

  fermentation-10-00255




fermentation-10-00255







Fermentation 2024, 10(5), 255; doi:10.3390/fermentation10050255




Article



Enhanced Oxygen Mass Transfer in Mixing Bioreactor Using Silica Microparticles



Matheus M. Pereira 1, Ivus Lorenzo Oliveira Matos 2, Filipe Moreira Mascarenhas Cordeiro 3, Ana Cristina Morais da Silva 3, Eliane Bezerra Cavalcanti 2,4 and Álvaro Silva Lima 3,*





1



CERES, Department of Chemical Engineering, University of Coimbra, Rua SílvioLima, Pólo II—Pinhal de Marrocos, 3030-790 Coimbra, Portugal






2



Post-Graduated Program on Process Engineering, Tiradentes University, Avenica Murilo Dantas, 300, Farolândia, Aracaju 49032-490, SE, Brazil






3



Post-Graduated Program on Chemical Engineering, Federal University of Bahia, Rua Aristides Novis, Federação, Salvador 40210-910, BA, Brazil






4



Instituti de Tecnologia e Pesquisa, Avenica Murilo Dantas, 300, Prédio do ITPFarolândia, Aracaju 49032-490, SE, Brazil









*



Correspondence: aslima2001@yahoo.com.br







Citation: Pereira, M.M.; Matos, I.L.O.; Cordeiro, F.M.M.; Silva, A.C.M.d.; Cavalcanti, E.B.; Lima, Á.S. Enhanced Oxygen Mass Transfer in Mixing Bioreactor Using Silica Microparticles. Fermentation 2024, 10, 255. https://doi.org/10.3390/fermentation10050255



Academic Editor: Thaddeus Ezeji



Received: 8 April 2024 / Revised: 9 May 2024 / Accepted: 11 May 2024 / Published: 14 May 2024



Abstract

:

This work aimed to improve the oxygen transfer mass coefficient (kLa) in mixing reactors, first evaluating the effect of agitation and aeration and then evaluating the influence of the size and concentration of silica microparticles. Silicon dioxide synthesized via the sol-gel technique, commercial sand, and beach sand were characterized by particle size distribution, scanning electron microscopy, XRD, EDS, FTIR, TG/DTA, and BET. The particles presented average values of approximately 9.2, 76.9, 165.1, and 364.4 µm, with irregular surfaces and different roughness. Silica sol-gel is amorphous while beach and commercial sand have a crystalline structure consisting of silicon, oxygen, and carbon residues. Silica sol-gel presents a higher loss of mass and surface area than other silica microparticles, with a shallow mass loss and a smaller surface. Increasing aeration and agitation improves the kLa, as well as adding silica microparticles. The best kLa was found using silica microparticles with approximately 75 µm concentrations of 1.0 g L−1 (silica sol-gel) and 2.0 g L−1 (commercial and treated beach sand). All silica microparticles used in this work improve mass transfer performance in mixing bioreactors.
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1. Introduction


In microbial growth, oxygen functions as the final electron acceptor [1], and its availability in the environment affects and limits the conduction of the aerobic bioprocess [2]. Microbial metabolism decreases in oxygen-limiting conditions [3], reducing the yield of secondary metabolites [4].



The oxygen supply to the culture medium usually needs to be more efficient due to the low solubility of oxygen in aqueous solutions [5], which is influenced by the concentration of solutes in the medium and temperature [6,7]. Nevertheless, the transfer of oxygen cannot be significantly improved by manipulating the temperature since the rate of transfer of O2 is slightly altered in the range of interest of the majority of bioprocesses (25 and 35 °C). Another factor to consider is that the presence of salts decreases the oxygen solubility and, consequently, the mass transfer since an increase in solubility of 0–8% results in dissolved oxygen being reduced from 200.4 to 192.3 mmol O2 L−1 [8].



In studies on the oxygen transfer in multiphase reactors, an alternative to enhance the oxygenation is the use of a second liquid phase rich in dissolving oxygen, such as perfluorodecalin [9,10]; the addition of solid particles to promote the shearing of oxygen bubbles, thus making the oxygen more soluble in the medium [11,12]; and studies using nanofluids [13,14] and ionic liquids [15] as carriers of oxygen.



According to Littlejohns and Daugulis [11], the use of solid particles in bioreactors to improve mass transfer, and particularly the measurement of the volumetric mass transfer coefficient (kLa), is related to different phenomena: (i) adsorbent solid particles enter the boundary layer, adsorb oxygen, and then dissolve it in the bulk phase; (ii) there is an increase in turbulence at the solid–liquid interface, causing the mixing of the boundary layer and consequently an increase in the kLa; (iii) solid particles at the solid–liquid interface cause the inhibition of bubble coalescence and increase in the interfacial area.



Several authors have studied the use of particle solids to improve the kLa. According to Labbeiki et al. [16], nanomaterials positively affect the biochemistry of the fermentation process. Magnetite nanoparticles (0.02 v/v) increased, by 1.89 times, the kLa and, by 2.25 times, the erythromycin production. Fatollahi et al. [17] observed that the positive effect in biomass concentration and ectoine production was reached using the operational condition with the best oxygen mass transfer and multiwalled carbon nanotube or iron oxide nanoparticle. Moreover, large vegetable solid particles such as sugarcane bagasse in an air-lift bioreactor led to the highest kLa values (0.049 s−1) and a particle concentration of 10 g L−1 [18].



Silicon oxide (SiO2) particles also enhanced the kLa in previous studies. Ojima et al. (2015) [19] studied the effect of particle diameter on the coalescence of bubbles in a slurry bubble column and found that the time required for bubble coalescence increases with a decrease in particle size from 150 to 60 µm. Sasaki et al. [20] reported that increasing the concentration of silica microparticles (100 µm) influences the hold-up of a bubble column until reaching the equilibrium state at a rate of 0.40.



Zhang et al. [21] observed that SiO2 microparticles such as powdered activated carbon, Al2O3, and MnO2 particles facilitate oxygen transfer in a bioreactor. Still, this depends on the process’s flow regime, which reduces the liquid layer of nearby air bubbles and increases the kLa. However, using solid particles in the fermenter can lead to the hydrodynamic shearing of the biomass, impacting the morphology and viability of bacterial biomass [22] and even filamentous fungi more susceptible to shearing [23]. In this sense, the use of particles can be administered by limiting the aeration and agitation conditions of the medium.



This work aimed to expand the study of the effect of inserting silica microparticles (sol-gel silica, commercial sand, and beach sand treated with acid–base abrasion), using a low agitation speed to avoid the shear of biomass, in a bioreactor in terms of improving kLa, evaluating the possibility of using natural microparticles in the aeration process, which had not yet been observed in the literature.




2. Materials and Methods


2.1. Silica


The sol-gel silica particles were prepared using the methodology developed by Soares et al. [24,25]. The solution formed by tetraethyl orthosilicate (TEOS) was dissolved in absolute ethanol under an inert atmosphere of nitrogen, in which we added hydrochloric acid in ethanol (35%) dissolved in ultrapure water solution (pre-hydrolyzing). After slowly adding the solution pre-hydrolyzing, the temperature was maintained at 35 °C, and the mixture was left under stirring for 90 min. It was added to an ammonium hydroxide solution dissolved in ethanol (solution hydrolyzing), and then the mixture was kept at rest for 24 h to allow complete polycondensation. After this period, the material was opened, dried, and homogenized.



The commercial sand (silicon dioxide washed and calcined with acid) used was obtained from Sigma-Aldrich, with the formation of particle size of 0.1 to 0.3 mm (min. 96%).



A sample of beach sand (1 kg) was collected in the beach city of Aracaju-SE, Brazil and subjected to an abrasive acid–base treatment process. Initially, the resuspended sample of 100 g of sand was left in HCl (3 M) for 24 h, then washed with water and resuspended in NaOH (3 M) for 24 h to neutralize, followed by washing in running water and drying. After this pretreatment, a new abrasive was made using HCl (6 M) and NaOH (10 M), followed by washing with distilled water until the pH of the washing water became neutral. The process was finalized by drying at 105 °C. The sand thus treated was stored in airtight containers in cool, dry places.



Silica Characterization


The synthesized silica particles, treated beach sand, and silicon dioxide were analyzed using light microscopy to determine the size and the particle size distribution. An aliquot of particles obtained through the methodology of the quarters was dispersed on glass slides, and about 30 photomicrographs were obtained using an inverted microscope (Zeiss Axiovert 40 MAT Model, Oberkochen, Germany). The particle size was determined by measuring about 2000 particles in the photomicrographs obtained with the aid of the software REL.4.7 Axion Vision. An overall average was used to determine size distribution and average particle size brought by the graph versus frequency.



The silica microparticle morphology was analyzed using Scanning Electronic Microscopy—SEM (Hitachi SU-70, Tokyo, Japan). Elemental analysis was performed using an energy-dispersive X-ray—EDS probe attached to the same SEM described above.



The X-ray diffraction was performed on Phillips X’pert Diffractometer equipment (Amsterdam, The Netherlands). The diffracted intensity of Cu Kα radiation (λ = 0.1541 nm, 40 Kv, and 50 mA) was determined in a 2θ range between 10 and 45°.



Particles were also submitted to the Fourier transform infrared-FTIR analysis (Perkin Elmer Spectrum Bx, Waltham, MA, USA), with Attenuated Total Reflectance (ATR) at 4 cm−1 resolution and eight scans. The spectra were obtained in the wavelength range from 400 to 4000 cm−1.



The weight loss of the silica microparticle sample upon heating was determined in a thermogravimetric analysis (TGA) apparatus (TGA-50 Shimadzu–Thermogravimetric Analyzer, Kyoto, Japan) over the range 25–600 °C, with a heating rate of 20 °C min−1, using air as the purge gas. Differential scanning calorimetry data were processed in a Perkin Elmer DSC-50 differential scanning calorimeter (Shelton, CT, USA).



Textural characteristics of the outgassed samples were obtained from nitrogen physisorption using a Quantachrome instrument, Nova 2000 series (Graz, Austria). The specific surface area meant that cylindrical pore diameters and adsorption pore volume were determined. Before the measurements, the samples were degassed to 50 mmHg at 300 °C during 3 h. Based on the nitrogen adsorption data, the BET specific surface area (m2g−1) was calculated using the standard Brunauer, Emmett, and Teller methods. The pore size (Å) and pore volume (cm3g−1) were calculated by applying the Barrett–Joyner–Halenda (BJH) method to the desorption branches of the isotherms. The IUPAC classification of pores and isotherms was used in this study.





2.2. Determination of the Volumetric Mass Trans Coefficient (kLa)


The volumetric coefficient of oxygen transfer was determined using the dynamic gassing out method. Experimental procedures were carried out in a cylindrical bioreactor of 4.5 L with a working volume of 3.0 L (Tecnal—Piracicaba, Brazil)—the glass vessel present dimension described in Figure 1. The impeller types were the Rushton turbine (bottom) and the Smith turbine (top). The system was agitated at speeds between 50 and 200 rpm and aeration rate between 0.5 and 6.0 L min−1. The experiments were performed at atmospheric pressure, and the temperature was controlled at 25 °C, causing a water bath that circulates water through the plate on the bottom of the bioreactor; the pH value was 7.0. Dissolved oxygen was monitored by a polarographic oxygen electrode (Mettler Toledo—O2 Sensor, Greifensee, Switzerland) connected to a data acquisition meter.



Oxygen response curves were obtained by sparging nitrogen until the dissolved oxygen concentration fell to zero, then, continue with aeration at different operating conditions of aeration and agitation, to monitor the saturation oxygen concentration (CL*) and oxygen concentration in the liquid (CL) as a function of time. The following Equation (1) is used to determine the kLa value.


    d   C   L     d t   =   N     o   2     =   k   L a   ×     C   L   *   −   C   L      



(1)







The equation can be integrated and result in Equation (2):


    ln  ⁡        C   L   *   −   C   L         C   L   *       =   k   L a   × t  



(2)







The graphic ln(1 − CL/CL*) versus time is a linear curve whose angular coefficient is the kLa value.




2.3. Influence of Silica Particles in the kLa


The influence of the particles in the coefficient of volumetric oxygen transfer was studied by varying the operating conditions of the system such as agitation speed (50–200 rpm), aeration rate (0.5–6.0 L min−1, corresponding to 0.17–2.0 vvm, respectively), particle size (approximate sizes: 10, 75, 150, and 350 µm), and the concentration of particles (0.05 to 5.0%, mgL−1).




2.4. Statistical Analysis


The experimental data for studies on the influence of agitation speed, aeration rate, and the size and concentration of silica microparticles were compared using a Tukey test. The significance was established by ANOVA. Differences of p ≥ 0.05 were considered statistically significant.





3. Results and Discussion


3.1. Production, Treatment, and Characterization of Silica Particles


The silica sol-gel, commercial sand, and beach sand post-treatment with acid–base bath present different sizes; therefore, the samples were macerated and homogenized, reaching average sizes of 9.2, 76.9, 165.1, and 364.4 µm in a Gaussian distribution of size, as shown in Figure 2.



The iconographic analysis showed similarities among the silica microparticles (Supporting Information Figure S1). The Scanning Electronic Microscopy (SEM) image reveals the morphology of silica microparticles, which appear as irregular grains with different degrees of roughness (Figure 3). The silica sol-gel microparticles present a smooth surface, like the silicon dioxide. On the other hand, the beach sand pre- and post-treatment has a rough surface. The difference between beach sand and silica sol-gel can occur due to the calcination process, which is subject to silicon dioxide. The silanol groups are condensed to the surface from 150 °C, transforming the silanol groups into siloxanes, thus increasing the hydrophobicity of the particles [26,27]. According to Zhao et al. [28], the silica films are transparent and continuous with smooth surfaces, as observed in this work for silica microparticles.



Figure 4 depicts the XRD intensity curves of silica microparticles, in which silica sol-gel presents amorphous characteristics due to the diffused and flat diffraction peaks over the angular range 2θ = 15–35° [29,30]. In the other silicas, the peak intensity strongly indicates a crystalline nature [31] and appears at 2θ = 26°. According to Yu et al. [32], silica sol-gel presents amorphous characteristics and is only crystalline. The sol-gel silica presented here was not calcined as the sands had suffered pressure and temperature changes over thousands of years. Silica sol-gel, commercial sand, and beach sand (post-treatment) mainly comprise silicon oxide. Moreover, the beach sand treatment using an acid–base concentrated bath provided the elimination of compounds bonded to silica, such as calcite, halite, fluorite, sodalite, and cordierite, becoming the post-treatment beach sand with a composition like silica sol-gel and commercial sand (Supporting Information Table S1).



Corroborating data from X-rays, the assay of silica microparticles as per the EDS method identified that silica sol-gel, commercial sand, and beach sand post-treatment presented the same atomic composition (carbon, oxygen, and silicon), as shown in Figure 5. The samples provided a high signal regarding silica and oxygen (due to silicon dioxide). The presence of carbon was also observed. The pre-treatment beach sand contained signs of sodium due to sea salinity and aluminum due to cordierite observed in the XRD results. According to Badapalli et al. (2022) [33], silica, oxygen, and aluminum are common elements present in the sand. After the acid–base washing treatment of beach sand, the signal of the presence of sodium disappears, probably caused by the leaching of this element and the amplification of the Al signal.



Fourier-Transformed Infrared (FTIR) for silica is characterized by three main adsorption bands assigned to different vibration models. Figure 6 illustrates the FTIR spectra of silica microparticles used in this work. All peaks appear in the same position independent of the kind of silica microparticle. The spectra do not present the bands for the lowest frequency model (approximately 460 cm−1), assigned to transverse optical (TO1) rocking motions perpendicular to the Si-O-Si plane of the oxygen bridging two adjacent Si atoms. The weak peaks of 793 cm−1 are due to the asymmetric stretching vibration of the Si-OH (transverse optical—TO2 model). The peaks between 1087–1091 cm−1 are related to the transverse optical (TO3) model, which involves the motion back and forth of the oxygen atom along a line parallel to the Si-Si axis. The motion results in the opposite distortion of two neighboring Si–O bonds and is indicated as an asymmetric stretching vibration of Si-O [34]. According to Beganskiene et al. [35], peaks between 800 and 1200 cm−1 correspond to the superimposition of several SiO2 peaks, Si-OH bonding, and eventual peaks due to residual organic groups. The peaks at 2300 cm−1 correspond to the chemical bonds with the hydrogen SiHx surface [36]. Finally, the absorption band around 3100–3600 cm−1 represents the overlapping of the O-H stretching bands of hydrogen-bonded water molecules (H-O-H···H) and SiO-H stretching of surface silanols hydrogen-bonded to molecular water (SiO-H···H2O) [37].



Figure 7 depicts the TG analysis and DSC thermograms for different silica samples. Thermogravimetric Analysis (TGA) is based on the weight change of a sample when submitted to a heat or cool process in a controlled atmosphere and, therefore, is widely used to characterize a material [38]. The weight loss curves were divided into two regions to simplify the TG analysis (Figure 7A). Commercial sand, pre-treatment beach sand, and post-treatment beach sand had practically constant mass, with minimal weight losses of 0.17, 0.19, and 0.51%, denoting that there was no adsorbed water or dehydroxylation of the silicon oxide or silicon hydroxide. On the other hand, sol-gel silica showed a total mass loss of 24.5%. In Region I (0–200 °C), the weight loss corresponding to 21% was attributed to the elimination of residual reactants from the silica sol-gel preparation (e.g., silanol groups of tetraethyl orthosilicate—TEOS) and adsorbed water molecules [24]. Afterward (200–600 °C—Region II), the loss of weight (3.5%) was due to the removal of water through dehydroxylation and the loss of organic constituents [39]. Figure 7B depicts the DSC thermogram for silica samples used in this work. Commercial sand, pre-treatment beach sand, and post-treatment beach sand did not present a significant heat flow. The silica sol-gel had two endothermic peaks at 73 °C, probably associated with ethanol evaporation [40], and another one at 210 °C, corresponding to a loss of bound water, trapped water into the pores, and/or the condensation of free or blocked OH groups, as also observed by Klingshirn et al. [41].



The nitrogen adsorption/desorption isotherms of the silica microparticles are shown in Figure 8. The isotherm by silica sol-gel is classified as type IV by IUPAC according to Sing et al. [42]. The hysteresis loop (Type H2) is associated with capillary condensation in mesopores; this hysteresis is attributed to a difference in mechanism between condensation and evaporation processes occurring in pores with narrow necks and wide bodies (ink bottle pores). For other silica microparticles, the isotherms are characterized as non-porous or macroporous (isotherms type II), and the loop is characterized by the hysteresis type H3 loop, which is observed with aggregates of plate-like particles giving rise to slit-shaped pores.



Table 1 shows the results of specific surface area (BET methods) and mean pore diameter and pore volume measurements for silica microparticles. The values for silica obtained via the sol-gel technique are noteworthy and agree with published data for similar systems [39,43,44]. However, the values of the surface area, pore diameter, and pore volume for the silica were higher than those found for silicon dioxide and beach sand post and pre-treatment, which were similar. The silica sol-gel was differentiated from the others due to its particles being obtained using the tetraethyl orthosilicate (TEOS) as a reagent, making it a highly porous particle.



All results on the silica microparticle characteristics indicated that the commercial sand and beach sand (pre- and post-treatment) were similar; however, we decided to distinguish the silica produced via the sol-gel technique.




3.2. Effect of Agitation and Aeration on the Oxygen Mass Transference (kLa)


Environmental conditions such as the temperature, pH, and composition of the culture medium, and operational conditions, such as agitation and aeration, are fundamental in conducting fermentative processes [45,46]. Operating conditions are linked to the bioreactor design, and the optimal conditions for performing the process depend, in the first instance, on the morphology of the microorganism used as a biological agent. Focusing on operational conditions, several authors report ranges of agitation for the fermentation process when bacteria [47,48] and yeast [49,50] are used or when filamentous fungi are used [51,52]. According to Cui et al. [23], the size and structure of fungal pellets (smooth or fluffy) are influenced by agitation, which can cause cell autolysis. Therefore, this work studied the effect of low agitation rates (50 and 200 rpm), intending to cover different microbial morphologies. Figure 9 (Table S2 of Supporting Information) illustrates the effect of agitation on the kLa at a constant aeration of 1.5 L min−1 (0.5 vvm) and 25 °C without silica microparticles. Moreover, limiting agitation is important to prevent the shearing of the biomass and thus enable the addition of silica microparticles.



The kLa increased from 4.5 h−1 (50 rpm) to 14.91 h−1 (200 rpm), probably due to the reduction in the air bubble size, increasing the bubble’s surface area and consequently improving the kLa. Using the Tukey method, we observed that the values had statistically significant difference (p ≥ 0.05). The correlation of kLa versus agitation was linear (R2 = 0.998), which agreed with the results reported by the literature [53,54]. Moreover, Santos-Moreau et al. [55] reported higher turbulent energy dissipation with the rise of agitation, which increases the nominal kLa value and areas with a high kLa profile in the bioreactor. This increase in kLa with agitation is also due to the relation to power per volume in the liquid phase and the gas hold-up in the fermenter [56].



The following experiments were conducted with an intermediate agitation speed of 100 rpm and a range of aeration from 0.50 L min−1 (0.17 vvm) to 6.0 L min−1 (2 vvm), as shown in Figure 10 (Table S3 of Supporting Information).



The results indicate an increase in kLa from 3.96 to 14.44 h−1, with a change in the slope of the tangent, which points to a steady state after aeration of 6.0 L min−1 as also observed by Özbek and Gayic [53]. However, the values are statistically different from each other (p ≥ 0.05). The data reported by Satitrueg and Soottitantawat [56] present an inflection of the kLa versus aeration graph at 1 vvm (3.0 L min−1), leading to the aforementioned steady state. The volumetric mass transference coefficient is formed by two terms: the first one is the mass transfer coefficient (kL), and the other one is the transfer air (a). Both are affected by aeration [57] since it combines the effect of higher interfacial area per unit of gas volume of airflow that generates fine bubbles diffused in the bioreactor [58].




3.3. Effect of Silica Particles on the Oxygen Mass Transference (kLa)


After choosing operating conditions (100 rpm of agitation and 3.0 L min−1 of aeration), the study was carried out, evaluating the effects of particle sizes—approximately 10, 75, 150, and 350 µm (Figure 11 and Table S4 of Supporting Information)—and particle concentrations (between 0.05 and 5.00 g L−1) (Figure 12 and Table S5 of Supporting Information). The silica microparticles reach the air bubble surface through the collision phenomenon; however, they neither adhere nor fix themselves to the surface due to their hydrophilic characteristics. Afterward, they enter the boundary layer, increasing the sheer stress, and migrate to the bulk liquid [59]. In all systems studied, the addition of particles improves the kLa. According to Zhang et al. [21], this result is due to the effect of particles, which are drawn into the interfacial region, deforming and reducing the boundary layer and consequently decreasing the resistance of the boundary layer in the transfer of oxygen to the bulk liquid, thus increasing the value of kLa.



Figure 11 clearly depicts the addition of silica particles at a concentration of 1 g L−1 with a limit point occurring at 75 µm, at which the kLa reached maximum values of 19.35, 21.95, and 27.02 h−1 corresponding to increases of 72.6, 95.81, and 141.0% for treated beach sand, commercial sand, and silica sol-gel, respectively. In this condition, the kLa values were statistically different from each other (p ≥ 0.05) although the kLa values for commercial sand at 10 and 75 were statistically similar. Small particles have a higher surface area, consequently allowing for a higher kLa value [60]. However, the 10 µm silica particles could not increase the kLa, probably due to other factors such as the weak decreasing action of the boundary layer. On the other hand, Ozbek and Gayik [52] reported that bulky biomass particles at a low loading percentual increase the kLa in a bioreactor using water as the fluid.



The effect of silica microparticle concentration on kLa can be seen in Figure 12. The enrichment of the kLa value with an increasing particle concentration occurs under different limiting conditions. For silica sol-gel microparticles, the effect is observed up to 1.00 g L−1 (27.02 h−1) while commercial sand and post-treatment beach sand reach a maximum of 2.0 g L−1 (21.95 and 19.35 h−1). These optimal values of kLa are statistically different from each other (p ≥ 0.05) according to the comparison of means using the Tukey method. The differences can be attributed to the larger surface area and pore volume for silica sol-gel in Table 1. This microparticle oxide transports oxygen more efficiently from the gas phase to the bulk phase and, therefore, has a higher kLa value. Olle et al. [60] reported that small concentrations of particles increase the kLa. However, these concentrations reach a threshold value and decrease again. Increasing the particle concentration above the threshold value increases the apparent viscosity of the medium, dampening bubbles breaking, allowing them to coalesce, increasing the interfacial area, and reducing the kLa value. Low concentration increases the hold-up in bubble columns [20].





4. Conclusions


The transfer of oxygen in mixing reactors is a point of interest in conducting aerobic fermentative processes because it interferes with the growth of the biological agent, which promotes the production of the target biomolecule. In this work, we chose to use small agitations to apply the conditions of fermentative processes using filamentous fungi. Operational parameters such as agitation and aeration increase the mass transfer coefficient in the bioreactor and mixture. However, adding silica microparticles, the best size of approximately 75 µm can still improve these values. The best concentrations of silica microparticles depend on the type used, being 1.0 g L−1 (kLa = 27.02 h−1) for silica sol-gel and 2.0 g L−1 for sand commercial and treated beach sand (kLa = 21.95 and 19.35 h−1, respectively). These differences are based on the characteristics of the particles.
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Figure 1. Dimensional scheme of the bioreactor. 
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Figure 2. Frequency of particle size distribution for silica sol-gel (a), commercial sand (b), and post-treatment beach sand (c). 
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Figure 3. Scanning electronic microphotographs of silica microparticles. (a) Silica sol-gel, (b) commercial sand, (c) beach sand pre-treatment, and (d) beach sand post-treatment. 
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Figure 4. XRD patterns of (a) silica sol-gel, (b) commercial sand, (c) pre-treatment beach sand, and (d) post-treatment beach sand. 
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Figure 5. EDS spectrum, taken for the complete area, of the different microsilica materials: silica sol-gel (a), commercial sand (b), pre-treatment beach sand (c), and post-treatment beach sand (d). 
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Figure 6. FTIR spectra of different microsilica materials: silica sol-gel (a), commercial sand (b), pre-treatment beach sand (c), and post-treatment beach sand (d). 
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Figure 7. Thermogravimetric curves (A) and DSC (B) of different microsilica materials: silica sol-gel (a), commercial sand (b), pre-treatment beach sand (c), and post-treatment beach sand (d). 
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Figure 8. Gas adsorption/desorption isotherm obtained for silica microparticle. Silica sol-gel (a), commercial sand (b), pre-treatment beach sand (c), and post-treatment beach sand (d). ☐—adsorption and ■—desorption. 
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Figure 9. Influence of agitation on the oxygen mass transfer (kLa) using an aeration of 1.5 L min−1 at 25 °C. Means followed by the same letter do not differ statistically as per Tukey test (p > 0.05). 
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Figure 10. Influence of aeration on the oxygen mass transfer (kLa) using an agitation of 100 rpm at 25 °C. Means followed by the same letter do not differ statistically as per Tukey test (p > 0.05). 
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Figure 11. Effect of particle size (1 g L−1) on the oxygen mass transfer (kLa) using an agitation of 100 rpm aeration of 3.0 L min−1 at 25 °C. ■—silica sol-gel, ■—commercial sand, and ■—beach sand (treated). Means followed by the same letter do not differ statistically as per Tukey test (p > 0.05). 
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Figure 12. Effect of particle concentration with 75 µm on the oxygen mass transfer (kLa) using an agitation of 100 rpm aeration of 3.0 L min−1 at 25 °C. ■—silica sol-gel, ■—commercial sand, and ■—beach sand (treated). Means followed by the same letter do not differ statistically as per Tukey test (p > 0.05). 
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Table 1. Silica microparticles: surface characterization.
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	Microparticle
	Surface Area

(m2g−1)
	Mean Pore Diameter

(Å)
	Pore

Volume

(cm3g−1)





	Silica
	223.73
	17.33
	0.213



	Commercial sand
	90.36
	17.13
	0.071



	Pre-treatment beach sand
	89.50
	15.33
	0.079



	Post-treatment beach sand
	89.71
	17.14
	0.070
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