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ABSTRACT 

A dry powder inhaler (DPI) is effective in treating respiratory diseases if it can deliver 

consistent and reliable drug dosage with each actuation. De-agglomeration and 

subsequent detachment of the drug from the carrier particles upon actuation depends 

on the interaction forces between particle and wall and particles themselves. The 

particle surface properties such as roughness and moisture sorption, in turn, determine 

the extent of the interactions. Via combining high speed imaging with non-intrusive 

electrostatic measurements in an impaction throat model, the contributions of the 

electrostatic forces arising from de-agglomeration and impaction behaviours of the 

rough and smooth particulates could be investigated at 60 L/min. Higher flowing 

charges with limited agglomerate fracture upon impaction were observed for the 

rough carrier particles while significant agglomerate breakup and „plume-like‟ re-

entrainment behaviour was noted for the smooth ones. Increased moisture sorption on 

the larger specific surface area of the rough particles could have facilitated the 

accumulation of surface charges while the higher dispersive surface energy could 

have increased the cohesiveness of the rough particles. The smooth particles easily 

broke up upon impaction. High speed imaging with electrostatic monitoring has 

proved to be useful in investigating the mechanisms of powder de-agglomeration 

upon impaction.  

 

 

Keywords:  Inhaler, de-agglomeration, surface roughness, impaction, electrostatic, 

high speed imaging 
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1. Introduction 1 

Dry powder inhalers (DPI) have received increasing attention as one that can achieve 2 

equivalent therapeutic effect since the CFC-containing propellants in pressurized 3 

Metered Dose Inhalers (pMDI) were discontinued back in 1996 (Montreal Protocol, 4 

1987; U.S. Food and Drug Administration, 2005). However, the present challenge is 5 

to consider not one but all the synergistic factors in terms of inhaler design, powder 6 

formulation and patient induced air flow to obtain the optimum combination so as to 7 

consistently deliver the required dosage amounts to targeted areas in the lungs (Chew 8 

and Chan, 1999; Frijlink and De Boer, 2004; Telko and Hickey, 2005). Particles in the 9 

powder formulation, mostly in the Geldart classification group C (Geldart, 1973), are 10 

cohesive and could form agglomerates that can be difficult to aerosolize or break up 11 

before entering the airways. There exist inter-particle forces such as van der Waals, 12 

capillary and electrostatic forces that must be first overcome via a combination of 13 

mechanisms such as turbulence shear, impaction, sudden acceleration and gas 14 

expansion within agglomerates (Daniher and Zhu, 2008; Gerde et al., 2004; Voss and 15 

Finlay, 2002).  16 

 17 

The extent of these forces, in particular electrostatic forces, would depend on the 18 

particle surface properties such as size, surface functionalities and morphology (Adi, 19 

H. et al., 2008; Carvajal, 2008; Rowley, 2001; Shur et al., 2008) as well as 20 

environmental conditions such as temperature and relative humidity (Greason, 2000; 21 

Podczek et al., 1996; Rowley and Mackin, 2003;). In particular, it has been known 22 

that the surface roughness of DPI particles played a significant role in the aerosol 23 

performance (Chew and Chan, 2001; Ganderton, 1992; Podczeck, 1998). For instance, 24 
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Adi and co-workers (2008) postulated that corrugated spray dried bovine serum 25 

albumin (BSA) particles had much reduced drug-carrier contact areas than smooth 26 

BSA particles, hence the cohesive forces holding the particles together as 27 

agglomerates would be significantly less resulting in higher fine particle fractions 28 

upon dispersion. On the other hand, the distribution of surface asperities with higher 29 

surface free energies on coarse carriers could enhance the cohesiveness between the 30 

particles (Swaminathan and Kildsig, 2000). The presence of moisture on these 31 

surfaces would add another dimension in the relationship between surface roughness 32 

and de-agglomeration. Even though the development of thin moisture films on the 33 

surfaces could theoretically enhance charge dissipation via improved conductivity 34 

thereby reducing the dominance of electrostatic forces (Elajnaf et al., 2007; 35 

Grosvenor and Staniforth, 1996; Kwok and Chan, 2008; Nomura et al., 2003), it has 36 

been essentially controversial as previous studies on fluidizing polymeric particles 37 

resulted in higher electrostatic charges generated in the presence of moisture 38 

(Boschung and Glor, 1980; Yao et al., 2002). In addition, it has been reported that the 39 

rate of contact charging of metallic spheres increased linearly with relative humidity 40 

and the amount of water adsorbed on the surfaces of flat polystyrene surfaces (Wiles 41 

et al., 2004). Surface groups that provided the conduits for charge accumulation could 42 

undergo reorganisation in response to adsorbed water, hence the observed increase in 43 

the rate of contact charging. 44 

 45 

To study the de-agglomeration behaviours of aerosolized DPI relevant powders via 46 

impaction, several geometrical models such as the standard entrainment tubes (Wong 47 

et al., 2011) and impaction tubes (Adi et al., 2010) simulating the throat at various 48 
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impaction angles were fabricated. The fragmentation and deposition mechanisms of 49 

the agglomerates were further analysed by employing numerical or computational 50 

methods (Moreno et al., 2003; Moreno and Ghadiri, 2006; Tong et al., 2011). It was 51 

found from these analyses that the impaction angle had a major influencing role on 52 

the de-agglomeration performance of the powders. However, the significance of 53 

surface roughness and the presence of adsorbed moisture on the strength of the inter-54 

particle forces affecting the extent of de-agglomeration as discussed earlier could not 55 

be visualized in these models. In addition, electrostatic forces could also be dominant 56 

in agglomerates that are non-hygroscopic or subject to dry conditions (Kwok and 57 

Chan, 2008; Rowley and Mackin, 2003). Measurements could be made prior to 58 

impaction to investigate if changes in the particle surface properties would affect the 59 

accumulation of electrostatic charge via tribocharging during the aerosolization 60 

process. To minimize disturbance to the aerosolization and impaction process, the 61 

monitoring of the electrostatic charges should be non-intrusive such as the non-62 

contact vibrating capacitive probe which had been used to analyse static (Carter et al., 63 

1992; Kwek et al., 2012) as well as dynamic charges (Gajewski, 1989; Noras, 2006). 64 

These probes also have a fast response to the flowing charges (Noras, 2002). 65 

Therefore, in consideration of the potential contributions from the surface roughness 66 

and subsequent triboelectric properties of the agglomerates upon impaction behaviour, 67 

a combinatorial technique of real time imaging and electrostatic monitoring could be 68 

developed to observe the phenomenon. 69 

 70 

The combinatorial technique is realised in this study by enhancing the 90

-impaction 71 

throat model, initially developed by Adi and co-workers (2010), with high speed 72 
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imaging as well as non-intrusive electrostatic monitoring to examine the surface 73 

roughness and electrostatic contributions on the impactive de-agglomeration of model 74 

DPI particles. Spray drying, a common method used to obtain surface engineered 75 

carrier particles (Lee, 2002; Masters, 1991; Sollohub and Cal, 2010; Vehring, 2008), 76 

was used to obtain varying surface roughness. Aerosolizing the spray dried 77 

agglomerates from rest at 60 L/min, the fragmentation of the rough and smooth 78 

agglomerates during impaction was captured with simultaneous non-contact 79 

electrostatic measurements under ambient laboratory conditions. The differences in 80 

the impaction and electrostatic behaviours between rough and smooth agglomerates 81 

would provide some understanding on the interplay between surface roughness, 82 

moisture sorption and the subsequent electrostatic contributions from the de-83 

agglomeration of carrier particles. This comparative knowledge would no doubt be 84 

useful in the design of inhaler formulations. 85 

 86 

2. Material and Methods 87 

2.1 Material 88 

Rough and smooth mannitol (Pearlitol


 160C, Roquette, France) particles commonly 89 

used in dry powder inhalers (DPI) were obtained via spray drying aqueous solutions 90 

through a 0.7 mm two-fluid pneumatic nozzle in a Büchi B-290 mini spray dryer 91 

(Büchi Labortechnik AG, Switzerland). The feed concentrations and parameters for 92 

spray drying were shown in Table 1.  93 

 94 

 95 
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2.2 Preparing mannitol agglomerates 96 

The spray dried particles were agglomerated by setting them on a roller (BTR10-12V, 97 

Ratek Instruments, Australia) for 10 minutes at 40 rpm in stainless steel bottles and 98 

then sieved (L3P Sonic Sift Separator, USA) at amplitude of “6” for 5 minutes in sift 99 

mode. Sieve fraction of 212 to 300 m was selected for the impaction studies as it 100 

was found to have adequate amount of sample for repeats for the same batch. To 101 

dissipate any charges prior to the impaction tests, the sieved agglomerates were kept 102 

in vacuum overnight at 25 

C. 103 

 104 

2.3 Particle size and morphology 105 

The surfaces of the spray dried agglomerates were imaged using a high resolution 106 

scanning electron microscope (SEM JSM-6700F, JEOL, Japan) at an accelerating 107 

voltage of 2kV after coating with gold for 2 minutes using a sputter coater (Sputter 108 

Coater 208HR, Cressington, UK). The differences in the surface roughness of the 109 

spray dried samples were determined by calculating the ratio, fR, of the BET surface 110 

area (As) to the geometrical surface area (Ag) of a single particle (Ono-Ogasawara and 111 

Kohyama, 1999). The primary particle size of the spray dried samples was measured 112 

using a laser diffraction method (Mastersizer MS 2000, Malvern, UK) as dry 113 

dispersions in a sample plate vibrating at 50% intensity with a dispersing pressure of 114 

3.5 bar. 115 

 116 

 117 
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2.4 Specific surface area  118 

As differences in the surface roughness of the spray dried samples could likely affect 119 

the specific surface areas, the multipoint BET surface area analyser (ASAP


 2420, 120 

Micromeritics, USA) was used to determine the extent of influence. Prior to analysis, 121 

the powder samples were degassed under liquid nitrogen for 16 h at 25 

C. 122 

 123 

2.5 Moisture sorption  124 

The extent of moisture sorption on the powder surfaces could play a role in 125 

determining the impaction and electrostatic behaviours. The gravimetric vapour 126 

sorption technique using DVS Advantage 1 (Surface Measurement Systems, UK) can 127 

quantify and compare the extents of moisture sorption and desorption due to surface 128 

roughness differences. By varying the relative humidity from 0 to 90% in steps of 129 

10% at 25 

C, any mass changes during sorption / desorption on the samples were 130 

recorded. Equilibrium at a particular relative humidity level was deemed to have been 131 

achieved when the percentage rate of mass change, dm%/dt, remained at 0.002% / 132 

min or less within an interval of 5 min. All sample masses were initially kept between 133 

20 to 25 mg prior to the analyses.  134 

 135 

2.6 Surface energy  136 

The dispersive surface energies of the samples were determined using the inverse gas 137 

chromatography technique (iGC, Surface Measurement Systems, UK). The samples 138 

were packed into 4 mm bore diameter silanized glass columns with glass wool stuffed 139 
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at the ends. Helium was used as the carrier gas while methane was passed through the 140 

columns as reference gas during the experiments. Experimental conditions were set at 141 

10 ml/min, 0 %RH, and a column temperature of 303 K. Prior to the analyses, the 142 

sample column was conditioned at 0 %RH for 7 hours to remove any adsorbed 143 

moisture or organic contaminants on its surface. Hydrocarbon probes such as heptane, 144 

octane, nonane and decane of at least 99.9% purity (Sigma Aldrich) were then 145 

injected as vapours sequentially through the sample column. The retention time for 146 

each organic probe was measured by detecting its presence from the sample column 147 

with a flame ionisation detector (FID) and the net retention volume was then 148 

calculated for each probe after correcting for the dead volume. The dispersive surface 149 

energy was obtained by using the Schultz approach (1987) in a correlation plot 150 

between the net retention volume and the surface properties of each organic probe. 151 

 152 

2.7 Crystallinity and polymorphism  153 

Any changes in the crystallinity and / or polymorphic contents in the spray dried 154 

samples were analysed using the powder X-ray diffractometer (D8 Advance, Bruker 155 

AXS GmbH, Germany) equipped with a PSD Vantec-1 detector. The diffraction 156 

patterns were obtained by performing measurements with a standard reference 157 

material SRM1976 and using CuK radiation over the angular range from 4 < 2 < 158 

50

 with a step size of 0.02


 and a scan rate of 1


/min. Rietveld refinements of the 159 

diffraction patterns were then performed using TOPAS version 4.2 with the Partial Or 160 

No Known Crystal Structures (PONKCS) approach (Scarlett et al., 2006; Schreyer et 161 

al., 2011). 162 
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 163 

2.8 Visualizing de-agglomeration and flowing charge behaviour 164 

To visualize the de-agglomeration of the carrier agglomerates upon impaction, a 90

 165 

impaction throat model (Fig. 1), identical to the one designed by Adi and co-workers 166 

(2010), was used. The throat model consists of two clear acrylic tubes of internal 167 

diameter 11 mm and lengths 600 and 200 mm respectively jointed at right angle to 168 

each other. A sliding sampling port for the powders is positioned 300 mm from the 169 

joint such that the powder flow is fully developed prior to impaction. Weighed 170 

amounts of powder agglomerates can then be loaded using a funnel via the sampling 171 

port into the tube. The other end of the tube was connected to a vacuum pump (Model 172 

HCP5, High Capacity Pump, Copley Scientific, UK) to generate the flow required and 173 

the flow rate was verified using a flow meter (Model 4000 Series, Mass Flow Meter, 174 

TSI Inc., USA). The impaction behaviour of the agglomerates was analysed at the 175 

joint (boxed area in Fig. 1) using a high speed camera (Photron FASTCAM SA1.1, 176 

Photron, USA) capable of capturing images at 30,000 frames per second. The flowing 177 

electrostatic charges prior to impaction were simultaneously monitored by placing a 178 

non-contact vibrating capacitive probe connected to an electrostatic voltmeter (Model 179 

347 Electrostatic Voltmeter, Trek Inc., USA) within 3 mm from the surface of the 180 

copper ring or grid (~ 12 mm in thickness) that was in turn wrapped around the tube 181 

with part of the ring or grid (~ 3 mm) exposed to the interior of the tube. Charged 182 

powder particles passing through the grid or ring would induce equal and opposite 183 

charges which can then be represented as the surface potential measured by the 184 

voltmeter to nullify the current to the probe (Noras, 2002). The surface potential was 185 

referenced to the common ground shared by one of the copper rings and the voltmeter. 186 
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 187 

Prior to the impaction tests, the model was rinsed with ultrapure water, air dried, and 188 

the copper grids or rings were touched with a ground wire to dissipate any residual 189 

charges. The vibrating capacitive probe connected to the electrostatic voltmeter was 190 

then switched on to first obtain a stable baseline. Approximately 30 mg (+/- 2 mg) of 191 

spray dried powders was then loaded into the throat model via the sampling port. A 192 

flow rate of 60 L/min was generated by the pump to give a flow in the turbulent 193 

regime with a Reynolds number of 7660 (Adi et al., 2010). At the same time, the high 194 

speed camera was started to record the impaction process. Recorded high speed 195 

images were referenced to the frame in which the agglomerates were seen coming 196 

into the camera‟s view while a jump in the measured surface potential in either 197 

polarity indicated the absolute induced charges by the flowing agglomerates. Surface 198 

specific potential values, V [kV/m
2
] were calculated by normalizing the initial 199 

surface potential, v, over the total surface area of the loaded powders (Eq. 1). The 200 

total surface area was obtained by multiplying the mass, mp, of powders loaded with 201 

the specific surface area, As, as measured by the BET method. All experiments were 202 

conducted in triplicates at ambient laboratory conditions. 203 

 204 

sp Am

v
V


      (1) 205 

 206 

 207 

 208 
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2.9 Static charge measurements of rough and smooth agglomerates 209 

To verify any differences in the flowing charge behaviours for rough and smooth 210 

agglomerates, a shielded Faraday cage (Model TR8031, Advantest, Japan) connected 211 

to an electrometer (Model 6517A, Keithley, USA) was used in separate series of 212 

experiments to measure the electrostatic charges of agitated and non-agitated 213 

agglomerates. Although the conventional Faraday cage strictly measures static 214 

charges, the results obtained could possibly support any postulates that can explain 215 

the flowing charge differences. About 50 mg of agglomerates were weighed in 216 

stainless steel bottles and used in each of the Faraday cage experiments (n = 3). The 217 

agglomerates experience inter-particle and / or particle to wall collisions prior to 218 

impaction in the throat model and acquire charge via triboelectric charging. Similarly 219 

in the experiments, the weighed agglomerates were manually agitated at 120 shakes 220 

per minute in the stainless steel bottles before dispensing them in the Faraday cage in 221 

a reproducible way. The specific charge, Q [nC/g], of the powders was calculated by 222 

normalizing the charge, q, recorded over the mass of powders, mp, poured. 223 

 224 

pm

q
Q       (2) 225 

 226 

 227 

 228 

 229 
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3. Results and Discussion 230 

3.1 Spray drying induced differences in surface properties 231 

Mannitol particles with visible differences in surface roughness, as seen in Fig. 2, are 232 

produced by spray drying with different conditions as described in Table 1. It was 233 

observed that both the surfaces of the spray dried particles consisted of “grains” that 234 

resulted from the growth of acicular crystals as water evaporated from the droplets 235 

during spray drying (Maas et al., 2011). However, the “grains” on the surfaces of the 236 

rougher particles appeared to be distinctively larger with the presence of holes or 237 

orifices (Fig. 2(a)). Spray dried mannitol particles have been known to be highly 238 

porous (Elversson and Millqvist-Fureby, 2005; Heng et al., 2007) having orifices on 239 

the surfaces of rougher spray dried mannitol particles (Maas et al., 2011). In the latter 240 

study, rough particles were produced using a high outlet temperature of 120 

C, 241 

whereas in our studies, they were obtained at a lower outlet temperature of 71 

C. The 242 

fundamental difference lies in the interplay between the droplet size, evaporation rate 243 

of water from the droplets, and surface recrystallization events during drying. A low 244 

outlet temperature in our spray dryer configuration favours the formation of larger 245 

crystals from the slow drying of the droplets whereas in Maas‟ case, droplet was 246 

formed from the rotary atomizer via dripping and the presence of seed crystals early 247 

in the drying stage could have resulted in the formation of large crystals on the 248 

particle surfaces. During the spray drying process, the surfaces were dried up and a 249 

thin solid crust was formed, potentially trapping any liquid in the core. Any 250 

evaporation of the liquid from the core would have to traverse through the crust, thus 251 

leading to the occurrence of orifices or holes (Maas et al., 2010). On the other hand, a 252 

higher outlet temperature at 82 

C could have hastened the drying of the smaller 253 
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droplets from the two-fluid pneumatic nozzle in our study and coupled with the high 254 

solids-to-surface diffusional rate (Vehring, 2008) resulted in the formation of small 255 

crystals (Fig. 2(b)). These differences in the crystal size were evident in the surface 256 

roughness values for rough and smooth particles shown in Table 2.  257 

 258 

It was also observed that the particle size decreased as the surfaces became rougher. 259 

Small amounts of fines (< 1 m) were observed with the mean diameters, d0.5, for 260 

both rough and smooth particles reported as 2.70 m (+/- 0.02 m) and 4.60 m (+/- 261 

0.03 m) respectively (Table 2). A higher atomizing rate combined with a higher 262 

aspirator rate during the spray drying process could probably account for the smaller 263 

rough primary particles. Intuitively, smaller particles would imply a higher specific 264 

surface area. This was clearly shown in the BET results in Table 2 whereby the 265 

specific surface area for the rough particles (2.54 m
2
/g) was approximately twice as 266 

high as the smooth particles (1.21 m
2
/g).  267 

 268 

In addition, the higher dispersive surface energy noted for the rough particles (56.16 269 

mJ/m
2
) shown in Table 2 as compared to the smooth particles (34.63 mJ/m

2
) could 270 

reflect the surface heterogeneity of spray dried mannitol (Raimundo et al., 2009, 271 

2010). Just as milling could preferentially expose certain facets of the crystal 272 

(Raimundo et al., 2012), so can spray drying in orientating specific crystallographic 273 

planes during droplet evaporation. A higher proportion of exposed planes having high 274 

surface energy on the rough particles could have contributed to the increased in net 275 

dispersive surface energy. The de-agglomeration and electrostatic properties of 276 
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mannitol was known to be influenced by the crystallinity of the spray dried particles 277 

(Murtomaa et al., 2002; Ward and Schultz, 1995; Young et al., 2009). Changing the 278 

spray drying process parameters might induce amorphous contents on the surfaces 279 

and possibly further promote polymorphic changes (Buckton et al., 2002; Hulse et al., 280 

2009). Using the PONKCS (Partial Or No Known Crystal Structures) approach in 281 

Rietveld refinements of the obtained powder X-ray diffraction (pXRD) patterns for 282 

both rough and smooth particles (Fig. 3), it was apparent that, within the limits of the 283 

pXRD technique, all spray dried particles were crystalline and consist of mainly the 284 

beta () form. The crystallinity of spray dried mannitol was further confirmed by the 285 

gravimetric vapour sorption isotherms shown in Fig. 4 whereby the detection limit for 286 

amorphous content can be better than 1% (Young et al., 2007). The isotherms for both 287 

rough and smooth particles showed absence of any recrystallization events (Mackin et 288 

al., 2002) that could have occurred if there were traces of amorphous contents on the 289 

particle surfaces. From the isotherms, it was observed that rough particles could 290 

adsorb moisture on the surfaces approximately 2 times that of the smooth particles. 291 

Moreover, about 7.58% by mass of the alpha () form was found on the surfaces of 292 

the smooth particles and none of the -form was detectable on the rough particles. 293 

Littringer and co-workers (2012) also discovered a small amount (< 5% by mass) of a 294 

second polymorph,  form, in an otherwise one-polymorph dominated spray dried 295 

mannitol agglomerates. It is important to note at this point that the configuration of 296 

our spray dryer atomizer was different from the rotary atomizer used in Littringer‟s 297 

group. Past works (Dong et al., 2002; Carvajal and Staniforth, 2006; Schmidt et al., 298 

2006; Mathlouthi et al., 2012) have shown that the presence of polymorphs can 299 

potentially influence the water affinity of the particles. However, when the amount of 300 

sorbed moisture as shown in Fig. 4 was normalized against the total available surface 301 
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area, it was found that there was no significant difference between the sorption 302 

capacity of the rough (2.99 mg/m
2
) and the smooth (2.97 mg/m

2
) particles. Hence, we 303 

can eliminate the contribution of the  polymorph and attribute the difference in the 304 

sorption capacity to the specific surface area. 305 

 306 

3.2 Differences in impaction and dynamic charge behaviours 307 

Aerosolizing the agglomerates from rest at the sample port location in the tube at 60 308 

L/min under ambient laboratory conditions, the particles passed through the grounded 309 

copper ring and the sensing copper grid prior to impaction at the 90 degree joint of the 310 

throat model. Synchronizing the start of aerosolization with the high speed recordings, 311 

the impaction behaviours of the agglomerates were captured at 30,000 frames per 312 

second and differences in the impaction behaviours were visualized in the video grabs 313 

in Fig. 5 and 6. From the high speed images, it can be observed that when the smooth 314 

particles were aerosolized, few large agglomerates were seen in the flow. As the 315 

agglomerates impacted the joint, they were easily broken up, resulting in a „plume-316 

like‟ re-entrainment into the horizontal before traversing down the vertical. On the 317 

other hand, there were more large agglomerates present in the flow for the rough 318 

particles and these agglomerates would just rebound off the joint upon impaction with 319 

little or no apparent breakup. Re-entrainment was significantly less with most 320 

agglomerates flowing down the vertical after the rebound. 321 

 322 

Measurements by the non-contact vibrating capacitive probe showed that both the 323 

rough and smooth agglomerates charged negatively after aerosolization (Table 3). The 324 
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rough agglomerates had significantly higher surface potential (~ -5.91 kV/m
2
) as 325 

compared to smooth agglomerates (~ -1.42 kV/m
2
). The four-fold increase in the 326 

tribocharging ability of the rough agglomerates could also be observed by static 327 

charge measurements of agitated agglomerates from stainless steel bottles in a 328 

Faraday cage connected to an electrometer. Agitating by shaking the agglomerates in 329 

stainless steel bottles can generate surface charges via frictional contact with the walls. 330 

Comparing the specific charge of the rough to the smooth agglomerates in Table 3, it 331 

was found that agitation increased the specific charge of the rough agglomerates by as 332 

much as 8-fold. On the other hand, the increase was not as significant for the smooth 333 

agglomerates. It has to be noted that in the case of the Faraday cage measurements, 334 

the agglomerates were triboelectrically charged in stainless steel bottles manually 335 

instead of aerosolizing in an acrylic 90 degree impaction tube. Since there is a clear 336 

difference in work functions between acrylic and stainless steel, it is not unexpected 337 

that the polarity of the charged agglomerates in stainless steel bottles was reversed 338 

(Eilbeck et al., 1999; Rowley, 2001; Rowley and Mackin, 2003). 339 

 340 

3.3 Surface roughness, powder de-agglomeration and flowing charge behaviour 341 

In the preceding section, high speed images showed that the rough agglomerates 342 

rebounded at impaction without much significant breakup, while the smooth 343 

agglomerates were not only broken up but formed a „plume-like‟ re-entrainment into 344 

the horizontal of the 90 degree throat model after impaction. The difference in the 345 

observed impaction behaviours seemed to imply that the inter-particle forces 346 

depended on the surface roughness of the primary particles in the agglomerates. 347 

Several studies (Adi, H. et al., 2008; Adi, S. et al., 2008; Walton, 2008) suggested that 348 
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increasing the corrugation of primary particles could diminish the inter-particle forces 349 

due to reduced contact area resulting in effective de-agglomeration. However, the 350 

results from the present study seemed to suggest otherwise. Firstly, the geometry of 351 

the asperities on the surfaces of the spray dried particles used in the present study was 352 

visually different from past experiments. From Fig. 2, the surfaces of the particles 353 

consisted of “grains” that have larger areas exposed for particulate interactions than 354 

the limited contact area on the wave-like surfaces of the particles used in their studies. 355 

Roughening the particle surfaces by increasing the grain sizes would increase the 356 

agglomerate strength, which was demonstrated by the more regular agglomerates 357 

(consisting of the rough primary particles) obtained after subjecting to sieving (Fig. 7). 358 

Secondly, the formation of strong agglomerates from the smaller rough particles can 359 

be further reasoned by the higher specific surface area and dispersive surface free 360 

energy as shown in Table 2 (Das et al., 2010). 361 

 362 

It was mentioned earlier that adsorbed moisture on particle surfaces could play a role 363 

in the tribocharging of the particles with some authors suggesting that the moisture 364 

could dissipate the accumulated charge (Elajnaf et al., 2007; Grosvenor and Staniforth, 365 

1996; Kwok and Chan, 2008; Nomura et al., 2003) while others contending that 366 

moisture could increase the contact charging rate with enhanced mobility in the 367 

surface groups (Yao et al., 2002; Wiles et al., 2004). From the surface specific 368 

potential results in this study, there were clear differences in the flowing charges 369 

between rough and smooth particles prior to impaction which in turn have different 370 

moisture sorption capabilities. Rough and smooth surfaces adsorbed up to 0.8% and 371 

0.3% of its dry mass respectively due to the differences in specific surface area. It is 372 
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postulated that the increase in the moisture adsorbed with surface roughness 373 

facilitated the movement and distribution of surface charges (Wiles et al., 2004). 374 

Since the rate of charge dissipation was likely to be low due to the fast movement of 375 

the aerosol powders through the tube and the poor conductivity of the acrylic tube, the 376 

charge generation would far dominate the dissipation component. This was also 377 

observed in the Faraday cage measurements even though a conductive stainless steel 378 

container was used to generate the charges by agitation. Furthermore, the increased 379 

chargeability of rough surfaces could contribute to the cohesiveness of the primary 380 

particles, hence leading to stronger agglomerates. Therefore, the surface roughness 381 

induced de-agglomeration upon impaction and the associated electrostatic 382 

characteristics could thus be an important consideration in the dispersion and delivery 383 

of drug particles to the lungs. 384 

 385 

Conclusions 386 

A method involving simultaneous high speed imaging and non-intrusive electrostatic 387 

monitoring in an impaction throat model was successfully developed to study the 388 

effects of particle surface roughness on the de-agglomeration upon impaction and the 389 

dynamic charge behaviour of DPI powders. It was observed that particles with rough 390 

surfaces produced by spray drying formed strong agglomerates which could not be 391 

broken up easily, resulting in the agglomerates rebounding from the wall upon 392 

impaction. On the other hand, smooth particles were broken up on impaction and re-393 

entrainment was observed. The surface heterogeneity of mannitol was evident in that 394 

rough particles registered higher dispersive surface energy than smooth particles that 395 

could be due to the preferential exposure of certain crystallographic planes during 396 
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spray drying. The higher dispersive surface energy and specific surface area of the 397 

rough particles would have led to the formation of strong agglomerates. Furthermore, 398 

the increased moisture sorption ability of the rough particles due to higher specific 399 

surface area could increase the mobility and distribution of generated surface charges 400 

generated, and with low charge dissipation, led to a higher surface specific potential 401 

than smooth particles. The experiments thus demonstrated that the surfaces of 402 

processed powder particles could significantly affect the de-agglomeration of the 403 

particles necessary for effective drug delivery. 404 
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before impaction, (b) at impaction, (c) after impaction, and (d) re-entrainment about 725 

40 ms after impaction. Arrows indicate the direction of flow. 726 
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Fig. 7.  SEM images of (a) rough particles forming regular agglomerates, and (b) 728 
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Table 1.  Spray drying parameters to produce rough and smooth mannitol particles. 

Processing Parameters 
Mannitol Particles 

Rough Smooth 

Feed Concentration 

[w/v%] 
10 10 

Feed Rate [ml/min] 2.2 2.1 

Atomizing Rate [Nl/min] 670 357 

Inlet Temperature [

C] 145 170 

Outlet Temperature [

C] 71 82 

Aspirator Rate [%] 90 60 

 

Table 1



Table 2.  Values of surface roughness (by BET and geometric surface area ratio), particle size, 

BET specific surface area and dispersive surface free energy values for rough and smooth 

mannitol particles. Standard deviations are in parentheses.  

Particle Properties Rough Smooth 

Surface Roughness by 

Ratio fR  

1.73 (0.05) 1.41 (0.03) 

d0.1 [m] 0.92 (0.05) 1.34 (0.02) 

d0.5 [m] 2.70 (0.02) 4.60 (0.03) 

d0.9 [m] 5.74 (0.26) 10.65 (0.15) 

BET Specific Surface 

Area, As [m
2
/g] 

2.54 (0.05) 1.21 (0.01) 

Dispersive Surface Free 

Energy [mJ/m
2
] 

56.16 (0.79) 34.63 (0.76) 

 

Table 2 (Revised)



Table 3.  Specific surface potential and specific charge of rough and smooth spray dried 

mannitol particle measured by a non-contact vibrating capacitive probe and Faraday cage 

respectively. Standard deviations are in parentheses.  

Particle Type Specific Surface 

Potential [kV/m
2
] 

Specific Charge [nC/g] 

Uncharged 
1
 Charged 

2
 

Rough -5.91 (0.91) 0.361 (0.18) 3.23 (0.54) 

Smooth -1.42 (0.15) 0.232 (0.12) 1.35 (0.30) 

Note:  
1
Uncharged particles implied that the particles were directly poured into the Faraday cage while 

2
charged 

particles meant that the particles are triboelectrically charged by the shaking of the sample in a stainless steel 

container prior to charge characterization. 
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Fig. 1.  An electrostatically configured 90

 impaction throat model showing the 

relative positions of the sample port, copper grids or rings, and the area (boxed) for 

high speed imaging during impaction. 
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Fig. 2.  SEM images showing distinctly (a) rough, and (b) smooth spray dried 

mannitol particles with spherical morphologies at 8000x magnification. 
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Fig. 3.  Powder X-ray diffraction patterns of (a) rough, and (b) smooth spray dried 

particles.  
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Fig. 4.  Sorption-desorption isotherms for rough and smooth particles. 
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Fig. 5.  High speed images showing aerosolized smooth spray dried agglomerates (a) 

before impaction, (b) at impaction, (c) after impaction, and (d) re-entrainment about 

40 ms after impaction. Arrows indicate the direction of flow.  
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(c) (d) 
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Fig. 6.  High speed images showing aerosolized rough spray dried agglomerates (a) 

before impaction, (b) at impaction, (c) after impaction, and (d) re-entrainment about 

40 ms after impaction. Arrows indicate the direction of flow.  

(a) (b) 

(c) (d) 

Figure 6



 

 

 

 

 

Fig. 7.  SEM images of (a) rough particles forming regular agglomerates, and (b) 

smooth particles with less tendency to form regular agglomerates. 
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