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Abstract

:

Spinning disc technology is capable of achieving intensified micromixing within thin liquid films created through large shear rates, typically of the order of 103 s−1, generated by means of fast disc surface rotation. In this study the effect of the high shear on solvent–antisolvent mixing and starch nanoparticle precipitation is reported. Rheological studies of starch solutions at 2% w/v and 4% w/v have demonstrated their shear-thinning behaviour at the large shear rates experienced on the spinning disc surface. The effect of such high shear rate on starch nanoparticle precipitation is investigated alongside solute concentration and several other operating parameters such as flow rate, disc rotational speed, and solvent/antisolvent ratio. A reduction in nanoparticle size has been observed with an increase in starch concentration, although agglomeration was found to be more prevalent amongst these smaller particles particularly at larger flow rates and disc rotational speeds. Micromixing time, estimated on the basis of an engulfment mechanism, has been correlated against shear rate. With fast micromixing of the order of 1 ms observed at higher shear rates, and which are practically unaffected by the starch concentrations used, micromixing is not thought to be influential in determining the particle characteristics highlighted in this work.






Keywords:


spinning disc; thin films; shear rate; starch nanoparticles; solvent–antisolvent precipitation; process intensification












1. Introduction


Starch is a polysaccharide molecule made up of straight chained amylose and branched amylopectin polymers, it is found in sources such as corn, rice, and potato. The ratio of amylose and amylopectin vary from source to source, and with it, the properties of the starch [1]. Regular corn starch is composed of 75% amylopectin and 25% amylose [2]. Starch is most commonly known for its application in food processing where it may be used as a thickener or stabiliser. However, non-food applications include being used as a binder in the paper industry, in textile warp sizing, and in the plastic and petroleum industries [3]. Interestingly, over the past two decades, nanosized starch has attracted significant attention, offering further promising applications and improved quality [4]. Starch nanoparticles are relevant to many industries. They have been applied as drug carriers in pharmaceuticals, absorbents in wastewater treatment, enhanced binders in papermaking, and as reinforcers in nanocomposites, amongst many other applications [5,6,7].



Despite the many methods of producing starch nanoparticles, solvent–antisolvent precipitation is often a preferred method. Being a bottom-up process, it is safer, greener, and results in higher yields and smaller nanoparticles in comparison to that of acid hydrolysis, a typical example of a top-down approach of starch particle formation [8,9,10,11]. There are two key steps to the solvent–antisolvent process, the first being dissolution of the solute, starch, in a solvent. Solvents previously used for this purpose have included dimethylsulphoxide (DMSO) and sodium hydroxide (NaOH) [4,12,13]. An antisolvent is then introduced to the solution, typically an alcohol. Shorter chained alcohols such as ethanol have been recognised to be the most promising, yielding smaller sized particles [12]. With the exception of the author’s previous publication [14], starch solvent–antisolvent precipitation has only been conducted through semi-batch processes using a dropwise or low flow rate addition of the antisolvent. The reason behind this is that due to the high viscosity of the starch solution, stirred tank systems are not able to allow sufficient mixing between the starch–solvent mixture and the antisolvent [12,15,16,17,18]. The viscosity of a solution plays a key role in precipitation processes. A more viscous solution would slow down the collision frequency and mass transfer of molecules from the solution to the surface of the newly formed particle. This in turn would delay particle nucleation and growth, both vital stages of precipitation, thereby reducing particle size [19]. In contrast, Hebeish et al. (2014), who studied the effect of starch concentration of up to 10% w/v on particle size in a semi-batch process, reported a rise in particle size with an increase in concentration [9]. It was established that as a result of the high viscosity impeding uniform penetration of the solute/solvent by the antisolvent, the starch nanoparticles produced were of larger sizes with high polydispersity index (PdI) values.



High shear mixers are ideal for controlling particle size and size distribution in viscous systems. One such high shear mixing device is the spinning disc, which generates high centrifugal forces in the processed liquid through rotation of a horizontal disc surface [20,21]. It has been applied to many processes such as reactive precipitation [22,23,24,25,26,27,28], antisolvent precipitation [29,30,31], catalytic reactions [30,32], and acid–base neutralisation reactions [33], as well as polymerisation reactions where the viscosity of the bulk medium increases throughout the course of the reaction [34,35,36,37]. Boodhoo and Jachuck (2000) explored the spinning disc reactor (SDR) for the polymerisation of styrene, achieving a faster reaction rate through enhanced mass transfer within the reactor [34]. Dobie et al. (2013) carried out bulk photo-copolymerisation in a spinning disc reactor, observing a shear-thinning effect of the rotating disc on the liquid, which lowered viscosity of the liquid, aiding mass transfer [36]. Disentanglement and extension of coiled polymer chains subjected to the high shear environment of the spinning disc enable easier flow of the material and hence lower viscosity [38]. Additionally, plug flow conditions on the spinning disc are more likely to be established at conditions of high flow rates and disc rotational speeds, resulting in well controlled residence time distribution of the process liquid [21].



In earlier work conducted by the current authors [14], a spinning disc was used to carry out the solvent–antisolvent precipitation of starch nanoparticles. The study demonstrated the production of small nanoparticles with narrow particle size distributions. This was attributed to the high shear generated by the disc that creates instabilities within the thin liquid film, intensifying micromixing between the solute–solvent and the antisolvent. This previous study primarily entailed precipitation using a single concentration of 2% w/v starch in a sodium hydroxide solution. Further evaluation of the effect of concentration on the starch nanoparticles produced in a spinning disc is required. The current work focused on the rheology of the starch solutions at the high shear rates present in the spinning disc reactor and the implications it has on the solvent–antisolvent precipitation of starch nanoparticles at different concentrations of starch solution.




2. Materials and Methods


The reagents, sodium hydroxide in pellet form and 99.8% absolute ethanol, were purchased from Fisher Scientific, UK; corn starch was purchased from Sigma Aldrich. Starch solutions were prepared in a 0.5 M sodium hydroxide solvent, with Tween 80 added for its surfactant properties.



Viscosity measurements of starch were carried out in an Ostwald viscometer tube immersed inside a water bath at 25 °C. Shear rate effects on viscosity were determined using a Bohlin Visco 88 viscometer with a cup and bob attachment. Shear rates between 66.67 and 1220 s−1 can be achieved using this viscometer. The temperature was maintained at 25 °C by immersing the device in a water bath. For all viscosity data collected, a total of three measurements were performed at each concentration and shear rate, and the averaged viscosities were reported, with their associated errors determined from standard deviation.



For the solvent–antisolvent precipitation processes, a semi-batch reactor (SBR) and a spinning disc reactor (SDR) were used for comparison. The key features of the SDR (Figure 1) were described in our earlier publication [39]. In brief, it consists of a disc of diameter 30 cm surrounded by a stainless steel housing. Two disc surfaces (Figure 2) were used in the SDR’s performance characterisation: a smooth stainless steel texture and a grooved disc with eight concentric grooves machined in the surface. The disc temperature was maintained at 25 °C through a temperature-controlled water tank. The solvent/solute and the antisolvent streams were fed to the reactor via two single liquid distributors (1.5 mm internal diameter) positioned 2 cm above the centre of the disc. Finally, samples were collected from the bottom of the reactor and quenched in deionised water prior to analysis.



The semi-batch system comprises a vessel of 6.6 cm diameter and a marine propeller impeller of 3.5 cm diameter, rotating at a speed of 800 rpm. The temperature was maintained at 25 °C by circulating water through the jacketed reactor vessel. 100 mL solutions of 1% w/v and 2% w/v starch in 0.5 M sodium hydroxide solution were prepared and a total of 100 mL ethanol antisolvent was added to the starch solution at a flow rate of 1 mL/s. Samples from the vessel were collected immediately after the ethanol had been added and quenched in deionised water.



Particle size and particle size distributions (PSD) were measured by subjecting the samples to dynamic light scattering (DLS-Mode Nano ZS Malvern instruments, Malvern, UK) analysis. The measurements were performed in triplicates and the size distributions averaged. In most cases, an agglomeration peak is apparent as well as a smaller sized primary peak. However, for simplification, unless specifically stated, the intensity-based mean size of the primary peak was reported as well as its individual polydispersity index (PdI) to quantify the width of the primary peak. To describe the overall size distribution for the bi-modal peak, the Z-average and overall PdI values were used.




3. Results and Discussion


3.1. Effect of Starch Concentration on Viscosity


Without the application of any shear, the viscosity of starch solutions at various concentrations is summarised in Figure 3. The error bars displayed in the figure have been estimated from the replicates performed, as described earlier. There is an exponential rise in viscosity as concentration of starch increases. This behaviour has also been described in studies by other authors [9,12,15]. It should be brought to attention that concentrations above 7% w/v were too viscous to be analysed in our work using an Ostwald viscometer. Due to handling and pumping limitations, the current precipitation work is largely concerned with 2% w/v and 4% w/v concentrations of starch which indicate a difference of an order of magnitude in viscosity (6 mPa s and 60 mPa s, respectively).




3.2. Rheological Characterisation of Starch


The effect of increasing shear on the viscosity of starch solutions at 2% w/v and 4% w/v is shown in Figure 4. Interestingly, the viscosity for 2% w/v begins at 13.84 mPa s at a shear rate of 66.67 s−1, whereas the viscosity measured for 2% w/v starch solution using an Ostwald viscometer without the exertion of intense shear was lower at 6 mPa s. This is not the case for 4% w/v, for which the viscosity using an Ostwald viscometer was found to be 59.7 mPa s, higher than the viscosities measured under the influence of shear. This points towards a possible shear thickening behaviour at low shear rates for low starch concentrations. As this research was mainly concerned with the effect of shear at high shear rates, further deliberation on this shall not be made; the shear-thinning behaviour shown in Figure 4 was analysed further.



The SDR operates at shear rates beyond the range of the viscometer, and the graph in Figure 4 does not give enough insight into the rheological behaviour of starch at higher shear rates. This means further evidence is required to confirm the shear-thinning behaviour of starch. Further evaluation was carried out by looking into the literature. A particular study by Shin et al. (2012) presents data for 14% v/v starch, equivalent to 21% w/v, at lower and higher shear rates, collected at 24 °C [40]. These data together with the data obtained experimentally for 2% and 4% w/v starch are shown in Figure 5. A similar trend can be seen in this plot, confirming shear-thinning behaviour of starch at 2% w/v and 4% w/v.



From the plot in Figure 5, a power law expression can be obtained, relating the dynamic viscosity, η, to shear rate,   γ ˙  , as shown in Equation (1):


  η = k   γ ˙   n − 1    



(1)




The values for the consistency index, k and the power law index, n are presented in Table 1 for 2% w/v and 4% w/v concentrations of starch, as well as for 21% w/v. As expected, the consistency index of the starch solution increased as concentration increased, as to some extent it is analogous to apparent viscosity. The power law index on the other hand is virtually similar for the three concentrations. It represents the behaviour of the fluid under shear application, and a value of n < 1 signifies shear-thinning behaviour. It has been stated in an earlier study to be independent of starch concentration and temperature [41]. An earlier study done on tapioca starch (1% wt.) revealed similar shear-thinning characteristics, with power law parameters of k = 15.2 mPa s and n = 0.858 [42].



The film thickness equation for a spinning disc reactor [39] can be modified to incorporate the power law model for the flow of non-Newtonian liquids on the spinning disc reactor [43]. The modified film thickness can be expressed as in Equation (2):


  δ =    (    1 + 2 n   2 π n    )     n  1 + 2 n        (   Q r     [   k  ρ  ω 2  r    ]     1 n     )     n  1 + 2 n      



(2)







The shear rate,   γ ˙  , has been calculated using the expression below for maximum shear at the surface of the disc (z = 0):


   γ ˙  =    ω 2  r  ν   (  δ − z  )   



(3)







For z = 0:


   γ ˙  =   δ  ω 2  r  ν   



(4)







The effect of radial position on shear rate is displayed in Figure 6 for a range of experimental conditions in the SDR. An increase in shear rate is apparent as the radial position moves away from the centre of the disc and towards the edge. To account for the variation of shear rate along the disc radius, an average shear rate was estimated across the whole disc surface by taking an integral of Equation (4) with respect to radius, r. Table 2 summarises the average shear rates at the conditions plotted in Figure 6.



At the conditions studied, for the 2% w/v starch solution, the average shear rate in the SDR ranged from 2000 s−1 to 20,200 s−1 and viscosity at these shear rates lay between 11 mPa s and 9 mPa s, as is displayed in Figure 7. Similarly, Figure 7 also shows that for a 4% w/v concentration, the viscosity ranged from 14 mPa s to 11 mPa s for average shear rates of 1600 s−1 and 16,800 s−1, respectively.



These shear rates represent a wide range of operating conditions, some of which are displayed in Figure 8. Despite the high viscosity at rest, the 4% w/v solution falls drastically with increasing shear, which would mean that a more concentrated solution of starch is affected more strongly by increasing shear. However, these conclusions are based on the validation of the power law model obtained through extrapolation of the experimental data. The data from Shin et al. (2012) through which this model was established, shows a downward trend of viscosity at increasing shear rates. However, there are other factors that need to be considered that may also influence the model. Whilst the data from Shin et al. (2012) were obtained at a temperature of 24 °C for starch dissolved in water, our study involved experiments carried out at 25 °C, with starch dissolved in a solution of 0.5 M sodium hydroxide. A 1 °C difference is considered acceptable and just within the standard deviation for the experiments carried out throughout this research. In addition, as mentioned earlier, the power law index, n, is not affected by temperature. Other than this, starch is known to dissolve better in solutions of sodium hydroxide as the degree of swelling in NaOH solutions is far greater than it is in water [44]. For this reason, the intrinsic viscosity of the starch solution is reduced in the alkali solution. However, as mentioned earlier, the shear-thinning behaviour, expressed by the constant power law index, is not affected [41]. If the 21% w/v dissolution were to be carried out in a solution of sodium hydroxide rather than water, we anticipate the literature data in Figure 5 would be positioned lower in the plot for shear rate against viscosity. However, it is to be noted that the concentration of sodium hydroxide used in the present study is very low and may not have quite as significant an impact.




3.3. Effect of Starch Concentration on Nanoparticle Precipitation


3.3.1. Semi-Batch Reactor


The effect of starch concentration in a semi-batch set-up can be seen in the particle size distributions presented in Figure 9. Figure 9A displays the Z-averages of the size distributions as well as the overall PdI. The Z-average is the intensity-weighted mean hydrodynamic size of the particles, and the associated PdI quantifies the overall width of the size distribution, which is constituted of a primary peak and a secondary agglomeration peak. The primary peaks, with mean sizes of 373 nm and 364 nm for 1% w/v starch and 2% w/v starch, respectively, are shown in insert Figure 9B without the secondary agglomeration peaks. An increase in concentration does not show a significant impact on the PSD, as there does not appear to be much of a difference between the primary peaks. However, there is a difference in the Z-averages, which are computed by taking the primary and the agglomerated peak into account. Although the size difference is not significant, it is evident from Figure 9B that lower sized particles were produced at the higher concentrations. This could be because a higher concentration results in greater supersaturation, leading to faster nucleation and the formation of nanoparticles. As the smaller particles are more likely to agglomerate, the particles produced at 2% w/v have a slightly larger tendency to agglomerate and thus increase the Z-average. The PdI values support this theory as the overall PdI for both peaks is higher for 2% w/v starch, indicating a broad size distribution that could be attributed to the agglomeration of particles.



It is to be noted that when conducting solvent–antisolvent precipitation experiments in a semi-batch set-up using concentrations of 4% w/v starch or greater, the viscosity is too high, impeding penetration of ethanol into the starch-NaOH mixture. The resulting product was a thick colloidal mass. The shear rate generated in this case was calculated through Equation (5). Using a marine impeller at a speed of 13.33 rev/s, the shear rate is approximately 134 s−1 [45].


   γ ˙  =  (   1 k   )     (   P V   )     1  1 + n      



(5)




where P/V is the specific power input for the stirred reactor.



The spinning disc reactor, on the other hand, generates shear rates up to a hundred times greater than that of the stirred reactor. The previous section established a shear-thinning effect on the viscosity of starch solutions in the SDR as a result of the high shear.




3.3.2. Spinning Disc Reactor


Figure 10 presents the size distributions for 2% w/v and 4% w/v starch on both grooved and smooth disc surfaces at 6 mL/s, 1200 rpm, and 9:1 ratio. The PSDs indicate the precipitation of smaller sized particles at a 4% w/v concentration. In comparison, Figure 11, which displays the PSDs at conditions of a higher flowrate of 18 mL/s with all other conditions being identical, shows smaller sized particles produced at 2% w/v. An increase in particle size at 4% w/v was observed as flow rate increased. Additionally, at the lower flow rate, for both 2% w/v and 4% w/v, nanoparticles produced on the grooved disc were smaller than those on the smooth disc (Figure 10), whereas the opposite was true at the higher flow rate of 18 mL/s (Figure 11).



In contrast to semi-batch processes described earlier and reported in [9,12,15], due to the high shear in the SDR and the shear-thinning behaviour exhibited by the starch solutions at the high shear rates, the viscosity had less of an impact at high starch concentrations. For instance, for the conditions of 18 mL/s, 9:1 ratio, and 1200 rpm, the average viscosities were approximately 9 mPa s and 12 mPa s for 2% w/v and 4% w/v starch, respectively, whereas at a shear rate of 135 s−1, the viscosity in a semi-batch reactor was 14 mPa s (2% w/v) and 20 mPa s (4% w/v). At such lower viscosities in the SDR, mass transfer of molecules from the solution to the solid particle would be less inhibited compared to that of the SBR. Furthermore, an increase in solute concentration results in greater supersaturation, promoting nucleation and thus the production of smaller sized particles in sparingly soluble systems such as the starch system [46,47,48,49,50,51]. This explains the resultant smaller sized starch nanoparticles at 4% w/v concentrations shown in Figure 10.



Figure 11 can be explained with the aid of Figure 12, which focuses on the entire PSD, including the agglomeration peak for the conditions of 18 mL/s, 1200 rpm, and 9:1 ratio, on the grooved disc. The PSD shows a sharper agglomeration peak at the 4% w/v concentration, indicating the possibility of smaller sized particles being produced at 4% w/v, agglomerating to a larger extent, and shifting the peak towards the right side of the PSD. This would be a result of the greater supersaturation generated at the high solute concentration as well as the intense shear generated at the high flow rate, heightening micromixing between the solute/solvent and antisolvent. Agglomeration as a result of smaller particles being generated at a high concentration has been reported previously for various precipitation systems [47,48]. Dong et al. (2011) described a rise in spironolactone nanoparticle size at higher drug concentrations, concluding that agglomeration played a significant role in the size of the resultant nanoparticles [52]. Kakran et al. (2012) also recognised that increasing concentration led to larger curcumin nanoparticles, stating that agglomeration dominated over nucleation at increased concentrations [53]. Furthermore, a large concentration of smaller nucleated particles would suggest a higher surface area for the surfactant to cover. Because the concentration of surfactant was kept constant regardless of starch concentration used in the experiments, it is likely that this would have resulted in reduced surface coverage of the large number of smaller, originally formed nanoparticles at 4% w/v starch concentration, thus promoting their agglomeration. In addition, Figure 12 displays a narrower size distribution at the concentration of 2% w/v, accompanied with a low PdI value. Other than increased agglomeration occurring at 4% w/v, this could be attributed to a greater likelihood of plug flow occurring as a result of the slightly lower viscosity at 2% w/v, giving the molecules a similar processing experience and hence a narrower size distribution [21].



A similar effect as that of flow rate on particles produced with 4% w/v starch was observed as disc rotational speed and antisolvent to solvent ratio were increased. Figure 13 summarises the influence of the experimental conditions on the overall Z-average sizes. Opposite trends in particle size were observed for the 4% w/v concentration in comparison to that of 2% w/v, regardless of disc texture. That is, as any one of the hydrodynamic parameters increased, larger sized particles (primary and agglomerated particles combined) were ultimately formed at 4% w/v starch concentrations than those at 2% w/v concentration.



It is to be noted that shear rate was larger at concentrations of 2% w/v than at 4% w/v, with the difference increasing with flow rate and disc speed (Figure 8). A greater shear rate is responsible for the formation of waves and ripples on the surface of the liquid film and for generating instabilities within the film. The greater the instabilities, the more intense the micromixing between the two liquids and the faster the generation of particles [23,30,54]. This would suggest that at 2% w/v nucleation is faster as a result of the high shear causing molecular collisions to a larger extent, without taking into consideration the impact of initial supersaturation on nucleation. However, it is unclear which of the two, shear rate or supersaturation, is more significant in the process of nucleation, and very little has been published on this matter, particularly on a molecular level.



To further demonstrate shear rate as a measure of mixing capability in the SDR, micromixing time was calculated through Equation (6), where  ν , the kinematic viscosity, is a function of the shear rate according to Equation (1) and parameters in Table 1. Equation (6) assumes that micromixing is governed through the process of engulfment, valid when the Schmidt number (Sc = ν/D) Sc < 4000 [22,23,33,55]. The molecular diffusion coefficient, D, for the current system was estimated to be approximately 10−10 m2/s from the Stokes–Einstein equation    (  D =   k T   6 π μ r    )   , where r is the hydrodynamic radius of the solute [22]. Taking the non-Newtonian effect of shear rate on viscosity into consideration, Sc values ranged from 700 to 3600 for the operating parameters studied. Hence, confirming the validation of Equation (6).


   t  m i c r o   = 17.2    (   ν ε   )    0.5    



(6)




where ε is specific power dissipation, and for the SDR it can be obtained through the equation below [22,33]:


  ε =  1  2  t  r e s      (     (   r 2   ω 2  +  u 2   )   o  −    (   r 2   ω 2  +  u 2   )   i   )   



(7)






   t  r e s   =    (    81  π 2  ν   16  ω 2   Q 2     )    1 / 3    (   r 0  4 / 3   −  r i  4 / 3    )   



(8)







Figure 14 shows a plot of micromixing time against average shear rate for experiments conducted at 1:1 and 9:1 antisolvent to solvent ratios, with varying flow rates and disc speeds. The plot shows a decline in micromixing time as shear rate is increased. The greater proportion of antisolvent (9:1) leads to a reduction in viscosity and a lower micromixing time according to Equation (6). The trend in Figure 14 demonstrates that slightly lower micromixing times are obtained at 4% w/v for a given shear rate, a result of the relatively larger residence time. However, at similar experimental conditions of flow rate and disc speed, the shear rate at 2% w/v is larger than that at 4% w/v due to the lower liquid viscosity, which consequently reduces micromixing time. This is highlighted in Figure 14 as well as in Table 3 for two sets of experimental conditions at both 2% w/v and 4% w/v starch. A lower micromixing time would allow mixing to occur at a faster rate, thus creating a homogeneous solvent/solute and antisolvent mixture with reduced local supersaturation. This in turn would lead to spontaneous precipitation of smaller sized particles. However, micromixing time is very similar for the two concentrations (Table 3) and therefore is unlikely to have influenced the difference in particle size at these concentrations. Instead, the kinetics of the precipitation process would appear to have a more significant impact on particle characteristics, through the generation of greater supersaturation at 4% w/v. Furthermore, micromixing time is roughly an order of magnitude lower than nucleation time, estimated visually from a high-speed camera to be roughly 10−2 s for the conditions studied at a concentration of 2% w/v [56]. The significant difference between the micromixing time and nucleation time points towards a well-mixed system, indicating little impact of micromixing time on starch nanoparticle size. Although nucleation time was not determined for 4% w/v, it is probable that nucleation time would be of a similar magnitude as that for 2% w/v.






4. Conclusions


The effects of high shear rates generated by the spinning disc on the precipitation of starch nanoparticles through the solvent–antisolvent method were examined. Concentrations of 2% w/v and 4% w/v starch in 0.5M NaOH solutions demonstrated shear-thinning behaviour at high shear rates in the SDR, which helped to mitigate mass transfer limitations typically encountered in conventional agitated vessels. Power law relationships for the two concentrations studied were established, with the consistency index k and power law index n broadly in line with expectations based on the published literature for starch solutions. Finally, an investigation into the effect of starch concentration on the characteristics of starch nanoparticles formed in the SDR highlights that with reduced mixing and mass transfer limitations between the solvent/solute and antisolvent at high shear rates in the SDR, an increase in starch concentration leads to smaller sized primary particles as a result of the greater supersaturation generated. However, the smaller particles initially produced are likely to undergo agglomeration at greater flow rates and disc rotational speeds, ultimately resulting in starch nanoparticles with overall increased sizes or Z-averages and PSDs at the higher starch concentration. The control of nanoparticle size at higher solute concentrations in the SDR may therefore necessitate judicious selection of hydrodynamic parameters of the SDR as well as the use of appropriate surfactant concentrations to prevent agglomeration.







Author Contributions


Conceptualization, methodology, data curation, and writing—review and editing, S.S., V.Z., and K.B: investigation and formal analysis, S.S.; writing—original draft preparation, S.S.; resources, supervision, and project administration, K.B. and V.Z.; funding acquisition, K.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by an EPSRC Doctoral Training Award made available to SS. The APC was funded by Newcastle University.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




Nomenclature








	  n  
	Power law index (-)



	  k  
	Consistency index (mPa)



	  r  
	Radial position (m)



	  Q  
	Flow rate (m3 s−1)



	    t  m i c r o     
	Micromixing time (s)



	    t  r e s     
	Residence time (s)



	  z  
	Vertical distance from disc surface (along z-axis) (m)



	Greek symbols
	



	   γ ˙   
	Local shear rate at a given radial position (s−1)



	     γ ˙   a v e     
	Average shear rate across whole disc (s−1)



	  ρ  
	Liquid density (kg m−3)



	  δ  
	Film thickness (m)



	  ε  
	Specific dissipation rate (W kg−1)



	  ω  
	Angular velocity (rad s−1)



	  η  
	Dynamic viscosity (Pa s or mPa s)



	  ν  
	Kinematic viscosity (m2 s−1)
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Figure 1. Schematic of experimental set-up for spinning disc reactor (SDR). (1) solute/ solvent feed, (2) antisolvent feed, (3) peristaltic pumps, (4) SDR, (5) motor, (6) temperature-controlled water tank, (7) temperature control unit, (8) SDR rotational control unit, and (9) product outlet and receiver. Reproduced from [39], MDPI, 2020. 
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Figure 2. Grooved and smooth disc surfaces. Reproduced from [14], De Gruyter, 2019. 
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Figure 3. Effect of starch concentration on zero shear viscosity. 
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Figure 4. Shear rate against viscosity at 2% w/v starch and 4% w/v starch, measured by Bohlin viscometer, and viscosities at zero shear (η0) measured through Ostwald viscometer. 
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Figure 5. Comparison of viscosity vs. shear rate plots with published data for power law model determination at 2% w/v and 4% w/v starch concentration. 
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Figure 6. Local shear rate along the radial distance of the SDR. 
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Figure 7. Average estimated viscosities of 2% w/v and 4% w/v starch solutions at varying conditions in the SDR from the power law model for starch using the expression given in Equation (1). 
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Figure 8. Effect of disc rotational speed on shear rate at various experimental conditions. 
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Figure 9. Particle size distribution (PSD) for the effect of starch concentration in the semi-batch reactor (SBR) set-up at 800 rpm agitation and 1 mL/s ethanol addition. (A) Z-average and polydispersity index (PdI) values calculated for combined primary and agglomerated peaks. (B) Focused image of primary peaks for 1% w/v and 2% w/v starch. 
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Figure 10. Effect of concentration on PSD at 6 mL/s, 1200 rpm, and 9:1 ratio for both grooved and smooth disc surfaces. 
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Figure 11. Effect of concentration on PSD at 18 mL/s, 1200 rpm, and 9:1 ratio for both grooved and smooth disc surfaces. 
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Figure 12. Overall PSD showing effect of concentration at 18 mL/s, 1200 rpm, and 9:1 ratio on the grooved disc. 
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Figure 13. Z-average sizes for 2% w/v and 4% w/v starch highlighting the effect of (A) flow rate at 9:1 ratio and 1200 rpm, (B) disc speed at 9:1 ratio and 18 mL/s, and (C) antisolvent to solvent ratio at 18 mL/s and 1200 rpm. 
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Figure 14. Micromixing time against shear rate for 2% w/v and 4% w/v starch. 
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Table 1. Power law parameters for starch at various concentrations.
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	Starch Concentration (% w/v)
	Consistency Index, k (mPa)
	Power Law Index, n
	Source





	2
	21.8 ± 2.4
	0.911 ± 0.010
	This work



	4
	31.5 ± 1.2
	0.897 ± 0.006
	This work



	21
	102.6
	0.852
	[40]



	1 (tapioca starch)
	15.2
	0.858
	[42]
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Table 2. Average shear rates across the disc,     γ ˙   a v e     (s−1), to 2 significant figures, at selected conditions displayed in Figure 6.
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	Flow Rate (mL/s)
	Rotational Speed (rpm)
	Antisolvent to Solvent Ratio
	   γ ˙   a v e    at 2% w/v (s−1)
	   γ ˙   a v e    at 4% w/v (s−1)





	6
	400
	9
	2000
	1600



	18
	400
	9
	3000
	2400



	18
	1200
	9
	14,000
	12,000



	18
	1200
	1
	20,000
	17,000
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Table 3. Variation of micromixing time with average shear rate at 2% w/v and 4% w/v.
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	Flow Rate (mL/s)
	Rotational Speed (rpm)
	Antisolvent to Solvent Ratio
	Concentration (% w/v)
	Average Shear Rate,    γ ˙   a v e    (s−1)
	Micromixing Time (s)





	6
	400
	1
	2
	2000
	   4.31 ×   10   − 3     



	6
	400
	9:1
	4
	1600
	   4.34 ×   10   − 3     



	18
	1200
	1:1
	2
	20,000
	   1.09 ×   10   − 3     



	18
	1200
	1:1
	4
	17,000
	   1.12 ×   10   − 3     
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