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Abstract 

Segregation of components, especially the low content level of a highly active substance, has 

serious deleterious effects on powder formulation. This study investigates the effect of particle 

properties, particularly size, shape, density and cohesion, on the segregation of laundry 

detergent powders. Tetraacetylethylenediamine (TAED) particles, spray-dried synthetic 

detergent powder referred to as Blown Powder (BP) and Enzyme Placebo Granules (EP 

granules) are used as a model formulation. The segregation of components is evaluated using 

image processing of the photographic records taken from the front face of a two-dimensional 

heap of powders. Coefficient of variation concept is considered as segregation index. It is 

shown that EP granules, the component used as low-level ingredient in the ternary mixture, are 

prone to extensive segregation due to their higher density as compared to BP and TAED 

particles. Desired properties for segregation minimisation of EP granules have been further 

investigated. It is found that the segregation of EP granules can be reduced noticeably by 

applying a thin layer of a sticky liquid on them before mixing with the rest of powders with 

full particle size distribution of the components. Polyethylene glycol has been used for this 

purpose. Addition of 2.5 wt % gives an optimum level to reduce the segregation of EP granules 

without compromising the flowability of the mixture as well as EP granules themselves. 

 

Keywords: Segregation Minimisation, Segregation Mechanisms, Laundry Detergent Powders, 

Low Content Level Ingredient. 
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1-Introduction 

In many industrial sectors involved in manufacturing and handling of granular materials, such 

as pharmaceutical, food, fertiliser, mining and agriculture, segregation phenomenon is 

encountered particularly during handling, transportation and storage of the product. For 

example, variation of active pharmaceutical ingredient content (API) from tablet to tablet in 

pharmaceutical industry or taste variation in a drink powder mixture could have adverse impact 

on the product quality as well as costs of the production. Therefore, most powder formulations 

aim to achieve the most possible homogeneous products [1, 2]. 

Material properties is an important factor affecting the segregation of granular materials [3, 

4, 5]. Among them, the size and density of particles have been widely investigated [6-12]. Liao 

et al. [13] studied the granule segregation in a rotating drum. They found that increasing the 

particle density led to an increase in mixing time as dense particles gathered more into the 

centre of drum. Liu et al. [14] investigated the segregation of granular samples of 

microcrystalline cellulose and starch during blending in a cylindrical container. They 

concluded that larger starch granules had more tendency to move to the top of the mixture. On 

the other hand, the smaller microcrystalline cellulose granules moved to the bottom of the 

mixture. In another research carried out by Cho et al. [15], segregation of coloured glass beads 

was investigated in a double cone blender. They reported a better mixing of fines as compared 

to free-flowing large particles because of their cohesive nature arising from van der Waals 

forces. 

     Effects of shape and/or surface roughness of particles were also explored by other 

researchers [16, 17]. Segregation of binary mixtures containing salt and other food seasoning 

powders was examined by Shenoy et al. [18] in a paddle mixer. They concluded that particle 

size, shape and density could influence the segregation of binary powder mixtures. They 

showed that differences in bulk density and shape had a greater effect on particle segregation 

than differences in particle size. Remy et al. [19] examined the effect of particle roughness of 

cohesionless glass beads on their kinematics in a bladed mixer by both experimental and 

numerical simulation methods, using particle image velocimetry and Discrete Element Method 

(DEM). Particles of various roughness with different friction coefficients were examined. They 

found that the amplitude of the velocity fluctuation of components increased as particle surface 

roughness was increased which led to the formation of less uniform flows inside of the mixer.  
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Important segregation mechanisms are trajectory, percolation, fluidisation, agglomeration 

and push-away effect [4, 20]. In inclined chute flow, larger particles could travel further than 

smaller particles by the trajectory segregation. Based on the percolation mechanism, fines 

could find their way through the voids of coarse particles during handling, provided the void 

space between particles is large enough to admit the fine particles to pass. In fact in this 

mechanism, large particles could act as a screen letting the smaller particles to penetrate. When 

discharging from a height, dense particles could sink to the bottom while fine particles become 

airborne by fluidisation segregation. Agglomeration segregation mainly occurs when particles 

are cohesive (e.g. in the presence of moisture). Based on this mechanism, fine particles could 

form large clusters and move towards the periphery of the bulk of mixture. Dense particles 

behave as if they are small and could build up more in the centre of powder mixtures by a 

mechanism known as push-away effect. 

By manipulating particle properties such as changing the particle size distribution and/or 

optimising the bulk cohesion, it is possible to reduce segregation [4, 21, 22]. Jain et al. [23] 

showed that the segregation of both binary and ternary mixtures of glass beads with different 

sizes could be reduced in vertically vibrated cylinders by slightly increasing the size 

distribution of each species or by increasing the mass fraction of the intermediate size specie 

in the ternary mixture. In another work done by Chou and Hsiau [24], the effect of wet granular 

material on the segregation reduction of particles in a rotating drum was investigated. They 

reported that at a higher liquid content, the segregation index could be reduced, presumably 

due to the formation of liquid bridge clumping the small particles forming larger particles. The 

formation of bigger particles could decrease the size ratio in the mixture and therefore could 

reduce the extent of particles segregation. Optimising the geometrical design of equipment 

could be another approach for segregation reduction [25, 26]. The effect of geometry design of 

a mixing process on particle segregation was investigated by Windows-Yule and Parker [27]. 

In this study, they found that density-driven segregation could be controlled by manipulating 

the aspect ratio of the equipment without the need of changing particle material properties. In 

a work done by Vanarase and Muzzio [28], an optimum impeller configuration of a continuous 

mixer was reported to be when blades could push the powders backward (back mixing) to keep 

a relatively mixed state of the powders. Nevertheless, optimising the equipment design for the 

segregation reduction of particles is less favourable in many industries due to the high level of 

capital investment. 
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     Segregation of minor components has a significant impact on industries dealing with 

powders. For example, the segregation of low content level enzyme granules in detergent 

industry should be closely monitored as it adversely impacts the quality of the final product. 

Despite considerable reported research on particle segregation, there is a lack of in-depth work 

on the evaluation of segregation reduction of low content level ingredients (less than 2 wt %), 

particularly in multicomponent powder mixtures. In this paper, the main segregation 

mechanisms in a multicomponent mixture of laundry detergent powders are first evaluated by 

investigating the effect of particle properties of components on the segregation of powders. 

Furthermore, segregation mechanism of low content level enzyme granules is evaluated and 

the effect of particle surface stickiness on their segregation reduction is studied, where a thin 

layer of liquid coating is applied to the surfaces of particles. The optimum coating level of the 

minor ingredient (without compromising the flowability of the powders) to reduce their 

segregation is then reported.  

 

2-Materials and Experimental Procedure 

As model material systems, binary and ternary washing powder mixtures, comprising blue 

Tetra Acetyl Ethylene Diamine (TAED, used as bleach agent in detergent formulation), white 

spray-dried synthetic detergent powder referred to as Blown Powder (BP, used as active 

cleaning agent in detergent formulation), and red Enzyme Placebo Granules (EP granules) are 

used. The results of particle size distribution of all powders, obtained using British Standard 

sieves, are provided in Fig. S1, supplementary document, as well as in previous study [29]. To 

avoid enzyme exposure risk, enzyme placebo granules (EP granules) representing the actual 

enzyme granules were used. BP and TAED were obtained from Procter and Gamble (P&G), 

Newcastle Innovation Centre. EP granules were provided by DuPont, USA.  

To investigate the effect of particle properties on the segregation mechanisms, components 

have been characterised separately. Malvern Morphologi G3, Scanning Electron Microscopy 

(SEM, Hitachi TM3030 Bench Top SEM system) and Nanotom X-ray computed tomography 

were used for particle shape analysis. Using Malvern Morphologi G3, the average circularity 

of the projected area of a number of particles was analysed.  Also, 3D visualization of particles 

was obtained by X-ray microtomography (XRT) using the Nanotom X-ray computed 

tomography instrument (GE Phoenix, Wunstorf, Germany) to measure the sphericity of 

particles. For the evaluation of the effect of particle stickiness on the segregation of EP 

granules, Polyethylene glycol (PEG, Pluriol E 600) was used as a coating agent. PEG, a family 
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of long chain polymers, is used in many applications, such as surfactants, ointments, foods, 

pharmaceutics and cosmetics. In this study, PEG is used as a coating material due to its 

compatibility and applicability in detergent formulation. PEG is used for many applications in 

detergent industry, including as a lubricant and surfactant. In some detergent formulations, 

PEG is used as anti-redeposition agents. It should be noted that the use of PEG with higher 

molecular weight should be applied with caution as it may not be fully soluble in water [30, 

31]. Therefore, a sticky PEG with lower molecular weight, which is fully soluble in water, is 

used in this study. 

A domestic Kenwood mixer was used for coating process and the liquid was added dropwise 

into the powder bed by means of a syringe. Cross sectional liquid coverage of coated EP 

granules has then been assessed using confocal laser scanning microscopy (model: Zeiss 

LSM880).  For the flowability analysis, Schulze shear cell and Freeman FT4 Powder 

Rheometer have been used.  The angle of repose of the generated powder piles was measured 

using image processing tool as shown in Fig. 1.  

 

Fig. 1. Angle of repose measurement using image processing tool. 

 

     Segregation mechanisms have been investigated in a two-dimensional (2D) heap test as 

shown in Fig. 2-a. The mixture of powders is poured through a funnel fixed to the top side of 

the heap box to form a heap. The funnel has an inclusive half angle of ~40° and the downcomer 

pipe of 30 mm long with 7 mm ID. When fixed to the top of the rig, the tip of the downcomer 

is at 150 mm distance from the base of the container. In detergent industry, a tumbler is mainly 

used to mix the raw materials. Therefore to mimic the real conditions, the mixture of powder 

was premixed using tumbling method and then was discharged through the funnel. The aim of 

study is mainly focused on the investigation of the segregation tendency during process of heap 

formation and vibrated heap which represent conditions encountered during box filling and 

transportation, respectively. 

The Segregation Index (SI) of components in the formed heaps is then evaluated using image 

processing of the photographic records taken from the front face of the heap. A Nikon camera 

(D3300, 24 MP) was used for taking the photos of the heap of powders. For measuring SI, the 

image is first divided into several grids (approximately equal to the size of one scoop required 

for regular washing) and the component fraction of each grid is estimated using image-

processing [29-32, 33, 34]. The scale of scrutiny should be according to the final product 
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specification and is mainly used to determine the ideal size of samples. The grid size chosen 

for the analysis of the composition in this work represents the required size of scale of scrutiny 

(based on the regular scoop size in laundry detergent) [35]. For the estimation of component 

fraction of each grid, the coverage area of particles (Fig. 2-b) is determined, the pixels of the 

defined area are measured and converted to the fraction data. The step by step image processing 

for the measurement of the component fractions are explained elsewhere [29].The segregation 

index (SI) of component is then estimated according to Eq. (1).  

i

iSI

  

1 

where ji is the standard deviation of the fraction of component i and µi is the mean fraction of 

component i in a defined set of grids within the whole area of the mixture. For a perfectly 

ordered mixture, SI is expected to be equal to zero.  

To investigate segregation of coated powders in a dynamic system, the produced heap of 

powders is also subjected to a vertical vibration by a defined frequency and amplitude using a 

vibration system as shown in Fig. 2-a, which is controlled by an electrometer, TG315 function 

generator (AIM-TTI instruments, Cambridgeshire). 

 

Fig. 2. (a) Schematic of segregation set-up and (b) determination of particles coverage area 

using selection tool of image processing software. 

 

3-Results and Discussion 

3-1-Evaluation of the main segregation mechanisms  

In this section, the main segregation mechanisms of laundry detergent powder mixtures are 

presented. Segregation of a binary mixture comprising BP and TAED is first evaluated and 

then the analysis is extended to a ternary mixture comprising BP, TAED and EP granules. 

Binary mixtures with different size ratios were first prepared and poured to form heaps as 

illustrated in Fig. 3-a to Fig. 3-e. The mixture mass was 40 g and had a 50/50 ratio (by mass) 

of TAED/BP. The sieve cut size of BP was kept constant (425-500 たm) while that of TAED 

was changed at different size ranges: (425-500), (500-600), (600-710), (710-850) and (850-

1000) たm. Figures 3-a to 3-e show how TAED particles segregate towards the corners of the 

heap as their size is increased. The SI of TAED is presented beside the concentration map of 

different sizes of TAED in Fig. 3-f, where it can be observed that a better uniformity of the 

TAED fractions is reached by decreasing the size ratio (the concentration map of TAED for all 
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heaps is provided in Fig. S2, supplementary document). It can be deduced from Fig. 3 that the 

unity mean sieve size ratio of components results in a better mixing in binary mixture of BP 

and TAED particles. However, segregation increases as the size ratio is increased.  

 

Fig. 3. Binary mixtures of TAED and BP with different mean sieve cut size ratios of TAED 

over BP, (a): 1, (b): 1.18, (c): 1.41, (d): 1.68 and (e): 2 and (f) concentration map/SI of TAED 

particles. 

 

 

     Percolation of smaller particles of BP could take place if the size ratio is such that they can 

get into the interstices of larger particles of TAED. This process continues to the extent that 

they can fill the void fraction. According to Savage and Lun [36], Arteaga and Tüzün [37] and   

Lacey [38], a size ratio typically greater than ~3:1 is needed for the unhindered percolation to 

happen. Increasing trend of SI as the size ratio is increased could be due to the angle of repose 

differences between BP (at size range of 425-500 たm) and TAED particles at different sizes 

(Table 1). Due to the lower angle of repose of larger sizes of TAED particles, they prefer to 

migrate towards the corners of the heap during the pouring process [39]. Therefore in this case, 

the effect of percolation of fine BP is negligible compared to the effect of angles of repose of 

larger particles of TAED.  

 

Table 1. Angle of repose of BP and TAED particles. 

 

     Looking at the heaps shown in Fig. 3, some patterns of stratification is also observed, 

particularly for larger sizes of TAED which is in agreement with the results obtained by Fan et 

al. [40]. In the work of Fan et al. [40], the stratification for different sizes of spherical particles 

was studied, whereas no stratification was reported for the small size difference. The authors 

suggested that stratification was formed due the formation of “kinks” on the slope of the heap 

for larger size ratios. The stratification pattern could be attributed to the varying angle of repose 

of ingredients, resulting in “kinks” during filling caused by particle avalanches.  

 

    The main segregation mechanisms of ternary mixture are then investigated by adding the EP 

granules into binary mixtures. For this purpose, some particle characteristics of EP granules 

are first evaluated and compared to those of BP and TAED particles. It can be inferred from 

SEM image, G3 morphology and XRT structural analysis of a number of particles that the EP 
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granules are roughly spherical in shape, whilst BP and TAED particles are more of aggregate 

shape (Fig. 4). Also, the bulk tapped density of EP granules is estimated as 1450 kg.m-3 which 

is nearly three times higher than those measured for TAED (530 kg.m-3) and BP (400 kg.m-3). 

Bulk tapped density measurement was done by pouring the mixture of powders in a graduated 

cylinder and tapping the poured powders until the pack reached an equilibrium. 

 

Fig. 4. SEM and XRT photos of a number of (a) EP granules, (b) BP and (C) TAED particles.  

 

     40 g ternary mixtures (with equal mass of TAED, BP and EP granules) are then formed by 

the addition of EP granules into both mixed (with unity size ratio) and segregated binary 

mixtures of BP and TAED particles (size ratio of TAED over BP=2, Fig. 5). For this purpose, 

the mode of the narrow size distribution of EP granules (600-710 µm) is used as their 

representative because it contains majority of the EP granules. In this figure, it can be observed 

that the EP granules are accumulated towards the centre of both segregated and mixed binary 

mixtures after pouring process due to presumably their higher density. Although unity size ratio 

is ideal for a mixed binary mixture, Fig. 5-c reveals that this condition is not favourable to 

achieve a mixed ternary system in this study, presumably to the higher density of EP granules 

as compared to the BP and TAED granules.  

 

Fig. 5. Addition of EP granules (mode size: 600-710 µm) into (a) segregated and mixed 

binary mixtures in size range of (b) 425-500 and (c) 600-710 µm. 

 

    To further analyse the segregation mechanisms of EP granules, series of experiments have 

been carried out using binary mixtures of BP/EP and TAED/EP. For this purpose, EP granules 

with their mode size have been added to different sieve cut sizes of BP and TAED particles, 

individually. Figure 6-a shows 50/50 weight percentage ratio binary mixtures (40 g), 

comprising different sieve cut sizes of BP (sieve cut sizes between 300-500 µm) and the mode 

size of distribution of EP granules. It can be seen in this Fig. 6-b that the binary mixtures of 

BP-EP granules with sieve cut sizes of (250-300 µm), (300-355 µm), (425-500 µm) and (500-

600 µm) have undergone more segregation as compared to the case of 355-425 µm. It can be 

inferred that, there is a competition between the segregation of small particles of BP and the 

segregation of dense particles of EP granules during the heap formation. In general, both small 

and dense particles are prone to move towards the centre of the pile. Fine BP particles with 

sieve cut size of less than or equal to 300-355 µm overcame the density segregation of EP 
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granules. On the other hand, density segregation of EP granules (due to push-away effect) could 

dominate the size segregation of BP particles with sieve cut size of greater than or equal to 

425-500 µm. The same behaviour has also been observed for the mixture of TAED/EP granules 

(Fig. S3, supporting information).  

Fig. 6. (a) Binary mixture containing equal weight percentage of BP/EP granules and (b) 

concentration maps of EP granules. 

 

     To verify the segregation mechanisms for EP granules in ternary mixtures (with equal mass 

of TAED, BP and EP granules), 40 g heaps containing BP and TAED (with different sieve cut 

sizes of 300-355, 355-425, 425-500 µm) and EP granules (mode size) are then prepared (Fig. 

7-a) and the SI of EP particles are measured (Fig. 7-b). It can be observed that a fully-mixed 

condition of EP granules in the ternary mixture is generated by adding them into the binary 

mixture of BP and TAED with the narrow sieve cut size of 355-425 たm, which is in agreement 

with the finding of binary mixtures as reported in previous section.  The findings suggest that 

optimising the particle size distribution of components could be a way of reducing the 

segregation arising from particle size and density variation.  

Fig. 7. (a) Ternary mixture and (b) concentration map/SI of EP granules containing equal 

weight percentage of BP/TAED/EP granules. 

     It has been mentioned that spherical particles behave like free-flowing particles in mixtures 

of spherical and irregular particles, preferring to migrate to the surface of the heap. On the other 

hand, irregular particles build up around the centre of the heap [41, 42]. Angle of repose of 

particles could be strongly influenced by their shape properties during heap formation. Table 

2 shows the angle of repose of different sieve cut sizes of BP and TAED particles. It can be 

deduced that the angle of repose of EP granules at their mode size, which is obtained equal to 

16.01±1.18, is less than those obtained for different sieve cut sizes of BP and TAED particles. 

Thus in this case, the effect of angle of repose segregation of EP granules could be insignificant 

for the trends seen in Figs. 6 and 7 compared to segregation arising from other material 

properties of components, notably size and density. 

Table 2. Angle of repose of TAED and BP particles (20 g) at different sieve cut sizes. 

     In a separate experiment, 40 g ternary mixture heap with equal mass of TAED, BP and EP 

granules but with full particle size distribution of components was prepared (Fig. 8-a) and 
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compared with that containing the narrow sizes of components proposed for a fully-mixed 

ternary mixture (Fig. 7). From the SI and concentration map results of components in the case 

of full particle size distribution (Fig. 8-b), it could be deduced that the segregation is not very 

intense for the case of BP and TAED particles, presumably due to their wide particle size 

distribution and the same density. However, SI of EP granules reveals that this component is 

prone to extensive segregation. Therefore, it is critical to mitigate the segregation of this 

component to achieve a mixed mixture of laundry detergent powders. This is done by making 

the EP granules sticky as described in the next section.  Another series of experiments were 

carried out using the exact weight percentage ratio in detergent formulation (92.6 (BP)/ 5.55 

(TAED)/ 1.85 (EP granules)) for both full size distributions as well as the optimum sieve cut 

sizes of components for a mixed ternary system as explained in the previous section.  The SI 

of components in these ternary mixtures were then measured, (heaps are illustrated in Fig. S4, 

Supporting Information). The SI of EP granules and TAED reduced from 1.36 and 0.55 (for 

the full particle size distribution) to 0.67 and 0.30 (for the optimum sieve cut sizes of 

components for mixed ternary system, shown earlier), respectively.  

 

Fig. 8. (a) Ternary mixture containing equal mass of TAED, BP, EP granules with full 

particle size distribution and (b) concentration map and SI information of the ternary 

mixtures before and after applying the optimum sieve cut sizes of components. 

 

3-2-Evaluation of the effect of coating on the segregation reduction of EP granules 

 

Using narrow sieve cuts to mitigate segregation is not practical in most industrial 

manufacturing operations. As a small amount of enzymes is used in detergent formulation, 

manipulating the surfaces of enzyme granules by making them sticky could be an option for 

the minimisation of segregation of this component. In this section, the effect of particle coating 

by a thin liquid layer on the segregation minimisation of EP granules is evaluated. Polyethylene 

glycol (PEG, Pluriol E 600) is used as coating agent, due to its compatibility with the laundry 

detergent formulation, as mentioned earlier.  

     Different amounts of PEG (0.5 to 3.5 wt % with the increment of 1 wt %) were spread over 

EP granules surfaces to evaluate its effect on their segregation. The coated EP granules were 

added to the mixture of BP and TAED particles (with full particle size distribution) and mixed 

to make a ternary mixture (92.6/5.55/1.85 wt % ratio of BP, TAED and EP granules, 

respectively). Finally, the SI of EP granules was measured after generating the heap of ternary 
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mixtures using image processing and Eq. (1). It has been shown that the segregation of EP 

granules decreases as coating level is increased (Fig. 9-a, the concentration map of EP granules 

at different coating levels is provided in supplementary document, Fig. S5 along with the 

ternary mixture heaps before and after coating.  

Liu et al., [43] investigated the effect of cohesion on the radial segregation of granular materials 

in a rotating drum using DEM. In the case of size-induced segregation, the segregation of 

granular material was decreased at higher cohesion levels. However, it was demonstrated that 

at lower cohesion levels, mixing process was even more suppressed than the non-cohesive 

system. In density-induced segregation, the segregation decreased as cohesion was increased 

due to the change of flow regime as suggested by the authors. For the case of combined size 

and density-induced segregation, the segregation pattern could be enhanced or reduced bu 

cohesion depending on the collaboration or competition of percolation and “buoyancy” 

mechanisms [43]. In current study, all coating levels seem to be influential for the segregation 

reduction of EP granules, presumably due to significant change of their flow regimes.  It should 

also be noted that conclusions from the study of Liu et al. [43] may not be extended to this 

study as they simulated fully spherical particles. Other mechanisms may be involved in the 

segregation reduction of EP granules in the current study as BP and TEAD particles in the 

systems are non-spherical. This will be further explored in this work. 

     Increasing the coating level could adversely influence the flowability of the powders and 

therefore the optimum coating level for an acceptable flowability of the particles is also 

required to be explored. For this purpose, the flowability of both coated EP granules and the 

bulk of mixture was analysed using the Schulze shear cell instrument and FT4 device (Fig. 9-

b and c). In the Schulze shear cell, the yield locus of the bulk of powders is determined and 

expressed in term of the flow function, the ratio of consolidation stress to the unconfined yield 

strength. In FT4 device, due to gentle upward motion of blade, a low stress environment could 

be generated in powder bed and hence cohesion becomes a very significant factor. The specific 

energy (SE) of the bed of powders, defined as the energy required to withdraw a rotating 

impeller out of a powder bed, could then be estimated. Using both instruments, it is possible to 

evaluate the flow behavior of coated materials according to the regimes shown in Table 3.  

 

Table 3. General flow regimes in Schulze shear cell and FT4 instrument [44, 45]. 
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      It can be observed from Fig. 9-b that the mixture’s flow property does not change 

significantly with the coating levels of 1.5 to 3.5 wt % (remains in easy-flowing regime and 

low cohesion regions, respectively for Schulze shear cell and FT4). However, the behaviour of 

coated EP granules on their own shifts notably to the moderate cohesion in FT4 and cohesive 

regime in Schulze shear cell, particularly at lower pre-shear, with 3.5 wt % coating level (Fig. 

9-c). Based on the values of SI for different coating percentages in Fig. 9-a, 2.5 wt % coating 

level could be adequate to reduce the segregation of EP granules without compromising the 

flowability of both mixture and EP granules themselves.  

 

Fig. 9. (a) Concentration map and SI of EP granules versus coating percentage of PEG, (b) 

flowability of the ternary mixture, and (c) EP granules alone after coating.  

 

     Using confocal imaging, it is possible to obtain the cross-sectional view of tiny liquid layers. 

In this study, 1.5 to 3.5 wt % coating levels of PEG on the EP granules have been analysed 

using a Zeiss LSM880 confocal laser scanning microscope. For this purpose, a small amount 

of fluorescent pigment was added to PEG which enabled differentiation between EP granule 

and the coating liquid. The liquid coating is shown by green, red and blue colour for 1.5, 2.5 

and 3.5 wt % coating levels of PEG, respectively (Fig. 10).  It can be qualitatively observed 

that the liquid bridge volume is increased by increasing the coating percentage. Also, the 

number of bridges could increase as the coating level is increased. The top view of the 3D 

liquid coverage of EP granules are further analysed using image processing, as shown in Fig. 

11. It is observed that the percentage of surface liquid coverage is increased from 17 to 24 and 

28 % by increasing the coating level from 1.5 to 2.5 and 3.5 wt %, respectively. The percentage 

of liquid coverage for the optimum coating percentage (2.5%) is estimated as 24 %.   

 

Fig. 10. Cross sectional views image of coating layer obtained by confocal laser scanning 

microscope, (a) 1.5, (b) 2.5 and (c) 3.5 wt %. 

 

Fig. 11. Top view picture of 3D particle coverage by PEG obtained by confocal laser 

scanning microscope. 

 

     The SEM image of 2.5 wt % coated EP granules after mixing with TAED and BP is shown 

in Fig. 12. Attachment of fine BP particles onto the surfaces of the coated EP granules could 

modify their shape and produce rougher surfaces. This could reduce their free movement in the 
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mixture by the process of interlocking leading to a reduction of the segregation of EP granules 

as compared to the case of free-flowing round granules. In fact, the process of interlocking of 

some rough EP granules could mitigate segregation, retarding their movement to the center of 

the pile. Attachment of BP granules on the surfaces of EP granules could even change the 

restitution of the EP granules on impact. For this purpose, the impact of a single EP granule 

(before and after BP coverage) to the surface covered by BP particles, was filmed by a high-

speed camera (videos of particle impact are provided in the supplementary document). No 

bouncing of the EP granule (when it was covered by BP particles) could be observed after the 

impact (Video entitled Particle 1, probably due to the interlocking between the rough EP 

granules and the bed of BP particles), whilst the round EP granules bounced off the surface 

(Video entitled Particle 2). It should be noted here that due to the size range and the structural 

properties of particles as well as the exerted stress during discharging process, the surfaces of 

EP granules have not been fully covered by BP particles, enabling their approximate SI 

determination using image processing after filling process. Nevertheless, the conclusions 

drawn in this study are in a good agreement with the DEM simulation of this powder system 

[46]. In the study of Alizadeh et al. [46], JKR theory was applied to simulate the cohesion of 

coated EP granules in the ternary mixture containing BP, TAED and EP granules.  

 

Fig. 12. SEM photo of coated EP granules with PEG after mixing with TAED and BP. 

 

     Mobility of EP granules (uncoated and coated by PEG) in the mixture has also been tested 

by exposing the ternary mixture to the vibration. Segregation of components could become 

intense during vibration, a condition occurring particularly during transportation in trucks 

caused by the road conditions, left or right turns and/or difference in road levels [47]. An 

intense vibration has been applied (frequency= 50 Hz, amplitude=15 mm) for the bulk of 

powder mixtures (containing 92.6/5.55/1.85 wt % ratio of BP, TAED, EP granules) using the 

system shown in Fig. 2-a. The EP granules moved upward from the center towards the apex of 

the heap after vibration and move towards the corners of the heap (Fig. 13-a).  

     From the comparison of segregation of EP granules during filling and vibration, it could be 

deduced that unlike the filling case where density-induced segregation due to push-away effect 

could drive the EP granules towards the centre of the heap, up-thrusting or Brazil nut effect 

phenomenon may dominate during vibration. Different factors could influence the Brazil nut 

effects of particles during vibration, such as particle size ratio and percolation [48], vibration 
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frequency and amplitude [49], internal friction and elasticity [50, 51] and the particle density 

[52]. Therefore, both material characteristics and vibration conditions are contributing to the 

Brazil nut effect of EP granules during vibration. For instance, the Brazil nut effect of EP 

granules was negligible when the ternary mixture was exposed to the moderated vibration as 

compared to the intense vibration (frequency= 50 Hz, amplitude=15 mm), Fig. S6, 

supplementary document. Thus, the segregation of coated and uncoated EP granules in the 

ternary mixtures during vibration has been investigated when they are exposed to the intense 

vibration condition (frequency= 50 Hz, amplitude=15 mm), where Brazil nut effect was 

significant. 

     As shown in Figs. 13-a and 13-b, the coated EP granules are less segregated in the corners 

of the heap after 900 s vibration as compared to the case of uncoated ones. This might be due 

to the reduced mobility of the rough EP granules (SEM photo is shown in Fig. 12) by the 

interlocking effect during vibration. SI of EP granules versus time of vibration before and after 

coating is illustrated in Fig. 13-c. It can be deduced from Fig. 13-c that the SI of coated EP 

granules in a mixture is less than that of uncoated one at different times of vibration, 

particularly after achieving the equilibrium (at around 300 s). 

 

Fig. 13. Vibrated heap of ternary mixture (a) without coating and (b) with coating of EP 

granules (time of vibration= 900 s), (c) SI versus time of vibration obtained for the ternary 

mixtures with and without coating (frequency= 50 Hz, amplitude=15 mm). 

 

     Overall, the combination of the interlocking effect between particles and particle 

size/restitution property changes after the coating of EP granules could be influential on their 

segregation reduction during filling and vibration. The main underlying mechanisms of 

segregation reduction of EP granules after coating is recommended to be further investigated 

by quantifying the interparticle forces and tracking each particle at desired time using DEM 

simulation, which is the scope of further research.  

 

4. Conclusions 

The effect of physical properties of particles, notably size, shape and density, on the segregation 

behaviour of components in formulated detergent powder mixture has been investigated. For a 

ternary mixture, sieve cut size of BP and TAED particles in the range of 355-425 たm has been 
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found as optimum criteria for fully-mixed EP granules (with the mode particle size 

distribution). The SI of EP granules could be reduced from 1.36 to 0.67 by applying this size 

rather than using their full particle size distribution of BP and TAED in the ternary mixture. 

The effect of coating of EP granules on their segregation reduction is studied. From flowability 

test results, it is shown that 2.5 wt % PEG could be enough to minimise the segregation of the 

low content level ingredient EP granules in the ternary mixture without compromising the 

flowability of the mixture as well as EP granules themselves. It has been observed that fine 

particles of BP and TAED components adhere to the coated EP granules and produce rough 

surfaces which could reduce the mobility of EP granules by enhancing the process of 

interlocking in the ternary mixture. The SI of EP granules reduces from 1.36 to 0.69 using the 

proposed optimum coating percentage in the ternary mixture with full particle size distribution 

of the components. 

 

5. Acknowledgments 

The authors would like to acknowledge the financial support from AMSCI (The Advance 

Manufacturing Supply Chain Initiative, UK). We would also like to thank Ms Claire Duckitt 

(Procter and Gamble, Newcastle Innovation Centre, Longbenton, UK) for project coordination 

and Dr Douglas A. Dale, DuPont, for providing the enzyme placebo granules. 

 

6. References: 

1 J.K. Prescott, T.P. Garcia, A solid dosage and blend uniformity trouble shooting diagram, 
Pharmaceutical Technology, 25 (2001) 68–87. 

 
2 X. He, X. Han, N. Ladyzhynsky, R. Deanne, Assessing powder segregation potential by near 

infrared (NIR) spectroscopy and correlating segregation tendency to tabletting performance,  
Powder Technology, 236 (2013) 85–99. 

 
3 A.N. Huang, H.P. Kuo, Developments in the tools for the investigation of mixing in 

particulate systems –A review, Advanced Powder Technology, 25 (2014) 163–173. 
 
4 P. Tang, V.M. Puri, Methods for Minimizing Segregation: A Review, Particulate Science and 

Technology, An International Journal, 22 (2004) 321–337. 
 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

16 

 

5 J.K. Prescott, J. W. Carson, Analyzing and overcoming industrial blending and segregation 
problems, IUTAM Symposium on Segregation in Granular Flows, 81 (2000) 89–101. 

 
6 C.C. Liao, Multisized immersed granular materials and bumpy base on the Brazil nut effect 

in a three-dimensional vertically vibrating granular bed, Powder Technology, 288 (2016) 
151–156. 

 
7 D. Rodríguez, J.G. Benito, I. Ippolito, J.P. Hulin, A.M. Vidales, R.O. Uñac, Dynamical 

effects in the segregation of granular mixtures in quasi 2D piles, Powder Technology, 269 
(2015) 101–109. 

 
8 M. Jaklič, K. Kočevar, S. Srčič, R. Dreu, Particle size-based segregation of pharmaceutical 

powders in a vertical chute with a closed bottom: An experimental evaluation, Powder 
Technology, 278 (2015) 171–180. 

 
9 S.K. Hajra, D.V. Khakhar, Radial segregation of ternary granular mixtures in rotating 

cylinders, Granular Matter, 13 (2011) 475–486. 
 
10 S.W. Meier, D.A. Melani Barreiro, J.M. Ottino, R.M. Lueptow, Coarsening of granular 

segregation patterns in quasi-two-dimensional tumblers, Nature physics, 4 (2008) 244–248. 
 
11 J.G. Benito, I. Ippolito, A.M. Vidales, Novel aspects on the segregation in quasi 2D piles, 

Powder Technology, 234 (2013) 123–131. 
 
12 C.H. Tai, S.S. Hsiau, C.A. Kruelle, Density segregation in a vertically vibrated granular 

bed, Powder Technology, 204 (2010) 255–262. 
 
13 C.C. Liao, S.S. Hsiau, H.C. Nien, Effects of density ratio, rotation speed, and fill level on 

density-induced granular streak segregation in a rotating drum, Powder Technology, 284 
(2015) 514–520. 

 
14 J. Cho, Y. Zhu, K. Lewkowicz, S.H. Lee, T. Bergman, B. Chaudhuri, Solving granular 

segregation problems using a biaxial rotary mixer, Chemical Engineering and Processing, 
57– 58 (2012) 42–50. 

 
15 R. Liu, X. Yin, H. Li, Q. Shao, P. York, Y. He, T. Xiao, J. Zhang, Visualization and 

quantitative profiling of mixing and segregation of granules using synchrotron radiation X-
ray microtomography and three dimensional reconstruction, International Journal of 
Pharmaceutics, 445 (2013) 125–133. 

 
16 M. Alizadeh, A. Hassanpour, M. Pasha, M. Ghadiri, A. Bayly, The effect of particle shape 

on predicted segregation in binary powder mixtures, Powder Technology, 319 (2017) 313-
322. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

17 

 

17 S.J. Roskilly, E.A. Colbourn, O. Alli, D. Williams, K.A. Paul, E.H. Welfare, P.A. Trusty, 
Investigating the effect of shape on particle segregation using a Monte Carlo simulation, 
Powder Technology, 203 (2010) 211-222. 

 
18 P. Shenoy, M. Viau, K. Tammel, F. Innings, J. Fitzpatrick, L. Ahrne, Effect of powder 

densities, particle size and shape on mixture quality of binary food powder mixtures, Powder 
Technology, 272 (2015) 165–172. 

19 B. Remy, T.M. Canty, J.G. Khinast, B.J. Glasser, Experiments and simulations of 
cohesionless particles with varying roughness in a bladed mixer, Chemical Engineering 
Science, 65 (2010) 4557–4571. 

 
20 J. Mosby, S.R. Silva, G.G. Enstad, Segregation of particulate materials-Mechanisms and 

testers, KONA Powder and Particle Journal, 14 (1996) 31–43. 
 
21 S. Oka, H. Emady, O. Kašpar, V. Tokárová, F. Muzzio, F. ŠtEpánek, R. Ramachandran, The 

effects of improper mixing and preferential wetting of active and excipient ingredients on 
content uniformity in high shear wet granulation, Powder Technology, 278 (2015) 266–277. 

 
22 I. Figueroa, H. Li, J. McCarthy, Predicting the impact of adhesive forces on particle mixing 

and segregation, Powder Technology, 195 (2009) 203–212. 
 
 
23 A. Jain, M.J. Metzger, B.J. Glasser, Effect of particle size distribution on segregation in 

vibrated systems, Powder Technology, 237 (2013) 543–553. 
 
24 S.H. Chou, C.C. Liao, S.S. Hsiau, An experimental study on the effect of liquid content and 

viscosity on particle segregation in a rotating drum, Powder Technology, 201 (2010) 266–
272. 

 
25 S.K. Hajra, T. Bhattacharya, J.J. McCarthy, Improvement of granular mixing of dissimilar 

materials in rotating cylinders, Powder Technology, 198 (2010) 175–182. 
 
26 S.S. Manickam, R. Shah, J. Tomei, T.L. Bergman, B. Chaudhuri, Investigating mixing in a 

multi-dimensional rotary mixer: Experiments and simulations, Powder Technology, 201 
(2010) 83–92. 

 
27 C.R.K. Windows-Yule, D.J. Parker, Self-diffusion, local clustering and global segregation 

in binary granular systems: The role of system geometry, Powder Technology, 261 (2014) 
133–142. 

 
28 A.U. Vanarase, F.J. Muzzio, Effect of operating conditions and design parameters in a 

continuous powder mixer, Powder Technology, 208 (2011) 26–36. 
 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

18 

 

29 M. Asachi, A. Hassanpour, M. Ghadiri, A. Bayly, Assessment of Near-Infrared (NIR) 
spectroscopy for segregation measurement of low content level ingredients, Powder 
Technology, 320 (2017) 143–154. 

 
30 H.D. Groot, W.I. Adami, G.F. Mortti, The manufacture of modern detergent powders, 

Herman de Groot Academic Publisher, 1995. 
 
31 P.K. Chattopadhyay, Modern Technology of Soaps, Detergents and Toiletries: With 

Formulae and Project Profiles, National Institute of Industrial Research, 2nd edition, 2003. 
 
32 C.C. Chen, C.K. Yu, Two-dimensional image characterization of powder mixing and its 

effects on the solid-state reactions, Materials Chemistry and Physics, 85 (2004) 227–237. 
 
33 B. Vogel, H. Siebert, U. Hofmann, S. Frantz, Determination of collagen content within 

picrosirius red stained paraffin-embedded tissue sections using fluorescence microscopy, 
MethodsX,  2 (2015) 124–134. 

 
34 F. Cappia, D. Pizzocri, A. Schubert, P. Van Uffelen, G. Paperini, D. Pellottiero, R. Macián-

Juan, V.V. Rondinella, Critical assessment of the pore size distribution in the rim region of 
high burnup UO2 fuels, Journal of Nuclear Materials, 480 (2016) 138–149. 

 
35 J. Bridgwater, Mixing of powders and granular materials by mechanical means-A 
perspective, Particuology, 10 (2012) 397-427. 
 
36 S.B. Savage and C.K.K. Lun, Particle size segregation in inclined chute flow of dry 

cohesionless granular solids, Journal of Fluid Mechanics, 189 (1988) 311–335. 
 
37 P. Arteaga, U. Tüzün,  Flow of binary mixtures of equal-density granules in hoppers—size 

segregation, flowing density and discharge rates, Chemical Engineering Science, 45 (1990) 
205–223. 

38 P.M.C. Lacey, Developments in the theory of particulate mixing, Journal of Applied 
Chemistry, 4 (1954) 257–268. 

39 Santomaso, P. Lazzaro, P. Canu, Powder flowability and density ratios: the impact of 
granules packing, Chemical Engineering Science, 58 (2003) 2857-2874. 

 
40 Y. Fan, Y. Boukerkour, T. Blanc, P.B. Umbanhowar, J.M. Ottino, R.M. Lueptow1, 
Stratification, segregation, and mixing of granular materials in quasi-two-dimensional bounded 
heaps, Physical Review E, 86 (2012) 051305. 
 
41 G.G. Enstad, Segregation of powders, mechanisms, processes and counteraction, Handbook 

of Conveying and Handling of Particulate Solids, 10 (2001) 589–602. 
 
42 V. Swaminathan, D.O. Kildsig, Polydisperse powder mixtures: effect of particle size and 

shape on mixture stability, Drug Development and Industrial Pharmacy, 28 (2002) 41–48. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

19 

 

 
43 P.Y. Liu, R.Y. Yang, A.B. Yu, The effect of liquids on radial segregation of granular 

mixtures in rotating drums, Granular Matter, 15 (2013) 427–436. 
 
44 D. Schulze, Powders and Bulk Solids: Behavior, Characterization, Storage and Flow, 
Springer (2008). 
 
45 R. Freeman, Measuring the flow properties of consolidated, conditioned and aerated 

powders -a comparative study using a powder rheometer and a rotational shear cell, Powder 
Technology, 174 (2007) 25-33. 

 
46 M. Alizadeh, A. Hassanpour M Ghadiri, A. Bayly, Numerical Analysis of the Effect of 

Particle Shape and Adhesion on the Segregation of Powder Mixtures, EPJ Web of 
Conferences, 140 (2017) 06024. 

 
 
47 F. Lu, Y.Ishikawa, T. Shiina, T. Satake, Analysis of Shock and Vibration in Truck Transport 

in Japan, Packing Technology and Science, 21 (2008) 479–489. 
 

48 C.C. Liao, Multisized immersed granular materials and bumpy base on the Brazil nut effect 
in a three-dimensional vertically vibrating granular bed, Powder Technology,  288 (2016) 
151-156. 

 
49 J. Ellenberger, C.O. Vandu, R. Krishna, Vibration-induced granular segregation in a pseudo-

2D column: the (reverse) Brazil nut effect, Powder Technology, 164 (2006) 168–173. 
 
50 C.C. Liao, S.S. Hsiau, C.S. Wu, Combined effects of internal friction and bed height on the 

Brazil-nut problem in a shaker, Powder Technology,  253 ( 2014) 561-567. 
 
51 R. Brito1, H. Enriquez, S. Godoy, R. Soto, Segregation induced by inelasticity in a 

vibrofluidized granular mixture, Physical Review E, 77 (2008) 061301. 
 
52 M. Bose, M. Rhodes, Dynamics of an intruder in a shaken granular bed, Powder 

Technology, 179 (2007) 25-30. 
 

  

ACCEPTED MANUSCRIPT

https://www.sciencedirect.com/science/journal/00325910
https://www.sciencedirect.com/science/journal/00325910


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

20 

 

Table 1. Angle of repose of BP and TAED particles. 

 BP TAED 

sieve cut size (たm) 425-500 425-500 500-600 600-710 710-850 850-1000 

Angle of repose, ୲ 36.06±1.63 33.43±1.13 32.91±2.91 31.93±1.17 28.80±0.75 26.28±1.90 

 

     

Table 2. Angle of repose of TAED and BP particles (20 g) at different sieve cut sizes. 

  Sieve cut size (たm) 

  250-300 300-355  355-425  425-500  500-600 

Angle of 

repose, ୲ 

BP 40.01±1.07 39.50±1.78 39.38±1.37 36.06±1.63 34.48±1.68 

TAED 39.7±1.55 37.11±1.27 34.71±1.02 33.43±1.13 32.91±1.91 

 

 

Table 3. General flow regimes in Schulze shear cell and FT4 instrument [39,40]. 

Schulze shear cell, FFC FT4, SE (mJ/g) 

FFC<1 Not flowing SE<5 Low cohesion 

1<FFC<2 Very cohesive 5<SE<10 Moderate cohesion 

2<FFC<4 Cohesive 

SE互10 High cohesive material 4<FFC<10 Easy flowing 

FFC互10 Free flowing 
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Highlights 

 

 Segregation mechanisms of particles in ternary washing powder mixtures are 

investigated. 

 Mitigation of segregation of low content level enzyme granules in detergent 

powders is evaluated. 

 An optimum cohesion level to reduce the segregation of low content level 

enzyme granules is reported. 
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