FLUIDIZED BED ROASTING MODIFYING THE MICROSTRUCTURE OF COCOA NIBS AND IMPROVING COCOA BUTTER QUALITY
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Abstract
The extraction of butter from cocoa seeds involves various processing steps that weak the lipid-storing cell walls of cocoa cotyledons. Roasting is particularly critical, making cocoa nibs porous and brittle. In this study, the degree of disruption of the microstructure of cocoa nibs, and the quality and aroma profile of cocoa butter, were evaluated using two roasting techniques, forced convective oven, and fluidized bed. Fluidized bed roasting, recognized for its energy efficiency and low-footprint synthesis, was more than 10 times faster than oven roasting. This technique allowed a fast release of steam when parenchyma cell walls were still in a glassy state, while oven roasting caused gradual physical modification allowing the cell wall to become more elastic. Consequently, when using fluidizing bed technique, small pores of unroasted cocoa nibs swelled and coalesced to produce more large-sized ones. 3-D microscopic image analysis showed a total porosity in unroasted cocoa beans of 8.5 ± 2.0% (v/v): this value doubled upon oven roasting and triplicated upon fluidized bed roasting. The higher porosity in fast-roasted nibs was reflected in the lowest densities and highest cocoa butter yield. Cocoa butter obtained from fluidized-bed roasted cocoa showed a higher presence of pyrazines and 3-methylbutanal, and a lower concentration of hydroperoxides, thus enhancing the chocolate flavor and quality. In this paper, we showed that pore-structure of cocoa nibs is a key quality descriptor of roasting processing, and we concluded by energetic and quality considerations that fluidized bed roasting of cocoa nibs should be preferred over conventional roasting.
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INTRODUCTION
Cocoa butter is the major component of the seeds of Theobroma cacao L. (53 to 59% d.b.) (Oracz et al., 2014) and their most valuable derivative (ICCO, 2021). Its extraction involves various typical processing steps to soften, brittle, and break the cell wall of the reserve cells of cocoa seeds that enclose the fat crystals. The loss of quality of cocoa butter across the processing chain is a concrete challenge, and technological parameters must be optimized to tackle it.
Fermented and dried cocoa beans are composed of testa and cotyledons, known as shells and nibs, respectively. During fermentation and drying, secondary metabolites (e.g., acetic acid) penetrate the cotyledons. As a consequence, the parenchyma cells’ structure turns smooth, water leaks (Camu et al., 2007), and some cells get disrupted (de Brito et al., 2000). In addition, lipases hydrolyze triacylglycerols with the release of fatty acids, compounds that easily follow the formation of primary oxidation products (i.e., hydroperoxides) (Hammond, 2003) due to the high solubility of oxygen at mild temperatures (Tena et al., 2019). 
The typical roasting temperatures cause the evaporation of a significant part of the remaining water and some other low-boiling-point organic compounds like acetic acid and fatty acids. This physical phenomenon implicates the formation of large amounts of gases inside the matrix that generate high internal pressure. Thus, roasting deeply modifies the microstructure of the nibs with the appearance of more disrupted cells (de Brito et al., 2000), and an increase in porosity (Schenker et al., 2000). Those changes are responsible for the friability of roasted cocoa nibs, facilitating grinding and the following processing. Moreover, the solubility of oxygen is also remarkedly reduced by the high roasting temperatures, leading to the decrease of primary oxidation products, and the formation of the secondary oxidation products (e.g., volatile compounds and polymeric structures) (Tena et al., 2019).
The grinding of the roasted nibs causes abundant release of cocoa butter, leading to the production of cocoa mass, also named cocoa liquor (Hoskin and Dimick, 1980). Then, a horizontal hot press extracts the cocoa butter by gradually increasing the pressure on the cocoa liquor. This process separates a rigid solid cake containing mainly proteins, polysaccharides, and polyphenols (Hoskin and Dimick, 1980) from the lipid phase named cocoa butter. At this point, the aroma of cocoa butter is very unpleasant due to the high concentration of acidic volatiles, especially acetic acid (Carlin et al., 1986); thus, deodorization is required before use. Unfortunately, this process also removes desirable chocolate notes, leading to a neutral aroma (Gutiérrez, 2017). 
The fatty acid composition of cocoa butter consists of about 62% of saturated and 38% of unsaturated fatty acids (Dorota et al., 2014). These chemical characteristics make cocoa fat more resistant to oxidation than other edible oils and fats. Nonetheless, roasting can be optimized to avoid the formation of undesirable secondary oxidation products like some aldehydes (e.g., pentanal, hexanal, and nonanal), which exert undesirable rancid flavors (Grebenteuch et al., 2021). 
Different roasting techniques and temperatures might affect the microstructure of cocoa nibs, as well as the quality and aroma profile of their cocoa butter. Few publications have investigated the effect of roasting on cocoa butter quality, and no studies evaluated the extent of disruption of cocoa nibs’ microstructure and the changes in the volatile organic compounds profile of cocoa butter under different roasting conditions. 
Fluidized bed apparatus was proposed as alternative roasting technique for its energy efficiency and low-footprint synthesis (Di Renzo et al., 2021). In our previous study (Peña-Correa et al., 2022), we compared fluidized bed roasting vs. forced-convective oven roastingby means of roasting kinetics. The main difference between them is the predominant way of heat transfer: In fluidized bed roasting, it is convective; and in oven-roasting, conductive (from the metallic surface holding the cocoa beans). The heat transfer efficiency of fluidized bed roasting resulted in speeding up the process to about 16 times, leading to the production of more nitrogen-heterocycles, e.g., pyrazines, without carrying typical overroasting-aroma compounds (Peña-Correa et al., 2022). Pyrazines are desirable aroma compounds displaying nutty, earthy, roasty, and chocolate notes (Michel et al., 2021); their presence in the lipidic fraction of cocoa is a factor deserving further investigation. 
This study aimed to evaluate the effect of fluidized bed roasting and forced-convective oven roasting at two roasting temperatures, 120 °C and 140 °C, on the microstructure, density, and porosity of cocoa nibs; and on the yield of extraction, volatile organic compounds (VOC) profile, and quality of their cocoa butter. 
EXPERIMENTAL PROCEDURES
Materials
Fermented and dried Forastero cocoa beans (Theobroma cacao L.) from Ivory Coast, with a water content of 6.14 ± 0.02 % w/w,  were supplied by Olam International (Koog aan de Zaan, The Netherlands). Cyclohexane (99.7%), 9-(2-Carboxyphenyl)-6-(diethylamino)-N,N-diethyl-3H-xanthen-3-iminium chloride (Rhodamine B), 4,4-Difluoro-1,3,5,7-Tetramethyl-4-Bora-3a,4a-Diaza-s-Indacene (BodipyTM 505/515), Wijs solution, soluble starch, acetic acid (99.7%), anhydrous sodium thiosulfate (Na2S2O3), ethyl alcohol (96%), sodium hydroxide, potassium iodide, and solid-phase microextraction fibers (75 μm Carboxen/ Polydimethylsiloxane) were purchased from Sigma Aldrich (St. Luis, USA). Petroleum ether with a boiling point between 40 – 60 °C, and iso-octane were purchased from Actu-All Chemicals (Oss, The Netherlands). Whatman 595 ½ filter papers were purchased from GE Healthcare Life Sciences, UK.
Preparation of cocoa nibs
Batches of 180 g of cocoa beans were heated in a pre-heated pan using an induction stove (ATAG B.V., The Netherlands) with constant stirring for 4 min. After that, they were cooled to 40 °C. The husks were manually removed. Then, the remaining particles adhered to the cotyledons were winnowed with an air gun. The cocoa nibs were softly cracked with mortar and pestle and sieved to selectively retain only the cocoa nibs with a homogeneous size between 4.0 and 7.0 mm. This size was suitable for balancing the weight of the cocoa particles with the power of the air-blower of the fluidized bed roaster. The sieved cocoa nibs were kept in vacuum bags at -20 °C until the roasting experiments.
Roasting of cocoa nibs
Independent batches of 70 g of cocoa nibs with an initial water content of 4.31 ± 0.11% w/w were roasted in a pre-heated electric fluidized bed coffee roaster (Toper Optical Roaster, Izmir, Turkey) at 120 and 140 °C for 6' 27", and 3' 43" (min' s") respectively. This roaster has a maximum capacity of 150 g of coffee beans (≈70 g of our cocoa nibs), and was provided with a fan with a constant speed of 2100 rpm. The fluidized bed roaster was programmed to cool the roasted nibs to 40 °C after roasting. These experiments were referred to as Fast Roasting (FR). Batches of 70 g of cocoa nibs were dispersed in aluminum trays and then placed in a pre-heated electric convective oven (VWR International B.V., Breda, the Netherlands) at 120 °C for 73' 18" and at 140 °C for 45' 16". These experiments were referred to as Slow Roasting (SR). A fan with a constant speed of 1400 rpm injected hot air into the oven’s chamber, which inner volume is 115 L. The roasted nibs were immediately removed from the oven and cooled to 40 °C with an air gun. In both roasting systems, the temperature was measured with thermocouples located inside the roasting chambers. The roasting times mentioned above correspond to the times needed to reduce the water content of cocoa nibs to 1.0 ± 0.1% w/w. The two roasting techniques and the two roasting temperatures ended up with four different roasting conditions abbreviated as FR-120 (i.e., Fast roasting/roasted at 120 °C), FR-140, SR-120 (i.e., Slow Roasting/roasted at 120 °C), and SR-140. Every roasting condition was performed nine times. The batches were pooled in this way to be handed as triplicates: [1st, 2nd, and 3rd], [4th, 5th, and 6th], and [7th, 8th, and 9th]. Unroasted cocoa nibs were used as control. The samples were vacuum-packed and stored at -20°C until usage. 
Microscopy of cross-sections of cocoa nibs 
Observations through a confocal laser microscope (Type 510, Zeiss, Oberkochen, Germany) were performed based on the methodology described by (Zahir et al., 2018) with some modifications. Based on the fluorochrome binding affinity to cell microstructures, the fluorescent dyes rhodamine B and Bodipy 505/515 were used to stain protein and oil bodies, respectively. A solution containing 0.001% of both was prepared in demineralized water. Three cocoa nibs from each roasting batch and control were randomly selected and transversely cut with a scalpel. 100 µl of the dye-mix solution was added to a watch glass. The cut-side of the two halves were dept into this solution for 15 min and then placed on a glass microscope slide with the cut-side touching it. The microscopic observations were done using a 543 nm HeNe laser for rhodamine B, and a 488 nm argon laser for Bodipy. The images were acquired using a 10/20 EC Plan-Neofluar/0.5A lens, and then were analyzed with the software ZEN blue edition (Carl Zeiss Microscopy).
X-ray tomography exploration of cocoa nibs and porosity calculation
Three cocoa nibs were selected from each roasting batch and control. A tomographer (GE Phoenix v|tome|x, General Electric, Wunstorf, Germany) and its software GE (Wunstorf, Germany) were used to get non-invasively and non-destructively 2D and 3D imaging. Each cocoa nib was introduced in a 1.5 mL Eppendorf tube and then placed 28.55 mm away from the X-ray source (240 kV microfocus tube with tungsten). X-rays were generated with a voltage of 80 kV and a current of 120 μA. A 0.3 mm Cu filter was used to avoid beam hardening. A full scan of 1500 projections over 360° (recorded by a GE DXR detector array) allowed to obtain single images of 2024 × 2024 pixels (pixel size 200µm) with a spatial resolution of 7.0 μm. 2D projections representing virtual cross-sections were obtained from the average of 3 images obtained over 250 ms exposure time. The software Avizo (Thermo Fisher, version 2019.1, Germany) was further used to obtain the voxels (the volume elements, like the pixels of a picture) to make the 3D reconstructions of the whole nib and to calculate the volumes of its continuous solid structure and the enclosed air sections, namely porosity. Because the cracks were not enclosed air sections, they were not considered as pores. Voxels of air sections below 6.85x10-7 mm3 were not considered for volume calculations either, as they are likely to be imaging artifacts. 
The density of cocoa nibs
Approximately 10 grams of randomly selected cocoa nibs were weighed on an analytical balance and then transferred into a glass-volumetric cylinder containing 50 mL of ethanol (96% v/v, 0.799 g/mL at 20 °C). The volume displacement was immediately registered and used to calculate the density of cocoa nibs.
Cocoa butter extraction
Superficial extraction
A superficial-solvent extraction was performed to estimate to what extent a non-polar solvent can access cocoa nibs pores to withdraw cocoa butter. Briefly, 5 g of cocoa nibs were placed into a Duran flask, and then 20 mL of petroleum ether was added. The bottles were placed over a shaking plate (Universal Shaker SM30, Edmund Bühler, Germany) at 75 rpm for 15 min at room temperature. Then, the mixture was filtered through a Whatman 595 ½ filter paper. The solvent was evaporated using a rotary evaporator (R215, Buchi, Flawil, Switzerland) at 55 °C at 300 mBar. The weight (g) of the cocoa butter obtained  was used to estimate the yield of extraction of cocoa butter by using Eq. 1, where  stands for the weight (g) of the dry fraction of cocoa nibs.
   Eq. 1
Hot-press extraction
Unroasted cocoa nibs, and cocoa nibs processed under FR-140 and SR-140 conditions were transformed into cocoa liquor for further hot-press defatting. First, one kilogram of each was ground with a continuous screw-juicer (Vital Max Oscar 900, Hurom, Korea) at room temperature. Then, the cocoa mass was finely ground with a cocoa grinder (Premier Wonder, Chennai, India) for 60 min at 50-53 °C. Then, the cocoa liquors were stored in plastic containers and left overnight for slow solidification at room temperature. The day after, they underwent the hot-press process: cocoa liquors were melted in an incubator at 90 °C and batches of approximately 250 g of cocoa liquor were subjected to hot-press in a laboratory cocoa machinery press (GRS 1/1400, Calozicorte, Italy) at 95 °C and 250 bar for 600 s. The recommended load of the hot press is 0.20 to 0.55 L. The yield of cocoa butter was calculated by Eq.1, corresponding  to the dry weight (g) of the cocoa liquors.
Chemical extraction of cocoa butter for analysis
Cocoa butter was exclusively extracted from ground cocoa nibs with a non-polar-organic solvent for further chemical analysis. First, cocoa nibs were ground twice using a screw-juicer (Vital Max Oscar 900, Hurom, Korea). One hundred grams of ground cocoa was placed in a Duran flask, then 200 mL of petroleum ether was added. Then, the mix was stirred with a magnetic stirrer for 15 min at room temperature. After that, they were allowed to settle down for 1 h. The upper layer containing the solvent with the cocoa butter was pipetted off and put into 50 mL Greiner tubes. The tubes were centrifuged at 4500 rpm for 10 min at 20 °C. The supernatant was collected into rotor flasks, and the pellets returned to the Duran flask containing the sediment. The sediment was subjected to solvent extraction for three more times. The supernatants were pooled and subjected to rotary evaporation at 55 °C at 300 mbar (R215, Buchi, Flawil, Switzerland). The obtained cocoa butter was stored at -20 °C until analysis. 
Volatile organic compounds (VOC) in cocoa butter
[bookmark: _Hlk42693209][bookmark: _Hlk42692971]The VOC of the headspace of the cocoa butter were measured by Gas Chromatography-Mass Spectrometry (GC-MS) with a Thermo ScientificTM Trace GC Ultra equipment coupled to DSQ II mass spectrometer connected to a Thermo Scientific™ TriPlus RSH™ Autosampler (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.). Vials with 1.00 g of cocoa butter were firstly heated for 10 min at 40 °C. A 75 μm Carboxen/Polydimethylsiloxane Solid Phase Microextraction (SPME) fiber was inserted into the vials and exposed to the headspace for 10 min. After that, the fiber was transferred into the GC injection port for desorption of the trapped volatiles. The temperature program was carried out by heating from 40 °C to 200 °C with 10 °C/min rate. Then the temperature was kept at 200 °C for 5 min. Helium was used as carrier gas at a 2.0 mL/min constant flow rate. The volatile compounds were separated on a Stabilwax®-DA 30 m:0.25 mm column (Restek Corporation, U.S., Bellefonte, PA, USA). The mass range was set to 33-250 m/z. The analysis was performed in duplicate. The instrument setup and the data acquisition were made with the software Xcalibur 3.0 (Thermo Fisher Scientific Inc., U.S.). Finally, the retention time and the analyte peak area of each identified VOC were processed with the software Chromeleon 7.2 (Thermo Fisher Scientific Inc., U.S.). 
Determination of cocoa butter quality
Free fatty acids (FFA) content
The FFA content in the cocoa butter was measured according to the AOCS Official Method Ca5a-40 (American Oil Chemists’ Society, 1989) with some modifications. Seven grams of cocoa butter were melted by heating them to 50 °C; then 75 mL of warm (50 °C) ethyl alcohol (96% v/v) were added. The mixture was immediately titrated with 0.25 N NaOH in the presence of phenolphthalein under constant stirring. The FFA content, expressed as a percentage of oleic acid, was calculated with Eq. 2, where  stands for the volume of NaOH (mL),  is the normality of the NaOH solution, and  corresponds to the mass of cocoa butter (g).
    Eq. 2
Peroxide value (PV)
PV, defined as the milliequivalents of peroxide in one kilogram of fat, was determined with the official method  965.33 (AOAC, 2005) with some modifications. A starch indicator solution was prepared by first dissolving 0.5 g of soluble starch in 30 mL of cold water. Then, 70 mL of boiling water was added, and the solution was boiled for 3 min. Finally, the starch indicator solution was cooled at room temperature. Separately, five grams of cocoa butter were melted at 50 °C, then 25 mL of a solution of iso-octane and acetic acid 2:3 (v/v), 0.5 mL of saturated KI aqueous solution, and 30 mL water were added. A similar preparation was done without cocoa butter, i.e., the blank. The solutions were titrated with 0.01 M Na2S2O3 in the presence of 0.5 mL of starch indicator solution until a white color was detected. PV was calculated using Eq. 3 where  and  are the titration volumes (mL) of the blank and the sample respectively,  is the normality of the Na2S2O3 solution, and  represents the mass of cocoa butter (g).
   Eq. 3
Statistical analysis
Data were statistically analyzed by ANOVA. The Least Significant Differences (LSD) method with 95% significance was applied using the statistic software StatGraphics Centurion XVIII (StatGraphics Technologies Inc., USA). The Heatmap with dendrogram was performed using R commander 3.6.1 (R Foundation, Austria) and R studio (RStudio Team, USA).
RESULTS & DISCUSSION 
Microstructure of cocoa nibs
The microstructure of cocoa nibs roasted in different conditions was explored via confocal laser microscopy and X-ray tomography. Results are shown in Fig. 1 to 4. In the confocal laser images of the cross-sections of cocoa nibs (Fig. 1 and 2), the protein bodies are stained in red, and the lipids in greenish-yellow. 
Figure 1 Panel a shows that cocoa nibs contain lipid/protein storage cells of different shapes and sizes with a diameter () ranging between 15 to 25 μm. Those sizes are in line with the observations reported by de Brito et al., (2000); Lopez et al., (1987); Abo-Bakr and Shekib, (1987); Alean et al., (2019). The organelles of the cells ( ≈ 2 to 10 μm) can also be appreciated. Small and big pores ( ≈ 5 to 100 μm), as well as the fission of cytoplasms of storage cells due to cell wall disruption, were detected in both roasted and unroasted nibs. The fission of cytoplasms was more frequent in roasted cocoa, as observed in Fig. 1, Panel b. 
The main difference induced by nibs roasting was the presence of more fat, as shown in Fig. 2 panels a and b. The high roasting temperatures mobilized cocoa butter to fill up the empty sections left by evaporated water. No differences in the fat distribution among the four roasting conditions were visible through confocal microscopy.
The phenomena underpinning the pore-formation in cocoa nibs are unclear. Certainly, they originated during the drying process of fermented cocoa beans: as demonstrated in the SEM-microscopy observations performed by Lopez et al., (1987), the parenchyma cells of unfermented and fermented cocoa seeds are irregularly packed with no spaces between them. During the fermentation, the microflora stays over the testa; microorganisms do not penetrate it to invade the cotyledons (Lopez et al., 1987); therefore, the pores are not caused by bacterial damage. The first sign of cell damage (de Brito et al., 2000), and the presence of pores and pits (Abo-Bakr and Shekib, 1987) were rather observed in dried cocoa cotyledons, probably due to leaking.
The 3D reconstructions of unroasted and roasted cocoa nibs (Fig. 3 and Fig. S1) demonstrate that those pores are microchannels instead of bubbles. So, cocoa nibs structure resembles a micro-honeycomb. Schenker et al., (2000) found a similar microstructure in roasted coffee. The micropores formed in coffee could correspond to modified cell-to-cell plasmodesmata microchannels or to a 3-dimensional intercellular permeable wad-like network of polysaccharides. The latter is partially degraded and removed during roasting, giving way to oil droplets to migrate toward the surface of roasted coffee beans (Schenker et al., 2000). A similar phenomenon is probably occurring also in cocoa nibs during the roasting process; however, a more detailed observation of the intracellular structure needs to be achieved.
Density and porosity of cocoa nibs 
As expected, the roasting process significantly reduced the density of cocoa nibs, as shown in Table 1. Such effect was higher in FR nibs than in SR nibs. Table 1 also shows an effect of roasting temperature on the fast roasted samples: the higher the fast roasting temperature, the lower the density of cocoa nibs. The reduction in density could be a consequence of losing water with a minor shrinking effect and/or swelling. Because the four roasted samples lost the same amount of water, we attribute their differences to a swelling phenomenon. 
Widyotomo et al., (2006) also reported the effect of roasting in reducing the density of cocoa. The values that they reported ranged from 0.36 to 0.44 g/mL, which were lower than those obtained in this study. Those differences are due to the kind of sample, as they worked with the whole cocoa beans (shells included).
The porosity was defined as the volume ratio of the empty enclosed sections calculated with X-ray tomography in unroasted and roasted cocoa nibs. The results are presented in Table 1. The porosity of unroasted cocoa nibs was almost duplicated upon SR (p > 0.05) and triplicated upon FR (p < 0.05), without a significant effect of roasting temperature. The changes in porosity are aligned with the reduction in density. Figure 4, showing the 2-D projections of virtual cross-sections of cocoa nibs, also supports the quantitative data. A possible explanation for those differences is that during fluidized bed roasting, most of the steam was quickly generated when the cocoa nibs’ cell walls were still in a glassy state. The glass transition phenomena may play an important role in microstructure resistance (Schenker et al., 2000). Glassy cell walls are easily broken, leading to the formation of large pores. Conversely, slow roasting allowed cell walls to become more elastic during the release of steam, causing less disruption of the original structure. It is worth to mention that with the experimental conditions adopted in this study, fluidized bed roasting was more than 10 times faster than oven roasting.
Each material has different capacities to absorb and scatter X-rays. Air, for example, scatters the majority of them, while dense-solid structures tend to absorb them (Burbridge and Mah, 2017). Those differences allow the reconstruction of objects and the quantification of the different components through the X-ray tomography technique (Maire and Withers, 2014). To the best of our knowledge, this is the first study presenting 3-D reconstructions and 2-D projections of unroasted and roasted cocoa nibs, as well as the quantification of porosity with a non-invasive method. 
The X-ray tomography analysis also quantified around 130.000 to 590.000 enclosed air sections per 100 mm3 of cocoa nib. Their volume ranged from 1.0 x 10-6 mm3 to 20 mm3. To understand to what extent the pore size influenced the total porosity of cocoa nibs, the range above mentioned was divided into three groups: 
· Small: 1.0 x 10-6 mm3  x < 1.0 x 10-4 mm3
· Medium: 1.0 x 10-4 mm3  x < 1.0 x 10-1 mm3
· Large: and 1.0 x 10-1 mm3  x < 2 x 102 mm3
For each sample, the volumes of the pores (x) falling into those groups were summed, and then the data was normalized. The results are presented in Fig. 5. 
Unroasted cocoa nibs showed equal porosity from small and large pores (p > 0.05). Together, they represent approximately 80% of the total porosity. It means that unroasted cocoa has plenty of tiny pores but not many large pores. The small and medium-sized pores swelled and/or coalesced to generate large pores during the roasting processes, especially when the cell walls of the nibs were still in their glass state, as probably happened during FR. In both FR-120 and FR-140 nibs, the large-sized pores represented around 90% of the total porosity, while in SR nibs it was about 65%. These results support the differences in density and the swelling effect described above. The roasting temperature did not cause significant effects (p > 0.05) in the normalized porosity distribution. 
Our results are partially in line with an estimation of porosity in roasted and unroasted cocoa made by Rojas et al., (2020) with the Brunauer-Emmett-Teller method. They found that the pore distribution shifts from smaller towards larger pores upon roasting. However, in their case, the specific internal volume resulted in a diminution effect. The authors acknowledge the interference of fats in clogging small pores, thus affecting their results.
Cocoa butter extractability 
Yield of surface-removable fat
It is possible that differences in density and porosity might influence on cocoa butter extractability. The role of microchannels in the butter extraction from cocoa nibs was explored by a superficial solvent extraction of cocoa butter. As shown in Table 1, the extraction yield of superficial-cocoa butter was two folds higher in FR cocoa than in SR cocoa nibs. The roasting temperature did not significantly affect that yield. Changing the structure and pore formation in cocoa nibs upon fluidized bed roasting might result in: (i) a higher surface-solvent interaction; and (ii) a higher fat bloom. This finding nicely confirmed the structural differences of the roasted nibs described in the above section. 
Yield of fat extraction by hot-press 
In cocoa industry, a hot press is usually adopted to squeeze out the cocoa butter from cocoa liquors by gradually applying pressure until obtaining an almost defatted cocoa cake. Considering the role of porosity in cocoa butter accessibility, we decided to investigate if the effect of the structural difference of cocoa beans was still appreciated in the harsh conditions used in industrial processing. As shown in Fig. 6 the progress of cocoa butter extraction and the pressure showed similar growth over time. Data summarized in Table 1 clearly show that the hot-press extraction of cocoa butter has the same efficiency on the differently roasted cocoa samples. It can be concluded that under the industrial conditions applied to prepare the cocoa liquors, the differences in sample microstructure are not relevant for the cocoa butter separation.  
Volatile organic compounds (VOC) in cocoa butter
The roasting process of cocoa is responsible for removing and generating VOC. A final balance of these dynamics might result in polishing the chocolate aroma of cocoa nibs. However, this process can also favor the production of undesirable off-flavors if excess of heating is applied (Krysiak, 2006). Table 2 presents the results of the total VOC peak area counts (which can be interpreted as flavor ‘abundance’) of the cocoa butter obtained from unroasted nibs (UR-CB) and cocoa nibs roasted under the four different conditions. As shown in Table 2, roasting significantly increased the total VOC abundance in cocoa butter (p < 0.05) by 80% upon FR and by 50% upon SR. The roasting temperature did not significantly change the total VOC abundance (p > 0.05). 
The total VOC corresponded to 24 compounds belonging to these chemical groups: Organic acids, alcohols, aldehydes, fatty acids, esters, ketones, and pyrazines. Their relative abundance, namely VOC profile, is presented in Fig. 7 and Table S1. Fig. 7 shows that the four roasting conditions affected the original VOC profile of UR-CB. As expected, the presence of acetic acid in the cocoa butter extracted from the roasted cocoa nibs was not as relevant as in UR-CB. Roasting certainly evaporated a significant part of this organic acid.
The second most notorious change upon roasting is the increase in the relative abundance of the pyrazines 2,3-dimethylpyrazine, 2,5-dimethylpyrazine, 2,6-dimethylpyrazine, 2-ethyl-6-methylpyrazine, and trimethylpyrazine; and the aldehyde 3-methylbutanal. Similar findings were reported by Carlin et al., (1986). Those pyrazines are intermediate Maillard reaction products (Arnoldi et al., 1988; Adams et al., 2008) responsible for chocolate notes such as cocoa, roasted, earthy, nutty, and sweet (Michel et al., 2021; Adams et al., 2008); and 3-methylbutanal is a Strecker aldehyde that exerts malty flavor (Hofmann and Schieberle, 2000). All these single notes contribute to the whole chocolate aroma in cocoa derivatives. The relative concentration of these pyrazines and 3-methylbutanal was especially higher in cocoa butter obtained from fast roasted cocoa nibs, particularly at 140 °C; so fluidized bed roasting is likely to produce cocoa butter with a potentially high-naturally-developed chocolate aroma. This same pattern was found in cocoa nibs, as we recently reported (Peña-Correa et al., 2022). Thus, the VOC profile of cocoa nibs is well retained in cocoa butter. 
Pyrazines are not exclusive roasting products; they can also be formed in cocoa beans during fermentation and drying, being tetramethylpyrazine the most abundant one (Fang et al., 2020). It explains the initial load of pyrazines in our UR-CB. The predominance of tetramethylpyrazine over the rest of the pyrazines in UR-CB was preserved upon slow roasting, as shown in Fig. 7. A similar tendency was reported by Hashim et al., (1997) and Carlin et al., (1986). When applying fast roasting, the relative concentration of tetramethylpyrazine was reduced. It could be explained by (i) a hindering effect of the magnified abundance of other VOC, especially the other pyrazines whose formation is highly favored in fast-roasted cocoa nibs (Peña-Correa et al., 2022); and (ii) the nature of fast-roasted nibs: as demonstrated in our recent study (Peña-Correa et al., 2022), to ignite the formation of tetramethylpyrazine, there is a higher energy barrier in fast-roasted cocoa nibs than in slow-roasted cocoa; therefore, its generation is more favored in slow roasted cocoa.
Alcohols, esters, and ketones are produced in cocoa beans during fermentation (Fang et al., 2020). Their concentration is exceptionally high in fine-aroma cocoa beans, displaying floral, fruity, and green notes (Mohamadi Alasti et al., 2019; Michel et al., 2021). The VOC profile of the cocoa butter obtained from our four roasting treatments showed a higher presence of most of these compounds than that from UR-CB. Even though roasting might allow the evaporation of some of them, the considerable evaporation of acetic acid enhances the relative presence of the remaining ones. 
Fatty acids are more related to fatty, waxy, rancid, sweety, and cheesy flavors (Mohamadi Alasti et al., 2019; Frauendorfer and Schieberle, 2006). Its occurrence is attributed to enzymatic activities during harvesting and fermentation processes (Afoakwa et al., 2014). On the one hand, the presence of butanoic, hexanoic, and pentanoic acids was especially relevant in UR-CB, and their relative abundance was reduced upon roasting. These changes could be due to the volatilization of those fatty acids during roasting, or related to the formation of secondary lipid-oxidation products. On the other hand, roasting increased the relative abundance of 2-methylpropanoic acid and 3-methylbutanoic acid, especially upon FR. Aligned with our results, Carlin et al., (1986) reported a significant decrease in most of the volatile acids in cocoa butter upon roasting.
It is worth to mention that no typical lipid-oxidative aldehydes, e.g., pentanal, hexanal, and nonanal (Hashim et al., 1997; Grebenteuch et al., 2021) were detected in this study. It means that fluidized bed roasting is as safe as oven roasting in the matter of low formation of those compounds under traditional cocoa roasting temperatures.
The findings given in this section are of particular relevance for the manufacturing of white chocolate. The unpleasant flavor of unrefined cocoa butter (also known as raw or natural cocoa butter) has been an issue for cocoa industry: cocoa butter needs to be thoroughly deodorized (Gutiérrez, 2017), leading to poorly chocolate-like flavors, especially in white chocolates containing products (Beckett, 2008). Future studies are needed to correlate our findings with sensory studies and/or odor threshold assessments, as well as partial deodorization experiments of FR-140-CB, for industrial purposes. 
Cocoa butter quality
Due to the triacylglycerol composition, cocoa butter exhibits unique crystal packing properties responsible for its surface brightness, solid consistency, and snap (typical sound of breaking well-tempered chocolate) (Masuchi Buscato et al., 2017). These physical properties and the flavor are negatively affected by oxidation products like FFA and hydroperoxides (determined with the PV). FFA in cocoa butter should not exceed 1.75% w/w, expressed as oleic acid (Codex Alimentarius, 1981), and PV must be below 10 meq/kg fat (Kong and Singh, 2011).
The results of both FFA and PV quality parameters of all the processed samples were under the safe threshold values, as observed in Fig. S2. As expected, neither SR nor FR increased the initial FFA and PV (UR-CB). Fluidized bed roasting did not significantly reduce the FFA (p > 0.05) but significantly reduced the PV (p < 0.05). Aligned (Afoakwa et al., 2014; Dorota et al., 2014), partially aligned (Krysiak, 2011), and no aligned results (Djikeng et al., 2018) were reported in previous studies. The use of uncommon roasting temperatures (e.g., 180°C), as well as the origin and postharvest practicals of the cocoa beans (Chaiseri and Dimick, 1989; Marseglia et al., 2020) play important roles in making those differences.
Roasting is also called to relieve the initial load of primary oxidation products towards the formation of stable oxidation products like VOC and/or polymeric structures, being fluidized bed roasting more efficient than oven roasting, as demonstrated in Fig. S2 and Table 2. A model system study may demonstrate the straight relation between the reduction of hydroperoxides and the formation of specific VOC, under cocoa-roasting conditions.
The analysis of iodine value was also assessed in this study. No significant changes were observed between the samples (p > 0. 05). The method, and the results and discussion are given in the supplements as Analysis S1.
 CONCLUSION
This study demonstrated that the microstructure of fluidized bed roasted cocoa nibs strongly differs from traditional oven roasted nibs: higher swelling effect and porosity occur. The majority of the pores are large-sized. This phenomenon may be explained by the inability of the parenchyma cell walls to quickly turn from a glassy state to a more elastic condition during the fast fluidized bed roasting process, thus allowing for a higher disruption of the internal structure with the consequent fat bloom. 
In contrast to oven roasting, the fluidized bed roasting process leaves a higher relative concentration of pyrazines and 3-methylbutanal in the cocoa butter. Thus, this technique holds potential in producing cocoa butter with a higher concentration of Maillard reaction-generated chocolate aroma. Moreover, the quality of cocoa butter was not affected by the fast roasting technique; it rather helped to reduce the initial load of hydroperoxides, probably toward the formation of stable compounds like the VOC. 
We showed in this study that the pore structure of the roasted cocoa beans is a key quality descriptor, and we concluded by a number of processing, energetic, and quality considerations that fluidized bed roasting of cocoa nibs should be preferred over conventional roasting.
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Figure 1. Images taken by confocal microscope to stained cross-sections of a) unroasted cocoa nibs, and b) cocoa nibs fast roasted at 140°C.
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Figure 2. Images taken by confocal microscope to stained cross-sections of a) unroasted cocoa nibs, and b) cocoa nibs fast roasted at 140°C.
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Figure 3. 3-D reconstruction of the solid fraction of a cocoa nib slow roasted at 120°C, obtained by X-ray tomography. The deeper the blue color, the deeper the location of the solid mass in the space.
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Figure 4. From left to right, 2-D projections of virtual cross-sections of the solid fraction obtained by X-Ray tomography from: unroasted cocoa nibs, cocoa nibs fast roasted at 120°C (FR-120), cocoa nibs fast roasted at 140°C (FR-140), cocoa nibs slow roasted at 120°C (SR-120), and cocoa nibs slow roasted at 140°C (SR-140)  


 

Figure 5. Normalized porosity of unroasted and roasted cocoa nibs explained in three groups of pore-volume: Small (1.0 x 10-6 mm3  x < 1.0 x 10-4 mm3), Medium (1.0 x 10-4 mm3  x < 1.0 x 10-1 mm3), and Large (1.0 x 10-1 mm3  x < 2 x 102 mm3). FR-120 and FR-140 stand for Fast Roasted cocoa nibs at 120 and 140 °C, and SR-120 and SR-140 stand for Slow Roasted cocoa nibs at 120 and 140 °C, respectively. Different lowercase letters represent significant differences (p < 0.05) among pore-sizes; and different uppercase letters correspond to differences (p < 0.05) among kinds of samples.



Figure 6. Progress of cocoa butter extraction % (left axis) during hot-pressing of cocoa liquors obtained from unroasted cocoa nibs (UR-CB), cocoa nibs slow roasted at 140 °C (SR-140 CB), and cocoa nibs fast roasted at 140 °C (FR-140 CB). UR P, SR-140 P, and FR-140 P correspond to their respective operating pressures (right axis). 


[image: ]
Figure 7. Heatmap of averaged and normalized peak area counts of the VOC detected by GC-MS in cocoa butter (CB) extracted from: unroasted cocoa nibs (UR-CB), cocoa nibs fast roasted at 120 °C (FR-120-CB) and 140 °C (SR-140-CB), and cocoa nibs slow roasted at 120 °C (SR-120-CB) and 140 °C (SR-140-CB). The data was scaled per column.



TABLES



Table 1. Physical properties of unroasted and roasted cocoa nibs
	Roasting condition
	Density (g/cc)
	Total porosity (%, v/v)
	Surface-removable fat (g cocoa butter/100 g cocoa nibs d.b.)
	Fat extractability by hot-press (g cocoa butter/100 g cocoa liquor d.b.)

	Unroasted
	0.996 ± 0.020c
	8.5 ± 2.0 a
	0.44 ± 0.07a
	49.6 ± 0.01a

	FR-120
	0.913 ± 0.003b
	25.3 ± 3.7 b
	1.08 ± 0.17b
	 - 

	FR-140
	0.836 ± 0.020a
	24.2 ± 5.1 b
	1.11 ± 0.14b
	49.9 ± 0.16a

	SR-120
	0.927 ± 0.022b
	14.6 ± 4.8 a
	0.58 ± 0.12a
	-

	SR-140
	0.943 ± 0.047b
	14.3 ± 6.6 a
	0.51 ± 0.04a
	50.3 ± 0.79a


Superscripts in the same column indicate significant differences at the 95.0% confidence level. The values correspond to averages ± standard deviation.  


Table 2. Abundance of volatile organic compounds (VOC) in cocoa butter (CB) extracted from cocoa nibs roasted under different conditions
	Cocoa butter
	Total VOC peak area counts x107

	UR-CB
	2.08 ± 0.03a

	FR-120 CB
	3.57 ± 0.7bc

	FR-140 CB
	3.91 ± 0.62c

	SR-120 CB
	3.28 ± 0.62bc

	SR-140 CB
	3.09 ± 0.63b


The superscripts indicate significant differences at the 95.0% confidence level. The values correspond to averages ± standard deviation.  


Small	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
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[CELLRANGE]
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Normalized porosity (%)
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