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Vegetable overproduction and high moisture content lead to significant food waste and fast deterioration. Drying is an effective circular economy strategy to valorise these surpluses, extending shelf-life and reducing losses. This process transforms perishable biomass into stable, value-added ingredients, promoting a more sustainable agri-food system.
This study evaluated the effect of drying on moisture content, colour attributes and drying kinetics of two kale cultivars, Brassica oleracea L. var. acephala DC and B. oleracea L. var. costata, produced in Northern Atlantic Portugal, with the aim of supporting sustainable valorisation pathways for leafy vegetable surpluses. Fresh leaves, subjected or not to hot water blanching, were dried at 60, 70 and 80 °C in a laboratory-scale oven until reaching 2% moisture. Moisture content was determined and colour was characterised using the CIELab system (L*, a*, b*, ΔE), and drying behaviour was described through thin-layer models fitted to moisture ratio data.
Drying caused a marked darkening of var. acephala, whereas brightness of var. costata was largely preserved, in both cultivars, b* increased, indicating more intense yellow tones, while a* remained in the green region. Among the empirical models tested, the Page equation showed the best fit, with coefficients of determination (R²>0.999) across all temperatures and pretreatments, confirming faster moisture removal at higher temperatures and in non-blanched samples. Overall, the results demonstrate that appropriate combinations of blanching and drying temperature can control colour changes while ensuring efficient moisture removal, contributing to the sustainable processing and circular economy-based valorisation of kale leaves.
Introduction
Drying is one of the oldest and most widely applied methods for preserving plant materials, as it inhibits enzymatic activity, limits microbial growth, and allows long-term storage with minimal nutrient loss (Korus, 2011). As a thermal preservation process, drying involves simultaneous heat and mass transfer under unsteady-state conditions, where thermal energy is used to vaporise water within the food matrix, followed by the removal of water vapour from the product surface (Cruz et al., 2015).
Despite its effectiveness, drying can induce significant physical, structural, chemical, and nutritional changes in vegetables, which may adversely affect key quality attributes such as texture, colour, flavour, and nutritional value (Larrosa et al., 2015). To mitigate these effects, pre-treatments such as chemical dips or blanching are often applied to inactivate enzymes responsible for undesirable reactions, particularly enzymatic browning, and to improve the overall quality of the dried product.
The analysis and optimisation of drying processes are therefore essential to establish suitable operating conditions that balance product quality and process efficiency. Mathematical modelling of drying kinetics plays a crucial role in describing moisture removal behaviour, enabling the selection of appropriate drying conditions, improving product quality, and potentially reducing energy consumption (Buzrul, 2022). Thin-layer drying models, in particular, are widely used to characterise drying behaviour of agricultural products and to support process design and scale-up.
Brassicaceous vegetables belong to the order Brassicales, with most species classified within the Brassicaceae family. Among these, Brassica oleracea includes economically and nutritionally important crops such as broccoli, Brussels sprouts, cabbage, cauliflower, collards, kale, and kohlrabi (Neugart et al., 2018). The health-promoting properties of Brassica vegetables have been largely attributed to their high antioxidant capacity and rich content of bioactive secondary metabolites, which has driven extensive research interest in these crops (Sotelo et al., 2014).
However, Brassica leaves are highly perishable due to their elevated moisture content and are typically available only seasonally, leading to substantial post-harvest losses. Moreover, outer leaves and non-marketable portions are often discarded, contributing to food waste. Drying these leaves offers a promising strategy to extend shelf life and produce stable, value-added ingredients that can be consumed year-round. During drying, leafy vegetables may lose up to 85% of their fresh weight, and although volatile compounds and oxidation reactions may affect nutritional and sensory properties, the overall process results in a concentration of nutrients (Babu and Raj, 2018).
Despite the extensive literature on vegetable drying, there is a lack of specific data regarding the thermal degradation of pigments in native Brassica cultivars from the Northern Atlantic region of Portugal. This study addresses this gap by correlating drying kinetics with CIELab colour parameters, providing a scientific basis for the industrial valorisation of these regional surpluses.
In this context, understanding the impact of drying conditions on both quality attributes and drying kinetics is essential to support the sustainable valorisation of Brassica leaves. Therefore, the aim of this study was to evaluate the effect of drying temperature on moisture content and colour characteristics of two Brassica oleracea cultivars and to characterise their drying kinetics under different processing conditions.
Materials and Methods
Raw materials and reagents source
Fresh kales (Brassica oleracea L. var. acephala DC and Brassica oleracea L. var. costata) cultivated in Póvoa do Varzim area, Northern Portugal, were supplied by the company UPN, Lda (Portugal) and the active chlorine (Glow Professional) was sourced by InterHigiene (Guimarães, Portugal). 
Brassica pretreatments and drying methods
In preparation for drying, the central leaf vein of the kale leaves was removed. These were then disinfected with 44 % active chlorine, followed by rinsing in tap water. The excess water was then removed with absorbent paper. The kale was then sliced into pieces 5 cm x 0.5 cm (length × width).
For the drying process, two types of samples were considered: non-blanched (NB) and blanched (B). Blanching was carried out in hot water at 95 ± 2 °C for 2 minutes with a ratio of Brassica leaves to water of 1:7. After blanching the leaves were immediately cooled in cold water (4 °C). These pretreatment conditions were established based on peroxidase inactivation by usual blanching procedures (Y. Tanongkankit, 2010).
Non-blanched (NB) and blanched (B) samples were spread as a single layer on a tray and subjected to convective air drying in a laboratory-scale hot air oven (Fagor, Visual Plus, Spain), with a constant air velocity of 0.5 m.s-1. The process was conducted at three different constant temperatures (60, 70 and 80 °C). The endpoint of the drying process was considered when the moisture content of the samples reached 2%. The evolution of the relative air moisture inside the dryer was monitored using a hygrometer (VWR Traceable, EUA). The dehydrated kale was then ground into small particles (6 seconds at 500 rpm), using a food processor (Termomix TM31 Vorwerk, Germany), vacuum packed in bags (PA/PE 20/70; thickness 90 μm, O2 permeability 50 cm3/m2 dbar, WVTR 2.8 g/m²/d; Termofilm, Portugal), and stored at room temperature under dark conditions until further analysis. Dry yields were obtained as follows: 
	
	
	(1)


Where W1 is the initial weight of the fresh sample and W2 is the final weight after drying.
Chemical Composition
The moisture content was determined according to the AOAC method 930.04:1995, 3 g of sample was weighed and dried in an oven (103 ± 2 °C) until a constant weight was reached. Samples were analysed in triplicate.
Colour evaluation
The colour of the fresh and dried samples was evaluated using a colour measurement instrument (CR400 Konica Minolta, Japan) and the colour system CIE L*, a*, b*, ΔE. Lightness (L*) (0 = black, 100 = white), the chromaticity axis from redness to greenness (a*), yellowness to blueness (b*) and the total colour difference (ΔE) were measured, and the total colour difference was calculated as follows:
	,
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where L0, a0 and b0 are the colour values of fresh kale. Each sample was measured six times in triplicate, and the result was presented as an average ± standard deviation.
Mathematical modelling of the drying kinetics
Mathematical modelling of drying is used to determine the optimum drying parameters of the process, and it is essential to select the drying mathematical model that fits best to the drying curves under different conditions. Drying kinetics may be described in terms of the transport properties of the material as well as the drying air, and the thin layer models are equations that enable estimating drying times and accessing drying curves (Cruz et al., 2015). 
The dimensionless variable moisture ratio (MR) was obtained from:
	
	
	(3)


where Wt is the moisture content at a given time t, We is the equilibrium moisture content, and W0 is the initial moisture content, all expressed on a dry basis (g water/g dry solids).
In the current study, we have calculated MRt from drying data collected at the three experimental drying temperatures (60, 70 and 80 °C) for the two varieties of kale (achephala and costata), at time intervals of 30 minutes (from 0 to 300). Data were collected in triplicate, and the mean values were calculated. The series of MR and time were then fitted to different empirical mathematical models commonly cited in the literature (Cruz et al., 2015, Buzrul, 2022, Keneni et al., 2019) with the most common parameterization shown in Table 1. 
Thin-layer drying is the term used for lumped systems, where a uniform temperature is generally assumed because of the thin structure of the fruit or vegetable that has been sliced before drying (Buzrul, 2022). The variations in moisture during the drying process are expressed by the parameters drying constant, k (1/s), or the lag factor, k0 (dimensionless), that account for the combined effects of various transport phenomena during the drying process (Cruz et al., 2015).
Table 1: Empirical thin-layer drying models used to describe the moisture ratio (MR) kinetics of Brassica spp. leaves under different drying conditions.
	Model
	Parameterization

	Page
	MR = exp (- ktn)

	Henderson and Pabis
	MR = k0 exp (-kt)

	Logarithmic
	MR = k0 exp (-kt) +c

	Vega-Lemus
	MR = (a + kt) 2


Statistical analysis
The MR was analysed as dependent variable function of the kale species, temperature, time and blenching or not. With this purpose, we used a generalized linear model for a scale dependent variable and an identity link function. The analysis was performed via GENLIN procedure using the statistical package IBM Corp.® SPSS® Statistics, Armonk, NY, USA. 29.0.0.0 (241). The mathematical modelling of the drying kinetics was performed via the nonlinear regression tool using the same statistical package. To construct the graphics, we used the software Microsoft® Excel® for Microsoft 365 MSO (version 2204 Build 16. 0. 15128. 20240) 64-bit.
Results and Discussion
Colour evaluation
Figure 1 shows the values for the three-color coordinates in the CIELab colour space. The L* coordinate presents brightness and varies from 0 to 100, corresponding respectively to black and white. The coordinate a* is one of the colours opposing coordinates and presents green for negative values and red for positive, varying from –60 to +60. The other opposing colour coordinate, b*, corresponds to blue if negative and yellow if positive, also varying from –60 to +60. The colour of the Brassica oleracea L. var acephala DC revealed that the L* values were lower than the fresh sample in all conditions, being that in all temperatures, samples became much darker. Except for samples at 60 ºC, where there are no differences between blanching and non-blanching, blanching appears to attenuate the darkening. As reported by other researchers, prolonged drying at elevated temperature tends to favour browning reactions that cause a diminution in lightness (Acevedo et al., 2008, Vega-Gálvez et al., 2009).
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Figure 1: Colour parameters (L*, a*, b* and total colour difference ΔE) of fresh and dried leaves of two Brassica species from Northern Atlantic Portugal. The values are shown for fresh samples and for samples dried at 60, 70 and 80 °C using two drying approaches: NB (non-blanched) and B (blanched), while ΔE is presented for all dried samples in relation to the corresponding fresh material. Values are expressed as mean ± standard deviation.

Regarding Brassica oleracea L. costata, no differences were found between fresh or treated samples, i.e., drying at different temperatures and pretreatment didn’t affect brightness.
The a* parameter assumes negative values for all samples, inclusively for the fresh state and after drying, the values continue to be negative and remain green, i.e., samples didn't change from green to red.
The coordinate b* always assumes positive values (yellow) but increases with drying. Hence, drying produced darker, reddish and more intense yellow apples, this is following the development of browning reactions, attributed to the activity of the polyphenol oxidase enzyme (Picouet et al., 2009). Also, (Contreras et al., 2008) observed an increase in all colour parameters when drying cultivar Granny Smith apples. The drying air temperature did not show a decisive effect on colour and just some slight changes are seen in the graphs, but they are not statistically significant.
The observed increase in ΔE at higher temperatures correlates with the acceleration of the falling rate period in the drying kinetics, suggesting that although drying is faster, the thermal stress leads to significant chlorophyll degradation and possible non-enzymatic browning.
Mathematical modelling for drying kinetics
Table 2: Coefficients of determination for the various adjusted models (R2), fitted to the moisture ratio drying curves of Brassica spp. leave. 
	Brassica oleracea L. var. acephala DC

	
	80NB
	80B
	70NB
	70B
	60NB
	60B
	mean

	Page
	0.998
	0.995
	0.981
	0.999
	0.994
	0.994
	0.994

	Henderson
	0.915
	0.811
	0.826
	0.790
	0.852
	0.820
	0.836

	Logarithmic
	0.703
	0.894
	0.924
	0.905
	0.970
	0.928
	0.887

	Veja-Lemus
	0.919
	0.882
	0.894
	0.860
	0.917
	0.917
	0.898

	

	Brassica oleracea L. var. costata

	
	80NB
	80B
	70NB
	70B
	60NB
	60B
	mean

	Page
	0.993
	0.962
	0.974
	0.983
	0.985
	0.992
	0.982

	Henderson
	0.880
	0.797
	0.884
	0.793
	0.817
	0.738
	0.818

	Logarithmic
	0.956
	0.915
	0.964
	0.927
	0.943
	0.886
	0.932

	Veja-Lemus
	0.942
	0.868
	0.906
	0.868
	0.883
	0.811
	0.880



The drying behaviour of both Brassica spp. was well described by empirical thin‑layer models, with the Page equation providing the highest coefficients of determination under all temperature and blanching conditions. Similar superiority of the Page or logarithmic models for leafy matrices has been extensively reported, supporting its suitability for designing kale drying operations. The high R² values obtained for both cultivars indicate that moisture transport is dominated by internal diffusion in the falling‑rate period, which is typical of thin‑layer drying of vegetables and herbs (Mbegbu et al., 2021).
The estimated Page parameters followed trends consistent with an acceleration of drying at higher air temperatures and in non‑blanched samples, reflected by higher rate constants and lower moisture ratios over time. Increasing air temperature is known to increase the effective moisture diffusivity, thereby shortening the drying time of kale and other leafy vegetables (Mwithiga and Olwal, 2005).
Table 3: Model parameters fitted to the drying curves of Brassica spp. leaves. Drying constant  and the empirical exponent  for each treatment–cultivar combination describes the drying rate and curve shape of the moisture ratio during thin‑layer drying.
	Model parameters
	Brassica oleracea L. var. acephala DC
	Brassica oleracea L. var. costata

	
	k
	n
	k
	n

	80NB
	1.108-5
	3.003
	1.094-5
	2.621

	80B
	3.264-10
	4.864
	5.239-7
	3.087

	70NB
	5.001-8
	3.657
	3.567-6
	2.520

	70B
	1.435-9
	4.392
	1.005-8
	3.669

	60NB
	1.363-6
	2.668
	1.001-7
	3.081

	60B
	9.442-9
	3.695
	1.087-10
	4.264



Table 3 presents the model parameters  and  describing the drying behaviour of Brassica spp. leaves at 60, 70 and 80 °C under blanched (B) and non‑blanched (NB) conditions. For both cultivars, the rate constant  generally increases with temperature, particularly for non‑blanched samples, indicating faster moisture removal as thermal energy and the driving force for diffusion rise.
The exponent  shows values higher than 2 in most treatments, reflecting the curvature of the moisture ratio–time relationship and confirming that moisture migration occurs mainly in the falling‑rate period, typical of diffusion‑controlled drying of plant tissues. Differences between cultivars are evident: var. costata tends to exhibit slightly.
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Figure 2: Simulated thin-layer drying curves obtained from the model for Brassica spp. leaves. Moisture ratio is plotted as a function of drying time to illustrate the influence of temperature and blanching pretreatment on the predicted drying rate and total drying time for each cultivar.
Figure 2 shows the simulated moisture ratio curves of Brassica oleracea L. var. acephala and var. costata leaves as a function of drying time at three temperatures (60, 70 and 80 °C) and two pre‑treatments, blanched (B) and non‑blanched (NB). For both cultivars, the curves confirm that increasing the drying temperature markedly accelerates water removal, with 80 °C NB reaching low moisture ratios much earlier than 60 °C treatments. This pattern is consistent with the rise in effective moisture diffusivity and driving force for mass transfer at higher temperatures reported for kale and other leafy vegetables (Mwithiga and Olwal, 2005).
Conclusions
Convective hot-air drying at 60–80 °C successfully reduced the moisture content of Brassica oleracea var. acephala and var. costata leaves to levels suitable for the production of stable dehydrated products, while promoting cultivar- and treatment-dependent colour changes. The two cultivars exhibited distinct responses to thermal processing, with var. acephala showing a higher susceptibility to darkening, whereas var. costata largely preserved its lightness across the tested conditions. Blanching prior to drying mitigated lightness loss at higher temperatures, indicating that mild thermal pretreatment can be an effective strategy to limit colour degradation during intensified drying.
Thin-layer drying kinetics were accurately described by the Page model for all temperatures and pretreatments, confirming its robustness for modelling moisture removal in kale leaves. The excellent agreement between experimental and predicted data indicates that moisture transport is predominantly diffusion-controlled during the falling-rate period, allowing reliable estimation of drying behaviour and process duration. Increasing air temperature markedly accelerated drying for both cultivars, particularly in non-blanched samples, confirming temperature as the main operational variable for process intensification, although with potential trade-offs in colour preservation.
Overall, this study provides relevant kinetic parameters and practical insights for the design and optimisation of energy-efficient drying processes for kale leaves. The results support the development of sustainable valorisation pathways for leafy vegetable surpluses by balancing drying performance with the retention of desirable visual quality, contributing to resource efficiency and circular economy objectives in the agri-food sector.
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