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Abstract

This paper advances the use of in-situ Near-Infré#R) spectroscopy as the basis for an in-line
control system to optimise mixing time of food pawdblends. A non-contact NIR fibre-optic probe
installed in a conical screw mixer was used to shege powder mixtures characterised by different
particle size distribution and component distribatiThe current state of the art is extended by
comparing Conformity Index and Standard deviatibthe Moving Block Standard Deviation
(MBSD), establishing the optimal pre-treatment corabon and investigating the effects of the
mixture properties on the results. Products withcad particle size distribution were more accuyate
represented using derivatives rather than SNV atdedding, while products with a broad
component distribution showed good results witlpedttreatments.

This study evaluated the effect of data pre-treatsnen mixing time for different physical propestie

of powder blends and provided a general guidandbemost appropriate pre-treatment.
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1 Introduction

Food manufacture is subject to many safety andtguabulations in order to reassure the
consumer that the product is free from any unwastdxstance and provide customers with a
consistent quality. Quality inspection protocoleaé¢o be in place to ensure confidence that prgduct
leaving the plant fall within safety regulationsdasustomer specification. Effective quality contiol
thus a preeminent consideration in the food ingustthat it ensures customer satisfaction andtgafe
are achieved as far as possible.

The attention of this study will be directed towapmbwder blending processes which are very
common in the food industries (Cullen, 2009). Mixiime has to date been typically based on
experimental experience and generally extendeldgond the time when full homogeneity was
indicated to accommodate natural variability anct@ieed risk. Off-line testing by taking samples
from a vessel and then performing a destructivéyaisshave been the most common option to assess
the product quality, however this method is timesuming and often error-prone. Samples are not
necessarily representative of the entire batchlaméhsertion of the thief probe disturbs the powde
bed, so compromising the sampling and resultirgnimaccurate measurement. Segregation issues in
the sample compartment may arise if the partide distribution of the components is wide (El-
Hagrasy et al., 2001). In addition, results areclfy obtained after the production is ended, sb n
providing a prompt feedback in the case of deviatiodetailed literature review of powder mixing
and standard sampling procedures can be founeiwdink of Muzzio, Goodridge et al. (2003).

Recent studies focussed on the in-line monitoringad powder blending processes and in
particular on the evaluation of blend uniformityoBess Analytical Technology (PAT) comprises a
series of tools for designing and controlling mawtdiring processes online and has been employed
by several types of industries aiming at ensurregfinal product quality and increasing the
efficiency.The recent developments and main chgélerio adopting PAT in the food industry have
been discussed (Cullen et al., 2014).

Near-Infrared spectroscopy (NIR) is the most popBI&T system adopted as an inline method to

monitor the powder blending process. Radiatiom@NIR frequency range hits the sample and
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provides spectra containing information on molecatzsorption of overtones and combination bands
(Burns and Ciurczak, 2008). These spectra used thfficult to interpret since a single band may
result from several combinations of fundamental avettone vibrations, but progress in
chemometric tools now makes it easier to decodetispeelate them to sample properties and
recognise scatter effects (Reich, 2005). Theifidaistrial applications of NIR spectroscopy were in
the 1960s with the work of Norris and Hart (1963)oameasured the moisture of agricultural
products. From then on, NIR spectroscopy gainedrtapce in industry especially because it allows
monitoring and controlling the process in real timéhout being invasive.

Mixing time has been assessed for different blepgiocesses: for instance, NIR probes were
applied to a modified V- blender (Sekulic et aB9%), a Nauta mixer (Berntsson et al., 2002) and a
lab-scale blender (Blanco et al., 2002). Furth@tiegtions can be found in the work of Blanco,
Cueva-Mestanza et al. (2012) which provided a gewttw of blending time assessment and a
detailed comparison of the different methods amdtpgatments. Given the great success of NIR in
estimating the end time of powder blending, thihteque was also employed to monitor and
determine the end time of other processes. Faanoest NIR was applied to a fluid bed granulation
(Alcala et al., 2010), a red peony root extrac(idfu et al., 2012) and a pan tablet coating process
(Moltgen et al., 2012). All these studies proveel fiasibility of NIR as an inline instrument to
monitor the production and optimise the mixing tif@¢her studies focussed their attention on the
optimisation of the parameters to obtain more ateuresults. It was demonstrated that multiple
sampling points provide for accurate and precisenation of mixing end points (El-Hagrasy et al.,
2001, Scheibelhofer et al., 2013). Critical factaifecting powder blending, such as humidity,
component concentration, blender speed, partizéeaid powder density were identified-(dgrasy
et al., 2005). The effects of temperature and mastontent on the dehydration behaviour of
different materials were studied (Rasénen et @032

With this study the aim is to advance the fieldesyablishing the optimal pre-treatment
combination and investigating the effects of th&tome physical properties on the results.
Specifically, the main purpose is to evaluate tfilience of the distributions of the components and
the particle size on the results and on the chafitkee pre-treatment. The study subsequently also
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aims to optimise the mixing time of food powderrus. Analyses were repeated using two different
methods in order to verify the assumption thateffiects of the physical properties and of the pre-
treatments were not depending on the algorithm eyapl. Homogeneity analyses in this way will be
tailored depending on the specific product angritgerties. This will increase the accuracy of the
analyses and provide a more reliable result. Tapgepthus describes how with deep process
understanding, sophisticated measurement and ajgtgdata pre-treatment, the approach to

assessing powder homogeneity in food mixing usitig) &n be further improved.

2 Materialsand methods

2.1 Materials

The formulation of the materials used in this stadginot be revealed due to industrial confidenyiali
reasons, but all the information required to pldeeresearch advances outlined in context and to
underpin the justifications are described.
Bread and confectionery powder mixtures aimedeabtkery market were analysed in this study; the
main components were flour, sugar, gluten and Shatee different products were taken into
consideration:
* Product A: a blend with a narrow particle sizerisition and more than one main
component;
* Product B: a blend with a narrow particle sizerdisttion and one main component that
counts for more than 90% of the mass;

* Product C: a blend with a broad particle size ithigtron and more than one main component.

Figure 1 shows histograms with particle sizes ofdBct A and Product C and provides the mass
percentage for each component. Product A compalier@nsions range from 0.1 mm to 0.5 mm and
thus the size distribution is narrow. However, RicicdC has a broad particle size distribution; fram
minimum value of 0.09 mm to a maximum of 10 mm. Birsions thus vary by more than two

magnitudes. Mass percentages of Product B compoaest93.22% , 5.08% and 1.71%.



104 2.2 Instrumentation

105 The experiments were performed using two coniaavgaenixers, each one equipped with a diffuse
106 reflectance fibre-optic probe. The fibre optic peakas installed on a side of the vessels at abbut 1
107 m from the bottom, which resulted to be the begsjaal location. The probe position is a

108 compromise between being sufficiently low in thesad so as to scan blends at the starting of the
109 material loading phase, but not too low to prohitdtallation welding requirements which need to be
110 undertaken from the inside of the vessel. Bothddes have a nominal capacity of 4000 |, are 3.52 m
111  high and probes are installed on a side of thesV@ssbout 1.5 m from the bottom. The screw orbit
112 arm rotates with a speed of 1.2 rpm, while thewsétself rotates at 70 rpm and at a distance ohd m
113 from the vessel side, so guaranteeing the glagseprieanliness and avoiding powder remaining stuck
114 onit. Figure 2 shows the configuration of the cahiscrew mixer and how the NIR probe is

115 connected to the blender.

116 The fibre optic NIR heads contain two tungstentliggpurces which illuminate the sample. Scattered
117 lightis collected by a thermo-electrically cooleéaAs detector and guided via a 60 m long fibre
118 optic cable to the Bruker Matrix-F FT-NIR spectrdere The probe outer diameter is 12.5 cm while
119 the nominal sampling diameter is 10 mm, which spoads to a measurement area of 0.78 cm

120 Spectral data were collected using OPUS softwargore 7.0 and analysed with Matlab version

121  R2014a. The spectral resolution was 16'@nd frequency region ranged from 10000'¢m4600

122 cm* (1000 nm — 2174 nm), resulting in 700 data pgietssample. The sampling frequency was set

123 to 20 scans per spectrum and the total time betwaeln spectrum was approximately 31 seconds.
124 2.3 Methods

125 Spectra were collected continuously during the whmwbduction time from the point of loading the

126 first ingredient until the process was stopped. flimelamental assumption of the approach is that,

127 when the spectra are consistent and multiple sgiexstmples overlap each other, homogeneity has
128 been achieved. To support this assumption, offMitfe probe tests were undertaken considering

129 known well-mixed ingredients, where the formulatiwas changed to test sensitivity, confirming that
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concentration changes were apparent in the NIRakigmaddition, samples of the batches monitored
were also test baked and they all performed asctegeproving that their homogeneity levels were
sufficient to meet the product specifications. Hoare given that spectra are subject to noise, data
first need to be pre-treated before the analysism methods were investigated to establish spectra
overlap: “Conformity Index” and “Standard deviatiohthe Moving Block Standard Deviation

(MBSD)".
2.3.1 Spectral pre-processing

When dealing with solid samples, the data colle@dddrgely influenced by light scattering: the Kea
Infrared light beam when hitting the powder samglgartially deflected by the solid particles
causing differences in the effective path lengtt th turn lead to significant variations in spactr
Scattering effects are more likely witnessed ireaafsuncontrollable physical variations such as-non
homogeneous distribution of the particles, chamyesfractive index, particle size distribution,
sample packing/density variability and sample motpgy (Huang et al., 2010). Several pre-
treatments algorithms are available to remove egatf and in this study the most frequently applied
were considered. Since homogeneity analyses inggeetra belonging to different production
phases, and thus to different composition, onlytpratments employing independent references and

isolating each spectrum from the dataset were deresl.

Derivatives

Derivatives of spectra are calculated using thét8axGolay algorithm. T and 2° order derivatives
are most common:*lorder removes baseline change from spectra, @Hilerder also eliminates
linear trends across the spectra (Rinnan et 2092 Merivatives are very good at enhancing

differences between spectra and differentiate Weelapping signature, but they also increase noise.

Detrending
Detrending subtracts a polynomial fit from the ora spectra in order to correct the baseline (&oli

and Walsh, 2006). The resulting spectrum is giwen b

Xpt = Xorig —(ag + a; 1)
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whereXpr is the spectrum corrected with detrendidg, is the original spectruna, anda; are

polynomial coefficients and is the wavelength.

Normalisation
The same weight is given to all the absorbancedt spectrum is in fact normalised to a length of 1
by dividing it by the Euclidian norm (Rinnan et,&009).

Xorig

z:(Xgrig)

Xnorm -

whereX.om is the spectrum normalised aXgl, is the original spectrum.

Sandard Normal Variate (SN\V)

SNV normalises each spectrum to zero mean and/an#nce by subtracting the mean of each

spectrum and dividing by its standard deviatib(Rinnan et al., 2009).

Xorig —Xmean

Xony = pn

whereXgyy is the spectrum corrected with SNX,iq is the original spectrunX,..is the average

value of the spectrum to be corrected ansd the standard deviation of the sample spectrum.

2.3.2 Conformity Index

The Conformity Index (Cl) was calculated as théedéhce between every single spectrum acquired
and the target spectrum referred to the homogenaend; then this difference was weighted by the

corresponding standard deviatioron the respective wavelength.

cI spectra matrix;; — target spectrum
i =

g;

The Conformity Index has been used in previousistuth test the identity of the product and check
potential unconformities (Bodson et al., 2006, itastet al., 2014). The result is a second matrix

where every column represents the difference betwesingle spectrum and the target one; for every
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column the maximum values were calculated in oralereate the vector describing the homogeneity

trend.

Target spectrum has to be representative of thehid product, hence spectra were collected at the
production end of multiple batches of the same povistend and then averaged. All batches were
manufactured following the same production instond: the mixing screw was activated at the
process start and raw materials are manually loadedhe vessel by operators while the screw is
rotating. Then when the loading phase is overstnew is left rotating for a time which is specifoe
every product and based on experience and is @ma$ily in excess of what is required to attain
complete mixing. The number of the spectra incluggied depending on the production frequency
and thus on the data availability. 50 spectra weesl for Product A, 40 spectra for Product B and

100 spectra for Product C.

2.3.3 Standard deviation of Moving Block Standard Deviation (MBSD)

The standard deviation was calculated in both theelength and time domains. Initially the standard
deviation was calculated for every group of threesecutive spectra in the wavelength domain, so
forming the Moving Block Standard Deviation (MBSDgtrix. The standard deviation was then
calculated for each individual wavelength and thalfvector obtained showed how spectra changed

over time (Sekulic et al., 1996).

The main advantage of MBSD is that it is calibnatfcee and thus it does not require a reference
spectrum. Hence analyses can be performed witleed af previous studies (Momose et al., 2011).
A block of three spectra in MBSD was found to be dptimal size after investigating how the block

dimension could impact on the results.

3 Resultsand discussion

In all the experiments the change of spectra awer was observed, eventually converging to the
steady state spectrum (see the example in Figuiéh8)green spectra represent the beginning of the

production, when the blend was still under the le¥¢he probe. The characteristic flat shape is du
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to the fact that what is scanned in this phasalig the air present in the mixer. As air does not
contain any organic component, no relevant peak$eabserved in its spectra, therefore giving a
flat shape. As soon as the probe starts gettingreohvby the powder mixture, the spectra begin to
show a few peaks. This is represented by the lpeeta. The position of the peaks is related to the
different molecular groups, while the height of kedepends on the concentration. Blue spectra are
shown to change over time indicating the compasiisochanging. In fact, during the process
different ingredients are added and blends araeragmisly mixed, leading to different powders being
scanned by the NIR probe. Spectra are seen tastawverlap after a certain time, as illustratedhsy
red spectra. Since each sample of a given compositid concentration is uniquely identified by a
spectrum, the overlap demonstrates that sampleguafi composition and concentration are being
scanned. As the powder is still being mixed bydtrew, scans resulting in a near identical sigreal a
only possible if all the powder inside the mixesltae same concentration, thus indicating the blend
is homogeneous. Mixing time is therefore determiogthe time it takes for the spectra to overlap
with each other and a steady state fully mixed tspacis reached. Both methods, “Conformity
Index” and “Standard deviation of MBSD”, were applito estimate this mixing time. Initially the
influence of pre-treatments on the calculation ofing time was studied; subsequently it was
assessed whether the results of these homogenhedigswas affected by the physical properties of
the powder blend. The effect of component distidsutvas evaluated comparing results obtained for
Product A and B, while particle size distributioaswstudied by investigating the different effects o

Product A and C.
3.1 Conformity | ndex

The entire blend run was analysed employing diffepee-processing techniques. Analyses were
repeated for 20 different batches to verify thewodpcibility of the results. Blending profiles of

Conformity Index for Product A are shown in Figdre

Variations in profiles were observed when usingtpeatments, demonstrating the important role
of pre-processing algorithms in the estimation ofing time. However, for all the experiments, an

overall qualitative behaviour was observed for fphases:
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1)

2)

3)

4)

1¥ stationary phase: the profile is stable over time and its highesiue is recorded. Powder is still
under the level of the probe and NIR is scannirlg aim which is very different from the final
powder blend due to both composition and stateaifan When loading the ingredients inside
the vessel, powder starts to disperse in the aisg@hbut not enough to determine any variation in
composition. The green spectra shown in FiguregBesent this phase;

Decreasing phase: the Cl suddenly decreases due to the powder agipirtg the probe level. NIR
starts scanning a powder mixture which is closeomposition and state of matter to the final
powder blend compared to the air phase. Referdrigure 3, this phase illustrates the passage
from green to blue spectra;

Oscillations: the profile changes over time as a consequentdeofariation in composition

during the production process. Spectra being schimihis phase might present different peaks
due to new ingredients loaded into the vessel.cbméinuously rotating screw moves the powder
through the whole mixer, causing changes in contipaséven when loading of ingredients is
completed. Blue spectra shifting over time in Feg8rdescribe the phenomenon of oscillations;
2" stationary phase: the profile finally approaches the zero value eemdains stable over time.
When spectral differences are no longer recordedst¢anned mixture has the same composition
and concentration of the ideal mixture. The statrgrcharacter of the results means the blend
composition is stable over time, hence it can lseragd that full homogeneity is reached. Red

spectra overlapping to each other in Figure 3 saprethe 2 stationary phase.

Mixing time is thus given by the starting pointtbé 2 stationary phase, the sensitivity of detection

of which may change depending on the pre-treatctepden. It is therefore of vital importance to

understand the effect of the different pre-treatisien

As can be seen in Figure 4, a plot of raw datdifégrs enormously from the ones obtained

following any pre-treatment: there is a peak in1hstationary phase and decreasing phase is soon

followed by 2 stationary phase (starting at minute 4 in Figed)4 Since it is unlikely that the blend

reaches the homogeneity soon after the powder mixaaches the level of the probe, it is concluded

that raw data do not describe the process satisiigctScattering effects in fact dominate when the
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blend is under the level of the probe as a reltismall quantity of powder patrticles is disperged
the gas phase and NIR light deviates from the maigbath length. All pre-processing algorithms
studied (first and second derivatives, normalisat®NV, and detrending) contribute to removing
scattering effects and to make the homogeneityirsggpoint more distinct (Figure 4 b-f).

In order to investigate the effect of componentritigtion on choosing the right pre-treatment, the
same study was performed on Product B, which ptesewery small variability given that more than
90% of the product is represented by the same coemoThe Conformity Index was evaluated for
18 different batches of Product B. Figure 5 presémd blending run profiles obtained for Product B.
None of the pre-treatment methods studied weretabigiably estimate mixing time due to the
oscillation phase not being accentuated sufficjeatid thus being confused with tH¥ gtationary
phase. Changes in composition are not easy totdgetecconsequence of the reduced component
distribution of the product. The Conformity Indexasvshown not to be a suitable method for
measuring mixing time of blends with concentratioha single component higher than 90% given
the lack of variability in the mixture.

In order to study the effect of particle size disition on the pre-treatment choice, Conformity
Index analyses were performed on Product C. Cdionkawere repeated for 29 different batches of
Product C and an example of the results obtainedas/n in Figure 6. The first notable difference
compared with profiles of Product A is the preseoickigh peaks during the oscillation phase at 11
minutes. Before this all the ingredients in theset$iad a similar nature and a similar particle.siz
Soon after the introduction in the mixer of paratas almost 100 times larger than the other
components, the blend became more heterogeneaenfirg parts of only fine powder and parts of
only particulate. Peaks at 11 minutes representdhation when scanning the different parts of the
blend (fine powder and particulate). After these feeaks, the oscillation phase returns to that
exhibited prior to the addition due to the contimsianovement of the screw acting to mix all the
ingredients (redistributed fine powder and partiteiimaking the mixture homogeneous). Pre-
treatments such as SNV and Detrending show slititlations in the ?' stationary phase, making
the homogeneity starting point less clear. Bettsuits were achieved by derivatives, especially
second derivative, as th& &tationary phase was flatter and it was more ewid@en the oscillation

10



283 phase ends. Due to the greater variability intreduay the increase in particle size distributibie, t
284  system was more heterogeneous and differencegatrapwere enhanced. Pre-processing such as
285 SNV accentuated these differences even when thieimiwas homogeneous: the stationary phase
286  was more oscillatory and it was more difficult tearly assess mixing time. Derivatives on the other
287 hand were less sensitive to these variations ahdlsarly showed the start of thé®&tationary

288 phase, so defining the mixing time. Since Produis ¢haracterised by a broad particle distribution,
289 in order to assess its homogeneity, the distributiioparticle sizes cannot be ignored. Techniques
290 such as SNV and Detrending were actually borndage patrticle size effects (Zeaiter et al., 2005)
291 hence they might be less suitable to analyse ptsduith broad particle distribution. Derivatives, o
292 the other hand, retain the effects of particle szatained in a NIR spectrum. These results were
293 confirmed by a previous study determining the pbetsize distribution of a solid product: caliboati
294  models built by pre-treating data with SNV achietégher errors than by pre-treating data with

295 second derivative (Blanco and Peguero, 2008). Thklgows mixing time results for Product A and
296 Product C obtained using different pre-treatments.

297 Results obtained analysing blending run profileagidifferent pre-treatment techniques

298 demonstrated the importance of data pre-processitgg Conformity Index studies. In addition,

299 considering different product categories demonstrabw the choice of pre-treatment actually

300 depends on the properties of the powder blendrdardo set up a general method valid for every
301 product, the best option is to adopt a combinatiopre-treatments, rather than relying on just one
302 technique, in order to obtain all the advantagesiged by each algorithm. Normalisation was taken
303 into consideration as for all the experiments dvad to be best for the removal of initial scattgri
304 effects which cause unwanted peaks after thetdtionary phase. On the other hand it also flatte
305 oscillations making mixing time less evident, sbestpre-treatments able to accentuate differences
306 need to be used together with Normalisation. Twuolmaations were studied: Normalisation + SNV
307 + Detrending and Normalisation ¥2lerivative. Results are presented in Figure 7diRrDA mixing
308 time can be clearly estimated using both combinat{&igure 7 (a), (b)), but homogeneity of Product
309 B cannot be analysed properly by any of the contlnina employed (Figure 7 (c), (d)). The blend
310 appears homogeneous as soon as the powder rehelm@slte (minute 12), due to the extreme

11
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component distribution. Product C mixing time candstimated accurately using Normalisation +
derivative, but not by Normalisation + SNV + Deftderg (Figure 7 (e), (f)). The large variation ireth
particle size distribution of Product C is in faesponsible for the increase in variability, andvSN
and Detrending accentuate these differences exe$ssiausing oscillations also in th& &tationary
phase. Table 2 provides mixing time results fordiaod A, B and C obtained using pre-treatments

combinations of Normalisation+SNV+Detrending andmMalisation+1' derivative.

When analysing and test baking production samfhtestime provided by
Normalisation+SNV+Detrending and Normalisation+dstivative for Product A (33.25 minutes)
was estimated to be the mixing time of the batclysed, which resulted in saving 26% of the total
time the product was mixed (45 minutes). WhileRooduct C, time provided by Normalisation+1st
derivative (46.67 minutes) was estimated to barihéng time of the batch analysed, so saving about
22% of the total time the product was mixed (60utes).

Normalisation + SNV + Detrending gives all the bigegrovided by these three techniques:
initial scattering is removed, the oscillation phésemphasised and the homogeneity starting [int
clearly detectable. This combination can be gelyeuakd for products with average or narrow
component distribution, but not for products witkiagle component concentration higher than 90%.
For this kind of material, represented here by Bco@®, the Conformity Index cannot be used reliably
to estimate the mixing time. Concerning particledistribution, the preference is to employ
Normalisation + derivative as differences wouldalseentuated too much by SNV-Detrending due to

the high variability involved in these products.
3.2 Standard deviation of Moving Block Standard Deviation (MBSD)

Following analysis using the ClI, the entire blend was re-analysed with MBSD and different
pre-processing techniques in order to evaluate éfigcts. The same batches used to test the tyalidi
of Conformity Index were further analysed using MB®\gain the plots can be generally divided in
four parts, looking very similar to those seentfe Conformity Index. The only difference is given
by the high peak replacing the decreasing phasedatd deviation comes through a big rise due to
the significant change in composition recorded wpawder approaches the probe level. Mixing

12
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time, as with “Conformity Index” analysis, corresyis to the starting point of th&"atationary
phase.

Products A, B and C were analysed and comparediir to investigate the effect of component
distribution and particle size distribution wher{reatment approaches are applied with the Stendar
deviation of MBSD. Blending profiles of Standard/@dgion of MBSD for Products A, B and C using
the pre-treatment combinations Normalisation + SANMetrending and Normalisation1¥ derivative

are compared in Figure 8.

The same pre-treatment effects as found for theeZé found with MBSD, despite the two methods
focusing on different aspects. Product A was wedlaibed by both Normalisation + SNV +
Detrending and Normalisation® derivative as can be seen by comparing the pid&gure 8 (a) and
(b): same mixing time was estimated. Product Ba&owit be analysed employing any of the pre-
treatments or their combinations (Figure 8 (c) @)l and Product C could only be analysed using

Normalisation + derivative (Figure 8 (e) and (f)).
3.3 Control program

A program was developed to automate the homogeassgssment into the factory control
systems in order to provide on-line indicationshaf mixing extent for the production process and
ultimately move to in-line control. A model for Clmnmity Index was built using the specific
application in OPUS software; for every product tdrget spectra were loaded and the best pre-
treatment combination and frequency range wereifsgebcA lower limit of maximum Conformity
Index combined with a time under the limit criterivas used to indicate homogeneity. A script was
written using a text-based programming languageRsS: the program includes one main program
and a sub-program that is called by the main pragmacalculate the time spent below the lower limit
of Cl. The control program starts when the loagihgse is over: the main script is initially run and
spectra are continuously collected during the ngphase. For every scan, Cl is calculated using the
model previously built and a check is made to aasewhether the value is below the lower limit
previously set. One possible practical issue adsesto the oscillatory nature of the signal as a

consequence of mixing before homogeneity is ackief&e homogeneity approaches, the signal may
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fall and rise repeatedly around the threshold. iadathis issue, the program continues runninglunti
consecutive values of Cl under the lower limit ab¢ained for a specified time window. If the Cll$al
below the limit and subsequently rises above thé lbefore the time limit criterion is satisfiedeth
blend cannot be considered homogeneous and thetiumger is reset. This time was set to a value of
5 minutes. This was determined through experiendeébahaviour of the historical batches. Once the
signal remains below the threshold for the spatifi@e, in this case 5 minutes, the program is
stopped and a message is displayed on the scrdieating that the blend is homogeneous and the
process can be stopped.

A possible situation could arise if the signal aésyy in that it may repeatedly fail to reach thedi
criterion due to signal noise. For practical operatl reasons, a limit is set based on existing ove
cautious settings and, if 15 minutes has passegsaage is displayed saying that homogeneity
cannot be established.

Applying this control method to the data of thedhas previously produced, it was evaluated that
up to 15 minutes of unnecessary blending and apthdard of the total batch production time can be
saved. This can lead to an increase in the prodiyctif about 33% with consequent benefits on the

profits.

4. Conclusions

The Conformity Index and Standard deviation of MgvBlock Standard Deviation (MBSD) both
demonstrated their capability to determine homotgra@d they indicated the same mixing time.
Blending run profiles are quite different, but batn be divided in four parts: the last part beirdy’
stationary phase whose beginning indicates the genwity starting point.

Raw data were not able to accurately determineniligng time due to scattering effects obscuring
important information. Blending profiles generalyproved by pre-treating data, in particular
derivatives were preferred for products with brpadicle size distribution, as oscillations werssle
enhanced and starting d¥'atationary phase was more evident. Derivativeséddetain the effects
of particle size contained in the spectra whichdrteebe considered to assess the homogeneity of

products with broad particle size distribution. tRer the Conformity Index nor the Standard
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deviation of MBSD were able to provide satisfactesyimates of the mixing time for products
characterised by a very narrow component distidioufi hese products show a high concentration of
one of the components (>90%) and none of the pagftrent methods used nor their combinations
appeared to improve the mixing time predictionhi@@methods need to be found to assess
homogeneity in products with a very narrow compadrmstribution.

The study was performed using one type of mixerthnek materials and it provides a general
guidance on the choice of pre-treatment based ditlpasize distribution and component distribution
of the material. Employing a different blender wgillrely affect the mixing time results, but should
not modify the target spectrum hence differencesiiing time evaluation process for the same
material should not be relevant and same pre-tiegatshould be applied. On the other hand, the use
of a different powder blend requires a prior inigegion of the best pre-treatment before determginin
the mixing time since particle size distributiordazomponent distribution do not fully describe the
material. The amount of time and effort requiredptimise pre-treatment mainly depends on the data
available, hence on the production frequency oftlagerial under investigation. Mixing time
evaluation of products frequently manufactured vatjuire a shorter time and a smaller level of
effort. The cost of operation will increase in aitial phase mainly due to more resources needed to
perform the analysis. However, after the modelsssg mixing time has been built, this would only
require maintenance and operation costs will deereas the method is deployed in the factory,
experience will determine the breakeven point tafanincreased initial resource against long term
mixing time savings. Such financial consideratiars confidential to our collaborating company but
suffice to say role out of the technology is ongoin

This study revealed the still unexplored effectpafticle size distribution and component
distribution on the choice of the pre-treatmenteqesenting a further step in the evaluation of
mixing time using Near-Infrared spectroscopy. Awass of these properties and their effects allows

optimisation of blending time and helps reducing tisk of under/over-mixing.
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Histograms with particle sizes of Product A (a) and Product C (b). Mass percentages of each components are
reported at the bottom of the histogram. Product A components dimensions are similar to each other, while Product
C presents a larger variability.
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Conical screw mixer configuration. (a) Configuration of the conical screw mixer. (b) Connection of the probe to the
blender.



Example of spectra collected during the production phase. Green spectra are recorded when the powder is still under
the level of the probe. Blue spectra show powder reaching the level of the probe. Red spectra represent the

homogeneous mixture.



Profiles of Conformity Index calculated for Product A. Data were first pre-treated using different pre-processing
techniques, and then Conformity Index was calculated. The vertical line represents homogeneity starting point

according to the different pre-treatments.



Blending profiles of Conformity Index calculated for Product B. Data were first pre-treated using different pre-

processing techniques, and then Conformity Index was calculated.



Blending profiles of Conformity Index calculated for Product C. Data were first pre-treated using different pre-
processing techniques, and then CI was calculated. The vertical line represents homogeneity starting point.



Comparison of pre-treatment combinations for Products A, B and C. Data were first pre-treated using
Normalisation+SNV+Detrending and Normalisation+2"? derivative, and then Conformity Index was calculated. The
vertical line represents the homogeneity starting point. Where the vertical line is missing it was not possible to
determine the mixing time.



Comparison of pre-treatment combination for Products A, B and C in Standard Deviation of MBSD analyses. Data
were first pre-treated using Normalisation+SNV+Detrending and Normalisation+1st derivative, and then Standard
deviation of MBSD was calculated. The vertical line represents homogeneity starting point. Where the vertical line is
missing it is because it was not possible to determine mixing time.
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Mixing time results for Product A and Product C using different pre-treatments



Mixing time results for Product A, B and C using pre-treatments combinations of Normalisation+SNV-+Detrending and
Normalisation+1st derivative



Raw data 1st derivative | 2nd derivative Detrending Normalisation
Product A [min] 4.08 25.08 30.33 25.08 25.08
Product C [min] 20.42 47.25 41.42 47.83 -

Table 1: Mixing time results for Product A and Product C using different pre-treatments
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27.42




A B o
Normalisation+SNV+Detrending 33.83 - -
Normalisation+1st derivative 33.83 - 46.67

Table 2: Mixing time results for Product A, B and C using pre-treatments combinations of
Normalisation+SNV+Detrending and Normalisation+1st derivative
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Figure 1: Histograms with particle sizes of Product A (a) and Product C (b). Mass percentages of each components are reported at the bottom of the histogram.
Product A components dimensions are similar to each other, while Product C presents a larger variability.




Figure 2(a) Figure 2(b)
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Figure 2: Conical screw mixer configuration. (a) Configuration of the conical screw mixer. (b) Connection of the probe to

the blender.
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Figure 3: Example of spectra collected during the production phase. Green spectra are recorded when the powder is
still under the level of the probe. Blue spectra show powder reaching the level of the probe. Red spectra represent the
homogeneous mixture.



Figure 4 (a) Raw data

Figure 4 (b) First derivative
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Figure 4 (c) Second derivative
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Figure 4: Profiles of Conformity Index calculated for Product A. Data were first pre-treated
using different pre-processing techniques, and then Conformity Index was calculated. The
vertical line represents homogeneity starting point according to the different pre-treatments.



Figure 5 (a) Raw

Figure 5 (b) First derivative
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Figure 5: Blending profiles of Conformity Index calculated for Product B. Data were first pre-treated
using different pre-processing techniques, and then Conformity Index was calculated.




Figure 6 (a) Raw data Figure 6 (b) First derivative
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Figure 6: Blending profiles of Conformity Index calculated for Product C. Data were first
pre-treated using different pre-processing techniques, and then CI was calculated. The

vertical line represents homogeneity starting point.



Figure 7 (a), Product A, Norm-SNV-Dt
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Figure 7: Comparison of pre-treatment combinations for Products A, B and C. Data were first pre-trea
using Normalisation+SNV+Detrending and Normalisation+2nd derivative, and then Conformity Index "
calculated. The vertical line represents the homogeneity starting point. Where the vertical line is missin;

was not possible to determine the mixing time.
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Figure 8 (a), Product A, Norm-SNV-Dt
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Figure 8 (c), Product B, Norm-SNV-Dt
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Figure 8 (e), Product C, Norm-SNV-Dt
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Figure 8 (b), Product A, Norm-First derivative
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Figure 8 (d), Product B, Norm-First derivative
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Figure 8 (f), Product C, Norm-First derivative

Std (MBSD)

1,2E-04
9,0E-05
6,0E-05
3,0E-05

0,0E+00

NN

0

10

20 30 40 50 60
Time [min]

Figure 8: Comparison of pre-treatment combination for Products A, B and C in Standard Deviatic
analyses. Data were first pre-treated using Normalisation+SNV+Detrending and Normalisation+1:
then Standard deviation of MBSD was calculated. The vertical line represents homogeneity startin
the vertical line is missing it was not possible to determine mixing time.
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Highlights

* Novel approach using Near Infrared spectroscopy to optimise mixing time is proposed
* Particle size and component distribution influence the pre-treatment choice
o Derivatives preferred for products with broad particle size distribution
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