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Abstract 

Co-granulation of teawaste with limestone was investigated using sodium-based lignosulfonate 

as a binder. A quality by design (QbD) approach was employed to formulate models for 

predicting the granule mean size, granule strength, limestone and binder uniformity from the 

process, and formulation variables. The results showed that teawaste volume fraction and liquid 

to solid ratio had a greater effect than other variables on granule mean size. Increasing teawaste 

in a binary mixture had a negative effect on granule mean size but positive effect on granule 

tensile strength. Limestone and binder uniformity could be increased by using higher impeller 

speed. DEM simulation showed that the impeller speed had a significant effect on the mixing 

quality and light particle fraction could significantly affect the fluctuation of the mixing index 

at the equilibrium stage. X-ray micro-computer tomography was applied as a technique to see 

the internal structure of the granules produced. 

 

Keywords: Wet Granulation; Quality by Design; Experimental design; Powder Formulation; 

Quality Attributes. 

 

 

 

 

 

 



1 Introduction 

High shear wet granulation is a size enlargement process which is used by several industries to 

produce granular products with improved functional properties from powdery materials. Size 

enlargement is initiated by the addition of liquid binder which wets the powder material and 

acts as a bonding agent.  Wet granulation manufacturing processes can be complex and 

controlled by multi-factorial relationships between materials and process parameters [1-6]. It 

has been reported that the granule properties were affected by the relative composition of initial 

feed materials [3]. Binder properties like binder concentration and the mass of the binder used 

were found to be important factors that can significantly affect the final granules size 

distribution and granules properties [3, 4, 7, 8].  A clear understanding of how changes in the 

formulation or process variables affect the final product quality is very important in order to 

reduce waste produced during the process. Design of Experiment and multivariate analysis has 

been used in the past to establish the design space in which the granulation process would  

result in the production of a product with desired attributes and develop correlations between 

the product attributes and input variables [9-14]. The pharmaceutical industry has adopted the 

concept of Quality by Design has been used to produced solid dosage forms with desired 

functionality [9, 13-18] .  

 

In the pharmaceutical industry, wet granulation is used to agglomerate multicomponent 

mixtures composed of excipient, binder, active ingredients, and disintegrants to produce an 

agglomerated product with desired flow characteristics, mechanical strength and composition. 

Application of multicomponent granulation is not only limited to pharmaceutical industry but 

has found application in other industries such as food [6, 19, 20] and fertilizer industries [1, 11, 

21-24].  

 

Despite several years of research on the topic there a numerous fundamental questions which 

remain unresolved in single component wet granulation systems due to the complexity of the 

granulation process; there are several rate processes that occur simultaneously, for instance, 

wetting nucleation, coalescence and consolidation breakage [25]. The level complexity is 

further increased when the formulation is composed of several powder components with 

differing physical and chemical properties as is the case in multicomponent granulation. In the 

pharmaceutical industry, the purpose of granulation is not only size- enlargement but to 

improve the mixing of the components in the preparation of the subsequent tablet formation. 



These challenges might have limited the attention given to multicomponent granulation in 

literature.  

 

One of the challenges faced in multicomponent granulation is ensuring the homogenous 

distribution of the components across the product. There are several articles in literature 

discussing this topic from a pharmaceutical industry point of view [13, 18, 26-29]. Most of the 

articles in the literature focus on the homogeneity of pharmaceutical active ingredient (API) or 

homogeneity of the binder used in the granulation process.  Differences in density, particle size, 

and wettability of the powder components can promote inhomogeneity of the components due 

to segregation or preferential wetting during granulation [4, 26, 27, 29-31]. Discrete element 

modelling (DEM) has been used in the past to study the mixing of powder and evaluate the 

segregation of powders [7, 32-37]. DEM is a numerical simulation tool which is capable of 

mimicking complex flow pattern by tracking each of the powder particles as individual entities 

throughout the whole mixing simulation. The effect of process parameters and formulation 

parameters on the mixing efficiency can be investigated through the use of DEM simulation. 

 

In other industries granulation also allows mixing of different powder components which have 

different functionalities in the formulation. For example in our previous work [3, 23],  we 

proposed a soil conditioner produced by co-granulation of limestone and biomass material 

(teawaste); where it was envisaged that both components would act synergistically to improve 

the quality of acid soils;  limestone serves the purposed of being a pH controller and biomass 

increase organic matter of the soil [38]. One of the main challenges faced was ensuring 

homogeneous distribution of the components in the product due to increased likely wood of 

segregation of the components. As teawaste usually has a low bulk density, which could raise 

many problems during transportation, storage and utilisation, co-granulation of the teawaste 

with limestone can be a feasible way to produce a value-added soil conditioner/fertiliser. 

However, the difference in the physical properties of the components presents challenges as 

the component had different wettability, densities and particle sizes. In previous work, the 

physical properties of the limestone and teawaste powder were not altered as the goal was 

investigated the feasibility of the process and identifying suitable binder and process conditions 

that would lead to granular product of desired size and strength. Though successful granulation 

was achieved, granule strength was found to the lower than required to survive handling 

operations and minimise caking during storage. The distribution of the binary components 

across the different size classes was not investigated. 



 

Therefore, in this study, the co-granulation of teawaste with limestone would be investigated 

using the other binder sodium-based lignosulfonate. To reduce the segregation potential of the 

binary components, the teawaste was milled to match the size distribution of the limestone 

powder. The experimental design was employed to formulate models for predicting the granule 

mean size, granule strength, and component uniformity from the process and formulation 

variables. The effect of different powder formulation and impeller speed on the dry powder 

mixing procedure was investigated by using DEM. X-ray micro-computer tomography was 

applied as a technique to see the internal structure of the granules produced. Our work outlined 

a viable application of teawaste as a new substrate in soil conditioner, which would provide an 

economic and environmental method of disposing of piles of teawaste in the world. 

 

2 Material and methods 

2.1 Materials 

Limestone powder was obtained from Killwaughter Chemicals Ltd, UK. Teawaste was 

supplied by Tesco and graded by ball milling before experiments. The particle size distribution 

of the limestone and teawaste powder after milling measured by Camsizer is shown in Figure 

S1 in the supplementary data, and the mean size of the limestone and teawaste powder was 240 

±30 µm and 284 ±12 µm, respectively. The pouring density of limestone and teawaste powder 

is 1 g/mL and 0.5 g/mL, respectively. Sodium-based lignosulfonate supplied by Borregaard, 

Norway was used to make binder solutions. Aqueous solutions with desired binder 

concentrations were prepared by adding different amounts of the lignosulfonate powder into a 

certain volume of deionised water. Illustration of the granulation process is shown in Figure 

S2. 

2.2 Experimental design 

2K factorial design of experiment was used to establish the influence of process and formulation 

variables on the granule properties. Each variable was varied at two levels; low level (-1) and 

high level (+1).  For binder concentration (BC), the two levels were 0.2 and 0.4 g/l; for teawaste 

volume fraction (the volume of teawaste/the total volume of powder mixture, TF), the two 

levels were 0.3 and 0.6; for impeller speed (), the two levels were 103 rpm and 158 rpm; and 

for liquid to solid ratio (the binder volume/the total volume of powder mixture, LS), the two 

levels were 0.25 and 0.3. The list of the experiments is shown in Table 1. Ex-1, Ex-2, Ex-3, 

Ex-4, Ex-5 and Ex-6 stand for the experiments taken under Ex conditions but with different 



time endpoints GT (30 s, 60 s, 90 s, 120 s, 150 s, and 180 s). The responses from these 

experiments are mean size of granules at different endpoints, granule tensile strength, limestone 

uniformity and binder uniformity.  

 

2.3 Granulation procedure 

The desired amount of limestone powder and teawaste was weighed according to Table 1 and 

transferred into the granulator Kenwood- KM070 (Kenwood, UK). This binary mixture was 

firstly pre-mixed for one minute at an impeller speed of 76 rpm, then a certain pre-measured 

lignosulfonate binder was pumped into the granulator by a peristaltic pump with a flow rate of 

60 ml/min. The binder was added while the impeller was in motion. After the binder addition 

stage, the granulator was stopped to allow removal of caking from the impeller and the walls 

of the vessels. Granulation was continued under conditions according to Table 1. After 

granulation, the granules were oven-dried at 60 °C for 12 hours and then stored in sealed plastic 

bags for further analysis.  

2.4 Size analysis and tensile strength test 

The method of granule mean size analysis was the same as that described in [3], and the granule 

tensile strength test is based on the procedure described in [22].  

 

2.5 Granule composition analysis across different sizes and the determination of granule 

uniformity 

Table 2 shows a summary of the concentrations of elements in three raw materials used in this 

work.  The concentration of calcium in limestone is about 150 times of that in the binder 

(lignosulfonate), while the concentration of sodium in the binder is about 800 times that in 

limestone powder. Due to this calcium and sodium were selected as the element to monitor 

limestone and lignosulfonate concentration in dry granules, respectively. The analysis method 

was presented in Method 1 ESI, and the concentration (in g/g) of the limestone and 

lignosulfonate in the dry samples was calculated using Eq. (1) and Eq. (2) as follows, 

respectively.  
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where Clime and Clig are the concentrations of limestone and lignosulfonate in dry granules, 

respectively; α is the dilution factor; CCaS and CNaS are the calcium and sodium concentration 

in the sample, respectively; Vsample is the volume of the sample; msample is the mass of the sample; 

CCaL and CNaL are the calcium concentration in limestone and the sodium concentration in 

lignosulfonate (Table 2), respectively. 

 

The de-mixing potential was used as a measure of homogeneity of limestone or lignosulfonate 

in dry granules across different sizes in this work. The de-mixing potential of limestone content 

or lignosulfonate content across different sizes is calculated using Equation (3). 
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where p is the average concentration, w and pi are the weight and actual concentration of the 

particular sieve fraction, respectively[27].  

2.6 DEM simulation 

The simulation theory is presented in ESI. In this section, particles with the same size but 

different density (heavy and light particles referring to limestone and teawaste, respectively) 

were employed to simulate teawaste and limestone mixing. The particle size used in this work 

was 2 mm, which was much larger than the initial particle size of teawaste and limestone. The 

reason for choosing such big particles was that the time required to complete simulation 

increased significantly for small particle sizes. The vessel and impeller used in this work are 

shown in Figure 1(a). The geometry of the vessel and impeller was the same as that of the 

granulator vessel in the laboratory and the scale is 1:1. The top and bottom inner diameter of 

the vessel is 230 mm 130 mm, respectively. The height of the vessel is 140 mm. The impeller 

is vertical to the vessel base and has no contact with the bottom base. The vessel and impeller 

used in this work is made of stainless steel. The initial arrangement of particles in the vessel is 

top-bottom segregated as shown in Figure 1(b).  

 

The parameters (properties of light particles, heavy particles and stainless steel) used in the 

simulation are shown in Table 3, and 4 cases of simulation (Table 4) have been conducted, 

which were designed to examine the effects of impeller speed and light particles to heavy 

particles ratio that characterised a binary mixture. For each simulation, particles were generated 

in the vessel layer by layer until the required number of particles was generated. Once all the 



particles had settled down, the motion of the impeller at the pre-set speed was initiated and kept 

constant for the required mixing time.  

[Figure 1 here]               

 

2.6.1 DEM simulation results analysis 

Lacey’s mixing index was used as an indicator of mixture quality. It has been reported in the 

literature that Lacey’s mixing index could successfully be used to correlate the effect of particle 

density on mixture quality[39]. For a binary mixture, the composition homogeneity can be 

expressed by the mixing index, as follows[40]: 
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where 2

oS  is the variance of a completely segregated mixture, 2

RS  is the sample variance of  

completely randomly mixed mixture and 2S is the sample variance of a mixture that is between 

fully random and completely segregated state. 
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In the above equations p  and q are the fractions of the two components in the mixture and N 

is the total number of particles in the sample, ip  is the concentration of the species A in the ith 

sample and p  is the average concentration and n is the number of samples. The Lacey index 

takes values between 0 and 1; a mixing index of 0 would indicate a completely segregated 

mixture while 1 would indicate a perfectly mixed mixture[41]. 

 

2.7 X-Ray tomography of samples 

Single granule samples were scanned using a commercial desktop XPT system (Specimen µCT 

35 X-ray Microtomography). All the samples were micro-tomographed with an x-ray beam of 

55 kv and 145 uA. Two hundred and forty X-ray images were recorded in a parallel projection 

geometry for each sample and the integration time for each projection was 1000 ms. 

Tomographic reconstruction was performed by using ImageJ software and 2048× 2048 pixels 



cross sectional images were obtained. One pixel is equivalent to 3.5×3.5 μm. The binder 

content in the granules was calculated using the following equation: 
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where Vvoid is number of voxels regarded as void in the sample, Vtotal is the total voxels in the 

sample and Cb is the binder content in the sample. 

 

3 Results and discussion 

3.1 Effect of process and formulation variables on granule mean size 

The summary of the mean granule size is shown in Figure S3. Two experiments were failed 

since the system was over-wetted and formed a paste. The granule mean size resulting from 14 

batches showed the highest mean size was obtained from batch E1-3 (3.12 mm) and E15-3 

(2.92 mm). The mean size of granules produced is affected by both the process variables (O 

and GT) and the formulation variables (LS, BC and TF). The granule mean size at a given 

granulation time can be expressed in terms of coded variables. For instance, the mean size of 

granules produced at the time endpoint t could be expressed as: 

dt = b0 + b1A + b2B + b3C + b4D + b5AB + b6BD (9) 

 

 

where A, B, C and D are the coded variables for BC, TF,  and LS, respectively (A, B, C and 

D are coded or normalised variables such that the maximum value is represented by +1 and 

minimum value by -1).  

 

The coefficients which were related to coded variables for the granule mean size at the time 

endpoint of 30, 60, 90, 120, 150 and 180 seconds are shown in Table 4. It was observed that 

the maximum value of coefficient obtained was the coefficient of term B, followed by term D, 

which suggested that the effect of TF and LS on granule mean size was greater than other 

variables.   

 

Summary of the coefficients of TF and LS is presented in Figure 2. In the set of 6 experiments 

that were carried out, the range of values of the variables were the same. Therefore, for each 

model term in the equation, the magnitude of its coefficient was proportional to its contribution 

to the change in the response variable (granule mean size). It can be seen from Figure 2 that 

the coefficient values of TF and LS decreased with increasing granulation time. These effects 



became smaller when the granulation time increased, which indicated the contribution of 

formulation variables on the granulation process becomes less with increasing granulation 

time. Since the results obtained from experimental design and the effect of these variables on 

granule mean size showed the same trends at different time endpoints, attention was more 

focused on results of mean granule size at the time endpoint of 90 seconds (d90).  

 

[Figure 2 here]               

Detailed ANOVA analysis results of the effect of different variables on the granule mean size 

at the endpoint of 90 seconds are given in Table 5. Judging from P-values presented in Table 

5, the Interaction Model adequately described the dependence of granule mean size on the 

independent variables since the P value for the model was less than 0.0001. A P value less than 

0.05 indicates that model terms are significant. In this case, the most significant model terms 

in this equation were BC, TF, , LS, BC-TF interaction and TF-LS interaction terms.  

 

The effects of different process variables on granule mean size are summarised by the surface 

plots in Figure 3. At low level of TF (0.3), increasing binder concentration would increase 

granule mean size. Increasing the BC increases the binder viscosity, which means the viscous 

forces between primary particles increase, resulting in formation of stronger liquid bond 

between particles that are more difficult to break. On the other hand, more viscous binder 

decreases binder distribution in the powder bed. Larger nuclei are formed during the nucleation 

which causes larger granule mean size. Similar trends could be observed from both Figure 3(a) 

and Figure 3(b) where the granule mean size decreased with the increasing of TF. This could 

be explained by the low wettability of teawaste powder compared to limestone powder. From 

our previous work, it was found that teawaste powder showed a higher contact angle to water 

solution when compared to limestone, which implied low wettability .With the increasing 

percentage of teawaste powder in the binary mixture, the wettability of the mixture would 

decrease. This made the surface wetting step more difficult, which then resulted in difficulties 

in nucleation. Under the experimental conditions, even though the BC increased from 0.2 g/L 

to 0.4 g/L, the granule mean size did not show any changes when the high level of TF (0.6) 

was used. Moreover, since teawaste powder is more porous than limestone powder [20], binder 

droplets need to fill these pores first before getting the powder surface saturated. In this case, 

increasing TF could increase the amount of binder consumed for filling pores, which would 

lead to less binder availability for nucleation.  



 

It is interesting to see how impeller speed had a negative effect on granule mean size (see 

Figure 3(a)), which was opposite of the trends obtained from previous studies [2, 42]. This was 

due to the different time period we focused on. Most previous studies focused on the effect of 

impeller speed during the granule growth period. In contrast, these series of experiments were 

investigating the granule breakage period. The existence of the binder addition stage caused 

nucleation and most growth periods happened during this stage. During the growth period, 

increasing the impeller speed can increase the rate of granule consolidation. However, in the 

breakage stage, increasing the impeller speed increases both shear rate between granules and 

shear rate between granules and wall, gives more opportunity for granules to break down. LS 

has been reported as one of the most important variables by previous studies [8, 22]. Figure 

3(b) presents the effect of LS on granule mean size. It shows an expected trend as increasing 

LS would result in larger granule mean size. Increasing LS increases the chances for powder 

and binder sticking together. In this case, powders are more likely to form nuclei for further 

agglomeration. It is worth noting that, for most granulation systems, there is a critical amount 

of liquid binder that needs to be added into the system to ensure successful granulation and this 

critical value changes according to the other variables. Excess addition of binder would result 

in paste formation, as was observed in experiments E3-3 and E5-3. 

[Figure 3 here]               

3.2 Effect of process and formulation variables on granule tensile strength 

It is shown that the maximum granule tensile strength, 9.71 MPa, was obtained when all the 

variables were at their maximum values (full results are shown in Table S1). The minimum 

granule tensile strength was obtained from batch 25 (0.76 MPa), where the BC, TF, LS and GT 

were at their low levels. ANOVA analysis was performed using the Design Expert software to 

explore the influence of the variables on the strength. The granule tensile strength of granules 

could be expressed as coded variables: 

BDAEABEDBA 22.023.060.032.026.075.011.276.3   (10) 

where A, B, D and E are the coded variables for BC, TF, LS and GT, respectively.  

 

Detailed ANOVA analysis results of the effect of different variables on the granule tensile 

strength are given in Table 6. Judging from the P value obtained, the Interaction Model 

adequately described the dependence of granule strength on the independent variables since 

the P value for the model was less than 0.0001, and the most significant model terms were BC, 



TF and BC-TF. Notably, impeller speed was not included as a term in the equations (ANOVA 

analysis), which indicated that changing the impeller speed did not have a significant effect on 

granule strength. This could be explained by the proposed mechanism for the granule process. 

Since the binder was added to the system by pumping, the particles were closely packed and 

fully saturated during mixing. In this case, after a period of mixing, the probability of 

consolidation was low since the granules were already near their minimum porosity. Increasing 

the impeller speed increased the collisions, however the distance between particles was already 

quite small and little consolidation would take place, which implied the granules would be at 

approximately their maximum strength at the end of granulation. Consequently, the increase in 

impeller speed had little effect on granule tensile strength in this process, which was in 

agreement with previous researchers[43].  

 

Figure 4 shows the effect of BC on granule tensile strength. The granule tensile strength was 

proportional to BC with different LS and TF. During the high shear wet granulation, particles 

are saturated by the binder and then consolidated by collision. Increasing the binder 

concentration increases the viscosity of the binder solution. With higher viscosity, the liquid 

bonds between particles become stronger. Consequently, increasing the binder concentration 

increases the granule tensile strength in this process. It can be seen from Figure 4 that, as TF 

increased, granule tensile strength increased. Based on our previous study[3], the wettability 

of the binary mixture would decrease (liquid to solid contact angle would increase) when the 

amount of teawaste in the binary mixture increased. According to the following equation 

developed by Rumpf [44], with increasing liquid to solid contact angle, the overall granule 

strength decreased.  

p

LV

t
d








cos1
  

(11) 

where  is the liquid pore saturation,  is a material constant (for uniform spheres K=6), Ԑ is 

the granule porosity, dp the surface-average particle diameter, γLV the liquid surface tension and 

θ is the liquid–solid contact angle. 

 

In this study, the trend of the effect of TF on granule strength observed was opposite to the 

trend observed from Rumpf’s equation. This could be explained by the definition of teawaste 

volume fraction. As described in Section 2.1 and 2.2, the TF was the volume ratio of teawaste 

to total powder volume, and the pour density of teawaste powder is half that of limestone 

powder. Therefore, as the TF increases, the mass of total powder would decrease. In this case, 



keeping the other parameters constant at the same level, the mass to mass liquid to solid ratio 

would increase with increasing TF. More liquid bonds could form between primary particles 

at higher level of TF, which would then affect the overall granule strength.  

 

[Figure 4 here]               

        

As shown in Figure 4(a), granules produced with higher LS had higher tensile strength. 

Granules strength is controlled by three forces: capillary, viscous and frictional force[25]. 

During the granulation process, although increasing the LS while keeping other variables as 

constant increases the amount of binder added to the system, the capillary and viscous force 

between particles and binder stays at the same level since the type and concentration of binder 

are not changed. With more binder added to the system, more solid bonds would form after the 

drying process. This increases the frictional forces between primary particles and binder, which 

would further increase the overall strength of the granules. When the low level of BC was used 

during the granulation process, GT had no significant effect on granule strength (Figure 4(b)), 

however, at high level of BC, GT had a positive effect on granule strength. When the 

granulation process was operated at a low level of BC, binder viscosity was lower compared 

to that of a higher level of BC. With lower binder viscosity, binder was more easily mixed well 

with powder particles. Since the low level of GT was long enough to make the distance between 

particles to the minimum, further increasing GT would not have a significant effect on granule 

strength. When the granulation process was operated at a high level of BC, binder was more 

difficult to be delivered compared to that with a low level of BC. Increasing the GT would give 

enough time for consolidation, which would further increase the granule strength[25]. 

 

3.3 Effect of process and formulation variables on limestone uniformity 

The uniformity of the limestone and lignosulfonate  in the granules was analysed using the de-

mixing potential as discussed in section 2.4. Detailed ANOVA analysis results of the effect of 

different variables on the limestone de-mixing potential using Design Expert software are given 

in Table S2. The limestone de-mixing potential of granules could be expressed as coded 

variables: 

DPLime % = 8.65+1.33A+3.44B+2.90C-0.28D+1.04AB-0.16AC+0.0029AD+3.80BC-

0.84BD-0.55CD 
(12) 

where A, B, C and D are the coded variables for BC, TF, O and LS, respectively.  

 



Judging from the P value 0.0009, the 2-Factor interaction model adequately described the 

dependence of granule limestone de-mixing potential on the independent variables, and the 

most significant model terms were BC, TF, O, BC-TF, TF-O and TF-LS. 

 

The effect of BC on limestone de-mixing potential is illustrated in Figure 5(a). The maximum 

and minimum limestone de-mixing potentials were around 22.5% and 2.15%, respectively. It 

can be seen that the limestone de-mixing potentials operated under low BC conditions were 

lower than those operated under high BC conditions, which indicated that increasing the BC 

had a negative effect on limestone uniformity in granules. A binder with a high concentration 

of binder is more viscous than one with a lower concentration so stronger liquid bonds are 

formed between primary particles when the binder interacts with powder primary particles. It 

has been reported by previous researchers that breakage of granules during the granulation 

process improved the material exchanges which further promoted the granule uniformity [4, 

27, 31]. It was expected that decreasing the BC could decrease the granule strength, which 

would promote breakage during the granulation process. In this case, decreasing the BC would 

result in more material exchanges occurring and more homogeneity granules formed. With the 

increasing of LS used during experiments, two opposite trends of changing de-mixing potential 

of limestone content in granules were observed.  When the amount of binder added to the 

system increased, the modification of limestone de-mixing potential depended on both the 

destructive force and the constructive force. Increasing the LS used during the process 

increased the availability of binder. With higher binder availability, more primary particles 

could be involved in the granulation process, which had a positive effect on granule uniformity. 

On the other hand, increasing the LS resulted in more liquid bonds being formed between 

primary particles, which reduces granules breakage. With less granule breakage during the 

granulation process there will be less material exchanges, which then manifest as content 

heterogeneity or less uniformity. 

 

The limestone distribution in granules produced under different LS is shown in Figure 5(b). 

For granules produced under low level of LS, limestone content in granules presented a peak 

around size range 0.5 to 0.7 mm. For those produced with high LS, the peak exhibited at around 

size range 1.4 to 1.7 mm. The figure also shows that 50% of the limestone was in granules 

under the size of 0.7mm when LS was 0.25, however, when LS increased to 0.3, 50% of 

limestone was found in granules with a size under 0.9 mm. The size distribution of granules 

produced under low LS showed that almost half the mass of granules was in the size range 



under 0.5 mm. In this case, limestone exhibited a high-level content in those fine granules. 

With increasing amount of binder added into the system, fine granules in size range 0 to 0.5 

mm grew into the larger class. As discussed in Section 3.1, limestone presented lower contact 

angle to water solution, which indicated higher wettability. It has been reported by previous 

researchers that difference in primary particles’ wettability would cause selective nucleation 

and consequently growth of the superior wetting primary powders in the binary mixture[45, 

46]. Limestone powder had a higher probability of enlarging to the higher size range, which 

resulted in a decrease of limestone content in a low size range but an increase in the limestone 

content in the middle size range.  

[Figure 5 here]               

The compositions of the top (layer 2) and bottom layer (layer 1) of the powder bed dry mixing 

under different conditions obtained from DEM simulation are illustrated in Figure 6. The 

percentage of teawaste particles in the top layer showed a trend of increasing then reaching an 

equilibrium level, while the percentage of teawaste particles in the bottom layer showed a trend 

of decreasing then approaching an equilibrium level. This was because teawaste particles were 

added to the vessel followed by the limestone particles, which implied that the majority of 

teawaste particles were settled at the bottom layer before mixing. All figures show that the 

percentage of tea particles in the top layer was higher than the theoretical value. This suggested 

the top layer of the powder bed is potent with respect to the teawaste particles, which indicated 

that the percentage of limestone powder in the top layer was in a vulnerable position. The 

binder was pumped into the system, then the powder bed was first wetted from the top. At the 

time binder droplets fell on the powder bed, it was disproportionately more possible to be 

surrounded by teawaste particles than by limestone particles. Dry powder mixing and 

segregation in the granulator have been studied by previous researchers [29, 47]. De-mixing of 

powder component was observed when there was a difference between the densities of the 

primary particles. The lighter particles would drift to the top of the powder bed, while the 

denser particles settled at the bottom of the powder bed. This was in agreement with a 

commonly known phenomena called percolation or sieving segregation. As shown earlier in 

Figure 5(a), TF had a complex effect on limestone de-mixing potential. Combined with the 

other different experimental conditions, increasing TF would result in a different trend of 

limestone de-mixing potential which was consistent with the previous ANOVA analysis results 

which indicate that BC-TF and TF-O are very significant model terms. For example, when the 

high level of O and low level of LS were used, increasing the TF had a positive effect on 

limestone content de-mixing potential, which indicated a decrease in limestone uniformity. As 



shown before, this was due to the top layer of powder bed containing less limestone than the 

theoretical value which gave a higher probability of teawaste particles forming nuclei. 

Increasing the TF decreased the percentage of limestone in the top layer, which resulted in a 

lower chance for limestone to be involved in the nucleus. Consequently, nuclei formed mainly 

by teawaste particles began to grow, which had a negative effect on limestone uniformity.  

 

[Figure 6 here]               

 

Increasing the impeller speed increased the frequency of collisions between particle and 

impeller, particles to vessel wall, and particles to particles resulting in more breakage during 

the process. It has been reported that granule breakage played an important role in granule 

homogeneity[31]. Intensive granule breakage would lead to a continuous exchange of primary 

particles and granules, which resulted in more homogeneous granules. Also, it can be seen from 

Figure 6 that the impeller speed has a positive effect of on limestone uniformity. The teawaste 

percentage in the top layer at equilibrium slightly decreased with increasing impeller speed, 

which indicated a promotion of limestone percentage in the top layer. With high rotating rates 

applied, the particles experienced a higher centrifugal force compared to gravitational force, 

which would bring some limestone particles from the bottom layer into the top layer. Thus, 

higher limestone percentage in the top layer increased the probability of limestone particles 

involving in nucleation, which further resulted in a decrease in limestone de-mixing potential. 

However, the final effect of the O on the limestone de-mixing potential also depends on the 

effects of other combined factors like the BC-TF and TF-LS.  

3.4 Effect of process and formulation variables on lignosulfonate binder 

The lignosulfonate de-mixing potential under different conditions is presented in Table S3 

which showed that the maximum value was 11.25% and the minimum value was 5.21%. 

Detailed ANOVA analysis results of the effect of different variables on the binder de-mixing 

potential using Design Expert software are given in Table S5. The de-mixing potential of the 

binder could be expressed as coded variables: 

DPLig % = 8.70+1.24A+0.37B-0.19C+0.67D+0.58AC+1.25AD+0.38BC-1.30BD-

0.95CD+0.51ACD 
(13) 

where A, B, C and D are the coded variables for BC, TF, O and LS, respectively.  

 



The Interaction Model adequately described the dependence of granule limestone de-mixing 

potential on the independent variables since the P value for the model was 0.0117 and the most 

significant model terms were BC, LS, BC-LS, TF-LS and O-LS. 

 

The surface plot showing the effects of different variables on binder de-mixing potential is 

shown in Figure 7. Increasing binder concentration in the granulating fluid increased the 

viscosity of the fluid. The dispersion of binder of higher viscosity is more difficult compared 

to a less viscous binder, which means increasing the binder viscosity would result in a more 

inhomogeneous binder distribution. On the other hand, liquid bonds between primary particles 

formed with higher viscous binder are more difficult to break compared to those formed with 

lower viscous binder, which would decrease the frequency of material exchanges during 

granulation. Consequently, increasing the binder concentration used during the process had a 

negative effect on binder distribution, which was in agreement with what was obtained from 

Figure 7 where increasing the BC could increase the binder de-mixing potential when the low 

level of O and the high level of LS were used. 

 

[Figure 7 here]               

 

Increasing the LS applied during experiments, two opposite trends of changing binder de-

mixing potential in granules were observed. With the low level of BC and the high level of TF 

used during granulation, increasing LS would result in a reduction in binder de-mixing 

potential. However, when the high level of BC and low level of TF were applied, the binder 

de-mixing potential increased with an increase in LS. As shown earlier, BC-LS and TF-LS 

were both quite significant model terms in this interaction model. These factors would interact 

with each other and would finally cause the two opposite trends observed. The results show the 

formulation variables (i.e. BC, LS and TF) had a significant effect on the homogeneity of the 

binder in the granules.  

 

During the nucleation process, binder droplets need to fill the pores of primary particles before 

getting the surface wet, resulting in some of the binder droplets being trapped in particle pores. 

As shown in our previous publication[3], the specific pore volume of teawaste was ten times 

higher than that of limestone, which indicated teawaste particles required more binder to get 

surface wet compared to limestone particles. As shown earlier in Figure 6, increasing the TF 

in the binary mixture could increase teawaste percentage in the top layer of the powder bed. As 



discussed before, when a binder droplet fell into the powder bed, it was disproportionately 

surrounded by more teawaste particles. Increasing the probability of binder to be surrounded 

by teawaste particles increased the amount of binder consumed to fill teawaste pores; which 

caused a further decrease in binder uniformity. However, combined with the other experimental 

factors, increasing TF would result in different trends of binder de-mixing potentials which 

was consistent with the earlier ANOVA analysis results. As for the effect of the O on the binder 

uniformity, the result was quite similar to that of the limestone de-mixing potential. All the 

factors would interact with each other to form a different trend.   

 

3.5 Effect of process variables on dry powder mixing  

In this study, to measure the Lacey’s mixing index, the mixing domain was discretised using a 

10x10x10 mesh system, as shown in Figure S4. Earlier experimentation with different mesh 

considerations: 5x5x5, 8 x 8x 8, 10 x 10 x 10 and 12x12x12 showed that the optimum mesh 

system was the 10x10x10 as further increasing the number of mesh elements provide no further 

benefit to the numerical analysis (please see Figure S5 for details).  Since the majority of 

particles were settled at the bottom of the vessel, cells at the bottom two layers were taken as 

samples to calculate the Lacey’s mixing index.  

 

The impeller speed affects the particle flow in a high shear mixer. To examine the effect of 

impeller speed on particle segregation, the simulations were operated under two different levels 

of impeller speed (103 and 158 rpm). 4200 light particles and 1800 heavy particles of 3 mm 

diameter were added to the vessel by the top and bottom loading (light particles at bottom). 

Figure 8 shows the Lacey’s mixing index versus time as a function of the impeller speed. It can 

be seen that the equilibrium mixing index was achieved faster at the higher impeller speed. The 

rotational speed of the impeller had a great effect on the time required to achieve the 

equilibrium mixing state [32, 36]. This was due to the fact that increasing the impeller speed 

increased the movement of particles and the mixing cycles per unit time, resulting in a better 

mixing performance. It was also observed from Figure 8 that the equilibrium index obtained 

from low and high impeller was around 0.85 and 0.91, respectively. The rotation speed of the 

impeller affected the particle flow in the mixer, resulting in different equilibrium mixing 

indices[32].  

 

[Figure 8 here]               



 

Figure 9(a) shows that the average vertical position of the heavy particles in the vessel. It can 

be seen that the average position of heavy particles after 20 seconds mixing was 10.9 mm and 

14.7 mm from the bottom of the vessel at low level and high level of impeller speed, 

respectively. When the process operated at the high level of rotating speed, the impeller was 

able to bring more heavy particles from the bottom layer to the top layer of the powder bed, 

compared to the process operated at the low level of rotating speed. Increasing the impeller 

speed increased the average position of heavy particles from bottom of the vessel, resulting in 

a better mixing performance of the binary mixture. In order to measure the effect of light 

particle fraction on particle segregation, the simulations were operated under two different 

levels of light particle fraction (0.3 and 0.6), which was the same as the TF used in this study. 

6000 particles with 3 mm diameter were added to the vessel according to different light particle 

fraction. The impeller speed was 158 rpm and the initial loading was top and bottom loading 

(light particles at bottom). Figure 9(b) presents the mixing index versus time obtained from 

simulations using different light particle fraction. It is interesting to note that increasing the 

light particle fraction from 0.3 to 0.6 had no significant effect on the value of the mixing index 

but the fluctuations of the mixing index value at the equilibrium stage. Since the impeller speed 

was fixed, the input energy was the same for these simulations. It has been reported in previous 

literature that the light particles received a larger vertical force than the heavy particles[28]. 

Increasing the light particle fraction would decrease the total mass of particles. Decreasing the 

mass of particles in a sample cell would increase the average kinetic energy available per unit 

mass, which could result in a better mixing performance.  

[Figure 9 here]               

 

3.6 Effect of process and formulation variables on granule structure 

In literature, most researchers considered the void in the sample as pores [48, 49]. Since the 

grey value of binder was close to that of the air in this work, the void in the samples was 

considered as binder. Figure S6 illustrates an image of granule structure obtained from X-ray 

tomography. It can be seen that the white particle marked out was not attached to any other 

particles. Due to the weight of the particle, it was impossible that the particle was not adhere 

to anything. This was the reason that the void in the sample was considered as binder. Summary 

of binder content calculated from X-ray tomography results is listed in Table 7.  

 



It can be seen that the highest and lowest binder content in the sample were obtained from 

sample 3 and sample 6, which were 25.5% and 3.37%, respectively. It can be noted from Table 

7 that calculated binder content of samples 5 to 8 were similar in value, ranging from about 3.3 

to 4.7 % which is to be expected considering the granulation liquid of the same concentration 

was used in producing these granules. Samples 2 and 4 were from batches with the same 

process conditions (i.e. O and GT) and same teawaste mass fraction, the only difference being 

the concentration of the binder used. When comparing the calculated values of the binder 

content, it is noted that the value for sample 4 is almost twice that of sample 2. This is also to 

be expected since the binder concentration used for batch sample 4 was twice that of sample 2. 

This proves that the concentration data from X-ray tomography are reliable. From the optical 

images of the samples shown in Figure 10(a) and (b), it can be seen that the images showed 

homogeneous greyscale intensities, with large regions of voids in the sample. However, there 

were still some voids towards the centre of the sample, which indicated some binder areas still 

presented in both samples. The calculated binder content obtained from samples produced 

under low and high level of impeller speed were 13.5% and 10.22%, respectively. The only 

clear difference was on the shape. With increasing impeller speed used during the granulation 

process, the granule tended to adopt a more spherical shape due to the effect of the increased 

shear force in the granulator.  

 

 

The central cross sections of samples under different granulation times are shown in Figure 

10(c) and (d). After 30 s of granulation, the sample showed a more enlarged shape while after 

180 s of granulation, the sample presented a more spherical shape. Both samples showed 

internal low-density materials in the sample, which corresponded to the sodium lignosulfonate 

binder used for the granulation. The presence of binder within granules could be explained by 

the high level of BC and the immersion mechanism during the nucleation process. For the 

sample produced under short granulation time, the regions of binder were at the centre of the 

granule. However, with increasing GT, the regions of binder went from the centre to the surface 

of the granule and it looked relatively homogeneous in all of the images. This homogeneous 

distribution of binder could be the result of breakage of nuclei. The other possibility for this 

phenomenon was the other small granules formed with small binder droplet that stuck to the 

surface of a bigger granule when its surface became wet enough after the liquid binder was 

squeezed out of the centre by the particles flowing into the binder droplet. In other word, the 

nucleation happened around the binder droplets. With increasing the granulation time, the size 



of binder droplet decreased due to penetration of primary particles and breakage of binder 

droplets. The overall binder content obtained from these two samples were 19.28% and 25.5% 

for samples produced under short GT and long GT, respectively. Figure 10(e) and (f) shows 

the images of central cross sections of samples at different LS. Granules made with LS 0.3 

showed a smoother surface and shape. Increasing the LS increased the amount of binder 

available during the granulation, resulting in high moisture content in the granules. Increasing 

the moisture content in the granule increased the attrition rate[50]. With more attrition 

happening on the surface of granules, the shape of granule became rounder and the surface of 

granule became smoother. The overall binder contents in these two samples were similar: 3.81% 

and 4.34% for samples operated under low LS and high LS, respectively.  

[Figure 10 here]               

 
                                 

5.4 Conclusion  

Granules with high strength were made by co-granulation of teawaste and limestone using 

sodium-based lignosulfonate as a binder. The granule mean size, granule strength, limestone 

uniformity and the binder uniformity are all affected by the binder concentration, teawaste 

fraction, impeller speed and the amount of binder added in the granulation process. Changing 

the formulation of the powder during mixing does not have a significant effect on the value of 

the mixing index, and the equilibrium mixing index can be achieved faster at the higher 

impeller speed. The impeller speed used during granulation could affect the shape of granules, 

while changing the liquid to solid ratio used changes the roundness and the surface roughness 

of granules. Granulation time can change not only granule shape but also the position of binder 

region.  
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Nomenclature 

A Coded (normalised) binder content(-) 

B Coded (normalised)  teawaste fraction (-) 

BC Binder concentration (g/L)  

bi Coefficient  

C Coded (normalised)  impeller speed(-) 

Cb  Binder content in the granule (-) 

D Coded (normalised) liquid to solid ratio(-) 

DP De-mixing potential (%) 

dp Surface –average particle diameter (m) 

dt Mean granule size at after a granulation time of t (mm) 

E Coded (normalised) granulation time (-) 

GT Granulation time (seconds) 

LF Fraction of the light particles in the simulation (-) 

LS Liquid/solid ratio (-) 

O Impeller speed (rpm) 

p Fraction of component I in the sample (-) 

TF Teawaste fraction (-) 

VTotal Total voxels in the sample(-) 

Vvoid  Number of voxels that are void (-) 

  

Greek symbols 

 Granule porosity (-) 

 Material constant in Eq. 11 

 Liquid-solid contact angle () 

LV Is liquid surface tension  

 Is the liquid  pore saturation (-) 

 Granule tensile strength (N/m2) 

 

 

 



 

 

 

 

 

 

 

 

Table 1 Summary of experiments variables 

Batch No. BC (-) TF (-)  (rpm) LS (-) 

E1-1 to E1-6 -1 -1 -1 +1 

E2-1 to E2-6 +1 -1 -1 +1 

E3-1 to E3-6 -1 -1 -1 -1 

E4-1 to E4-6 -1 +1 -1 -1 

E5-1 to E5-6 -1 -1 +1 -1 

E6-1 to E6-6 -1 +1 +1 +1 

E7-1 to E7-6 -1 -1 +1 -1 

E8-1 to E8-6 -1 +1 +1 -1 

E9-1 to E9-6 +1 -1 -1 +1 

E10-1 to E10-6 +1 +1 -1 +1 

E11-1 to E11-6 +1 -1 -1 -1 

E12-1 to E12-6 +1 +1 -1 -1 

E13-1 to E13-6 +1 -1 +1 +1 

E14-1 to E14-6 +1 +1 +1 +1 



E15-1 to E15-6 +1 -1 +1 -1 

E16-1 to E16-6 +1 +1 +1 -1 

 

  



 

 

Table 2 Summary of elements concentration in different kinds of powder 

 Limestone Teawaste Lignosulfonate 

Calcium (mg/g) 290.48 3.116 1.966 

Sodium (mg/g) 0.1054 0.0918 84.18 

 

  



 

 

Table 3 Parameters used in simulation 

Case 
Number of light 

particles 

Number of 

heavy particles 

No. Fraction 

of light particles 
O (rpm) 

1 1800 4200 0.3 103 

2 3600 2400 0.6 103 

3 1800 4200 0.3 158 

4 3600 2400 0.6 158 

 

 

 

  



 

 

Table 4 Coefficients of the Equation (9)  

 b0 b1 b2 b3 b4 b5 b6 

d30 2.11 0.16 -0.73 -0.20 0.39 -0.10 -0.32 

d60 1.91 0.16 -0.78 -0.21 0.45 -0.11 -0.37 

d90 1.76 0.17 -0.79 -0.17 0.39 -0.097 -0.35 

d120 1.60 0.17 -0.70 -0.12 0.37 -0.10 -0.31 

d150 1.48 0.18 -0.64 -0.14 0.34 -0.13 -0.29 

d180 1.31 0.084 -0.51 -0.11 0.28 -0.034 -0.23 

 

  



 

 

 

Table 5 ANOVA table for response of granule mean size at the end point of 90 seconds 

Source Sum of Square df Mean Square F value P value 

Model 7.97 6 1.33 189.05 < 0.0001 

A-BC 0.3 1 0.3 43.01 0.0003 

B-TF 6.62 1 6.62 942.04 < 0.0001 

C-O 0.4 1 0.4 57.12 0.0001 

D-LS 1.58 1 1.58 225.27 < 0.0001 

AB 0.099 1 0.099 14.14 0.0071 

BD 1.33 1 1.33 189.15 < 0.0001 

Residual 0.049 7 7.03*10-03   

Cor Total 8.02 13    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Table 6 ANOVA table for response of granule strength 

Source Sum of Square df Mean Square F value P value 

Model 172.81 7 24.69 29.40 < 0.0001 

A-BC 95.39 1 95.39 113.61 < 0.0001 

B-TF 11.93 1 11.93 14.21 0.0012 

D-LS 1.47 1 1.47 1.76 0.2001 

E-GT 2.84 1 2.84 3.39 0.0806 

AB 7.62 1 7.62 9.07 0.0069 

AE 1.48 1 1.48 1.77 0.1988 

BD 0.99 1 0.99 1.18 0.2904 

Residual 16.79 20 0.84   

Cor Total 189.60 27    

 

 

 

  



 

 

 

Table 7 Summary of experimental conditions and calculated binder content. 

sample No. BC TF O LS GT calculated binder content 

Unit g/100ml - rpm - s % 

1 20 0.6 158 0.3 30 13.50 

2 20 0.6 103 0.3 30 10.22 

3 40 0.6 103 0.25 180 25.50 

4 40 0.6 103 0.25 30 19.28 

5 20 0.3 103 0.3 30 4.65 

6 20 0.3 103 0.3 180 3.37 

7 20 0.3 158 0.25 30 3.81 

8 20 0.3 158 0.3 30 4.34 

 

 

 

 



 

 

 

   

 

   (a)                                                       (b) 

Figure 1 Schematic illiterates of vessel configuration (a) and initial loading of particles (b) 



 

 

 

 

Figure 2 Summary of coefficients of TF and LS 
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                                     (a)                                                                     (b) 

Figure 3 Surface plot showing effects of different variables on granule mean size  



 

     

(a)                                                                                                                                           (b) 

Figure 4 Surface plot showing effects of different variables on granule tensile strength 



 

   

(a)           (b) 

Figure 5(a) Surface plot showing effects of different variables on limestone de-mixing potential (b) The limestone content in the granule size 

fraction operated under different LS 



 

 

(a)                                                                         (b) 

          

(c)                                                                          (d) 

Figure 6 Percentage of teawaste in the top and bottom layer of the powder bed dry mixing 

obtained from DEM simulation ((a) O 103, TF 0.3 (b) O 158 rpm, TF 0.3 (c) O 103 rpm, TF 

0.6 (d) O 158 rpm, TF 0.6.) 



 
 

Figure 7 Surface plot showing effects of different variables on binder de-mixing potential  
 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 8 Mixing index versus time at different O (light particles fraction: 0.6) 
 

 

 

 

 

 

 

 

 

 



   

(a)                                                             (b) 

Figure 9(a) Heavy particles average vertical position (from bottom of the vessel) versus mixing time at different O (b) Mixing index versus time 

at different light particle fraction (O 158 rpm).  
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                          (a)                                              (b)                                              (c) 

 

          

                             (d)                                              (e)                                              (f) 

 

Figure 10 Central cross sections of samples at different O (a) 103 rpm (b) 158 rpm, GT (c) 30 

s (d) 180 s, LS (e) 0.25 (f) 0.3 
 

 

 


