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Abstract

:

Prickly pear is a species that shows great capability to grow in harsh environments with potential for being used as an energy resource. The aim of this paper was to characterize prickly-pear mature cladodes in terms of chemical, proximal, and fuel properties, as well as to study the drying kinetics of this biomass after pretreatments destined to expose the internal tissues of mature cladodes to different temperatures. The results show that prickly-pear biomass was a poor-quality solid biofuel due to a low calorific value (12.9 MJ/kg d.m.b.) and a high ash content (25.8 wt.%). When drying prickly-pear biomass, cutting the cladodes to expose the internal tissues significantly increased the drying rate, especially when temperatures of 60 °C and above were employed. Double exponential (three parameters) and Midilli were the models that best fitted the experimental curves of prickly-pear cladodes cut into straps and cubes when dried at 50–70 °C. Finally, the bulk density of the prickly-pear biomass was similar to the one obtained for herbaceous biomasses, thus suggesting that further densification will enhance the usability of this feedstock.
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1. Introduction


Biomass resources in arid and semiarid lands are scarce due to lack of water and poor soil quality. Prickly pear (Opuntia ficus-indica (L.) Miller) is a member of the cactaceae family that shows great capability to grow in these harsh environments based on several morphological and physiological adaptations: the adoption of the Crassulacean acid metabolism (CAM) which allows nocturnal uptake of CO2 (thus avoiding the opening of stomata during the warmer hours of the day), the presence of a complex hydrocolloid (mucilage) capable of storing great amounts of water in the parenchyma tissues, and a vegetative form consisting of a succession of flat photosynthetic stems (cladodes) with low density of stomata and covered by an almost impermeable epicuticular wax layer [1,2].



Prickly pear is mainly cultivated for the production of edible fruits (the prickly pears, sensu stricto) but also to obtain tender cladodes for human consumption (nopalitos) and mature cladodes employed as forage for cattle, among other uses. There are two main approaches for the cultivation of prickly pear. Traditional management implies the extensive cultivation of prickly pear in wastelands with poor quality soils where no other crop can succeed and almost without any further agricultural practices or inputs. Biomass yields achieved in these conditions are very limited (typically below 5 MgDM/ha·year, depending primarily on rainfall, soil fertility, and specific management [1]) and so are the fodder resources and fruit yields obtained.



Modern intensive prickly-pear plantations are designed to achieve higher production yields and may be applied in lands with a certain degree of water availability. Under these circumstances, a more diligent management of the crop is carried, usually involving the use of large amounts of fertilizers and phytochemicals to reach productivities up to 50 Mg DM/ha·year [2,3].



The use of prickly pear as an energy crop can follow both approaches, but an improved version of the traditional management (in terms of appropriate fertilization and weeding) could allow for reaching the potential yields for the existing rainfall levels, while improving the energy balance of the bio-system. Furthermore, it implies a reduced competition for the land between crops destined to food and those destined to energy, as none of the essential rainfed crops can stand such harsh rainfed environments as prickly pear.



Consistent with a composition rich in mucilage carbohydrates and starch, while poor in lignin, research on energy applications for prickly-pear biomass has focused on the production of biogas and bioethanol. Biogas production from this feedstock has gathered certain scientific attention since the 1980s, and conclusions reported in literature [4,5,6,7,8,9,10] encourage the industrial development of prickly-pear anaerobic digestion. Bioethanol from prickly-pear cladodes has been less investigated and, though it seems promising (with obtained yields up to 163 L/Mg DM), it still faces uncertainties related to the low fermentation yields of carbohydrates (many of the pentoses present in the mucilage and hemicellulose hydrolysis), the low concentration of ethanol in the brew, and the energy balance of the process [1,9,11,12,13,14].



The use of prickly pear directly as a solid fuel for thermal applications (either direct combustion, gasification, or pyrolysis) has not been reported in the scientific literature, and it is very rarely described in practice. This is mainly due to its high moisture content, limited availability, and due to its more valuable use as animal fodder in water-deprived environments. However, new business initiatives looking into alternative fuels in arid and semiarid locations are starting to show interest in this type of biomass whose yields in sustainably managed crops may be sufficient for domestic and commercial exploitation. To evaluate the fuel potential of this biomass, information needs to be available about its heating values, ash content, composition, and most importantly, its drying behavior. Extended knowledge about moisture elimination may also be of interest to promote the use of this type of biomass in other potential applications, such as animal feeding.



The drying of prickly-pear tender cladodes aimed for human consumption has been investigated in some research papers [15,16,17,18,19,20,21]. However, no information is available regarding the drying of fully developed cladodes, which may be more suitable for use as a solid biofuel. Besides size and weight, mature cladodes differ from tender ones in their lower protein and ash contents and higher fiber contents [22], although the most important issue related to drying kinetics is the progressive development as the cladode grows older of a waxy cuticle over its epidermis [23]. This cuticle reduces transpiration and avoids the dehydration of the plant, becoming a major obstacle in the drying of this material. It has been reported that exposing the internal tissues of tender cladodes facilitates their drying process [18], and the same may occur when drying mature cladodes.



The aim of this paper is to characterize prickly-pear mature cladodes in terms of chemical, proximal, and fuel properties, as well as to study the drying kinetics of this biomass after a pretreatment destined to expose the internal tissues of mature cladodes to different drying temperatures.




2. Materials and Methods


2.1. General Description of the Biomass


Cladodes from a spineless Opuntia ficus-indica ecotype were collected from feral (naturalized) specimens in the Madrid region (40°18′ N 3°55′ O). Mature, terminal, fruitless cladodes were chosen, as this would be the biomass element harvested in a dedicated prickly-pear energy crop. To ensure a representative sampling, mature cladodes of different sizes were selected for collection, which were subsequently characterized for their length (L), diameter at wider point (D), and fresh weight.




2.2. Drying Stage


2.2.1. Experimental Design


Drying experiments were carried out considering two cutting geometries (straps and cubes) and three drying temperatures (50, 60, and 70 °C) following a complete factorial experimental design (2 × 3). An additional set of experiments was carried out for comparative purposes by drying complete cladodes (as collected) at the highest temperature (70 °C). For each one of these conditions, cladodes of two different sizes were tested: the small mature cladode (B1); and the large mature cladode (B2). The results in this investigation represent the average of these duplicate values.



Fresh cladodes were cut into straps or cubes. Straps (2 cm wide) were cut parallel to the major axis of the cladode (sagittal axis). Cubes (2 × 2 cm) were made by cutting the straps into pieces (Figure 1).



The flat surfaces of the cladodes are known as faces, which are covered by an epidermal tissue that hinders water evaporation in the natural plant. The face area of each cladode was estimated using the equation proposed by Saiz (Equation (1)) [24].


  S  (    cm  2   )  = 0.769 × L  (  cm  )  × D  (  cm  )   



(1)







To estimate the area of epidermis exposed to the drying process, only the upper face of the cladode was considered. The lower face is resting flat on a waterproof surface (parchment paper) which has been assumed to avoid any kind of moisture transference during the experimental trials.



Cutting the cladode into straps or cubes exposes its internal tissues (parenchyma and chlorenchyma), allowing moisture to be released through spaces other than the original epidermis. The surface area of internal tissue exposed by cutting cladodes into straps was estimated as follows. The strap thickness was measured with a caliper at both extremes (Tp, Td) and at its half-length (Th). The exposed surface was calculated as the area covered by the resulting two trapezoids sharing a common base (Th) (Figure 2). This procedure was carried out for each one of the cladode straps (two exposed faces each, except for the ones on the cladode sides) so the total surface area of the exposed parenchyma and chlorenchyma tissues (SSp+c) could be estimated, as shown in (Equation (2)).


  S  S  p + c   =   ∑   i = 1  n    L  s i   2  ×    (  2 T  h i  + T  d i  + T  p i   )   2   



(2)




where n is the total number of exposed faces, and Ls is the length of each strap.



For the estimation of the exposed surface area when cutting the cladode into cubes, each one of the exposed faces of the cube was considered as a trapezoid. The total cladode exposed surface was estimated, as shown in Equation (3):


  S  C  p + c   =   ∑   i = 1  n     W i  ×  (  T  1 i  + T  2 i   )   2   



(3)




where n represents the total number of exposed faces (considering all the cubes generated), T1 is the thickness of the cube face at the thickest point, T2 is the thickness of the cube face at the thinnest point, and W is the average width of the surface (Figure 3). Internal cubes show four faces of exposed tissues, while perimeter cubes may show two or three faces (as in Figure 3), depending on their relative position in the cladode.




2.2.2. Drying Process


Drying was carried out in a forced-air oven (Carbolite AX60) with variable, automatically regulated air speed (0.33 cm/s at oven fan at 100 °C). Ambient relative air humidity measured using a digital hygrometer was 35.5 ± 1.5% throughout the whole experimental phase. The samples were resting flat on parchment paper foil over one of their faces. The cladode pieces (straps or cubes) were separated by at least 1 cm to ensure free air flow between each of the pieces. The mass of the cladodes was periodically measured (interval times depending on trial temperature and cutting geometry) until constant weight (We). Finally, the moisture content of the oven-dried samples (equilibrium moisture content, Xe) was determined in a thermobalance (MB-100, PCE Group).



Drying curves were built considering moisture ratio (Rx) versus time. Rx is a dimensionless parameter whose values are determined using Equation (4).


  R x =    (  X t − X e  )     (   X 0  − X e  )     



(4)




where Xt represents moisture content at time t (wt%), Xe is the equilibrium moisture content (wt%), and X0 is the initial moisture content of the sample (wt%). Once Xe is determined, Equation (5) can be used to calculate the weight of the dry sample (Wd).


  W d = W e  (  1 −   X e   100    )   ( g )   



(5)







Xt may then be calculated as in Equation (6).


  X t =   W t − W d   W d    (  w t %  )   



(6)




where Wt is the sample weight at time t. Finally, X0 may be calculated similarly following (Equation (7)):


   X 0  =    W 0  − W d   W d    (  w t %  )   



(7)




where W0 is the initial sample weight.




2.2.3. Drying Models


The fitting of experimental results on a series of empirical drying models (Table 1) was evaluated.



In addition, the correlation of experimental results with a simple diffusion model based on Fick’s second law of diffusion [36,37] was also tested (Equation (8)).


  R x =  8   π 2     e   (  −    π 2   4  ×   D e f f    C 2    × t  )     



(8)




where Deff is the diffusion coefficient (diffusivity) of moisture in solids (m2·s−1) under the drying temperature conditions tested, and C is the average thickness of the cladode (m).



Calculations were carried out using the Statgraphics Centurion XVI software and determination coefficients (R2) as well as the standard errors of the estimate (SEE), and the mean absolute errors (MAE) were obtained for each model at each experimental condition.





2.3. Chemical, Physical, and Fuel Characterization of Dried Cladodes


A representative selection of cladode cubes obtained in the drying experiments were characterized for their chemical, physical, and energy properties to assess the fuel potential of this biomass.



Table 2 describes the standard methods employed to characterize this material. Proximate and density analyses were conducted on the samples as produced. This included duplicate samples of B1 and B2 cladodes. Elemental, calorific, and thermogravimetric (TGA) analyses required grinding/milling of the solids to a particle size below 0.5 mm. Each of these samples was analyzed at least in duplicate, and the values reported in this paper represent the average of these determinations. Results variability in terms of standard deviation (σ) or relative standard deviation (RSD) have been reported in the results section. TGA analyses of the different tissues (epidermis, chlorenchyma, and parenchyma) were carried out after separating by hand the different fractions of a cladode as harvested. These tissues were oven dried at 70 °C and stored in a desiccator prior to being analyzed.





3. Results


3.1. Characterization of Prickly-Pear Cladodes


The prickly-pear cladodes from the B1 batch (small mature cladodes) had fresh weight of 471.53 ± 69.7 g, diameter at the wider point of 15.5 ± 1.2 cm, and length of 31.5 ± 6.0 cm. The cladodes from the B2 batch (large mature cladodes) had fresh weight of 788.5 ± 95.6 g, diameter at the wider point of 19.2 ± 1.5 cm, and length of 40.5 ± 2.9 cm.



Table 3 shows the elemental composition of the prickly-pear cladodes. When compared to lignocellulosic biomass, the prickly-pear elemental composition shows a lower C content and a significantly higher concentration of alkaline (primarily K) and alkaline earth (primarily Ca) elements. Due to the low boiling temperatures of alkaline salts, the presence of K and Cl typically implies a high potential for the formation of slagging and/or fouling in boilers, while Cl and S may create major corrosion problems. This biomass also showed a high content in Ca that may be able to partly mitigate the negative effects of K [47]. This Ca content was associated with the presence of high amounts of calcium oxalates and free calcium in the parenchyma tissues [48,49]. Chlorine (Cl) content was also very high and may lead to the production of chlorinated aromatics (dioxins and furans) and corrosive HCl during combustion [50]. Nitrogen content was also higher than those typically reported for woody materials but low when compared to proteinaceous biomasses.



When compared to literature, Ca and K values were at the top of the ranges reported by other authors for prickly-pear cladodes (2.8–7.8 wt% dmb and 0.4–4.7 wt% dmb, respectively). Regarding P, the content observed in the samples investigated was higher (400–1800 ppm), while Mg content was lower (1900–24,000 ppm) (various authors, in [9]). The reported literature showed a significant variability in the elemental composition of prickly-pear biomass, especially regarding minor components. This has been attributed primarily to differences in soil composition which are, in turn, related to the agricultural practices as explained in the introduction of this work. The composition of plants cultivated using traditional management is poor in proteins (and, therefore, in N) and depends primarily on the elemental composition of the soil. On the contrary, cladodes produced in profusely fertilized intensive prickly-pear plantations usually accumulate a wider range of inorganic elements brought in by the fertilizer.



If intended for use directly for thermal applications, the management of prickly-pear plantations should try to find an equilibrium between the level of fertilization required to achieve high biomass yields and the limited amount of mineral elements tolerable in boilers and furnaces.



As expected from their elemental composition, proximate analyses of prickly-pear cladodes revealed a high ash content (25.8 ± 2.0%, as shown in Table 4), even compared to values reported in literature (10–23 wt%, dmb). The variability in the proximate composition of the samples (including small B1 and large B2 cladodes) was limited, evidencing the homogeneous nature of the material. The high ash and oxygen contents (1.26 O/C ratio) and the low lignin concentration were responsible for the limited calorific value of this biomass. The fiber contents of the employed cladodes fall within the ranges published in literature for hemicellulose (4–23 wt%, dmb) and lignin (2–7 wt%, dmb), while they were comparatively lower for cellulose (10–22 wt%, dmb) and starch (8–23 wt%, dmb) (various authors in [9]). This may suggest the presence of high amounts of mucilages, compounds rich in carbohydrates that could represent more than 20 wt% of dry cladodes [51,52].



Figure 4 shows the TGA/DTG analyses of the three separated cladode tissues (parenchyma, chlorenchyma, and epidermis) and the ground/milled cladode sample. The results showed three main areas of weight loss. The first one takes place at temperatures below 200 °C and corresponded to the elimination of free moisture and the chemical dehydration of polysaccharides. The second one, at temperatures between 200 °C and 400 °C, was attributable primarily to the thermal degradation of polysaccharides. DTG plots for parenchyma and epidermis showed two differentiated peaks in this step. The first one corresponded to the maximum degradation rate of hemicellulose at 255 °C in the parenchyma tissue and 261 °C in the epidermis. The second one was mainly associated with the degradation of cellulose and appeared at 291 °C in parenchyma tissue, 297 °C in the chlorenchyma, and 309 °C in the epidermis [53]. The first peak in the chlorenchyma is almost indistinguishable, which suggests a limited hemicellulose content in this tissue.



Finally, the gradual mass reduction in the solid fraction observed at temperatures between 400 °C and 700 °C was attributable to the progressive carbonization of thermally resilient components (lignin), as well as to the degradation and volatilization of heavy tars and inorganic compounds. Mass losses associated with the transformation of oxalates into carbonate may be responsible for the peaks observed at 450–459 °C [54,55], while peaks at 672–702 °C could be related to the volatilization of chlorinated salts and the degradation of carbonates [54].



The TGA/DTG plots of the unfractionated cladode biomass appeared as a combination of the three tissues. Moisture loss in this sample was comparatively higher (with DTG maxima at 59 °C) due to the hydrophilic nature of this material that led to water absorption when the ground/milled biomass was stored at room conditions.




3.2. Drying of Prickly-Pear Cladodes


The equilibrium moisture contents (Xe) of the samples at 50 °C, 60 °C, and 70 °C were determined as 0.04 ± 0.003, 0.03 ± 0.001, and 0.03 ± 0.001 (kg H2O/kg DM), respectively. These values were similar, though slightly lower, to the ones reported by [17,21] for tender prickly-pear cladodes at similar temperatures and relative ambient moisture contents (0.05–0.06 kg H2O/kg DM). This was probably due to the osmotic pressure provided by the higher content of soluble components in tender cladodes when compared to mature ones.



Figure 5 shows the drying curves of prickly-pear cladodes (cut into straps and cubes) at different temperatures. Similar patterns were found for both cutting geometries. Regarding curves at 60 °C and 70 °C, a rapid moisture loss could be observed in the first hours represented by parallel and almost linear tendencies with noticeable slopes. As the process moved forward, the curves tendency turned asymptotic towards Rx ≈ 0. Drying curves at 50 °C showed a more progressive tendency, even at the first hours, resulting in significantly higher drying times.



The variability between results obtained at each experimental condition (expressed as the average standard deviation of the moisture ratio—Rx) was 0.02, 0.01, and 0.01 for straps dried at 50, 60, and 70 °C, respectively, and 0.04, 0.02, and 0.04 for cubes dried at 50, 60, and 70 °C, respectively.



When cutting the cladodes into straps, the exposed surface of parenchyma and chlorenchyma tissues (expressed as the exposed surface to fresh-weight ratio) represented between 49 and 57% of the total cladode’s surface subjected to drying, while this value increased to 70–74% when cladodes were cut into cubes (Table 5). Exposed surfaces and moisture-loss rates were, respectively, 2.0–2.3 and 1.6–2.3 times higher when cladodes were cut into cubes than when they were cut into straps. The highest moisture-loss rate (31.9 g/h) was found for cladodes cut into cubes and dried at 70 °C, being 26% higher than the one found for the same cutting geometry at 60 °C, and 9.4 times higher than the one determined for cladode cubes dried at 50 °C. Whole cladodes dried at 70 °C showed the lowest moisture-loss rate, representing 11% of the one found for cladodes cut into straps and dried at the same temperature and 81% of the one determined for cladode cubes dried at 50 °C.



Figure 6 (left) shows the drying rates (expressed as moisture loss per unit of dry matter and time) of the prickly-pear cladodes cut into different geometries and dried at different temperatures, along with their tendency lines. Whole cladodes showed the lowest drying rates followed by cladode straps and cubes dried at 50 °C. At the other end of the spectrum, cubes dried at 70 °C and 60 °C reached the highest drying rates. The results showed how it was increasingly difficult to reach high drying rates when the moisture content in the cladode diminished. The tendency lines of the experimental results followed a power tendency (y = axb) when mild conditions were employed, although the asymptotic range of the function at the determined moisture-weight to dry-weight ratios (MW/DW), was only visible for the one representing the drying of whole cladodes. This implies that when the internal tissues of the cladodes are exposed to drying air, there is a clear response of the drying rate to the MW/DW ratio. At more severe drying conditions (cubes and straps at 60 °C and 70 °C), this phenomenon was utmost clear, as the tendency lines fitted into linear functions (R2 = 0.96–0.99) even better than into power ones (R2 = 0.93–0.96). According to [15,19], this predominance of the falling rate period implies that the drying process was mainly controlled by water diffusion (same as what happens when drying tender cladodes, as reported by the cited authors) while the constant-rate period observed at high MW/DW values for whole cladodes dried at 70 °C is governed by convection.



To study the effect of temperature over the moisture-loss rates without considering the effect of the cutting geometry, Figure 6 shows the rates of moisture loss per unit of exposed tissues surface (along with their tendency lines). If rates were compared at the maximum common value for MW/DW (10.1), the rates of moisture loss per unit of exposed tissues surface increased with temperatures from ca. 0.03 g/(cm2 h) at 50 °C to ca. 0.1 g/(cm2 h) at 70 °C.




3.3. Drying Modeling


The determination coefficients (R2) and the adjustment errors of the different drying models tested were included in Appendix A (see Table A1). All models fitted quite well with the experimental data (R2 ≥ 0.94, SEE ≤ 0.06, MAE ≤ 0.05) with the exception of the Wang and Sing model when applied to data from straps dried at 50 °C (R2 = 0.74–0.87). On average (considering the three tested temperatures), the double exponential with three parameters and the Midilli models achieved the higher determination coefficients for straps (0.997) and cubes (0.999), respectively. The coefficients belonging to these models that allowed us to build the empirical functions that best represent the drying kinetics of prickly-pear cladodes under the tested conditions are shown in Table 6.



The modeling of the drying kinetics of tender cladodes had been previously reported in literature. López et al. [18] found the best fit for the double exponential (four parameters) model when drying whole and partially peeled cladodes at temperatures between 35 and 60 °C, while both Díaz-Ayala et al. [15], and Taouil et al. [21] found better fits for the Midilli model when drying cladode straps (thickness = 0.4 cm) and cubes (1 × 1 cm), respectively, at the same temperatures. These results, together with the ones obtained in the present work, suggest that optimum results are achieved with functions that include at least three parameters when a wide range of models are tested to describe the drying kinetics of cladodes.



The diffusion coefficient values (Table 7) increased along with drying temperatures and the surface area of exposed tissues. The obtained values were significantly lower than those obtained for tender prickly-pear cladodes by [20] (0.82 × 10−7–3.25 × 10−7 m2/s) but fell within the range compiled by [56] for vegetables and foodstuff (10−12–10−8 m/s). When drying cladodes at 60 °C and 70 °C, the obtained values (2.0 × 10−9–6.5 × 10−9 m/s) were similar to those found for thyme biomass dried at 50–60 °C (3.4 × 10−9–6.0 × 10−9 m/s) [57], spinach dried at 60–70 °C (1.0–1.5 × 10−9 m/s) [58], and Chenopodium ambrosioides L. dried at 60 °C (4.5 × 10−9 m/s) [59]. Diffusion coefficients obtained for cladodes dried at 50 °C are similar to those found for another succulent species, Aloe barbadensis Mill., dried at 50–70 °C (5.3–11.3 × 10−10 m/s) [60].




3.4. Bulk Density of Prickly-Pear Dry Cubes


The average bulk density of dry cladode cubes was 150 ± 3.6 kg/m3. This value is higher than the ones found for different milled herbaceous biomasses (60–82 kg/m3) by [61], while similar to those reported for pine sawdust [62] and milled Phalaris arundinacea L. [63]. These values are much lower than the ones commonly determined in commercial quality pellets (≥600 kg/m3), suggesting the need of further densification of this biomass to avoid disproportionate transportation costs.





4. Conclusions


	
When compared to biomass commonly used for thermal purposes (wood), prickly-pear mature cladodes have lower calorific value and a much higher content in ashes. Alkaline species, particularly Ca and K, represent a significant percentage of prickly-pear biomass elemental composition. Consequently, prickly-pear mature cladodes are a poor-quality biofuel for thermal applications.



	
When drying prickly-pear biomass, cutting the cladodes and exposing the internal tissues significantly increases the drying rate, thus reducing the time necessary to complete the process.



	
Regarding drying temperature, there is a great response to this parameter in terms of drying time, drying rate, and diffusivity when its value increases from 50 °C to 60 °C.



	
Double exponential (three parameters) and Midilli are the drying models that best fit the experimental drying curves of prickly-pear cladodes cut into straps and cubes when dried at 50–70 °C.



	
Bulk density of dry cladode cubes is similar to the one reported in literature for sawdust and milled herbaceous biomasses.










Author Contributions


Conceptualization, G.S.M. and F.S.-G.; methodology, G.S.M. and F.S.-G.; software, F.S.-G. and D.F.-O.; validation, G.S.M. and F.S.-G.; formal analysis, D.F.-O.; resources, F.S.-G.; data curation, F.S.-G. and D.F.-O.; writing—original draft preparation, D.F.-O.; writing—review and editing, G.S.M. and F.S.-G.; supervision, G.S.M. and F.S.-G.; funding acquisition, G.S.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by EUROPEAN COMMISSION, grant number FP7-ENERGY-2012-1 CP 308912.




Data Availability Statement


Data sharing is not applicable to this article.




Acknowledgments


Thanks are due to Grupo de Agroenergética for kindly allowing us to use their installations at UPM.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	a, b, and c
	Drying constants (dimensionless)



	B1 and B2
	Batches of cladodes



	C
	Average thickness of the cladode (m)



	D
	Cladode diameter at the wider point (cm)



	Deff
	Diffusion coefficient for moisture in solids (m2/s).



	dmb
	Dry matter basis



	DTG
	Differential thermogravimetry



	HHV0
	High heating value on a dry matter basis (MJ/kg)



	k, k0 and k1
	Drying rate constants.



	L
	Cladode length (cm)



	LHV0
	Low heating value on a dry matter basis (MJ/kg)



	Ls
	Length of each strap (cm)



	MAE
	Mean absolute error.



	MW/DW
	Moisture-weight to dry-weight ratio.



	R2
	Determination coefficient.



	Rx
	Moisture ratio (dimensionless)



	S
	Cladode’s face area (cm2)



	SCp+c
	Total surface of exposed parenchyma and chlorenchyma tissues in cladode cubes (cm2).



	SSp+c
	Total surface of exposed parenchyma and chlorenchyma tissues in cladode straps (cm2)



	t
	Drying time (h).



	T1
	Thickness of the cladode’s cube face at the thickest point (cm)



	T2
	Thickness of the cladode’s cube face at the narrowest point (cm)



	Td
	Strap thickness at the distal extreme (cm)



	TGA
	Thermogravimetry



	Th
	Strap thickness at half-length (cm)



	Tp
	Strap thickness at the proximal extreme (cm)



	W
	Average width of the cladode’s cube face (cm)



	Wd
	Dry weight of the sample (g)



	We
	Weight of the sample at the end of the oven-drying process (g)



	    X ¯    
	Average value.



	X0
	Initial moisture content of the sample (wt%).



	Xe
	Equilibrium moisture content (wt%)



	Xt
	Moisture content of the sample at the time t (wt%)



	σ
	Standard deviation.
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Table A1. Determination coefficients and adjustment errors of the different drying models tested.






Table A1. Determination coefficients and adjustment errors of the different drying models tested.





	

	

	
Straps

	
Cubes




	
Model

	
T (°C)

	
R2 (%)

	
SEE

	
MAE

	
R2 (%)

	
SEE

	
MAE






	
Henderson and Pabis (exponential, 2 parameters)

	
50

	
98.83

	
0.028

	
0.018

	
97.92

	
0.033

	
0.027




	
60

	
99.47

	
0.017

	
0.015

	
99.48

	
0.021

	
0.017




	
70

	
99.75

	
0.014

	
0.011

	
99.25

	
0.027

	
0.024




	
Average

	
99.35

	
0.020

	
0.015

	
98.88

	
0.027

	
0.023




	
Exponential (3 parameters)

	
50

	
98.88

	
0.028

	
0.016

	
98.98

	
0.023

	
0.018




	
60

	
99.55

	
0.016

	
0.014

	
99.80

	
0.012

	
0.010




	
70

	
99.77

	
0.014

	
0.012

	
99.70

	
0.018

	
0.014




	
Average

	
99.40

	
0.019

	
0.014

	
99.49

	
0.018

	
0.014




	
Double exponential (2 parameters)

	
50

	
97.63

	
0.040

	
0.028

	
99.29

	
0.019

	
0.015




	
60

	
99.74

	
0.013

	
0.010

	
99.32

	
0.024

	
0.020




	
70

	
99.72

	
0.015

	
0.011

	
99.19

	
0.026

	
0.020




	
Average

	
99.03

	
0.022

	
0.017

	
99.26

	
0.023

	
0.018




	
Double exponential (3 parameters)

	
50

	
99.57

	
0.016

	
0.013

	
99.81

	
0.010

	
0.008




	
60

	
99.74

	
0.013

	
0.010

	
99.83

	
0.012

	
0.009




	
70

	
99.79

	
0.013

	
0.011

	
99.89

	
0.010

	
0.008




	
Average

	
99.70

	
0.014

	
0.011

	
99.84

	
0.011

	
0.008




	
Double exponential (4 parameters)

	
50

	
98.83

	
0.029

	
0.018

	
97.92

	
0.034

	
0.027




	
60

	
99.51

	
0.016

	
0.014

	
99.48

	
0.022

	
0.017




	
70

	
99.75

	
0.014

	
0.011

	
99.25

	
0.030

	
0.024




	
Average

	
99.36

	
0.020

	
0.014

	
98.88

	
0.029

	
0.023




	
Triple exponential (6 parameters)

	
50

	
98.83

	
0.029

	
0.019

	
97.92

	
0.035

	
0.027




	
60

	
99.47

	
0.018

	
0.019

	
99.48

	
0.024

	
0.017




	
70

	
99.81

	
0.013

	
0.010

	
99.25

	
0.033

	
0.024




	
Average

	
99.37

	
0.020

	
0.016

	
98.88

	
0.030

	
0.023




	
Lewis

	
50

	
94.37

	
0.062

	
0.046

	
96.00

	
0.045

	
0.038




	
60

	
99.36

	
0.019

	
0.016

	
99.33

	
0.023

	
0.019




	
70

	
99.74

	
0.014

	
0.011

	
99.11

	
0.029

	
0.025




	
Average

	
97.82

	
0.031

	
0.024

	
98.15

	
0.032

	
0.027




	
Page

	
50

	
98.26

	
0.034

	
0.030

	
99.61

	
0.014

	
0.011




	
60

	
99.67

	
0.014

	
0.012

	
99.90

	
0.010

	
0.008




	
70

	
99.78

	
0.013

	
0.011

	
99.89

	
0.010

	
0.008




	
Average

	
99.24

	
0.021

	
0.017

	
99.80

	
0.011

	
0.009




	
Page (modified)

	
50

	
94.37

	
0.062

	
0.046

	
96.00

	
0.045

	
0.038




	
60

	
99.36

	
0.019

	
0.016

	
99.33

	
0.024

	
0.019




	
70

	
99.74

	
0.014

	
0.011

	
99.11

	
0.030

	
0.025




	
Average

	
97.82

	
0.032

	
0.024

	
98.15

	
0.033

	
0.027




	
Midilli

	
50

	
99.23

	
0.023

	
0.019

	
99.66

	
0.014

	
0.011




	
60

	
99.75

	
0.013

	
0.011

	
99.95

	
0.007

	
0.005




	
70

	
99.80

	
0.013

	
0.010

	
99.94

	
0.008

	
0.006




	
Average

	
99.59

	
0.016

	
0.013

	
99.85

	
0.010

	
0.007




	
Wang and Singh

	
50

	
74.25

	
0.134

	
0.117

	
94.93

	
0.051

	
0.042




	
60

	
84.59

	
0.098

	
0.081

	
96.64

	
0.055

	
0.044




	
70

	
87.05

	
0.100

	
0.085

	
97.70

	
0.046

	
0.037




	
Average

	
81.96

	
0.111

	
0.095

	
96.42

	
0.051

	
0.041




	
Fick (simplified, 1st term)

	
50

	
98.37

	
0.033

	
0.019

	
94.51

	
0.052

	
0.025




	
60

	
96.46

	
0.047

	
0.024

	
94.35

	
0.072

	
0.054




	
70

	
95.76

	
0.057

	
0.032

	
93.88

	
0.076

	
0.056




	
Average

	
96.86

	
0.046

	
0.025

	
94.25

	
0.067

	
0.045








R2 = Determination coefficient. SEE = standard error of the estimate. MAE = mean absolute error.
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Figure 1. Prickly-pear-cladodes cut in straps (left) and cubes (right). 
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Figure 2. Straps made from the cutting of prickly-pear cladodes. Td = thickness of the proximal extreme of the strap; Tp = thickness of the distal extreme of the strap; Th = thickness at half-length. 
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Figure 3. Cubes made from cutting prickly-pear cladodes. T1 = thickness of the cube face at the thickest point; T2 = thickness of the cube face at the narrowest point; W = average length of the face. 
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Figure 4. TGA/DTG analyses of whole prickly-pear cladode biomass (up) and its constituent tissues (from (left) to (right): parenchyma, chlorenchyma, and epidermis) in flowing nitrogen. 
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Figure 5. Drying curves of prickly-pear cladodes with different geometries ((left) straps, (right) cubes). 
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Figure 6. Drying rates (left) and drying rates per unit of exposed tissues surface (right) of prickly-pear cladodes cut into different geometries and dried at different temperatures. 
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Table 1. Drying models tested.






Table 1. Drying models tested.





	Model
	Equation
	Ref.





	Henderson and Pabis (exponential, 2 parameters)
	   R x = a  e  − k t     
	[25]



	Exponential (3 parameters)
	   R x = a  e  − k t + b     
	[26]



	Double exponential (2 parameters)
	   R x = a  e  − k t + b   +  (  1 − a  )   e  − a k t     
	[27]



	Double exponential (3 parameters)
	   R x = a  e  − k t + b   +  (  1 − a  )   e  − b k t     
	[28]



	Double exponential (4 parameters)
	   R x = a  e  −  k 0  t   + b  e  −  k 1  t     
	[29]



	Triple exponential (6 parameters)
	   R x = a  e  − k t   + b  e  −  k 0  t   + c  e  −  k 1  t     
	[30]



	Lewis
	   R x =  e  − k t     
	[31]



	Page
	   R x =  e  − k  t n      
	[32]



	Page (modified)
	   R x =  e  −   ( k t )  n      
	[33]



	Midilli
	   R x = a  e  − k  t n    + b t   
	[34]



	Wang and Singh
	   R x = 1 + a t + b  t 2    
	[35]
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Table 2. Analytical methods used for the characterization of the prickly-pear biomass.
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	Parameter
	Methods





	Moisture (to determine the dry matter basis of the sample—dmb)
	Oven drying at 105 °C (EN 14774-2:2010) [38]



	Volatile matter
	Furnace heating at 900 °C (EN 15148:2010) [39]



	Ash
	Calcination at 550 °C (EN 14775:2010) [40]



	Higher Heating Value (HHV)
	Bomb calorimetry (EN 14918:2011, DIN 51900) [41,42]



	Elemental analysis
	Elemental analyzer (EN 15104:2011) (CHNO) [43]/X-ray fluorescence (other elements)



	Bulk density
	Measuring cylinder (EN 15103:2010) [44]



	Fiber composition
	Goering and Van Soest method (EN ISO 16472, EN ISO 13906) [45,46]



	Thermogravimetric analysis (TGA/DTG)
	Thermobalance TA 2050 (TA Inst.). Flowing nitrogen: 25–30 mg. 50 mL/min. Heating rate: 10 °C/min.
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Table 3. Elemental analysis of prickly-pear cladodes.






Table 3. Elemental analysis of prickly-pear cladodes.





	
Main Elements (>1%) (wt%, dmb)

	
Minor Elements (<1%) (mg/kg, dmb)

	
Elemental Ratios






	
C

	
35.2

	
Mg

	
721

	
Zn

	
241

	
O/C

	
1.26




	
H

	
4.7

	
Al

	
49

	
Br

	
31

	
H/C

	
0.13




	
N

	
1.16

	
Si

	
608

	
Rb

	
75

	
Si/K

	
0.01




	
O

	
44.3

	
P

	
3210

	
Sr

	
247

	
Ca/K

	
1.71




	
Ca

	
7.3

	
S

	
270

	
Ru

	
13

	

	




	
K

	
4.2

	
Cl

	
7240

	
Sn

	
51

	

	




	

	

	
Mn

	
441

	
Ba

	
205

	

	




	

	

	
Fe

	
19

	

	

	

	








Any other element < 10 mg/kg (dmb); RSD < 5% in all cases.
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Table 4. Proximate, fiber, and thermal analyses of prickly-pear cladodes.
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	Proximate Analysis (wt%, dmb)
	   X ¯    ± σ





	Volatile matter1
	69.7



	Fixed carbon
	4.5 ± 0.9



	Ash
	25.8 ± 2.0



	Fiber analysis (wt%, dmb)
	



	Cellulose
	8.2 ± 0.5



	Hemicellulose
	10.5 ± 0.1



	Lignin
	2.1 ± 0.2



	Starch (wt%, dmb)
	3.0 ± 0.5



	Thermal analysis (MJ/kg dmb)
	



	Higher heating value (HHV)
	13.9 ± 0.2



	Lower heating value (LHV)
	12.9 ± 0.2



	Proximate analysis (wt%, dmb)
	   X ¯    ± σ







   X ¯    ± σ: average ± standard deviation; (1) Calculated by difference.
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Table 5. Drying surface areas, drying times, and moisture-loss rates of prickly-pear cladodes.
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T (°C)

	
Geometry

	
Total Surface/Fresh Weight (cm2/g)

	
Epidermis Surface/Fresh Weight (cm2/g)

	
Exposed (Parenachima + Claorenchima) Surface/Fresh Weight (cm2/g)

	
Drying Time (h)

	
Average Moisture-Loss Rate (g Moisture Loss/h)






	
50

	
Dices

	
2.7

	
0.8

	
1.9

	
150

	
3.4




	
Straps

	
1.7

	
0.9

	
0.8

	
237

	
2.1




	
60

	
Dices

	
2.9

	
0.8

	
2.2

	
22

	
25.2




	
Straps

	
1.7

	
0.7

	
0.9

	
58

	
11




	
70

	
Dices

	
2.9

	
0.9

	
2

	
14

	
31.9




	
Straps

	
1.8

	
0.8

	
1

	
40

	
15.7
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Table 6. Coefficients of the double exponential with three parameters and Midilli models that describe the drying curves of prickly-pear cladodes cut into different geometries and exposed to different temperatures.






Table 6. Coefficients of the double exponential with three parameters and Midilli models that describe the drying curves of prickly-pear cladodes cut into different geometries and exposed to different temperatures.





	

	
Model

	
T (°C)

	
a

	
k

	
b

	
n






	
Straps

	
Double exponential (three parameters)

  R x = a  e  − k t + b   +  (  1 − a  )   e  − b k t    

	
50

	
0.1919

	
0.4842

	
0.0420

	




	
60

	
0.6233

	
0.1633

	
0.3376

	




	
70

	
0.8181

	
0.1679

	
0.6238

	




	
Midilli

  R x = a  e  − k  t n    + b t  

	
50

	
0.9284

	
0.0529

	
−0.0003

	
0.7579




	
60

	
1.0261

	
0.1266

	
−0.0001

	
0.9007




	
70

	
1.0095

	
0.1502

	
0.0001

	
0.9969




	
Cubes

	
Double exponential (three parameters)

  R x = a  e  − k t + b   +  (  1 − a  )   e  − b k t    

	
50

	
0.2404

	
0.2230

	
0.1360

	




	
60

	
−1.2113

	
0.1416

	
0.9010

	




	
70

	
−4.9588

	
0.5504

	
0.8466

	




	
Midilli

  R x = a  e  − k  t n    + b t  

	
50

	
1.0226

	
0.1062

	
−0.0007

	
0.6996




	
60

	
0.9929

	
0.1671

	
−0.0008

	
1.1250




	
70

	
0.9969

	
0.2251

	
−0.0009

	
1.1894
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Table 7. Diffusion coefficients found for the drying of prickly-pear cladodes cut into different geometries and exposed to different temperatures.






Table 7. Diffusion coefficients found for the drying of prickly-pear cladodes cut into different geometries and exposed to different temperatures.





	

	
Diffusion Coefficients (m2/s)




	
T (°C)

	
Straps

	
Cubes






	
50

	
4.71 × 10−10

	
8.18 × 10−10




	
60

	
1.95 × 10−9

	
4.36 × 10−9




	
70

	
3.01 × 10−9

	
6.47 × 10−9
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