, Germany). These FruitPads 97 

(FruitPad00) were incorporated with two concentrations of fructose (20 and 30 %, henceforth called 98 

FruitPad20 and FruitPad30, respectively in the manuscript) in the middle layer using the 99 

commercial production facilities of McAirlaid's Vliesstoffe GmbH. The remaining matrix consisted 100 

of 28% film and 52% cellulose (for 20% fructose pad), and 21% film and 49% cellulose (for 30% 101 

fructose pad).  102 

2.2. Moisture absorption kinetics 103 

Pad samples (10.3 x 7.5 cm), in triplicate, were stored in 190 L metal chambers at temperatures 4, 104 

12, and 20 °C. The RH was maintained at 76, 86, 96 and 100 % RH by using saturated salts 105 

solutions (Rux et al., 2016). The water vapour absorption of the FruitPad was gravimetrically 106 

determined by measuring increase in weight of the pads at regular intervals for 5 days using an 107 

electronic balance (Sartorius, Göttingen, Germany). The moisture content of the FruitPad was 108 

expressed as shown in Eq. (1). 109 

𝑀𝑡  =  (
 𝑊𝑡− 𝑊𝑖

𝑊𝑖
)      (1) 110 

where Mt is the moisture content of the FruitPad at time t (g water g
−1

 pad), t is time (h), Wi and Wt 111 

are the weight of the FruitPad (g) in the beginning and at time t, respectively. 112 

Weibull model has been shown to be a suitable model to describe moisture absorption as a function 113 

of time (Mahajan et al., 2008; Rux et al., 2016), and therefore was used in this study, as a primary 114 

model, to describe the curves of moisture content versus time as shown in Eq. (2):  115 

𝑀𝑡 = 𝑀0 + (𝑀∞ −  𝑀0) 𝑥 [1 −  𝑒
(

−𝑡

𝛽1
)
]     (2) 116 



where Mo is the initial moisture content of the FruitPad (g water g
−1

 pad), which is zero as the 117 

FruitPad was dry, M∞ is the moisture holding capacity (g water g
−1

 pad) at equilibrium, and β1 is the 118 

kinetic parameter that defines the rate of moisture uptake process and represents the time needed to 119 

accomplish approximately 63% of the moisture uptake process. Furthermore, M∞ can take infinite 120 

time to be measured; however, the Weibull model offers the possibility of estimating the M∞ with 121 

experimental data of moisture content with time. 122 

2.3. Packaging of strawberry 123 

Strawberries (cv. Flair) were obtained from a commercial grower (Karls Erlebnis-Dorf Elstal, 124 

Germany). They were precooled to the study temperature for 3 hours. Polypropylene tray (16 x 12 125 

x 5 cm) was used to pack 15 strawberries of 260 ± 5 g. It was covered with bi-axially oriented 126 

polypropylene Propafilm
TM

 RGP25 (25 mm thickness; permeability rate to O2, 8.5x10
-12

 mol m
-2

 s
-1

 127 

Pa
-1

 at 23 °C and 0% RH; water vapour, 5.7x10
-6

 mol m
-2

 s
-1

 Pa
-1

 at 23 °C and 85% RH). The lid 128 

film was perforated with 2 micro-perforations of diameter 0.7 mm. Packages were stored for 5 days 129 

at 12 °C. Packages were named FruitPad00 for the pad containing 0% of fructose, FruitPad20 for 130 

the pad with 20% of fructose, FruitPad30 for the package with 30% of fructose, and control for the 131 

package without FruitPad. Two replicates of each package were performed.  132 

2.4. Package performance evaluation 133 

Weight loss was determined by weighing the strawberries at the beginning of the experiment and 134 

after storage. The FruitPad absorption capacity was calculated by weight of the FruitPad on day 0 135 

and day 5. The amount of water vapour condensed inside the package was quantified by weighing 136 

the package and film before and after the condensed water was removed. 137 

2.5. Statistical analysis 138 

The constants of all the presented models were obtained by fitting the experimental data into the 139 

equations by using regression analysis and Solver tool in Microsoft Excel (Office 2010, Microsoft, 140 

Germany). The statistical analysis was carried out using Statistica software (version 10.0, StatSoft 141 

Inc., Tulsa, USA). 142 

 143 

3. Results and discussion 144 

3.1. Moisture absorption kinetics  145 

Moisture uptake increased significantly (p < 0.05) over storage time (Fig. 2). Generally, moisture 146 

uptake for all FruitPads was faster on the first day and substantially slower from day 2. FruitPad 147 

kept at higher humidities had higher moisture absorption capacity in comparison to lower 148 



humidities at the end of day 5. At 20 °C, FruitPad30 absorbed 0.94 g water g
−1

 pad at 100 % RH 149 

and 0.13 g water g
−1

 pad at 76 % RH, an increase of 7.2 times on water uptake. Results are 150 

consistent with other studies reported as it is well established that there is higher moisture uptake at 151 

higher humidity for a diverse range of materials. For instance, Saberi et al. (2016) reported that the 152 

slope of the isotherms for a pea starch films was smaller at lower aw (less than 0.60), and with a 153 

rising in aw the slope increased quickly.  154 

Fig. 3 shows the effect of fructose concentration and storage RH on the total moisture content (Mt). 155 

FruitPad30 absorbed 0.94 g water g
−1

 pad while FruitPad00 absorbed 0.17 g water g
−1

 pad at the 156 

same humidity and temperature (100 % RH and 20 °C). It is clear that the concentration of fructose, 157 

as well as the RH, had a significant impact on Mt. In addition, results showed that incorporation of 158 

fructose into the FruitPad increased the water vapour absorption of the pads. One of the reasons for 159 

this could be due to the high hygroscopic property of fructose. Fructose is highly soluble in water 160 

(3.75 g/mL at 20 °C) (Chemical Book, 2017). Hence, it keeps absorbing moisture even after the 161 

powder form of fructose turns into liquid form. The resultant fructose-water solution is very viscous 162 

(Silva et al., 2009), and can be easily retained by the cellulose fibres of the FruitPad. Therefore, the 163 

higher amount of fructose per gram of FruitPad, the higher is the potential for moisture absorption. 164 

Similar result was found in a study with humidity-regulating trays incorporated with salt as the 165 

active compound (Rux et al., 2016).  166 

3.2. Model development 167 

With the results obtained from the moisture absorption kinetics a primary model based on the 168 

Weibull model was developed for each FruitPad at each RH and temperature. Table 1 showed the 169 

primary model parameters obtained at 12 °C. As can be seen M∞ was clearly affect by the increase 170 

in RH and fructose concentration. In addition, results showed that RH and fructose concentration 171 

had a significant impact (p < 0.05) on moisture absorption; however temperature did not (Fig. 4a). 172 

As RH had an impact, the Flory-Huggins model (Eq.3) was then employed to relate the moisture 173 

holding capacity (g water g
−1

 pad) at equilibrium (M∞) with RH (Saberi et al., 2016). 174 

𝑀∞ = 𝐴 𝑥   𝑒(𝐵 𝑥 𝑎𝑤)        (3) 175 

where aw is the water activity (RH/100); and A and B are model constants.  176 

Eq. (3) was then combined with Eq. (2) yielding in a secondary model (Eq. 4), in order to express 177 

the influence of RH in M∞.  178 

𝑀𝑡 = 𝑀0 + (𝐴 𝑥 𝑒(𝐵 𝑥 𝑎𝑤)  −  𝑀0) 𝑥 [1 −  𝑒
(

−𝑡

𝛽2
)
]     (4) 179 



Therefore, a secondary model for each fructose concentration was developed taking into account 180 

RH and fructose concentration and not the temperature effect. This model was then used to fit the 181 

experimental data at all RH and temperature for each fructose concentration. The secondary model 182 

parameters and the coefficient of determination (R
2
) for each combination are shown in Table 2. 183 

Results showed that the Weibull model combined with the Flory-Huggins model adequately 184 

described changes in moisture content of the FruitPad with respect to storage time (R
2
 = 93 – 96%). 185 

Predicting the moisture content of the FruitPad is of considerable importance when designing 186 

optimal packaging systems. Every fresh produce gives out different amounts of water due to the 187 

respiration and transpiration process; therefore, for every product there is a different requirement for 188 

selecting the most suitable moisture absorber (Bovi and Mahajan, 2017). For this reason it is 189 

important to know how much moisture each FruitPad can absorb so that retailers can choose which 190 

fructose concentration is more suitable for each given fresh produce. In addition, Fig. 4b shows the 191 

experimental vs predicted values of the equilibrium moisture content (M∞) of the secondary model 192 

for all concentrations of fructose. 193 

3.3. Package performance evaluation 194 

Strawberry weight loss was significantly influenced by the FruitPad inside the package (Fig. 5). 195 

Tukey’s test showed that there was no significant difference in weight loss between the control and 196 

the FruitPad00 sample, whereas significant difference in weight loss was observed between the 197 

control and pads embedded with fructose (p < 0.05). Overall, percentage weight loss were 198 

significantly below the recommended maximum acceptable of 6% (Nunes and Emond, 2007). This 199 

showed that MAP played a significant role in minimizing the weight loss of strawberries. 200 

Furthermore, it is noteworthy that weight loss includes both water and carbon loss. Water loss is 201 

attributed to transpiration, while carbon loss is due to respiration (Saltveit, 1996). However, in this 202 

study the carbon loss was considered as negligible and water loss via transpiration was considered 203 

as the main driver of the weight loss. 204 

In addition, the very low weight loss for MA-packaged strawberries samples could be attributed to 205 

the higher water vapour barrier property of the BOPP film, which resulted in a higher RH inside the 206 

package (Caleb et al., 2016). However, part of the moisture released by the product probably 207 

escaped the packaging material through the optimized film micro-perforations (based on 208 

preliminary study) for gas exchange. This contributed to very low condensation (less than 0.02 g) 209 

underneath the packaging film (Fig. 5), which was beneficial for maintaining the quality of the 210 

strawberries. Nevertheless, the use of pads did not avoid the formation of water condensation but it 211 

might have reduced the volume. The presence of water condensation could be attributed to the 212 

transpiration rate of the strawberries, which was higher than the absorption rate of the FruitPad. 213 



Furthermore, water absorbed by the FruitPad was proportional to the concentration of fructose 214 

present in the FruiPad. The highest moisture gain was found in FruitPad30 (1.16 g of water g
-1

 of 215 

pad), followed by FruitPad20 (0.90 g of water g
-1

 of pad), and FruitPad00 (0.21 g of water g
-1

 of 216 

pad). This behavior was also observed in the moisture sorption kinetics of the FruitPad. Fructose 217 

has the functional attribute of hygroscopicity and humectancy, which means it has the ability to 218 

bind and hold moisture (White, 2014). Therefore, higher concentration of fructose leads to higher 219 

moisture uptake. This trend was also seen in the study carried out by Rux et al. (2016). In their 220 

study, humidity trays were developed with two concentrations of NaCl 0 wt% (T-0) and 12 wt% (T-221 

12) as active compound of the humidity regulating trays and were tested with strawberries stored at 222 

13 °C for 7 days. The total amount of strawberry moisture loss ranged from 1.6 to 7.9 g for 223 

strawberries, with the samples packed in the control-PP trays losing the least amount of water (1.6 224 

g; 0.6% of total strawberry weight), followed by T-0 (6.0g, 2.2% of total strawberry weight), and T-225 

12 trays losing the most (7.9 g, 2.9% of total strawberry weight). These results also show that the 226 

use of NaCl as active compound leads to higher weight loss when compared to the use of fructose. 227 

In the present study the moisture loss by the strawberry was not higher that 0.92 % of the total 228 

strawberry weight. Thus, this shows the possibility to further optimize strategies for in-package 229 

moisture absorption. For instance, it is possible to further develop humidity regulating packaging 230 

systems by incorporating different proportions and types of active compounds. Overall results 231 

showed that FruitPad containing fructose were effective in absorbing water vapour from the 232 

package headspace at 12 °C. Furthermore, concentration of fructose integrated into the absorbent 233 

pads is product specific and has to be optimised considering the transpiration rate of each fruit or 234 

vegetable. If fructose concentration is too high drying of the product surface can occur, and, if it is 235 

too low the effects of accumulated condensation will be significant.  236 

4. Conclusion 237 

This study showed that both fructose concentration and storage RH had an effect on the equilibrium 238 

moisture content of the FruitPad stored at different temperatures. The Weibull model in 239 

combination with the Flory-Huggins model adequately described the changes in moisture content of 240 

the pads with respect to storage time (R
2
 > 93%). FruitPad containing fructose was effective in 241 

absorbing water vapour from the package headspace containing strawberries. 242 
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 285 

 286 

Fig 1. Annotated diagram of FruitPad from McAirlaid's Vliesstoffe GmbH. (a) Upper view of the 287 

FruitPad (b) Schematic lateral view representation of the FruitPad: 1 - Top layer film, 2 - bottom 288 

layer film, 3 - active layer: fructose (blue) and cellulose (white), and 4 - micro-perforations. 289 
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 326 

Fig 2.  Moisture sorption kinetics of FruitPad stored under different relative humidity at 12 °C and 327 

containing different concentration of fructose (a) FruitPad30 (30% of fructose), (b) FruitPad20 328 

(20% of fructose), (c) FruitPad00 (0% of fructose). Error bars represent standard deviation (SD) of 329 

mean values (n = 3). 330 
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 335 

Fig 3. Effect of fructose concentration and storage relative humidity on total moisture content (Mt) 336 

of FruitPad containing different fructose concentration (0: FruitPad00, 20: FruitPad20, and 30%: 337 
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FruitPad30) stored at (a) 4 °C, (b) 12 °C and (c) 20 °C for 5 days. Error bars represent standard 338 

deviation (SD) of mean values (n = 3). 339 
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 341 

 342 

 343 

Fig 4. Relevant statistical information (a) Pareto analysis of primary model and (b) Experimental vs 344 

predicted values of the equilibrium moisture content (M∞) of the secondary model for all fructose 345 

concentrations (0%: FruitPad00, 20%: FruitPad20, and 30%: FruitPad30). 346 
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 352 

 353 

  354 

Fig 5. In-package moisture dynamics of strawberries packaged with FruitPad containing different 355 

fructose concentration (0: FruitPad00, 20: FruitPad20, and 30%: FruitPad30) stored at 12 °C for 5 356 

days. The values in bracket represent the percentage mean values (mean value ± standard 357 

derivation, n = 2) for total strawberry weight loss. Different upper case superscript is significantly 358 

different based on Tukey test at p < 0.05.  359 
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Table 1. Estimated parameters of the primary model for FruitPad containing different 370 
concentrations of fructose (0%: FruitPad00, 20%: FruitPad20, and 30%: FruitPad30).  371 

Absorbing pad 
M∞  β1 

RH: 76% 86% 96% 100%  76% 86% 96% 100% 

FruitPad00 0.0499 0.0575 0.0886 0.1572  0.0010 0.0100 0.3447 0.0010 

FruitPad20 0.0886 0.1398 0.2656 0.5515  0.0020 0.2741 0.5002 0.0020 

FruitPad30 0.1073 0.1898 0.4118 0.6410  0.0030 0.0100 0.8172 0.0003 

M∞ is the equilibrium moisture and β1 is a primary model constant. All parameters shown are at 372 

12°C. 373 

Table 2. Estimated parameters of the secondary model for FruitPad containing different 374 
concentration of fructose (0%: FruitPad00, 20%: FruitPad20, and 30%: FruitPad30).  375 

Absorbing pad 

Estimated coefficients 
  R

2
 (%) 

A B  β2 

FruitPad00 0.00074 0.05445 0.28333 92.56  

FruitPad20 0.00005 0.09371 0.77688 92.99 

FruitPad30 0.00031 0.07817 1.09146 96.09 

A, B, and β2 are secondary model constants and R
2
 is a coefficient of determination  376 
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 379 


