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Abstract 

  

In order to resemble ball milling process which shows better performance in 

moving heavy metal in incinerator bottom ash (IBA), two sizes of glass beads (0.212-

0.6 mm and 0.6-1.0 mm) are utilized to co-fluidize with incinerator bottom ash (IBA) 

in lab scale fluidized bed at constant gas velocity (1.3 m/s). Current study focuses on 

the effect of different sizes of glass beads on attrition of IBA, as well as the effect of 

different compositions of glass beads. The results reveal that both sizes of glass beads 

enhance the overall attrition rate of IBA, and improve breakage of the largest sized 

particle. In term of fines, small glass beads will play marginally higher effect on 

attrition at an initial stage than medium glass beads due to larger contact surface area; 

however, big glass beads show more attrition at the end of the run possibly due to 

higher energy per unit area. Additionally, the effects of three gas velocities and 

hardness on attrition of three materials (activated charcoal, anhydrous gypsum, silicon 

dioxide) are also investigated. Results show gas velocity has effect on attrition of 

biggest size range of materials, despite no noticeable effect on attrition of other size 

ranges has been found. Furthermore, attrition will decrease with increasing the 

material hardness. In the size of 1.4-1.7mm, attrition of charcoal is vigorous and 

smooth while the attrition of silicon dioxide and anhydrous gypsum are similar in the 

beginning and different at later stage. It is due to large formation of subsurface crack 

in gypsum and little formation in silicon dioxide. Generation of fines will increase 

with decreasing material hardness. Mechanisms concerning different behaviors are 

revealed.  
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1. Introduction  

Singapore has undergone a rapid economic development and population growth 

in the past 40 years. The amount of solid waste has increased rapidly and it reaches ± 7 

million tons per year, which is almost 7 folds larger than that of 70s [1]. Incineration is 

an efficient way to reduce solid waste problem, because it may reduce the volume and 

mass of waste up to 90% and 70%, respectively [2-4]. Incineration bottom ash (IBA), 

which accounts for 80% of the incinerator residues is commonly recycled and used in 

landfill, cement production, and road construction [3]. It should be noted, more than 

80% of the heavy metals (HMs), such as Fe, Cu, Cr, Pb, Zn, As, Ni, and Ti in 

municipal solid waste (MSW) were found to remain in incinerator bottom ash (IBA) 

after incineration [5-8]. The presence of high content of heavy metal possesses an 

environmental hazard. In addition, IBA consists of 15% non-combustible materials, 

while the remaining 85% contains 25% opaque glass and 20% isotropic glass [9]. 

There are some research about the physical and chemical properties of IBA in 

other countries [10]. The results revealed that IBA particles have average density of 

2847 kg/m3 and average circularity of 0.67 [11]. Si, Ca, Fe, Al, Zn, Cu and Ti are 

found to be major heavy metal components inside IBA mixture [11]. Interestingly, 

only few studies were found on the mobility of heavy metal during particle size 

reduction process. Size reduction of IBA particles can happen throughout the 

transportation, compaction, and blending in re-utilization process. There is a recent 

research dedicated to study the mobility of heavy metal during particle size reduction 

by ball milling and fluidization [11]. Specifically, particle size distribution, particle 

density, particle circularity, as well as the content of heavy metal inside bulk IBA were 

investigated at different stages of particle size reduction process. The mobility of 

heavy metal among certain particle size ranges were compared using two particle size 

reduction equipment, namely, ball mill and fluidized bed. In term of the mobility of 

heavy metal, Cu and Zn were concentrated in the IBA size of 1.0-1.4 mm, while Ti 

was concentrated in particle size smaller than 1.0 mm. Generally speaking, ball mill 

demonstrates higher efficiency in moving heavy metal than fluidized bed [11]. 
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2. Literature Review 

2.1. What is attrition? 

Attrition of particle is disintegration and shrinkage processes of particle due to 

relative moment among particles. This phenomenon can found in various places in 

industry, such as inside chemical reactor or phenomenon of dust generation during 

particle reduction and transportation processes. Attrition of particles inside fluidized 

bed is mainly due to two sources, i.e., particle-particle collisions and particle-wall 

collisions. The straightforward consequence of particle attrition is the generation of 

fines which lead to mass loss [12].  This undesirable phenomenon affect the overall 

performance of fluidized bed (e.g., elutriation rate, bed heat transfer, reaction’s 

selectivity and conversion) [12] due to its adverse effects, i.e., scraping inner side of 

wall column, reducing mean particle size [13, 14], destroying valuable particles 

(catalyst in fluidized bed reactor) [15], changing particle size distribution and system’s 

hydrodynamic, and increasing the amount of fine particles and cyclone loading [16].   

The complexity of particle attrition phenomenon is mainly owing to two 

reasons. Firstly, attrition happens on three geometry and time levels, i.e., sub-particle 

(e.g., particle fracturing, etc), particle, and system levels [17]. In other word, particle 

attrition is a function of particle type, spatial position inside fluidized bed column, 

column set up, as well as operating conditions (i.e., fluidization regime, superficial gas 

velocity, etc). 

Secondly, particle attrition usually comprises of two simultaneous mechanisms, 

namely, particle fragmentation and particle abrasion [18-20]. Collisions may result 

into particle friction which gives rise to particle abrasion or particle breakage, and 

favors particle fragmentation. Particle fragmentation mechanism means mother 

particles disintegrate into identically smaller son particles, which reduces particle 

mean diameter, and broadens particle size distribution (PSD) width. In contrast, 

particle abrasion mechanism, which denotes the scraping process of irregular particle’s 

surface into rounder particle and a lot of elutriable fine powders, produces bimodal 

PSD with slightly-shift PSD towards smaller mean diameter and accumulation of fine 

PSD. Although both of these mechanisms and the extent of attrition are function of 

material properties, process design, and process conditions, previous studies also found 

complete particle abrasion or fragmentation during fluidization [18, 19]. The lower 
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energy threshold of particle abrasion can explain the existence of purely abrasion-

based attrition process [12]. It is necessary to evaluate particle fragmentation or 

abrasion process separately [13]. The evaluation of particle attrition mechanism under 

various circumstances is usually determined from the change of bed PSD.  

  

Fig. 1. Different mechanism of particle attrition [12]. 

 

2.2. Sources of particle attrition 

Various locations inside fluidized bed column have been found to give 

different stress magnitude on particles and produce different attrition mechanism [21]. 

Interestingly, almost all of the attrition rate correlations for different fluidized bed 

locations are developed from the assumption that only abrasion process contributes to 

the overall particle attrition. Previous study accentuated that area near distributor, 

particle bed under bubbling fluidization, and cyclone are the most prominent locations 

for particle attrition [19]. The contribution of these locations towards total particle 

attrition is dependent on the operating condition. It has been found that jet-induced 

attrition is the most dominant factor at lower superficial gas velocity (< 0.55 m/s), 

while at higher superficial gas velocity, attrition in cyclone determines overall attrition 

in the system [12]. Although total attrition increases with superficial gas velocity, the 

degree of change of cyclone-induced attrition toward superficial gas velocity is bigger 

than jet or bubble-induced attrition [22]. Accordingly, among various attrition sources, 

bubble-induced attrition is the least sensitive with change of superficial gas velocity 

[22].  
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In order to study attrition process in fluidized bed system, two important 

factors worth to be mentioned here. First, calculation for the total attrition 

phenomenon inside fluidized bed column should be done separately by evaluating 

different attrition models at different locations of the system. Second, dominant 

attrition mechanism (either particle abrasion, surface cracking, or fragmentation) will 

be different for different operating condition, even for the same system set up and 

fluidized bed location. Nevertheless, these two reasons also have been pointed out as 

the main sources of discrepancy between empirical results of previous experimental 

studies [12]. 

 

2.2.1. Particle attrition in the area near gas distributor. 

Perforated or nozzle plate is often made into gas distributor of fluidized bed. 

Smaller opening gas distributor gives higher pressure drop and uniform cross sectional 

gas distribution, which increase fluidization quality. On the other hand, such design 

will lead to formation of gas jet at high velocity, which will carry over some particles, 

increases particle acceleration, and overall hydrodynamics of fluidized bed suspension. 

Impact stress from jet towards particle bed is similar to jet grinding process [23]. This 

attrition mechanism is enclosed in certain area, i.e., only particle bed located below 

and around jet length will be affected. In most cases, bed height is usually higher than 

jet length. Particle attrition is constant for area above jet length. In reality, bubbles 

always present with jets inside fluidized bed, hence previous investigation on the jet-

induced attrition also included the contribution of bubbles on particle attrition [18, 23-

25]. 

In order to study the mechanism of jet-induced attrition separated from overall 

attrition phenomenon, two different methods were adopted in previous studies. The 

first method used extrapolation of attrition data in the surface of bed particles into bed 

depth where jet can be found [26, 27]. This method assumes linear relationship 

between attrition in the bed surface and that inside bed particle, where jet attrition 

induces particle deformation. However, this method is lack of comprehensive study of 

attrition mechanism. Second method used of modified distributors (porous plate and 

porous plate with nozzle) [28]. The result of particle attrition from the use of porous 

plate (bubble-induced-attrition) will be compared with the result from porous plate 

with nozzle in which jet velocity can be controlled. This method allows investigation 
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on the effect of purely jet-induced attrition due to over simplification that bubble 

velocity is constant regardless of the magnitude of jet velocity. Particularly, this 

method only applies to the investigation of jet attrition at low jet velocity condition. 

Furthermore, it has been found that horizontal and vertical jets induced the same 

attrition effect [28]. 

 

2.2.2. Particle attrition in the bed of bubbling fluidized bed. 

Bubbles cause particle attrition by generating low-velocity inter-particle 

collisions. Average bubble moves with low velocity (in the order of 1 m/s) hence it is 

unlikely that bubble will disintegrate particles into smaller pieces [12]. As in the case 

of jet attrition, two different methods were also used to separately investigate the 

extent of bubble-induced attrition: (i) use of porous distributor to avoid jet formation 

[12], and (ii) measurement of fine production rate by changing static bed height to 

eliminate the effect of jet formation [26, 27]. Despite the abundant amount of research 

related to bubble-induced attrition phenomenon, no common agreement can be found 

for the mechanism of bubble-induced attrition inside fluidized bed.  

Particle abrasion during bubble-induced attrition is affected by particle 

properties, i.e., particle shape, surface roughness, etc. Bubble-induced attrition rate is 

also affected by operating condition, i.e., excess gas velocity or the differences 

between superficial gas velocity and minimum fluidization velocity [16, 22, 29]. 

Furthermore, minimum superficial gas velocity needed to induce particle attrition is 

assumed to be equal to minimum fluidization velocity.  

The significant effect of bed height on bubble-induced attrition is not fully 

understood yet. Previous experimental work showed the increase of attrition rate with 

bed height is due to the increase of bubble size at higher axial position [30], while the 

other researchers [13, 16] found the opposite result. Ray et al. [14] explained such 

conflicting results due to the differences in fluidization regime, i.e., bubble (slug) size 

is constant at any axial position for slugging regime thus it appears as bed height has 

no effect on particle attrition.  

 

2.2.3. Particle attrition inside cyclone. 

Another possible source of particle attrition in current study is particle attrition 

in cyclone. Cyclone has been found to greatly affect particle size distribution [19, 31, 
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32]. Particle attrition in cyclone happens due to the addition of kinetic energy which 

overcomes particle surface energy [20]. Cyclone attrition rate is related to particle 

properties and gas velocity at the entrance of cyclone [20].  

It is worth to be noted that particle attrition in cyclone mostly comes from 

particle abrasion mechanism. Fragmentation-based attrition inside cyclone is minimum 

because high inlet velocity is avoided in the operation of industrial cyclone to 

minimize cyclone pressure drop [12]. Furthermore, increase of particle concentration 

has been found to decrease the probability of particle-wall cyclone collisions.  

 

2.3. Various factors affecting particle attrition. 

As mentioned before, particle attrition could be influenced by material intrinsic 

properties (particle shape, particle size distribution, hardness), equipment set up, and 

operating conditions (gas velocity). Particle attrition rate changes spatially and 

temporally due to chemical and/or physical interactions between particles and their 

surrounding [20, 33].  

 

2.3.1. Particle Properties. 

a. Particle structure. 

Particle structure is considered to be most fundamental particle properties with 

regard to particle attrition phenomenon. Particle structure (i.e., crystal, amorphous, or 

agglomerate) will greatly affect both attrition degree and attrition mechanism. [12]. 

Various types of material will have different degree of imperfection, cracks, or 

dislocations, which will result in the breakage of material from a material science point 

of view. Crystalline material breaks more uniformly because the stress on particle is 

distributed evenly [14]. Amorphous particles (e.g., coal, limestone) were also studied 

and attrition of such materials have been found to be independent of initial bed particle 

size distribution and operating conditions [13, 29], presumably due to internal fractures 

inside their structure which dictates the final bed PSD for the-more-dominant particle 

fragmentation mechanism [14]. Smaller particle has less internal fractures [12]. 

Abrasion dominance mechanism is more common for fluidized bed reactors which 

utilize catalysts made from spray drying process [28].  
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b. Particle size and particle size distribution. 

In a more dominant particle abrasion process, previous studies indicated that 

particle attrition increases with increase of particle size [29]. Small particle is less 

likely to have imperfection like micro-cracks or flaws. It is well studied that it will 

take a remarkably higher stress to break a small particle. The flaws or micro-cracks in 

small particles will also be in small size which will give rise to brittle to plastic 

transition and hence the small particle will become tough [34]. Another parameter that 

will affect the attrition is particle size distribution. Particle size distribution is closely 

related to volume specific surface area of the bed material. It is not only a 

representative of surface area that is prone to attrition but also define specific surface 

energy available for attrition. For instance, for a bed which consists of finer material 

will have much larger total surface area, however, given energy provided is constant, 

the energy acting on unit surface area will decrease. This theory is consistent with the 

result of previous researcher [29] who investigated coal attrition in mixture with 

unbreakable sand, it is found the attrition rate of coal increase when sand size is 

increased. It implies that the energy actually is shared out between material surfaces 

but big size will result in smaller surface area so the energy acting on unit surface area 

is higher [29]. In one research, in an abrasion dominating attrition experiment, the 

production of fines is also revealed to be in linearly relationship with particle size [20]. 

However, other research found out conflicting results in which increasing of attrition is 

found with decreasing in average particle size. Because for same weight basis, small 

particle which will result in large amounts of particle that will increase the chance of 

impacting thus enhancing attrition [35]. 

 

c. Particle shape and surface roughness. 

In terms of attrition, particle surface properties can be simplified into two 

categories, i.e., macroscopic (particle shape) and microscopic properties (particle 

surface roughness). For those particles who has lower particle sphericity or higher 

particle surface asperities is more prone to attrition [20]. Irregular particles with 

multiple sharp edges or rougher particle surface are more prone to be scraped during 

collisions before they get rounder and smaller with time [20]. Particle surface changes 

gradually during abrasion process, but instantaneous change also found for 

fragmentation of internally-fractured particles [20].  
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d. Particle strength and toughness. 

It is well known that it is easier to break soft material than harder material. 

Brittle materials can fracture or fragment easily when they are under stress, while the 

material with high toughness will absorb the energy before they reach the last breaking 

point. Strong material is not necessarily equivalent to tough material like ceramic 

which is strong enough but it is brittle rather than tough. Tough material does not 

mean they are strong enough. Instead, tough material is a trader-off between strength 

and ductility which can measure the material itself is ductile or brittle. 

 

e. Fines. 

In a particle abrasion dominant process, previous study shows that particle 

attrition will enhance with the absence of fines [36]. In other words, attrition rate will 

decrease with production of fines, two researchers found out this “cushioning effect” 

by studying the degradation of FCC catalyst. The presence of fines is thought to 

behave like a cushion which limit the force of collision impact and thus reduce the 

attrition of coarse particles. This step is also a self-controlling step which means 

attrition produce fines and fines inhibit the attrition in turn. However, other researches 

are more willing to make assumption that the fines once produced from attrition will 

be immediately elutriated from the system thus its effect on attrition still remains 

unclear [37]. 

 

f. Foreign particle. 

One group who focus study on the generation of carbon fines by attrition during 

fluidized combustion shed light on that attrition rate will be changed by changing the 

size of sand [29]. The mechanism the foreign particle is affecting the attrition is still 

unknown.   

 

2.3.2. Design and operating conditions of fluidized bed system. 

System setups and operating conditions affect particle attrition by controlling 

forces imposed on individual particle. Attrition can possibly result from mechanical 

cause, thermal cause or chemical cause. For a laboratory scale fluidized bed alone, 
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particle attrition is more pronounced at higher collision frequency, longer duration 

time, and stronger collisions.  

 

a. Wall surface roughness. 

Similar to particle surface roughness, column surface roughness and cyclone 

wall roughness exacerbate particle breaking. This effect is more pronounced for bigger 

ratio of particle and column diameters [12].   

 

b. Gas and solids velocity. 

Mechanical stress during particle collisions is closely linked to particle 

properties. Particle velocity is affected by gas, bubble, or jet velocity. Higher velocity 

differences between two embodies which collide to each other (i.e., particle-particle or 

particle-wall column) will increase inter-particle momentum transfer during collisions.  

Some results already reveal that the attrition rate is approximately in linearly 

relationship with excess gas velocity above minimum fluidization velocity [29]. 

Particle attrition is more distinct at bottom column (area near distributor) where more 

bubbles and jets are present [12]. Inevitably, instantaneous hydrodynamics instability, 

such as jets, also aggravate particle’s breaking both in short and long term due to its 

severe impact on particle surface morphology and surface cracking, respectively [20].  

 

c. Particle residence time. 

Higher particle residence time assures more inter-particle and particle-wall 

collisions. However, attrition rate showed plateaus increase with time in batch system 

[13, 28, 38-40]. This phenomenon related to the change of particle surface morphology 

along the time, whereby initial conditions with rougher surface and more irregular 

particle shape are less found after continuous collisions. Although collisions still 

happen, smaller particles with more rounded and smoother particles are less likely to 

particle shrinking. Above this condition, attrition rate is relative constant and only 

particle abrasion can be found inside fluidized bed system. This trend is hard to be 

found in continuous process due to the particle residence time distribution, i.e., 

different particle has different residence time inside fluidized bed column hence 

different change of attrition rate along the time. Overall attrition rate is constant but 
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individual particle attrition rate indicates plateaus increase over time in continuous 

system [12]. 

 

d. Temperature and pressure. 

Temperature affects particle attrition through three mechanisms: inducing 

thermal stress on particles, affecting particle properties (e.g., elasticity, hardness, 

strength), and changing gas density [12]. Thermal stress gives rise to particle cracking 

due to decrease of moisture content inside particles and different thermal behavior of 

particle material and impurities inside it. At low temperature, particle will have plastic 

to brittle transition thus become brittle. On the contrary particles may soften and melt 

to form aggregates at higher temperature. Change of gas density due to temperature or 

pressure change induces different hydrodynamics condition inside fluidized bed 

column hence different attrition rate. Pressure instability may have more detrimental 

effect on particle attrition. 

 

e. Chemical reaction. 

Chemical reaction at particle surface or pores leads to surface cracking. 

Chemical deposition at particle surface also change particle’s mechanical strength 

[40]. 
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2.4. Hardness 

Hardness affects attrition and particle cohesion, among other factors which affect 

fluidization. Hardness is intrinsic-mechanical property used to define material 

resistance towards plastic deformation due to compressive and/or abrasive forces [41, 

42]. It is important to differentiate hardness and grindability of material. Although 

both material properties are important in comminution and attrition process, the latter 

is quantified with Hardgrove Grindability Index (HGI) using standard test ASTM 

B409-71 [43]. Plastics are difficult to be grinded (high HGI index), while plastics are 

prone to abrasive forces. Ceramics, concrete as well as some metals are commonly 

knowns as hard material. 

 

2.4.1. Scratch hardness 

There are three types of hardness test, i.e., scratch hardness, indentation hardness, 

and rebound/dynamic hardness. Scratch hardness test is commonly used in mineralogy 

as indentation test is preferred for metal [42]. In scratch hardness test, the surface of 

material is tested through friction with sharp-edge of harder material (i.e., hardness of 

20 % higher or more compared to test material [42]) while changing the weighting 

load imposed on it [44]. Both macro- (shape or sharpness) and micro-shapes (asperities 

at the surface) of scratching material determine the result of the test [42]. Surface 

cracking after the measurement shows the hardness of test material. Scratch hardness 

is measured with sclerometer and the result is standardized in Mohs’ scale of hardness, 

whereby bigger number means higher material resistance towards plastic deformation 

[44]. The Mohs scale hardness of minerals can be commonly found in reference sheets. 

Mohs’ scale is ranging from 1 to 10, whereby the first and the latter show the hardness 

of talk and diamond, respectively. [41, 42]. Organic particles have relatively lower 

hardness compared to inorganic ones. Material with small Mohs scale is lower in 

cohesion force and higher in attrition rate [43]. 

 

2.4.2. Indentation hardness 

Indentation hardness test uses fixed weighting load and specific shape of 

compressing material to perform indentation on the surface of test material [45]. The 

depth or area of indented surface directly related to tensile strength of such material 
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[46]. Among available indentation hardness tests, Vickers and Knoop tests are widely 

used in academic world while Brinell and Rockwell hardness tests (ASTM E-18) are 

more favorable in industry [42, 45]. Brinell test is one of the oldest hardness 

characterization method using 3000 kgf of spherical compressing material [42]. The 

shortcoming of this method is the estimation of indented diameter at test material 

surface (d) is needed to choose the appropriate diameter of compressing ball (D) such 

as their ratio (d/D) is between 0.3 and 0.4 [42]. Such criterion is needed to standardize 

the result of indentation hardness test using different weighting loads and compressing 

ball diameters. In order to surpass this limitation, Rockwell test uses conical 

compressing material, while Vickers and Knoop tests apply pyramidal compressing 

material. Compressing material is located at certain angle compared to test material 

surfaces, i.e., 120 ᵒ or 136 ᵒ for Rockwell and Vickers tests, respectively [42]. Knoop 

test can be used to evaluate the impact of crystal structure towards material hardness. 

Both indentation and scratch hardness indicate plastic, rather than elastic, properties of 

certain material.  

 

2.4.3. Rebound hardness 

Rebound or dynamic hardness indicates the elasticity of test material. 

Scleroscope converts the bouncing height of test-hammer after dropping from a known 

height into material’s hardness [47]. There are two commercial tests can be used for 

such method, i.e., Leeb test and Bennet test. 
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2.5. Incinerator Bottom Ash (IBA)  

IBA samples were collected from Tuas Incineration Plant (TIP). Screening was 

first conducted in order to eliminate big particles. 150 g IBA was then separated into 9 

particle size ranges using sieves of mesh sizes 0.212 mm; 0.6 mm; 1.0 mm; 1.4 mm; 

1.7 mm; 2.8 mm; 4.0 mm; 5.6 mm. The average circularity was found to be 0.670 

derived from irregular-shaped aggregation of IBA during the incineration process. 

There is insignificant difference among different size ranges. The density of the pre-

dried samples was also determined for different particle size ranges by a pycnometer 

(Quantachrome Ultra-Pycnometer 1000) in 15 runs each. The average particle density 

of bulk IBA was found to be 2847 159 kg/ . There is not big variation across 

particle size ranges. Particles within size range of 1.4-1.7 mm were found to have 

biggest density while fines which is smaller than 0.212 mm has smallest density. 

Relatively high content of metal oxide possibly contributes to high particle density in 

size range of 1.4-1.7 mm. Considering the exceedingly high energy requirement to 

fluidized large IBA particles and also given that large particles do not contribute to the 

accumulation of heavy metal, IBA particles only less than 1.7 mm were selected to use 

[48]. 
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2.6. Granular Activated Carbon (GAC) 

Granular activated carbon (GAC) is highly porous mili-sized particles (i.e., > 

0.18 mm according to AST D2652-74 standard, or mean particle diameter between 1 – 

5 mm [49]) which mostly used in adsorption process due to its high internal surface 

area (i.e., > 400 m2/g, typically 500-1500 m2/g [50]). The high internal surface area 

indicates the dominant micro-pore (usually slit shape with pore size < 2 nm), while 

other type of internal pores such as meso-pore (2-50 nm) and macro-pore (≥ 50 nm) 

are also presented [51].  Activated carbon is reported to have mohs scale of hardness 

ranging from 1-2. The typical physical properties of activated carbon used in gas-phase 

processes can be found in Table 1 [52] 

Table 1. Physical properties of common activated carbon used in gas-phase processes 

[52]. 

Properties, Unit Magnitude 

Bulk density, kg/m3 600 - 800 

True density, kg/m3 2100 - 2200 

Pore volume, mL/g 0.3 - 0.7 (micro-pore) 

0.3 - 1.1 (meso-and macro-pores) 

Specific surface area, m2/g 1000-1500 

 

The high carbon content inside GAC (> 90 vol/vol  %) originated from the 

combustion of various carbonaceous feedstocks, i.e., petrochemical (coal, petroleum 

coke), plant (wood, bagasse), and animal-based (manure) materials, synthetic polymers, 

or wastewater sludge [51]. Ash content of GAC (1-12 vol/vol %) indicated the amount 

of inorganic materials, such as silica (S), iron (Fe), alumina (Al), carbonates, and 

phosphates [53]. The porosity, pore size, as well as pore size distribution of GAC are 

highly dependent on the raw material and manufacturing methods. Specifically, coal-

based GACs have been found to have more regular macro-pore structure, higher 

amount of micro-pore, and lower ash content compared to wood-based GAC [54, 55], 

while physical/thermal activation process (i.e., using steam or other oxidizing gas such 

as CO2) produces more micro-pore, wider pore size distribution, and lower mechanical 

strength compared to chemical activation process [52]. Pore formation during thermal 

activation consists of several stages: (i) formation of micro-pore at initial burn-off 

stage due to vaporization of volatile organic substances, followed by micro-pore 
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widening which results in wider pore size distribution of micro-pore; (ii) formation of 

meso-pore at middle and high level burn-off stage due to the disappearance of pore 

wall between micro-pores; (iii) the disappearance of pore wall between meso-pores 

and formation of macro-pore at higher burn-off stage [56]. Chemical activation 

prevents particle shrinkage at higher temperature by dehydration and other 

crosslinking process, hence it produces pore inside carbon particles [56]. 

 

2.7. Silicon Dioxide (SiO2) 

Silicon dioxide (SiO2) or silica is a material that exists in many crystalline form 

as well as amorphous state. It can be found abundantly in the mixture of beach sands in 

the form of quartz. [57] Silicon dioxide is the main component of glass (e.g., drinking 

glasses, bottles, etc) and widely used in semiconductor industry due to its high 

dielectric strength and good thermal and mechanical stability [58]. In this experiment, 

silica is in the form of a-quartz. Silicon dioxide has molecular weight of 60.08 g/mol 

and bulk density ranged from 2180-2648 kg/m3. Silicon in from of a-quartz has mohs 

scale of hardness 7 [58]. Table 2 summarizes important mechanical properties of 

silicone dioxide [58]. 

Table 2. Mechanical properties of silicon dioxide [58]. 

Properties, Unit Magnitude 

Compressive strength, Pa 1.1 x 106 - 1.6 x 106 

Fracture toughness, Pa.m0.5 620-670  

Hardness, Pa 4.5 x 106 – 9.5 x 106 

Tensile strength, Pa  4500 - 155000 

Young’s modulus, Pa 6.63 x 1010  – 7.48 x 1010 

 

 

 

2.8. Calcium Sulfate  

Calcium sulfate is inorganic compound with the formula CaSO4. The compound 

exists in mainly two forms in nature. First form is anhydrous form (anhydrite) which is 

widely used as desiccant.  Its mohs hardness is 3.5. Second form is dehydrate form 

with formula CaSO4 (H2O)2. It is a soft natural occurred mineral with mohs hardness 2. 

Anhydrous Calcium will absorb moisture slowly to form hemihydrate (CaSO4·nH2O) 

at ambient condition while gypsum can also convert to hemihydrate when temperature 
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rises above 100 °C. Calcium sulfate has bulk density between or 2320 kg/m3 

(dihydrate) to 2960 kg/m3 (anhydrite), with molecular weight from 136.14 g/mol 

(anhydrite) to 172.172 g/mol (dihydrite) and orthorhombic crystal structure [59]. 

Gypsum is widely used as part of cement mixture. Some of the important properties of 

calcium sulfate can be found in Table 3 [60]. 

 

Table 3. Properties of calcium sulfate [60]. 

Properties, 

Unit 
Magnitude 

Melting 

point, ̊C 

1460 

(anhydrite) 

Solubility 

(water, 20 ̊C), 

kg/m3  

2.1 

(anhydrite) 

2.4 

(dihydrite)  
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3. Objectives  

 

3.1. Study of the effect of glass beads on attrition of IBA 

 To study the effect of size of glass beads on attrition or particle size reduction,  

 To study the effect of composition of glass beads on attrition or particle size 

reduction.  

 

3.2. Study of the effect of gas velocity and hardness on attrition of 

three materials (activated charcoal, gypsum and silicon dioxide) 

Previous section investigates the effect of foreign particles (namely, sizes and 

compositions of glass beads) on particle attrition (i.e., IBA). Current section aims to 

investigate (1) the effect of particle harness and (2) the effect superficial gas velocity 

on particle attrition.  
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4. Methodology 

4.1. Study of effect of glass beads on attrition of IBA 

The previous study aimed to find out the physical and chemical properties of 

IBA in Singapore. The average density, circularity, chemical composition was 

investigated as well. Additionally, Cu and Zn element were “moved” and concentrated 

in the 1.0-1.4 mm range while Ti was “moved” and concentrated in size range below 

1.0 mm through ball milling process and fluidization. [11] Previous study reveals that 

heavy metal moves across different size range and concentrate at certain size range 

through particle size reduction process. It is reasonable to believe that particle size 

reduction (fluidization and ball milling) will to some extent affect the mobility of 

heavy metal. Compared to fluidization process, ball milling process is shown to have 

more control over movement of heavy mental across different size ranges. In order to 

resemble the process in ball milling, the following work is to study the mechanism of 

attrition by introduction of glass beads in fluidized bed. In order to investigate how 

attrition can be altered, two different sizes of glass beads and two different 

compositions of these glass beads will be used to co-fluidize with IBA. 

The IBA samples used in this research were collected from Tuas Incineration 

Plant (TIP) Singapore. The IBA samples which consist primarily of ash and residue 

from the combustion of domestic and industrial waste incineration were undergoing 

incineration at around 1000 ℃ for 2 hours. Prior to experiments, The IBA samples 

would be dried at 90 ℃ for 24 hours in drying oven.  

The experimental setup consists of a solid-gas fluidization bed with air as the 

gaseous phase. A schematic diagram of the setup is shown in Figure 2. The 

fluidization bed column was constructed with transparent acrylic, with 30 mm in 

diameter and 1.2 m in length. A 2-stage separation was used to remove entrained 

particles from the exiting gas-stream. The removed particles were collected into a fine 

collector underneath the cyclone. 
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Fig. 2. Schematic diagram for experimental setup. 

Subsequently, dried IBA particles larger than 1.7 mm were removed using W.S. 

Tyler U.S.A. Standard Sieves prior to all experimentation due to the unfavorable 

energy requirements of fluidization. Sieving also ensures minimum discrepancy in 

initial particle size distribution of IBA particles across all experiments. These 

remaining IBA particles were then weighted and gently mixed with glass beads of 

diameter 0.2-0.6mm (referred to as “S glass beads”) and diameter 0.6-0.8 mm (referred 

to as “M glass beads”) at predetermined mixing ratios listed in Table 4. The total mass 

of bed was kept at 200 g in all experiments. In this study, a total of 4 experiments were 

conducted with the solid phase mass compositions showed in Table 4. 

Table 4. Compositions used for solid phase in experiments. 

Experiment IBA 

Small 

Glass 

Beads 

Medium 

Glass 

Beads 

Total 

Mass 

Pure IBA 100 % 0 % 0 % 200 g 

25 % Small 75 % 25 % 0 % 200 g 

50 % Small 50 % 50 % 0 % 200 g 

25 % 

Medium 75 % 0 % 25 % 200 g 
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Compressed air was used as gas source. The gas was introduced into the 

fluidized bed with 55 L/min (1.30 m/s) measured by a Cole & Parmer 1G08 R3 

rotameter. The flow rate was adjusted to be sufficiently higher than the minimum 

fluidization velocities of all 4 operating conditions. After each predefined duration (0.5 

h, 1 h, 2 h, 3 h, 4 h, and 20 h), the air flow would be disconnected and samples were 

collected for sieving analysis from both fluidized column and fine collector. Analysis 

was performed by sieving the sample using mesh of 0.212 mm, 0.6 mm, 1.0 mm, 1.4 

mm and 1.7 mm with amplitude of 50 µm for 15 minutes in a Retsch AS 200 sieving 

machine. Mass of particles collected on each sieve was recorded, and cumulative mass 

fractions were plotted against sampling time. 
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4.2. Study of the effect of gas velocity and hardness on attrition 

Previously, IBA has a non-uniform physical properties and inhomogeneous 

chemical constituent. In combination with introduction of foreign particles (glass 

beads in this case), experiment results will be subject to big discrepancy.  Hence in 

new study, new materials with homogeneous chemical constituent and physical 

properties will be used. Additionally, three physically homogenous materials but with 

different hardness level are chosen to be activated charcoal, anhydrous gypsum 

(CaSO4) and silicon dioxide (SiO2). It can be found that activated charcoal is with 

mohs scale of hardness 1-2, anhydrous gypsum is with mohs scale of hardness 3.5 and 

silicon dioxide with mohs scale of hardness 7.  

Secondly, it is reported that rate of attrition is function of excess gas velocity (Uf - 

Umf) [61]. In combination with factor of hardness, the objective of new study is to 

investigate the effect of gas velocity on attrition of materials with time and the effect 

of material property (hardness) on attrition of materials with time.   

Activated charcoal, anhydrous gypsum and silicon dioxide are all procured from 

Sigma-Aldrich Singapore. Activated charcoal has specific density of 0.6 and initial 

particle size is larger than 8 mesh (2.36mm). Anhydrous gypsum has specific density 

of 2.9 and initial particle size is also larger than 8 mesh (2.36mm). Silicon dioxide has 

a specific density of 2.6 and 4-20 initial mesh size which is ranging from 4.75mm to 

0.85mm. Considering unfavorable energy requirement to fluidize particles as big as 

2.36mm, all three materials (activated charcoal, anhydrous gypsum and silicon dioxide) 

will be ground to smaller size using ball miller (Fritsch, Planetary Mill Pulverisette 5, 

Germany). Each grinding bowl has 80ml volume and five agate grinding balls which 

has 10mm diameter will be put into each bowl. In order to meet standardized initial 

particle size distribution shown as in table 5, three materials will be ground by 

different ball milling cycle time to achieve best grinding results due to different 

hardness but at same speed (200rpm). 

Table 5. Standardized starting particle size composition. 

  
1.4-
1.7mm 

1.0-
1.4mm 

0.6-
1.0mm 

0.212-
0.6mm <0.212mm 

Percentage 13.20% 19% 28% 34.60% 5.20% 
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Prior to any fluidization experiment, 100 gram sample of each material will be 

prepared according to standardized initial particle size distribution. They will be dried 

in oven at 90 ℃ for 24 hours to get rid of moisture. 

Then it will be transferred to fluidized bed after drying. The set-up of fluidized bed 

is shown in figure 2. In this study, because of their different particle density, they will 

give rise to different minimum fluidization velocity. Hence three different gas 

velocities are chosen for each material respectively to make sure they are fluidized at 

the same excess gas velocity. The gas velocity (meter/second) chosen for each material 

as well as their corresponding volumetric gas flow rate (liter per minute) are shown in 

table 6. 

 

Table 6. Different gas velocities and corresponding volumetric gas flow rate for each 

material. 

  Umf Uf1 Q1 Uf2 Q2 Uf3 Q3 

Activated 

Charcoal 
0.096m/s  N.A N.A 0.688m/s 29 lpm 0.99m/s 42 lpm 

Anhydrous 

Gypsum 
0.44m/s 0.83m/s 35 lpm 1.03m/s 44 lpm 1.34m/s 57 lpm 

Silicon  

Dioxide 
0.41m/s 0.80m/s 34 lpm 1.00m/s 42 lpm 1.30m/s 55 lpm 

  

In this study, compressed air was used as gas source as well. The gas was 

introduced into the fluidized bed with different gas flow rate shown in table 6 

measured by a Cole & Parmer 1G08 R3 rotameter. After each predefined duration (0.5 

h, 1 h, 2 h, 3 h, 4 h, 5h and 20 h), the air flow would be disconnected and samples were 

collected for sieving analysis from both fluidized column and fine collector. Analysis 

was performed by sieving the sample using mesh of 0.212 mm, 0.6 mm, 1.0 mm, 1.4 

mm and 1.7 mm with amplitude of 50 µm for 15 minutes in a Retsch AS 200 sieving 

machine. Mass of particles collected on each sieve was recorded, and analyzed. 
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5. Results and Discussion 

5.1. Result and discussion of IBA 

 

5.1.1. The change of mass with time and its relation to IBA structure. 

 

 

Fig. 3. IBA mass change of each particle size range with time (25 % small glass 

beads). 

 

Figure 3 is a representative diagram of mass change of IBA with time at 25 % 

small glass beads. Each line represents the mass change of a single size range with 

time. It is observed that the line representing fines is constantly increasing and it 

increases dramatically in the first half an hour fluidization then it levels off to a plateau. 

The other lines representing different size ranged IBA particles decrease dramatically 

in the first half an hour and afterwards it decreases slowly until it reaches steady state. 

Under four operating conditions, the IBA mass change with time consistently shows 

similar plateauing manner. It should be noted that all of the experiment were run for 20 

hours afterwards the attrition process is considered to be steady. The experiment was 

stopped and measured more frequently at initial stage. Figure 3 reveals that changes 

will occur rapidly during initial stage and gradually leveled off to a stable state which 

can be reflected by a slowly changing slope in the diagram. This result is in a good 

agreement with previous experimental result in the literature [61]. So it can be inferred 

that attrition of IBA starts with tearing off the fragile structure first by chipping away 
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sharp edge and corner. As reported in literature, the particles in fluidized bed will 

become smaller and more spherical with time, which make them less prone to attrition 

[37]. This explains the reason of higher attrition rate at initial stage and it decreases 

with time. On the other hand, cracks and dislocation inside IBA particle are more 

inclined to propagate at initial stage and lead to breakage of particle afterwards.   

 

5.1.2. Attrition of IBA on each size range 

 

Fig. 4. The ratio of remaining mass to initial mass (Wmin/W0) of all size ranges (pure 

IBA) at Ug=1.3 m/s. 

 

For all of the experiment, the cut-off time is set to be 20 hours as it is presumed 

that all experiments are approximating the steady state, i.e., attrition of particle is 

negligible afterwards. The remaining mass at 20 hours experiment is considered as 

minimum mass of each size range after particle attrition. Wmin/W0 is the ratio of 

minimum mass to initial mass of IBA. Figure 4 showcases the weight percentage of 

the remaining particles after 20 hours to their initial weight. It can be seen across all 

size ranges that bigger size range particles show higher size reduction than smaller size 

range particles, e.g., the weight percentage of the particles of 1.4-1.7 mm is smaller 

than that of 1.0-1.4 mm. Larger particles are more inclined to have micro-cracks or 

dislocations and thus will show higher attrition rate. Large IBA particles appear to be 

more asymmetric and have more surface asperity compared to small particles, hence 

greatly increase the chance of particle attrition. Smaller cracks will undergo brittle to 
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plastic transition and behave in a plastic manner hence reduce attrition [34]. On the 

contrary, some researchers proposed that attrition rate will decrease with particle size. 

Because their model suggests that attrition rate is roughly proportional to excess gas 

velocity exceeding minimum fluidization velocity (Ug - Umf), and the particle size will 

only affect Umf and smaller particle with lower Umf  will have higher attrition rate [29]. 

Considering such model is only dedicated for bubbling zone of fluidized bed, it 

overlooks the attrition in distributor area. Such model cannot be used to predict overall 

attrition rate under other fluidization regimes. In addition to that, the model they built 

is based on some assumptions which cannot represent the real situation of IBA.  It is 

based on six assumptions while three of them are conflicting with our study. Firstly, it 

is assumed that every particle will have the same shape factor particle, while IBA 

particle naturally found in various shapes. Subsequently, previous model assumed 

uniform fluidization and the absence of particle segregation. However, in this study, 

largest particle is revealed to vibrate only at the bottom and appear segregated from 

other size range particles. Lastly, it is assumed particle will have steady-state attrition; 

however, attrition is not at steady state at first but reaches maximum at first and 

decreases to steady-state later. To sum up, the model they proposed is not applicable to 

the study of IBA.  

It should also be pointed out big particles will be broken down to smaller size 

range. This fact will directly lead to the increasing mass of small particle. It also helps 

explain the reason of small change of small particle size. 

 

5.1.3. The effect of glass beads on attrition of 1.4-1.7 mm IBA 
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Fig. 5. The percentage of remaining mass over initial mass (Wmin/W0) of 1.4-1.7 mm 

IBA particles at end of 20 hours. 

Considering mass in size range of 1.4-1.7 mm can only be destroyed but mass 

in other size range can be generated as well as destroyed, it is difficult to derive a 

theory from investigating the other size ranges. Study will be focused on size range of 

1.4-1.7 mm. Additionally, after comparing each size ranges across all four operating 

conditions, it shows more significant reduction in the size range of 1.4-1.7 mm with 

glass beads than other operating conditions without glass beads. In other words, in 

figure 5, particles in the size range of 1.4-1.7 mm are reduced more significant under 

the influence of glass beads (25% medium, 50% small, 25%small). Subsequently, 

investigation is focused to study the effect of glass beads on rate of change in attrition 

process in order to further understand the impact of glass beads.   

 

Fig. 6. The percentage of total mass change of 1.4-1.7 mm IBA across four different 

operating conditions at different times. 

 

In Figure 6, the percentage of total mass change of size range 1.4-1.7 mm as x-

axis is plotted across all four operating condition, i.e., 25 % small glass beads, 50 % 

small glass beads, 25 % medium glass beads, and pure IBA. The percentage of total 

mass change is defined as the ratio of mass change between beginning to preset time to 

total mass change across whole timescale. The length of bar represents how many 

percent of the change has happened until 0.5 h, 1 h, and 20 h respectively and three 

bars representing different time respectively are shown in groups. For instance, under 

25 % small glass beads condition it will take 20 hours for total change to happen and 
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however, it will only take 1 hour for 80 % of the total change to happen. Most changes 

are found to happen at first hour. The same phenomena will be found in the case of 

50 % small glass beads and 25 % medium glass beads. In contrast, for the pure IBA 

only around 40 % change happens at first hour. So it is reasonable to attribute glass 

beads to fast attrition (change) within the first hour. Given that IBA is a mixture which 

consists of different size range particles. The bigger particle are inclined to have more 

porous structure on the exterior [10]. Porous structure is amorphous and soft and easy 

to break. The porous structure which surrounds inner core is thus shown to be more 

prone to attrition by means of glass beads. Addition of glass beads is believed to 

introduce large impact force between IBA particle and glass beads because glass bead 

itself is hard and strong. Secondly it will increase the contact surface area which is 

exposed to attrition when small glass beads were added.  Addition of small glass beads 

will significantly change overall particle size distribution and therefore the portion of 

small particles which contribute most to contact surface area per unit mass will 

increase greatly. Based on estimated calculation, with the same mass basis, the total 

contact surface area will increase by 7% when 25% small glass beads are involved in 

and increase by 14% when 50% small glass beads are involved in compared to pure 

IBA condition. In an abrasion dominant fluidized bed, attrition will start from contact 

surface; increased contact surface area will enhance the frequency of inter-particle 

collision and abrasion regardless of either IBA-IBA particle collision or IBA-glass 

beads collision. Additionally, compared to pure IBA condition, the presence of small 

glass beads will also greatly increase the chance of collision and abrasion between IBA 

particle and glass beads which will lead to more attrition, because glass beads are 

relatively hard and strong, during collision and abrasion with IBA, IBA particle is 

more likely to be attrited. That explains why there is more reduction in the size range 

of 1.4-1.7 mm with glass beads than the condition without glass beads. The effect of 

25 % medium glass beads on attrition of 1.4-1.7 mm is shown to be slightly weaker 

than the effect of 25 % small glass beads. It is possibly due to the smaller contact 

surface area.  
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5.1.4. The effect of glass beads on generation rate of fine IBA 

 

Fig. 7. The percentage of total mass change of fine IBA across four different operating 

conditions at different time. 

 

In an abrasion dominant fluidized bed, fines are a direct indicator of extent of 

attrition. Some reports say that the elutriated particles are mostly attrited fines instead 

of mother particle [62]. Because of the potential fluctuation that will stem from flow 

pattern and compressor, it is of high feasibility to take into consideration both 

elutriated fines and fines captured in the collector together when considering the total 

fines generated. Additionally, as different operating condition starts with different IBA 

bed mass (the bed mass is kept the same for all experiments but IBA mass itself is not 

the same), it is not feasible to distinguish the extent of attrition by directly comparing 

the amount of fines as it is obvious that different bed mass will generate different 

amount of mass, it is impossible to separate the contribution the glass beads make to 

the fines from the contribution that different mass make. Instead of looking at how 

much the fine is produced, attention could be focused on seeing how fast fine is 

generated and how much portion of fine accounts for. The term “percentage of total 

change” is introduced here again.  The percentage of total mass change is the amount 

of change between 0h to preset time over total change across the whole timescale. 

According to Figure 7, more than 60% of total fines are produced within first hour for 

the three operating conditions with glass beads, while only less than 50% of total fines 

are produced for the pure IBA at the same time. The same phenomena will be 

observed at second hour and half hour. This is an immediate evidence that glass beads 
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will help produce fine faster, in other words glass beads will increase overall attrition 

rate.  

 

5.1.5. The effect of glass beads on mass fraction of IBA 

 

Fig. 8. Mass fraction of five particle size ranges at end of 20 h for three operating 

conditions (pure, 25% small, 25% medium). 

 

Mass fraction of particle size ranges of three operating conditions at 20 h 

versus initial mass fraction of particle size range are shown in Figure 8 in which mass 

fraction is plotted against different particle size ranges. Due to inevitable experimental 

limitation that amount of glass beads will be stuck in one interval upper mesh, 0.212-

0.6 mm sized glass beads will be stuck in one interval upper mesh of 0.6-1.0 mm 

likewise 0.6-1.0 mm sized glass beads will be stuck in one interval upper mesh of 1.0-

1.4 mm. In view of 50 % small glass beads (0.212-0.6 mm) case, the amount of glass 

beads stuck in the mesh of 0.6-1.0 mm is significant and not practically separable from 

IBA particles. The particle size distribution will deviate from real situation due to large 

presence of the glass beads. Therefore particle size distribution of 50% small glass 

beads will not be discussed here. Even if there are still some glass beads inevitably 

stuck in larger mesh in the case of 25 % small glass beads (0.212-0.6 mm) and 25 % 

medium glass beads (0.6-1.0 mm), however, considering the mass of glass beads stuck 

in one interval upper mesh are insignificant to mass of IBA particle in the same mesh. 

For all three conditions, the mass fraction of particle sizes ranges of 1.4-1.7 mm, 1.0-
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1.4 mm, and 0.6-1.0 mm were reduced to different extent with only mass fraction of 

fines increasing. For the size range of 1.4-1.7 mm, the condition of pure IBA shows 

highest mass fraction at 20 h which indicates lowest attrition rate and the other two 

conditions shows roughly the same percentage while for the size range of 1.0-1.4 mm, 

three conditions show approximately the same percentage. The first three size ranges 

were worth further interpretation. Since all three conditions will have exactly the same 

initial mass fraction in the beginning, but at end of each running 25 % small condition 

and 25 % medium condition still shows slightly higher mass fraction of fines. Hence 

glass beads are believed to increase attrition rate. Interestingly, 25 % medium glass 

beads will produce larger portion of fines than 25 % small glass beads. The results 

seem to contradict with observation before that more contact area will increase 

attrition rate and therefore produce more portion of fines, however, it can be 

interpreted from energy density (energy acting on unit area) point of view. It should be 

pointed out that all experiments have exactly the same operating conditions.  Gas 

velocity and experiment running time can be regarded as two main indictors of energy 

supplied to the system, so it could be assumed that energy supplied externally is the 

same for each operating condition. Impacting energy is shared out between all material 

surfaces but large size particle will result in smaller contact surface area so the energy 

acting on unit surface area is higher therefore higher energy acting on unit area is 

believed to produce more fines. This finding that attrition slightly increase with 

particle size of foreign particle are in good accordance with what is reported in work 

done by Arena [29]. In Figure 9, it can be seen that 25 % small glass beads condition 

will produce more portion of fine at 0.5 h and 1h but 25 % medium glass beads 

condition gradually caught up from 3 h onwards and eventually surpass 25 % small 

glass beads conditions. It seems like the factor of contact surface area will become 

dominant at initial stage then factor of surface energy density gradually catch up and 

become dominant at later stage. 25 % small glass beads show more attrition at initial 

stage than 25 % medium glass beads. Given that attrition will always start from 

particle’s exterior surface, it is possibly because it requires less energy to break fragile 

structure outside, more contact surface area will therefore give rise to more attrition 

and become dominant at initial stage. After fragile structure is gradually abraded off, it 

comes to a point where it will take more energy to break off IBA particles. It is when 

factor of energy density begins to dominate. Energy acting on unit area under 25 % 
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medium glass beads will produce more energy every collision and therefore will 

produce more attrition at later stage. 

 

 

Fig. 9. Mass fraction of fine IBA across three operating conditions with time. 

It is also worth noting that 25 % small glass condition will end up with lower 

composition of size range 0.212-0.6 mm than the other two conditions and likewise 

25 % medium glass will also end up with lower composition of size range 0.6-1.0 mm. 

Glass beads have similar density with IBA particles and the size of glass beads is 

comparable with corresponding size range of 0.212-0.6 mm or 0.6-1.0 mm.  It is 

possible that these glass beads will be fluidized in a similar manner with corresponding 

size ranges of IBA particles. In the course of fluidization, apart from colliding with 

other size ranges IBA particle, glass beads are expected to have higher chance to 

collide with corresponding size ranged IBA particle since they are believed to have 

similar manner during fluidization. Therefore it will show more attrition in 

corresponding size range. Likewise the other sized-particles that do not have similar 

behavior with glass beads will have less chance to collide with glass beads. Glass 

beads are relatively hard and strong compared to all IBA particles, so corresponding 

size ranged IBA particles will be attrited by them.  
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5.2. Result and discussion of three materials (CaSO4, SiO2, GAC) 

 

5.2.1. The effect of gas velocity on attrition of materials (CaSO4, SiO2, 

GAC) 

5.2.1.1. Remaining mass of CaSO4 at three different velocities after 

20 hours 

 

 
Fig. 10. Remaining mass of CaSO4 at three different velocities (0.84 m/s, 1.04 m/s, 

1.34 m/s) after 20 hours. 

 

Three experiments of CaSO4 are run to 20 hours at 0.84m/s, 1.04m/s and 

1.34m/s respectively with exactly the same starting particle size distribution.  CaSO4 

are deemed to approximate the steady state after 20 hours. In Figure 10, remaining 

mass of CaSO4 in fluidized bed under three gas velocity as well as initial condition are 

plotted across all size ranges. It is worth noting in the size range of 1.4-1.7mm, the 

mass of particles appears to decrease with gas velocity. It reveals that the particles of 

1.4-1.7 will be attrited more with high speed (It will be discussed in details below). 

While the other two size ranges (1.0-1.4mm and 0.6-1.0mm) does not show noticeable 

trend even if there is some difference in values. Additionally, attrition of charcoal at 

0.73m/s is run two times. The remaining mass of particle size 0.212-1.7 mm is plotted 

against particle size range in Figure 11. It can be seen that with the exactly same 

operating condition it can still result in difference in values due to experiment error. It 

should be noted that the remaining mass of 1.0-1.4 mm particle size are 3.4 and 5.78 
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respectively. In the light of the fact that experimental error can result in value 

discrepancy as much as 1 gram when running at exactly the same operating condition, 

so the difference shown in the 1.4-1.0 and 0.6-1.0 as well as 0.212-0.6mm size ranges 

can be regarded as insignificant.  It seems that that gas velocity has minor effect on 

attrition of these two size ranges.  

 

Fig. 11. Remaining mass of charcoal after 20 hours. 

 

5.2.1.2. Attrition of 1.4-1.7 mm of CaSO4 particles with time at three 

different velocities 
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Fig. 12. Attrition of 1.4-1.7 mm of CaSO4 particles with time at three different 

velocities. 

 

Figure 12 shows the attrition of biggest particle size range across the whole 

timescale. It is more practical to study attrition of 1.4-1.7 mm particle size as it can 

only be attrited rather than generated. In Figure 12, it shows the attrition of 1.4-1.7 mm 

at 1.34 m/s is more remarkable than other two conditions in the short run. Attrition 

starts to decrease after the beginning. The attrition of particle at 1.04 m/s is higher than 

that of 0.84 m/s in the beginning and gradually level off and finally catch up with that 

0.84 m/s and surpass 0.84 m/s by a small margin in the end. For 0.84 m/s condition, 

since anhydrous gypsum is widely used as desiccant, it will absorb moisture at ambient 

condition. So mass of gypsum increases at first due to absorption of moisture and starts 

to decrease after that before finally leveling off in a similar manner with 1.04 m/s. In 

comparison with mass change at 0.84 m/s, mass change at 1.34 m/s reveals higher gas 

velocity will increase attrition rate. It is consistent with finding in the literature [63]. 

There are different trends between them in the first two hours; however, mass change 

with time of 0.84 m/s condition is not clearly distinct from mass change of 1.04 m/s at 

end of run. The experimental error and moisture adsorption will affect the actual 

results thus reducing the effect of gas velocity. The comparison between 0.84 m/s and 

1.04 m/s cannot showcase the distinct difference in attrition.  

 

5.2.1.3. Generation of fines of CaSO4 at three different velocities 
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Fig. 13. Generation of fines of CaSO4 under three different velocities. 

 

The generation of fines of CaSO4 with time is shown in figure 13. It can be 

found the generations of fines at three different gas velocities increase in a similar 

manner and they all increase rapidly in the beginning and speed of increment gradually 

slows down. In consistent with previous IBA results and other literature [61], it 

indicates attrition increases rapidly in the beginning and gradually levels off to a stable 

state. Because attrition itself is surface smoothening process which will chip away 

sharp edge and corner first. Crack will also propagate at the first stage. Particles will 

become smoother and smaller with time which will make them less prone to attrition 

[37]. 1.04m/s and 1.34m/s condition shows higher generation rate of fines than 0.84 

m/s condition most of time, and the two lines representing them are overlapped at 

some point which shows no obvious distinction, however, the fine of 0.84m/s surpass 

1.34m/s at last. But all three conditions differ from each other by a small margin at end 

of run. Based on the results, it is safe to infer gas velocity will have effect on attrition 

of material to small extent. In my study, the intervals between three chosen gas 

velocities are not large enough so that the difference resulting from gas velocity in 

attrition among three different operating conditions may be not distinguishable owing 

to experimental errors. Experimental errors like fluctuation in flow pattern, unsteady 

flow rate, inhomogeneous particle shape will give rise to variations in results. 

Therefore, it is difficult to tell the effect of gas velocities on attrition from variations 

caused by experimental errors. 

 

5.2.2. The effect of hardness of attrition of material 

Attrition process itself is a complex process as discussed in literature review. Various 

factors will have effect of attrition of material. It was revealed that both excess gas 

velocity and material hardness can have major effect on it [34, 62]. In order to study 

the effect of hardness on attrition alone, experiments of three materials are run at the 

same excess gas velocity. 

 

5.2.2.1. Remaining mass of CaSO4 at three different velocities after 

20 hours 
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Fig. 14. Remaining mass of three materials (activated charcoal, gypsum and silicon 

dioxide) after 20 hours. 

 

Silicon dioxide, anhydrous gypsum and activated charcoal are all run to 20 

hours at the same excess gas velocity (0.59 m/s and 0.89 m/s) with the same starting 

particle size distribution. In Figure 14, remaining mass of three materials at excess gas 

velocity (0.59 m/s) as well as the initial condition is plotted across all size ranges. The 

situation of excess gas velocity 0.59m/s shows the same trend with excess gas velocity 

of 0.89 m/s except that 0.89 m/s excess gas velocity will have more attrition in each 

material and each size ranges; hence the situation of 0.59 m/s is only shown and 

discussed here. In size range of 1.4-1.7 mm, 1.0-1.4 mm and 0.6-1.0 mm, they show 

the same trend that charcoal shows more reduction than the other two materials and 

CaSO4 shows more attrition than SiO2. In generation of fines, it shows reverse trend. 

Given that the hardness of three materials are in descending order as silicon dioxide 

(mohs hardness 7) > anhydrous gypsum (mohs hardness 3.5) > activated charcoal 

(mohs hardness 1-2) [64], it reveals that attrition decrease with increasing hardness of 

material at end of run. Unlike other four size ranges, it shows different trend in size 

range of 0.2-0.6 at both excess gas velocity (0.59 m/s, 0.89 m/s). In Figure 14, mass of 

charcoal is more than other two materials in the size range of 0.212-0.6 mm. It was 

reported that soft and coarse particle like activated charcoal will behave in following 

manner in fluidized bed when superficial gas velocity is at least three times bigger than 

minimum fluidization velocity. The mother particle will be more likely to undergo 

particle breakage to form intermediate sized particle before they becomes finely sized 
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particle [18]. In this case, big charcoal particle is believed to undergo particle breakage 

to form small sized particle (0.2-0.6 mm) first and subsequently attrited to fine 

particles. Due to fragmentation of big particles of charcoal, there will be a built-up of 

0.2-0.6 mm particles. This surge of 0.2-0.6 mm charcoal particle will at some point 

offset destruction of them. It could possibly explain the higher mass of 0.2-0.6 mm 

sized activated charcoal particle at end of run. While the other two material are harder 

than charcoal, they will be less likely to form intermediate particle through breakage. 

Therefore they will not have built- up of 0.2-0.6 mm sized particle and shows lower 

mass at end of run than charcoal. 

 

 

5.2.2.2. Attrition of 1.4-1.7 mm particle of three materials with time 

 

 

Fig. 15. Attrition of 1.4-1.7 mm particle size of three materials with time (20 h). 

 

In figure 15, mass changes of 1.4-1.7mm sized particle of three materials are 

plotted against the whole timescale. The slope of lines demonstrates that attrition of 

each material is rapid at first and gradually decreases which is consistent with the 

findings in IBA and literature [61]. It is also worth noting that mass of charcoal is 

much lower than the other two materials during the whole process. It indicates that 

charcoal is attrited vigorously. Furthermore, the lines representing attrition of 

anhydrous gypsum and silicon dioxide are found to overlap with each other in the 

beginning, however, silicon dioxide shows little change afterwards until 20 hours and 
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anhydrous gypsum shows more change happens at later stage. In figure 16, attrition of 

1.4-1.7mm particle size of three materials are shown in the short run (5h).  

 

 

Fig. 16. Attrition of 1.4-1.7 mm particle size of three materials with time (5 h). 

 

In Figure 16, it clearly reveals the attrition of CaSO4 and SiO2 behave in a similar 

manner before five hours although they differ much in hardness. CaSO4 is with 3.5 

mohs hardness while SiO2 is much harder than that with 7 mohs hardness. It could be 

explained two reasons as below. 

1) It is known that anhydrous gypsum (CaSO4) is widely used as desiccant. It will 

slowly absorb moisture in the air. On a side experiment, 14.23 gram of CaSO4 is 

put into beaker in the lab. The mass change of it is recorded in table 3. The results 

show that it will absorb less than 0.2g moisture in the air every hour in the 

beginning. Although attrition will reduce mass while absorption of water will 

increase mass, the actual attrited mass will appear to be slightly underestimated in 

the figure. 

 

Table 7. Mass change of CaSO4 with time (20 h) in the air. 

0h 1h 2h 3h 20h 

14.23g 14.42g 14.58g 14.67g 15.09g 
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2) It was reported that attrition in the beginning is due to loose particles, sharp edge 

and corner as well as cracks [63]. By definition, hardness is a measurement of 

resistance to localized plastic deformation. Hence material with higher hardness 

will be less likely to undergo localized plastic deformation under stress. Attrition 

occurs by inter-particle movement (collision, sliding). Local loading will give rise 

to plastic deformation which will further develop into either subsurface lateral or 

radial crack. Subsurface lateral crack contributes most to attrition while radial 

crack cannot propagate further into core so it will not contribute. Under stress, 

subsurface lateral crack will be activated and propagate and finally lead to attrition 

of material. It is easy to form a crack and propagate on sharp edge and corner in 

the beginning because of small radius of curvature [65]. For SiO2 which has mohs 

hardness 7, it is very hard for SiO2 to generate a localized plastic deformation at 

later stage. Therefore it is extremely hard to be further attrited once pre-existing 

flaws are all propagated and sharp edges are removed. That explains SiO2 shows 

little change after five hours. For CaSO4 which has smaller hardness than SiO2, it 

is easier for them to undergo plastic deformation under stress than SiO2 thus stand 

more chance to form crack. But it is also reported that crack will only propagate 

when threshold strength is reached [66]. Particles inside fluidized bed are 

constantly interacting with each other. Some particles are colliding each other; 

some particles are sliding over each other, some particles are rolling over each 

other. Each interaction pattern will give rise to different strength and not every 

interaction can exceed threshold strength to initiate crack. Therefore crack will 

take longer time to propagate especially for materials with higher hardness. It can 

be inferred that in this case gas velocity cannot provide sufficient energy for 

subsurface crack to propagate in CaSO4. So subsurface crack cannot readily 

propagate to lead to attrition of material in the first. It also explains why CaSO4 

shows much increased attrition rate after five hours compared to SiO2. 
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5.2.2.3. Percentage of change of 1.4-1.7 mm of three materials 

 
Fig. 17. The percentage of total change of 1.4-1.7 mm of three materials with time 

(5h). 

 

In Figure 17, the percentages of total change of 1.4-1.7 mm of three materials 

are plotted against time. The percentage of attrition is defined as the ratio of the 

amount of change between beginning to preset time (0.5h, 1h, 2h, 3h, 4h, and 5h) to 

total change from beginning to end of run (20h). It reveals how fast attrition is taking 

place across whole timescale. The blue line which represents percentage of total 

change of SiO2 is far above the other two lines and the green one representing charcoal 

is distinctively above that of CaSO4. It is worthy nothing that 50% of total change for 

SiO2 happens within half an hour and surprisingly 90% of total change happens in four 

hours, however, only 10% happens for the remaining sixteen hours. It proves again 

that SiO2 cannot be further attrited with time from other perspective since it has very 

high hardness. It reaches equilibrium state much faster than other two materials. It can 

be inferred that the higher attrition at beginning results from easy breakage of loose 

particle, sharp edge and corners. On an another note, The sudden drop in percentage of 

silicon dioxide at one hour is mainly due to fluctuation of mass stemming from sieving 

machine. The mass of 1.4-1.7mm at one hour was supposed to decrease after half hour. 

But considering the sieving machine works by vigorously shaking those particles 

through their different meshes and is subject to working efficiency. It is 

understandable that it cannot separate particles between two adjacent meshes perfectly. 

It should be noted the starting mass is 13.2g, the mass at half an hour is 12.67g, and 

the mass at one hour is 12.78g.  12.78 is a little higher than 12.67, so there is sudden 

drop in percentage of silicon dioxide.  
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The percentage of change of CaSO4 increases to around 10% after one hour and 

remains nearly constant for another two hours and subsequently increases to around 

30% at fifth hour. It looks like attrition is paused in the middle and re-starts to increase 

afterwards. More than 70% of total change happens in the next fifteen hours.  It shows 

consistence with suggestion before that attrition is slowed down at first because crack 

formation and propagation will take time for anhydrous gypsum. Furthermore, loose 

particle and sharp edges is believed to be attrition source in the beginning.  The green 

line representing percentage of change of charcoal reveals that around 30% change 

happens in the first hour and 60% change happens in first five hours and only 40% 

happens in the following fifteen hours. It changes in a continuous way. Compared to 

red line which represents gypsum, the red line is steeper and higher. It indicates the 

attrition of activated charcoal is happening faster than attrition of gypsum in the first 

place. It could be due to low hardness and high porosity. Porosity is found to make 

material weak and more prone to attrition as reported in literature. [34] By means of 

high porosity in gypsum, current gas velocity is sufficient strong to attrite charcoal 

constantly and smoothly.  

 

5.2.2.4. Generation of fines of three materials with time (20 h) 

 

 

Fig. 18. Generation of fines of three materials with time (20 h). 

 

In figure 18, for three materials, the generation of fine is very rapid at first then 

gradually slows down. Abrasion is believed to be the dominant mechanism in fluidized 
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bed so production of fines reveals the extent of abrasion. So looking into generation of 

fines can provide an insight into the extent of attrition of material. After five hours, 

generation of fines of SiO2 remains almost constant until 20 hours. It is consistent with 

the behavior which is shown in attrition of 1.4-1.7mm particle. It also demonstrates 

that the other sizes of SiO2 particles show the same reluctance to attrition after five 

hours as 1.4-1.7mm. While the other materials keep increasing and charcoal ends up 

producing more fines than CaSO4 at end of run. At first stage, the generation of CaSO4 

behaves closely with that of SiO2. It is possibly due to easy breakage of pre-existing 

flaws in each size of them that makes them produce fine in a similar manner. However, 

the fines of CaSO4 are further generated due to crack propagation at later stage. 

Surprisingly, at first five hours, the generation of fines of charcoal is only slightly 

higher than the other two. It seems to contradict the trend shown in attrition of 1.4-

1.7mm that charcoal is attrited much more than other two materials. It is possibly due 

to the fragmentation of big charcoal particle into small sized particle. So instead of 

abrasion which generates fines, it will break into intermediate sized particle hence 

reducing generation of fines. It is reported that fragmentation will be likely to happen 

in distributor area due to formation of jet [67] and activated charcoal is likely to 

undergo breakage to intermediate sized particles first. [34] 
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6. Conclusions 

Glass beads were introduced to co-fluidize with IBA at 1.3m/s to study the effect 

of different sizes and different compositions of glass beads on the attrition of IBA. It is 

found that attrition rate will increase dramatically in the beginning and then gradually 

level off to a plateau because fragile structure like sharp corner and edges will be 

destroyed in the first place. It also shows more significant reduction of mass (i.e., 

attrition of IBA) in size range of 1.4-1.7 mm with addition of glass beads due to 

increased contact surface area resulting from addition of glass beads. Addition of glass 

beads is also revealed to generate fines faster thus to show higher attrition rate. In 

terms of generation of fines, it will be related to two competing factors: contact surface 

area and energy density (energy acting on unit area). Increased contact surface area 

will enhance surface area exposed to attrition. Energy density means impacting energy 

acting on unit area. Impacting energy is believed to share between surface areas. The 

more contact surface areas are, the less impacting energy is acting on unit area. Small 

glass beads (0.212-0.6mm) will produce more fines in the first place than medium 

glass beads (0.6-1.0mm) because small glass beads have more contact surface area and 

increased contact surface area will become dominant factor in chipping away fragile 

structure in the first place. Medium glass beads which have more energy density will 

produce fewer fines in the first but eventually produce more fines. Because after 

fragile structure and pre-existing flaws are eliminated, it will need more energy for 

further attrition. However, due to inhomogeneous physical properties of IBA and 

introduction of foreign particles, experimental results will be prone to big discrepancy. 

The following study was focused on study attrition of three materials which are 

physically and chemically homogeneous. There materials are silicon dioxide, 

anhydrous gypsum and activated charcoal. Furthermore, the effect of gas velocity and 

hardness on attrition of three materials was investigated. It was found that gas velocity 

will have noticeable influence on attrition of 1.4-1.7mm particle size and attrition is 

shown to increase with gas velocity. But it shows little influence on other particle size 

ranges possibly because the chosen gas velocity interval is small. Secondly, material 

hardness is found to have remarkable influence on attrition of materials. It is found that 

attrition will decrease with increased material hardness. In attrition of biggest particle 

size (1.4-1.7mm), attrition of charcoal which has lowest hardness is much bigger than 
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other two materials due to high porosity and low hardness. Silicon dioxide shows the 

similar behavior with anhydrous gypsum in the first five hours due to easy breakage of 

pre-existing flaws or fragile structure. While silicon dioxide shows little change after it 

and anhydrous gypsum is revealed to have more change in the latter stage. It is 

possibly because crack in anhydrous gypsum cannot readily propagate in the first place 

and crack formation and propagation takes time, it shows more change at latter stage. 

Silicon dioxide which has highest hardness among three materials cannot generate 

more crack thus cannot be further attrited.  In terms of generation of fines, materials 

with higher hardness end up generating fewer fines while silicon dioxide stops 

generating fines after first five hour and other two are still increasing. Activated 

charcoal shows slightly more fine than other two materials, it is possibly due to 

fragmentation of particle to intermediate size thus reduce generating of fines. 
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