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Abstract

Broadband acoustic transducers, including an intrinsically safe device, were assessed for non-invasive monitoring of aspirin, citric acid or Avicel mixing in a bench scale convective blender. The frequency information content of the acoustic emission (AE) spectra depends on the response characteristics of the transducers, which vary depending on the design. As acoustic waves generated from the impact of particles propagated through and around the glass mixing vessel, comparable spectra were obtained from different locations on the glass. The intensity of AE increased as the impeller speed, mass of powder or density of the particles was increased. AE also increased with particle size, with a relatively greater increase in intensity at lower frequencies. Mixing profiles were generated in real time from the change in the integrated intensity over selected frequency ranges on addition of aspirin to Avicel; the AE signal initially increased and then came to a plateau as the mixture became homogeneous. The average plateau signal was plotted against concentration for three different particle size ranges of aspirin in Avicel; for aspirin concentrations <21 % m/m the increase in the AE was relatively small with no discernable effects of the aspirin particle size; however, for >21 % m/m aspirin, there was a proportionally greater increase in AE, and particle size effects were more obvious. The study has shown that AE is relatively easy to measure non-invasively during powder mixing, but has poorer sensitivity than NIR spectrometry for detection of effects caused by addition of secondary compounds, especially at smaller particle sizes.

Introduction

The mixing and blending of powders is a common unit process in many manufacturing industries. Process control can be improved by real-time monitoring of mixing and there have been several reports on the usefulness of near infrared (NIR) spectrometry for this purpose,1-5 including non-invasive applications.6-10

Particulate processes can generate acoustic emission from, for example, the impact of particles with the inner surface of a vessel or pipe walls. Acoustic emission has been used to monitor a wide range of particulate processes such as crystallisation,11-12 high-shear granulation,13-16 drying,17 various fluidised bed processes,18-27 and heterogeneous reactions.28-32 The most common method for detecting acoustic emission is via attachment of a transducer to the outside of a vessel or pipe for non-invasive measurements.

There are a number of reports concerning the use of acoustic emission for the study of mixtures of different sizes of particles contained in a rotating drum.33-37 It was possible to determine the size of the particles from the acoustic emission signals generated from particle-particle collisions. Tily et al. demonstrated that acoustic emission arising from particle-wall collisions could be used to monitor the dynamics of solid mixing processes.38 A food mixer was used in conjunction with a piezoelectric transducer to study the mixing of a range of different solids, e.g. sand, calcium carbonate and dextrose. Different masses of individual powders were added to the vessel and a linear relationship was observed between the mass of powder and the root mean square (RMS) signal. The dynamics of the mixing of two powders were also monitored using the RMS signal and it was possible to detect the segregation of powders and the end-point of mixing processes. RMS and full frequency spectra of different particle sizes of individual powders were also collected; the RMS signal and the proportion of acoustic emission at low frequencies in the full frequency spectrum both increased with particle size.

While collection of the RMS signal is less demanding than the full frequency signal, it has been shown that collection of the latter can offer significant advantages. For example, it has been shown that information on both particle size and concentration was present in broadband acoustic emission spectra acquired of a heterogeneous reaction;30 whereas the effect of both factors on the RMS signal is the same, making it difficult to identify the individual contributions to the measurement.

In this study, different broadband acoustic transducers, including an intrinsically safe device suitable for use in a zoned area, have been assessed for non-invasive monitoring of pharmaceutical powder mixing in a bench scale convective blender used previously to illustrate the potential of non-invasive NIR spectrometry for the study and optimisation of blending.6-7 Some preliminary results obtained using one of the broadband acoustic transducers have already been reported.39 In the present study, factors affecting the generation of the acoustic emission spectrum have been investigated, including the physical characteristics of the particles. This is the first in-depth assessment of broadband acoustic emission spectrometry for pharmaceutical power mixing and it illustrates the factors that need to be considered when this form of non-invasive monitoring is used.
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Experimental
Equipment and Materials

Bench-top convective mixer. The scaled-down convective mixer has been described previously.6-7 The vessel has a pot size of about 500 mL and is made of glass. The impeller has three blades set 120º apart with a tilt angle of 45º; each blade is approximately 29 mm long and 12 mm wide. Powders were agitated using an IKA Eurostar stirrer motor (VWR International), which was positioned under the vessel to drive the impeller through a 16:1 gearbox giving mixing speeds up to 125 rpm.

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Broadband acoustic emission set-up. Signals were collected using either a Nano 30,30 WD or intrinsically safe (IS) WD piezoelectric transducer (Physical Acoustics Limited, Cambridge, UK). The transducer was attached to the glass vessel using a silicone-based vacuum grease (Dow Corning) and adhesive tape. Unless otherwise stated, the Nano 30 and WD transducers were attached to a 2/4/6 series pre-amplifier (Physical Acoustics Limited). The pre-amplifier required a 28 V power supply (Physical Acoustics Limited) and the gain of the pre-amplifier was set to 60 dB. The IS-WD transducer was attached to an IS 1276 pre-amplifier, which had a gain of 40 dB and employed 100 kHz high-pass and 1000 kHz low-pass filters. The IS pre-amplifier was connected to an IS barrier unit (Physical Acoustics Limited) using a 100 m length cable. The pre-amplifier (via the IS barrier unit for measurements made using the IS set-up) was connected to an Agilent 54642A oscilloscope using a 5 m length cable, which was linked to a computer via a GPIB to USB interface (Agilent Technologies).

A data capture program, written in C++ by Douglas McNab and Robert Robinson from the Centre of Ultrasonic Engineering (CUE) at the University of Strathclyde, enabled cyclic sampling of the acoustic signals displayed on the oscilloscope and signals were saved as comma separated variable (csv) files. All acoustic signals were imported into Matlab version 7.0 (Mathworks Inc., Natick, Massachusetts, USA) for analysis. Signal areas were calculated in Matlab by summing the intensities of the signals over the required frequency range.

Powders. Avicel PH-101 microcrystalline cellulose (FMC, Cork, Ireland) was used. The Avicel particles are granular in shape and have an average particle size of 50 μm. For some experiments, the Avicel was sieved through 10 cm diameter brass pan sieves (Endecotts Ltd, UK) to obtain different particle size ranges.6-7 The compounds added to Avicel were aspirin (needle (low aspect ratio)/monoclinic; Sigma-Aldrich, A5376, Dorset, UK) or citric acid (needle (low aspect ratio); Sigma-Aldrich, C7129); these powders were also sieved to obtain specific particle size ranges.

Procedures

Characterisation of the acoustic system response. The overall response characteristics of the transducer, vessel and pre-amplifier were obtained for the WD and IS-WD set-ups by breaking a pencil lead on the inner surface of the vessel.40 Breaking a pencil lead creates an impulse response, which is filtered by the individual components in the system. The gain of the 2/4/6 series pre-amplifier was decreased to 40 dB to avoid saturation. Ten repeat measurements were carried out. Each signal consisted of 80000 points and was acquired using a sampling rate of 4 MHz. The power spectrum of each of the 10 repeat measurements was calculated and the 10 spectra were summed to generate a composite spectrum. The composite spectrum was then resampled such that every 25th point was retained.

Transducer position. 75 g of Avicel PH-101 and 30 g citric acid (particle size 425‑500 μm) were mixed at 50 rpm and acoustic signals were obtained when the Nano 30 transducer was positioned at different locations on the mixer as illustrated in Figure 1; position 1 was above the level of the powder. Nine spectra were acquired for each position, with the transducer removed and reattached after every third measurement. Signals were acquired using a sampling rate of 2 MHz and the time interval between collection of signals was 2 s. Each signal consisted of 4000 points. Spectra were calculated from the summation of 100 signals in the frequency domain. The nine spectra acquired at each position were then summed.

Effect of Impeller Speed. 75 g of Avicel PH-101 and 30 g aspirin were mixed at 10, 25, 50, 75 and 100 rpm and the AE spectrum measured with the Nano 30 transducer after 10 min (the maximum time required to achieve a constant signal, which varied with the mass of powder in the vessel and the mixing speed). Signals were acquired using a sampling rate of 2 MHz and the time interval between the collection of signals was 2 s. A total of 60 signals were collected with each signal consisting of 4000 points. A power spectrum was calculated of each signal and the 60 power spectra were then summed to give a composite spectrum for each impeller speed (similar to that in Figure 2).

[bookmark: _Toc205739431]Varying mass and particle size. Acoustic emission spectra were obtained with each transducer while mixing individually Avicel (20–110 g; particle size ranges 53–106, 150‑212, and 251–308 µm) and aspirin (40–200 g; particle size 300–355, 355–425, and 425–500 µm). Signals were acquired using a sampling rate of 2 MHz and the time interval between the collection of signals was 2 s. One hundred and fifty signals were collected with each signal consisting of 4000 points. In contrast to the previous signal processing procedures, an alternative approach was used to improve slightly the use of the acoustic emission spectra for quantitative measurements. Each 4000 point signal was cut into 4 sub-signals consisting of 1000 points. This process reduces the resolution in the frequency domain by a factor of four, but as the signals are relatively broad no information is lost, and the signal-to-noise ratio is improved by a factor of two. The resulting 600 signals, each consisting of 1000 points, were Fourier transformed and the power spectrum of each calculated. The 600 spectra were then summed to give a composite spectrum. Three repeat measurements were made for each mass and particle size.

Powder blending. Avicel PH-101 was placed into the vessel and the stirrer motor started; agitation of the powder (at 50 rpm unless otherwise stated) was monitored for a period of time to establish a baseline signal based on the area of a specified region of the acoustic frequency spectrum. After a specified period of time, a mass of aspirin or citric acid was added to the centre of the mixing vessel, without stopping the mixer; the powders were allowed to mix for a further period until a constant acoustic signal was obtained (the plateau region). The average signal during the last 200 s of the plateau region of the mixing profile was used for quantitative measurements.

In initial experiments, a Nano 30 transducer connected to a pre-amplifier that employed a 50 kHz high-pass filter (Process Analysis and Automation, Farnborough, UK) was used to study the mixing of 70 g Avicel PH-101 with addition of either 15 g aspirin or 20 g Avicel. Signals were acquired using a sampling rate of 4 MHz, with each signal consisting of 32768 points. The time interval between collection of signals was 10 s and the mixing process was monitored for 45 minutes. Each signal was Fourier transformed and the power spectrum computed.

All other blending experiments were monitored using the equipment described in ‘Broadband acoustic emission set-up’. Signals were acquired using a sampling rate of 2 MHz and the time interval between collection of signals was 2 s. The number of points in each signal was 4000, but the signals were cut into lengths of 1000 points to give four sub-signals, for the reasons stated above. The Fourier transform of each sub-signal was calculated to obtain a power spectrum; to improve the signal-to-noise ratio, the four spectra were co-added to give a composite spectrum.


Results and discussion

Factors affecting the AE spectrum

Response characteristics of AE system. The primary source of acoustic emission from particulate processes is the impact of particles with the inner surface of the vessel wall.41 The nature of the spectrum arising from such impacts is determined by the response characteristics of the transducer and that of the pre-amplifier, including any filters, and the filtering effects of the vessel. Figure 2 shows the response function of the Nano 30 transducer (without pre-amplifier or vessel effects) obtained by Tramontana using the pencil lead break procedure,40, 42 and the corresponding acoustic frequency spectrum obtained when mixing separately 80 g aspirin (particle size 300‑355 µm) and 80 g Avicel (particle size 251‑308 µm) at 50 rpm for 300 s. When the IS-WD and WD transducers were used to monitor AE from 75 g aspirin or Avicel, the AE spectra shown in Figures 3 and 4, respectively, were obtained. The pencil lead break procedure was also used to characterise the response function of the complete systems (transducer, pre-amplifier and vessel). In Figures 2 to 4, there is good correlation between the acoustic spectra and the response functions despite the fact that for the IS-WD and WD systems the response function is for the whole system, whereas for the Nano 30 it is for the transducer alone. It would appear that the contribution of the vessel or pre-amplifier to the overall system response is very small and so the frequency spectrum is dominated by the response function of the transducer. Comparison of Figures 2 to 4 indicates that the response function of the Nano 30 transducer is different to that of the WD and IS-WD transducers, which have similar responses above 50 kHz. The IS-WD set-up employed a 100 kHz high-pass filter and hence, there is very little signal obtained below 50 kHz. The WD transducer looks to be most sensitive at <50 kHz and has a similar sensitivity to the Nano 30 transducer at around 100 kHz. However, the Nano 30 transducer is responsive over a broader range of frequencies in this region. The general sensitivities of the Nano 30 and WD transducers are comparable; both devices employed a pre-amplifier with 60 dB gain and 5 m length cables were used. In comparison, the spectrum obtained using the IS-WD set-up (Figure 3) is approximately three orders of magnitude less intense than those obtained in Figures 2 and 4. Although the pre-amplifier for the IS-WD set-up employed a gain of 40 dB compared to a gain of 60 dB for the Nano 30 and WD transducers, a decrease in the gain by 20 dB only equates to a decrease in voltage by a factor of 10. However, the cable connecting the pre-amplifier to the barrier box is 100 m long for the IS-WD set-up (compared with 5 m long for the Nano 30 and WD systems), which may be necessary for intrinsically safe operation in an industrial plant. If the capacitance of the cable is large relative to that of the transducer, this will degrade the signal sensitivity and potentially the AE measurement performance in terms of e.g. signal-to-noise.

Impeller speed. The integrated AE signals (62–400 kHz) acquired with the Nano 30 transducer during the mixing of 70 g Avicel PH-101 and 30 g aspirin at different impeller speeds are plotted in Figure 5. The AE intensity appears to increase in proportion to the impeller speed to the power 1.7. Theoretically, the amplitude of the main peak in the spectrum arising from the impact of a particle with a plate is dependent on the impact velocity of the particle to the power 2.6.43 However, theory assumes that the impact of the particle is normal to the surface and is elastic, which was not the case here. In addition, at low impeller speeds (<50 rpm), movement of the powder was not efficient such that the velocity of the particles at the glass wall was low leading to a small acoustic signal.

The same general trend to that shown in Figure 5 was observed for all frequency regions of the spectrum. However, at higher impeller speeds, e.g. 100 rpm, the amplitude of acoustic emission in the audible region increased more than at other frequencies. At lower impeller speeds, however, there was no discernable change in the relative frequency distribution of acoustic emission, which is not surprising as the acoustic emission frequency (unlike AE intensity) is only weakly dependent on impact velocity (to the power 0.2).43 At higher impeller speeds, it is likely that other sources of acoustic emission such as the stirrer motor contributed to the signal, particularly in the audible region.

Transducer location. 70 g Avicel PH-101 and 30 g citric acid were mixed at 50 rpm. The average acoustic spectrum obtained when the transducer was attached at each of the locations (1 to 5) on the mixer indicated in Figure 1, is shown in Figure 6. The spectra obtained at positions 1 and 2 on the glass vessel have similar peak positions and intensities. The spectrum for position 3, at the bottom of the glass, has peaks that are shifted to slightly higher frequency. The spectra for positions 4 and 5, on the aluminium base of the mixing vessel and the aluminium support above the gearbox, respectively, exhibit greater differences. Glass (positions 1-3) and aluminium (positions 4 and 5) have different filtering and propagation properties for acoustic waves and it is not surprising that acoustic emission detected through these materials is different. Position 1 was above the level of the powder whereas positions 2 and 3 were below. As the spectra obtained at positions 1 and 2 are comparable, this suggests that acoustic waves propagated through and around the glass vessel, and that the measured signal did not arise just from particle-vessel wall collisions in close proximity to the transducer. Similar conclusions were made when investigating the effect of transducer position on AE signals produced during the mixing of itaconic acid particles in toluene in a batch reactor.30

Particle size. The AE spectra obtained with the Nano 30 and IS-WD transducers when 80 g of aspirin of different particle sizes was mixed are shown in Figures 7 and 8, respectively. As expected, the AE intensity is greater for the larger particles. However, the spectra also indicate that as the particle size is increased, there is a relatively greater increase in the AE intensity at lower frequencies. This observation is similar to that reported previously for the impact of various objects on different materials (e.g. steel ball bearings with a steel plate,44 itaconic acid particles in toluene with a reactor wall,30 powders with the wall of a mixing bowl,38 and coal with a pipe wall45) and from collisions between particles33-37, 46 and glass spheres47-49 in a rotating drum. Similar trends were obtained with the WD transducer, and when mixing Avicel of different particle size ranges, although some variations were noted in the extent of the shift of intensity to lower frequencies.

Mass of powder. The integrated AE signal intensities (2–400 kHz) measured with the Nano 30 transducer when mixing individual masses of three sizes of Avicel and aspirin particles are given in Figure 9 (a) and (b), respectively. With each compound, the AE signal increased almost linearly with mass up to a particular amount that depended on the particle size of the particles. The increase in signal with mass of particles is consistent with an increase in the number of particle-vessel wall impacts.41, 44 There is an increase in the sensitivity of the acoustic emission response with particle size owing to an increase in particle surface area.49 At the highest masses used, the AE signal decreased owing to overloading of the mixer, which caused a decrease in the velocity and so kinetic energy of the particles colliding with the glass vessel. Similar trends were observed for all frequency regions. When the acoustic emission produced by similar size fractions of the two compounds were compared, smaller AE signals were obtained for Avicel than aspirin owing to its lower density (0.6 g cm-3 versus 1.4 g cm-3). When the experiments were repeated with the IS-WD and WD transducers, similar trends to those obtained with the Nano 30 transducer were observed.
Monitoring of powder blending by acoustic emission

It has been shown that the blending of one powder added to another in a glass vessel of the type used in this study can be monitored in real time using non-invasive NIR spectrometry through the generation of mixing profiles.6-7 Mixing profiles can also be produced from measurement of AE spectra by monitoring the change in the integrated signal for a region of the frequency spectrum over time during mixing. The profiles in Figure 10 were obtained by integrating the area from 48.7 to 366.1 kHz when the Nano 30 transducer was used with a pre-amplifier and 50 kHz high-pass filter to monitor the mixing of 70 g Avicel PH-101, with addition of either 15 g aspirin or 20 g Avicel at around 300 s. When Avicel is added to Avicel, there is essentially no change to the profile (as would be expected from Figure 9a for the masses of Avicel involved). However, on addition of aspirin, the AE signal increases and as the mixture becomes homogeneous, comes to a plateau (although rather noisy) by about 700 s. The shape of the mixing profile is similar to that obtained by NIR spectrometry for the same blender.6-7 When a secondary compound was added to the mixer, it was drawn down through the avicel towards the impeller and then forced outwards and upwards against the vessel wall. For aspirin, this motion caused a large initial increase in the acoustic signal as at this time there is the highest concentration of aspirin particles impacting on the inner surface of the vessel wall and aspirin gives a greater acoustic signal than avicel. The secondary compound then continued to the top of the avicel where the mixing process continued through repeated cycles until dilution was complete, as indicated by a levelling of the acoustic signal. The noise on the signal is a combination of instrument/measurement noise and short-term variations on the numbers of particles hitting the glass during mixing to generate acoustic emission. The mixing profiles obtained in this study using acoustic emission are much noisier than those obtained previously using NIR spectrometry.6-7 However, the measurement time for each NIR spectrum was approximately 100 times greater than that for acquisition of an acoustic signal and hence, there will be greater variation in the acoustic measurements. If the acquisition time for an acoustic signal was increased, there would have to be a longer delay between acquisition of signals to allow a greater number of points to be downloaded to the PC. Nevertheless, the start of the plateau region in the mixing profile can be assumed to be the end-point of the mixing process, which can be identified mathematically using, for example, a moving block standard deviation calculation.1-2

In the previously reported NIR study of mixing,6-7 quantitative analysis was achieved by averaging the signal in part of the plateau region of the profile and plotting the values against the concentration of aspirin in Avicel. The same procedure was followed using AE mixing profiles obtained with the Nano 30, IS-WD and WD transducers, when mixing various masses of different particle size fractions of aspirin with 75 g of Avicel PH 101. The results in Figure 11, obtained with the WD transducer, show the change in average AE intensity for 200 s of data in the plateau region of the mixing profile for different masses of three particle size ranges of aspirin added to Avicel. The frequency range selected for the mixing profiles was 18 to 300 kHz based on the response function sensitivity data given in Figure 4. Similar trends were found in the results produced with the other two transducers. For <21 % m/m aspirin, the increase in the AE signal was relatively small and there were no discernable effects of the aspirin particle size. In this aspirin concentration range the Avicel dominates the mixing dynamics and the AE response curve. For >21 % m/m aspirin, there was a proportionally greater increase in the AE signal (in line with the results in Figure 9), and particle size effects were more obvious; in this mass range the aspirin has a greater influence on mixing and the generation of the AE signal.



Conclusions

The appearance of broadband acoustic emission spectra depends primarily on the response characteristics of the transducer. However, the influence of factors such as particle size, particle mass and impeller speed on the spectra, and derived mixing profiles, is independent of the transducer used. The ability to detect differences in particle size from changes in the frequency distribution of AE spectra could be useful for monitoring and detecting the end-point of processes such as granulation and milling. So although collection of broadband AE signals is more demanding, in terms of data acquisition requirements, than RMS signals, the information content is greater. 

Acoustic emission has an advantage over NIR spectrometry6-10 for non-invasive monitoring of powder mixing as it does not require an optically transparent window in the process vessel. Also, the cost of an AE measurement system is lower than that of optical techniques such as NIR spectrometry. However, AE measurements do not provide chemical information; their basis is the physical properties of materials. Consequently, AE works best as a monitoring technique when the powders to be mixed have differences in particle density and/or size Under these circumstances, AE measurements can be used in the same way as NIR spectrometry6-7 to monitor mixing dynamics, determine the quantity of an added compound, and detect any changes in particle size (owing to e.g. attrition) during powder blending. Although the results reported here suggest that, in general, AE is less sensitive than NIR spectrometry. Furthermore, the AE spectrum is dominated by collisions of particles with the vessel wall and as such will only be indicative of changes in powder composition at this interface, rather than in the bulk material. The information depth is, therefore, less than for non-invasive NIR spectrometry (typically 2-3 mm). However, this disadvantage is off-set somewhat by the fact that the AE signal measured by a transducer will be based on particle collisions around the vessel wall, owing to the propagation of acoustic waves, and is not based only on the powder composition where the transducer is located. 
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Figure captions

Figure 1. Positions on mixing vessel selected for acoustic transducer attachment.

Figure 2. Response function of Nano 30 transducer and acoustic emission spectra obtained when mixing 80 g aspirin or Avicel particles at 50 rpm.

Figure 3. Response function of AE system with IS-WD transducer and acoustic emission spectra obtained when mixing 75 g of aspirin or Avicel particles at 50 rpm.

Figure 4. Response function of AE system with WD transducer and acoustic emission spectra obtained when mixing 75 g of aspirin or Avicel particles at 50 rpm.

Figure 5. Effect of impeller speed on the integrated AE signal between 62 and 400 kHz for a mixture of 30 g aspirin in 75 g Avicel PH-101.

Figure 6. Acoustic spectra obtained at five locations (1 to 5 in Figure 1) of the Nano 30 transducer when mixing 30 g citric acid in 70 g Avicel PH-101 at 50 rpm.

Figure 7. Acoustic spectra obtained with the Nano 30 transducer when mixing 80 g of aspirin of different particle sizes at 50 rpm.

Figure 8. Acoustic spectra obtained with the IS-WD transducer when mixing 75 g of aspirin of different particle sizes at 50 rpm.

Figure 9. Effect of both particle size and mass for a) Avicel and b) aspirin on the acoustic emission signal area between 2 and 400 kHz acquired with the Nano 30 transducer (mixing at 50 rpm). The error bars denote ± one standard deviation (n=3).

Figure 10. Acoustic emission mixing profiles, based on the change in signal area between 48.7 and 366.1 kHz acquired with the Nano 30 transducer, for 15 g aspirin or 20 g Avicel added to 70 g Avicel at 300 s (mixing at 50 rpm).

Figure 11. Change in average acoustic emission signal area between 18 and 300 kHz for different amounts of aspirin in 75 g of Avicel PH-101 obtained from mixing profiles acquired using the WD transducer based on 200 s of mixing at 50 rpm once homogeneity had been reached.
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