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ABSTRACT 

 

Spray drying is an extensively used technique for particle size reduction of many pharmaceutical 

and non-pharmaceutical products. BÜchi Corporation manufactures two spray dryers for lab-scale 

production of spray dried product called Mini Spray Dryer B-290 and Nano Spray Dryer B-90. 

While the B-290 is able to generate microparticles, the B-90 claims to produce nanoparticles. The 

aim of this project was to design a novel nozzle that can aid in production of nanoparticles when 

incorporated in B-290 and eliminating the need to invest in and operate a separate spray dryer to 

produce nano-particles. A nano-nozzle was created using the Aeroneb® Solo, a modified 

commercial nebulizer, which contains a vibrating plate enabled to produce nanoparticles. 

Incorporation of the nano-nozzle in B-290 was found to be comparatively user-friendly and offers 

a solution to the problems encountered on the use of B-90.  

 To gauge the functioning of nano-nozzle and provide proof to the concept, three excipients, 

lactose, hydroxypropyl cellulose and polyvinyl alcohol, were spray dried using nano-nozzle. 

Aqueous or hydroalcoholic solutions of the excipients were prepared and spray dried using the 

nano-nozzle incorporated in the B-290 and the product obtained was compared with that obtained 

using the conventional nozzle in B-290 and B-90.  

The obtained yield of spherical particles in de-agglomerated and free-flowing was found to be 

higher using the nano-nozzle in the B-290 as opposed to the conventional nozzle in B-290 and B-

90. The particle size distribution showed no significant difference (p<0.05) between the use of the 

nano-nozzle and B-90, with mean particle sizes ranging from 300-500 nm. Also, surface 

morphology was similar between the powders spray dried using B-90 and nano-nozzle. The 

physical state characteristics remained unchanged (as seen in Differential Scanning Calorimetry 

results) and the chemical entity of the excipients remained unaffected (results from Fourier 

Transform Infra-red Spectroscopy) on using the two fluid nozzle of the Mini spray dryer B-290, 
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nozzle of the Nano spray dryer and nano-nozzle. Use of nano-nozzle in a B-290 is a substitute to 

the B-90 for spray drying to produce nanoparticles. Additional investigations are necessary for 

potential use in laboratory scale or industrial generation of nanoparticles. 
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1. Wani Rajvi, Huslig Megan and Tolman Justin. ‘Characterization of a nebulizer nozzle 
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1.1 Principles of Spray Drying 

The spray drying is a one-step operation meant to transform a fluid feed (e.g. solutions, 

suspensions, emulsions) into a dried powder product.  It was initially used in the dairy 

and food industries and has been applied to numerous other applications (e.g. 

pharmaceutical, agrochemical, biotechnological, chemical, etc.). [1–4,7,9] 

The fluid feed is atomized through a nozzle to create droplets which are then dried into 

individual particles at elevated temperatures in a gas (e.g. hot air) and collected into a 

powder product (Figure 1). The elevated temperature and gas causes fluid evaporation 

from the droplet and allows the residual solid content in the droplet to dry into a particle. 

The dried particle is then collected into a collection vessel. The obtained powder product 

could exist as a collection of individual particles or agglomerates, depending on the 

physical and chemical nature of the feed solution and on spray drying processing 

parameters.   

 

Figure 1: Representative of the mechanism of spray drying [5] 
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Atomization, spray-air contact and moisture evaporation are the three important 

mechanisms involved in spray drying. Atomization causes high rates of evaporations of 

the solvent phase by reducing fluid feed into droplets. Formation of droplets results in 

high surface to mass ratio and hence enhances the rate of evaporation. When the spray 

drying parameters are optimized, atomization causes uniform evaporation of the solvent 

phase by generating particles with desired size range, density and shape [1,2,6–11]. 

Atomization also is responsible for drying the droplets by exposing the droplets to the hot 

gaseous atmosphere for a short duration of time. Hence this technique can be used to 

spray dry thermolabile material, without decomposing them.  

A variety of atomizers are used commercially and are classified into three types based on 

the type of energy they require to atomize into rotary atomizer, pressure nozzle and two-

fluid nozzle, since they operate by performing atomization using centrifugal energy, 

pressure energy and kinetic energy  [1–3,10–12]. 

The spray droplets-air contact takes place during atomization and initiates the drying 

phase by two methods called co-current process and counter-current process.  In the co-

current method, the liquid is sprayed in the same direction as the flow of the hot air, 

hence, ensuring instant evaporation. Usually, the inlet temperatures are about 150- 220 

⁰C   and the resulting dry powders are exposed to comparatively milder temperature of 

about 50-90 ⁰C, making it a suitable method to spray dry thermolabile materials. While, 

for the counter-current method, the liquid sprayed is in the opposite direction of the flow 

of hot air, exposing the product to higher temperatures. This process hence cannot be 

used to spray dry thermo-sensitive products. But, this process consumes comparatively 

less energy as opposed to co-current process and thus is widely used. [1,3,5,9] 
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The third pivotal mechanism of spray drying is moisture evaporation which takes place 

due to a process called heat transfer. When the hot air comes in contact with the droplets, 

there is a difference in temperature and vapor partial pressure between the liquid and the 

gas phase. The water evaporates from the surface of the droplets and it will continue to 

evaporate based on the vapor pressure of the drying gas. The rate of diffusion of water 

from the core of the droplet to its surface is usually assumed to be constant. After 

constant evaporation, when the droplets’ water content reduces and reaches a critical 

value, solute collects at the outer shell and a dry core or crust is formed which in turn 

causes the rate of drying to decrease. Drying typically continues until when the particle 

temperature is equal to that of air. [1–3,9,13] 

 

Figure 2: A schematic representation of the process of evaporation and conversion of a 

droplet to a solid particle[14] 

1.1.2 Advantages of spray drying 

Spray drying serves as a one-step process to carry out operations like drying, size 

reduction and encapsulation. Spray drying is a straight-forward technique used to spray 

dry materials that may or may not be sensitive to heat to yield customized product. This 

process can be optimized to obtain powders of desired size, shape and density. The spray 
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dryer can be designed to perform various processes that may or may not include toxic, 

non-toxic or flammable solvents, biological products, etc. Spray dryers can be 

customized in cases where the product required may have to be processed under aseptic 

conditions and may or may not produce powders that may have probable tendencies to 

explode. The spray dryers can be scaled up to nearly any production size and can be 

automated to operate huge volumes of fluid feed without manual interventions. [1–

3,5,7,8,15,16] 

1.1.3 Challenges of spray drying 

Spray dryers are expensive machines to install and maintain. They consume high 

amounts of energy to create a hot gaseous air within the drying chamber to evaporate a 

few droplets of feed, owing to the low thermal efficiency of the machine. Also, the 

provision for air exhaust is must be constantly monitored or else the entire air build up 

inside the drying chamber can act as a fire hazard. [1–3,5,7,8,15,16] 

1.1.4 Operation of a laboratory-scale spray dryer 

The fluid feed is introduced (using a peristaltic pump) into the drying chamber either in 

the same direction as the compressed air and inert gas (like Nitrogen) or in an opposite 

direction. Together the fluid feed and the gases get atomized into finer droplets by an 

atomizing nozzle. Within the drying chamber, the solvent phase gets evaporated due to 

heat transfer between the air inside the chamber and the droplets. The dried product falls 

under gravity and gets collected into the collection vessel. The powder product is 

separated from the moist gas by the help of a cyclone separator and finer particles get 

filtered by in-line or external filters.  Spray drying process parameters of inlet 
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temperature, drying gas flow rate, spray gas flow rate and sample feed rate, have to be 

altered to optimize the spray drying process. Alteration of these parameters has a direct 

impact on the particle size, yield, and moisture content of the final powder. Since, the 

inlet temperature is the temperature of drying air when the drying air comes in contact 

with feed solution preceding atomization. The outlet temperature is the highest 

temperature at which the product can reach since it is determined by the volume of 

solvent that is evaporated per unit time. It is the temperature resulting from the heat 

exchange between the gaseous drying air and the liquid droplets. The outlet temperature’s 

control cannot be regulated by the user on the monitor of the machine. The flow rate is a 

measure of the volume of the drying air supplied to the system per unit time and it 

governs the drying level of the product and the amount of product separation happening 

in the cyclone. The spray gas flow rate determines the pressure at which the drying gas 

flows through the nozzle to atomize the feed. The sample feed rate determines the 

volume of feed supplied through the nozzle by peristaltic pump in unit time.[ 1,3,7,15–

18]  

 

Figure 3:The basic components of a spray dryer[20] 
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1.2 Spray dryers by BÜchi Corporation 

BÜchi Corporation is a leading spray dryer manufacturing company, building spray dryers of 

various kinds catering to the various needs of their clientele. Currently BÜchi has been selling 

two major types of spray dryers for research applications and laboratory-scale spray drying, the 

Mini Spray Dryer (B-290) and Nano Spray Dryer (B-90).  

1.2.1 Mini Spray Dryer by BÜchi (B-290)  

The B-290 (image in figure 7) has been widely used for spray drying and producing micron sized 

particles of various aqueous and non-aqueous based solutions and suspensions. It has been 

classified as a two-stage vertical spray dryer that can function on both closed and open mode. A 

typical vertical spray dryer has its drying chamber positioned vertically in the form of a long 

cylinder with a conically shaped bottom. The atomizer is located at the top of the drying chamber 

and atomization can be processed co-currently or counter-currently. It has been observed that 

such a construction of spray dryers can lead to longer residence time of sprayed particles and 

hence larger sized particles.  

This dryer carries out drying in two stages- spray dryer coupled with a fluidized bed dryer or a 

vibrating bed dryer. Thus the fluid feed is subjected to two kinds of drying, which helps in 

reducing the overall moisture content up to 10% by weight. This method is popularly used for 

heat-sensitive materials. Figure 4 is a schematic representation of a two stage dryer and its 

various components. 
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Figure 4: Schematic of a two stage spray dryer and its components like (1) Air, (2) Feedstock, (3) 

Dried product, (4) Drying chamber, (5) Cyclone, (6) Stationary fluid bed, (7) Fluid bed cyclone 

and (8) Transport cyclone[14] 

B-290 is engineered in a way to work both in open and closed mode. A schematic of spray dryer 

in the open mode is shown in figure 5. Here, the atmospheric air is heated and transported to the 

drying chamber and then vented back into the atmosphere. This is one of the most commonly 

used designs. Figure 7 represents an open cycle spray dryer and its components. 

 

Figure 5 :  The open cycle spray dryer (1) Feed storage, (2) Pump, (3)Drying chamber, (4) Air 

heater, (5) Cyclone, (6) Gas scrubber and (7) Separator[14] 
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On the other hand, the closed spray dryer recycles air or inert gas such as nitrogen into the drying 

chamber. This type of spray dryers are used to spray dry flammable organic solvents, oxidative 

materials and processes that might have products with toxic waste. The B-290 runs on the closed 

mode by attaching Buchi’s inert loop B-295. Figure 6 (a) shows the image of the Buchi’s inert 

loop B-295 and figure 8(b) shows a schematic indicating the flow of air being recycled. 

 

(a)

 
(a)

Figure 6 (a): Image of Buchi B-295 and (b) schematic depicting air flow on attachment of inert 

loopB-295  to B-290. 

 This spray dryer is a user-friendly instrument offering non-abrasive drying and size reduction of 

the fluid feed, within a short duration of time. B-290 is easy to clean, maintain and has controls 

that can help regulate spray drying of a wide variety of substances. The operations of the machine 
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allows the use of inlet temperature to a maximum of 220 ⁰C, air flow if 35 m3/h and utilizes 

compressed air (e.g. nitrogen) pumped in to the machine to a pressure of 200- 1000 L/h.  The B-

290 atomizes the fluid using a pneumatic two fluid nozzle having a nozzle diameter of 0.7 mm 

and the dryer has an in-built feature for cleaning the nozzle. It also has available a three-fluid 

nozzle which has an ability to introduce two immiscible fluids into the drying chamber and also 

produce core shell capsules.  Besides drying, the B-290 has been reported to be used for 

modifying particle size, particle coating, structure modification, microencapsulation and 

immobilization of liquids and preparation of solid materials in a matrix. [8,15,18] 

 

 

Figure 7: Image of the Mini Spray Dryer B-290 and its components equipped with the drying 

chamber and cyclone chamber.  (1) air inlet, (2) electric heater, (3) drying chamber, (4) cyclone 

chamber, (5) collection vessel, (6) outlet filter, (7) fluid feed and (8) peristaltic pump 
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Spray drying using the B-290 typically utilizes the pneumatic two fluid nozzle (TFN) to atomize 

the droplets of the fluid feed into droplets. The TFN creates atomization of the feed solution by 

inducing high frictional shearing forces between the surface of fluid feed liquid and compressed 

air at a high velocity through a swirl insert.  The swirl insert induces rotation of the 

compressed air and creates high shearing forces on the fluid feed to reduce the size of the droplets 

produced (Figure 8). 

 

Figure 8: Cross-sectional view of the TFN [3] 

 The working of B-290 is similar to a one stage spray dryer with a counter-current atomization 

process. 

1.2.2 Nano Spray Dryer by BÜchi (B-90)  

The B-90 is classified as a single stage spray dryer where drying is performed once, as a single 

step thereby reducing the moisture content by 2-5% by weight. The B-90 is designed to be used 

specifically to produce nano-sized particles. It has been reported to spray dry nanoparticulate 

solutions, suspensions and emulsions into particles within the micron and nanometer sized range 

as well as prepares encapsulation and engineered nanosized particles. The B-90 has several 

integral parts including the spray cap with vibrating perforated mesh, collecting assembly of the 

two electrodes, direction of flow of nitrogen gas and fluid feed (Figure 9). The B-90 has been 

reported to produce nanoparticles and has been used in pharmaceutical research. The B-90 

atomizes the fluid feed by a differing mechanism from the two-fluid nozzle used in the B-290.  
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The B-90 nozzle can produce fine droplets from the fluid feed using piezoelectric technology to 

create an ultrasonic frequency that actuates the vibrating mesh to produce droplets within a 

specific size range. The rate of generation of such fine droplets is high due to the presence of 

many equal sized perforations in the vibrating mesh (Figures 9c). This vibrating mesh is 

incorporated into a bullet-shaped spray cap and attached to a small fluid reservoir to form the B-

90 nozzle (Figure 9d-9e). B-90 nozzles are commercially available with three mesh size ranges, 

4, 5.5 and 7 µm. Figure 9(d) is an image of the mesh with the size range of 4.0 µm.        

                                 
(a) 

                                                                          

(b) 

(d) (c) 
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(e) (f)

Figure 9: (a) image of Nano Spray Dryer B-90[21–23] (b) schematic representation of Nano 

spray dryer B-90[24] (c) 4.0 µm spray nozzle used (d) schematic of working of the vibrating mesh 

within the nozzle,[8,24,25] (e) complete assembly and working of the piezoelectric nozzle [21] 

and (f) method of collection of powder product. 

The B-90 nozzle and associated atomization mechanism is a key difference between the B-90 and 

B-290. Another key difference is the method of powder collection. The B-90 contains a 

cylindrical particle collecting hollow drum that acts as a cathode, while a ground star-shaped 

stack acts as an anode (Figure 9b).Together, the anode and cathode generate an electro-magnetic 

field which induces particle deposition and collection on the drum as a fine, dried powder (Figure 

9f). [8,21–23,25–28]                                                           

1.3 Deficits of B-90 

Even though B-90 is one of the only commercially available spray dryers for producing nano-

sized particles, it has numerous disadvantages.  Specifically, the B-90 can spray dry only about 5-

20 mLs of feed solution, above which the equipment tends to show errors thus necessitating 

constant monitoring by the user. Also, it is difficult to spray dry fluid feed of viscosity measuring 

above7 centipoise without usually, clogging the vibrating mesh. On clogging, the spray dryer 

stops working and reports the problem as an “error”. The design of B-90 is such that one is 

intimated of the clogged mesh when “error alarm” gets activated. The machine demands thorough 

process optimization in order to avoid “crustification” caused by imbalance in the parameters of 
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the feed solution like viscosity, conductivity, surface tension, concentration of the solution and 

solvent boiling point.  Figure 10 depicts crustification on the spray cap. Crustification is also 

caused by highly concentrated and viscous solutions, rendering a 50-75% reduction in the 

concentration of the feed solution when compared to the permissible concentration used for the 

B-290. The powder obtained after spray drying using the Nano Spray Dryer B-90 is usually flaky, 

not free-flowing and requires further processing of the yield like sieving or any other de-caking or 

loosening method. This problem can be attributed to the restricted inlet temperature tolerance by 

the Nano Spray Dryer of 120 ⁰C. The Büchi Mini Spray Dryer B-290 can work at higher 

temperatures of 220 ⁰C and above as well, hence facilitating the production of well dried and free 

flowing powders. B-90’s electromagnetic collection technique produces powders which are 

highly static and hence most of the yield is lost in the process of collection.The long processing 

time and requirement of approximately 100L/min of compressed gas, for spray drying a few 

milliliters of feed solution, restricts its use upmarket Pharmaceutical laboratories/companies only. 

[21,24,29,30] 

 

Figure 10: Crustification on spray cap [29] 

1.4 Objective  

The objective of this thesis project was to design and evaluate possible novel nano-nozzle that 

can produce nanoparticles similar to the B-90 but overcomes some of its limitations (e.g. spray 

drying of nanoparticles in a more efficient and economical manner). In order to analyze the 
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performance and functionality of prototype nozzles, excipients were selected for powder 

characterization pre and post spray drying. 

1.5.1 Selection of excipients 

Numerous pharmaceutical excipients were screened in their aqueous and hydroalcoholic 

solutions. Preliminary studies narrower potential model excipient solutions based on the ability to 

nebulize through commercial vibrating mesh nebulizers (e.g. Aeroneb® Pro, Aeroneb® Go, 

Aeroneb® Solo) and on solution viscosities. The concentration of the excipient solutions were 

finalized depending on the viscosity and qualitative ease of nebulization. Lactose, hydroxypropyl 

cellulose and polyvinyl alcohol were chosen as excipients and their feed solutions were prepared 

in aqueous phase and alcoholic phase (Table 1). Some solutions were further diluted for operation 

in the B-90 based on instrument limitations. 

Table 1: The model excipient solutions chosen for characterization of a new spray drier nano-

nozzle. 

Excipient solution 
Concentration used 

for Mini B-290 
(% w/v) 

Concentration used 
for Nano B-90 

(% w/v) 

Viscosity 
measurements in 

centipoise 

Lactose in water 10.00 2.00 ~ 3 

Hydroxypropyl 
cellulose (HPC) in 

water 
1.00 0.75 ~ 4 

Polyvinyl alcohol 
(PVA) in 10% ethanol 

1.00 0.50 ~ 8 

 

1.5.2 Methods to characterize spray dried product 

The physical and chemical properties of powdered excipients were evaluated for powders 

obtained by spray drying using, 1) the novel nano-nozzle in the B-290, 2) the TFN in the B-290, 

and 3) the conventional nozzle incorporated in the B-90. For the holistic comparison between the 
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efficiency amongst the three different nozzles analytical techniques like Scanning Electron 

Microscopy, Differential Scanning Calorimetry, Fourier Transform Infra-red spectroscopy, 

Particle size analysis were performed to gauge the surface morphology of the obtained powders, 

to observe any physical changes in the product, alteration in the chemical integrity of the powders 

and measure the particle size of the obtained products, respectively. To understand the efficiency 

of the three nozzles, the yield obtained was calculated and the moisture content of the products 

were calculated using the Karl Fisher Titration.   

1.6 Hypothesis 

Based on the objective of the project and the proposed methods for characterization, it is 

hypothesized that the incorporation of a novel nano-nozzle into a laboratory scale spray dryer 

BÜchi B-290 will yield nano-sized particles.  This hypothesis is then dependent on the creation 

and evaluation of novel nano-nozzle prototypes that will be incorporated into the B-290. 
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CHAPTER 2: DESIGINING OF A NANO-NOZZLE 
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2.1 Introduction 

2.1.1 Need for a nebulizer in a nozzle 

The B-90 cannot easily spray dry larger volumes and viscous feed, without clogging the nozzle. 

The high consumption of compressed gas of about 100 L/min and commonly observed 

crustification around it piezoelectric nozzle, underlines the need of designing a nozzle that 

overcomes the challenges of using the B-90. The critical component of the B-90 is its 

piezoelectric nozzle which causes a high reduction in the droplet size and hence produces 

nanoparticles. Also, it is known that nebulizers contain a similar vibrating mesh which although 

functions on the supply of electric charge, is known to aerosolize the feed. Hence, the idea to 

incorporate a nebulizer, housing such a vibrating mesh, into a nozzle, would make the production 

of nanoparticles both user-friendly and efficient, without high consumption of compressed gas 

and can overcome the many deficits of B-90. 

A nano-nozzle is engineered to be incorporated in to the Mini Spay Dryer B-290. The ideal 

prototype nano-nozzle will replace the two fluid nozzle in the spray dryer but will be able to 

produce a finer aerosol. This aerosol dries when it enters into the drying chamber resulting in 

collected particles that are of reduced size.  In order for the nano-nozzle to function, an electric 

current must be supplied to the piezoelectric mechanism for mesh vibration. An external control 

module will supply the electrical current and must be connected to the nebulizer.  

2.1.2 Choice of nebulizer  

A variety of nebulizers are available in the market that would aerosolize the feed solution and 

release the mist into the drying chamber. Hence, certain factors are predetermined that help in the 

selection of a right nebulizer to fit within the customized nozzle. The following are the requisites 

for choosing a nebulizer: 
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A. Presence of an appropriate vibrating device that can be operated using electric current. The 

vibrating device must nebulize the feed solution in to droplets of a smaller size ranging from 4- 7 

µm (similar to the size range of nozzle present in the Nano spray dryer B-90).  

B. Availability of an easy user-friendly control module or electric supplier, which can be 

connected to the nebulizer to enable nebulization.  

C. Ease of incorporation of the nebulizer and the control module on to the nozzle, and the final 

assembly of all three parts in to the Mini Spray Dryer B-290. An operation of the Mini Spray 

Dryer B-290, utilizes vacuum, compressed gas, nitrogen and aspirator. These together add 

pressure within the instrument and thus the final assembly must be robust enough, to not only 

withstand pressure generated by the instrument but also to endure the electricity produced by 

control module, without breaking the wires. 

D. The Mini Spray dryer B-290 has an inch wide channel, enveloped by the electric heater. The 

two fluid nozzle is introduced in to the instrument through this channel. The customized nozzle 

must be of such dimensions that it can snuggly accommodate itself in the same space, in order for 

the fluids to be heated by the heater. The channel is 6” long and 1”wide and hence, the nebulizer 

head must have similar diameter so that it can be affixed on the nozzle. 

After a thorough market search, nebulizers manufactured by Aerogen (Galway, Ireland) were 

found to be suitable for designing. Aerogen had nebulizers with a vibrating device, 1” wide 

nebulizer stem and which could be operated using sturdy electric wires and control module that 

would be responsible for the supply of electricity to aerosolize the feedAerogen nebulizers 

function by the Aeroneb® Pro-X controller, which work on a continuous mode. The nebulizer 

and control module work in conjunction without requiring compressed gas. They nebulize the 

feed solution in to droplets with Mean Median Aerodynamic Diameter of 3-4 µm and is known to 

leave behind a residual volume of less than 0.1 mL for a 3 mL dose. . The Aerogen nebulizers 
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envelop the vibrating mesh within a couple layers of silicon housing. Thus, there was a need to 

isolate the vibrating mesh from the external silicon housing and then electricity had to be 

provided directly to the fine wires soldered on the vibrating mesh.    

2.1.3 Structure of Aerogen Nebulizer 

Nebulizers manufactured by Aerogen contain a vibrating aperture plate which is the critical 

element responsible for the production of the aerosol and eventual production of nano-sized 

particles (Figure 11. This vibrating aperture plate is enveloped in a protective silicon housing that 

contains two fine wires connected to the vibrating plate via piezoelectric crystals.  The vibrating 

aperture plate is a conducting metal sheet with in built angular holes. Wafers (semi-conductor of 

electricity) are used to make these angular (or tapered) aperture plates. Every plate constitute over 

1000 or more such tapered holes (Figure 13). Surrounding the aperture plate is an oscillator 

washer which rests on the vibrating element. The combination of the oscillator plate and the 

vibrating element, together with the aperture plate act as two points of contact (cathode and 

anode) to conduct electricity (Figure 12). [31] 

Diameter of vibrating aperture plate is 
0.57mm

Diameter of the mesh is 0.25mm 

  

Figure 11: Aerosolization of solution using the vibrating aperture plate [32] 
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Figure 12: The cross sectional view of the vibrating aperture plate [32]  

 

Figure 13: The cross-sectional view of the tapered holes [32] 

 

Each tapered hole has an aperture exit diameter that regulates the the diameter of the droplet 

formed during aerosolization (Figure 14). The feed solution nebulized forms droplets with the 

volume mean diameter (VMD) of approximately 4 µm. This small VMD is responsible for the 

reduction in the particle size of the feed solution. On drying, these droplets have a particle size 

ranging smaller than the size of the solute used. Figure 14 illustrating the aperture exit diameter 

of the tapered holes (part of the aperture plate) 
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Diameter of the aperture exit 
diameter is 4 µm

 

Figure 14: Image of aperture exit diameter of 4 µm for the tapered holes of the aperture plate[32] 

2.1.4 Control module 

Aerogen manufactures the control module that aids in nebulization of medication (or feed 

solution, in this case). The model used for design of prototype nano-nozzles is the Aeroneb® Pro-

X (Figure 15). This controller facilitates nebulization in two operating modes: 30 minutes or 

continuous. For the purpose of spray drying, where the volume of feed solution to be spray dried 

can range from 50 mL to 1L, the continuous mode is the preferred user friendly option. An 

AC/DC adapter (figure 16) is also provided to supply current to the controller during 

nebulization. The control module can also operate up to 45-60 minutes using an internal 

rechargeable battery, but the continuous mode cannot function on battery power. Therefore, the 

adapter was continuously connected to the control module for studies involving prototype nano-

nozzles. On average, approximately 3 mL of feed solution can be nebulized in approximately 7-

10 minutes, leaving a residual 0.1- 0.3 mL of non-nebulized solution on the aperture mesh. Such a 

rate of nebulization is influenced by liquid properties including the viscosity of the feed solution. 

Regular cleaning and maintenance of the control module was performed.  The consumption of 

energy by the control module Aeroneb® Pro-X is less than 8.0 Watts, assuming the control 
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module is constantly charged (the internal rechargeable battery has a nominal output of 4.8V). 

The AC/DC adapter has an input of 100- 240 VAC and output of 9V.  

 

  

Figure 15:The Aeroneb® Pro-X control module with a nebulizer connected.[33] 

 

Figure 16:An AC/DC adapter [33] 

2.1.5 Design of Prototype Nano-nozzles 

Three commercially available nebulizers were selected for development of prototype nano-

nozzle, the Aeroneb® Pro, Aeroneb® Go and Aeroneb® Solo (Figure 17)  
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Figure 17: Images of (a) Aeroneb® Pro, (b) Aeroneb® Go and (c) Aeroneb® Solo [34]                                   

                                                         

 

2.2 Prototype Designs Attempted with the Aeroneb® Pro 

There are advantages of using Aeroneb® Pro which make this nebulizer a likely choice. This 

nebulizer can nebulize not only solutions but also suspensions, without requiring additional 

electrical current. The materials used to make these nebulizers are durable with a long lifespan as 

well as being heat resistant for possible sterilization.  These materials should be able to withstand 

temperatures inside the drying chamber of spray dryer.  The vibrating aperture plate is protected 

from physical and mechanical damage by coating a thin layer of protectant on the oscillator 

washer. Also the plate is housed within primary and secondary silicon housing. The primary 

silicon housing envelopes the plate and the secondary silicon housing envelop the primary silicon 

housing (Figure 18).  

 

(a) 
 
(b) 

Figure 18: Image of the Aeroneb® Pro showing the (a) primary and (b) secondary silicon 

housing [35] 
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The first prototype based on the Aeroneb® Pro was built by cutting the secondary silicon housing 

and the truncated outlet for the electric connector to expose the primary silicon housing (figure 

19). This process left behind the primary silicon housing enveloping the vibrating aperture plate 

and two fine electric wires (connected to the piezoelectric crystals) that are responsible for 

transmittance of electric charge on to the plate. 24 gauge wires (external wires) were soldered on 

the ends of these electric wires, as shown in figure 24. The external wires of a length of about 14” 

were used and then their ends were soldered to 18 gauge wires. The connector of the control 

module can complete the electric circuit by the insertion of 18 gauge wire on to the female port of 

the connector. A full circuit could be formed and a test run of solution (saline solution) was 

nebulized to verify the completion electric supply.  

 

(a) 
(b) 
(c) 
 
(d) 

Figure 19: Image showing the (a) primary housing, (b) protective silicon housing, (c) fine electric 

wires and (d) soldered 24 gauge wire 

The liberated mesh and housing were then incorporated into the metallic adapter that was screwed 

on the two fluid nozzle, instead of the swirl insert. The metallic adapter was made using 

aluminum of a total of 20 mm length. Figure 20 is of the metallic adapter, which is divided in two 

sections, the top being the threaded part that screws on to the TFN and the bottom section has a 

recess to accommodate the exposed primary silicon housing and wires. A vent measuring 3mm in 

radius is drilled onto the bottom section of this adapter, in order to avoid condensation of 

nebulized feed solution. The top section measures a total of 8.0 mm and the bottom section is 
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further divided into two sub-sections. The total measure of the bottom section is 12mm, of which 

the lower 6 mm incorporated the exposed primary silicon housing and wires, while the upper 6 

mm includes the vent. The height of the entire adapter is also dependent on the length of the total 

nozzle that is necessary to maintain (6”), in order to ensure that the atomized droplets of feed 

solution enter the drying chamber at a specific distance. Figure 20, 21 and 22 shows the metallic 

adapter from various views. 

 

 
(a) 
 
 
(b) 
 
(c) 
(d) 

Figure 20: Side view of (a) top section, (b) upper sub-section of bottom section, (c) lower sub-

section of bottom section and (d) vent of the metallic adapter 

 

Figure 21: The top view of the adapter 
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Figure 22: The bottom view of the adapter 

This design was not finalized and used further for spray drying, since the wires of 24 gauges were 

very fragile and easy to damage. The electric circuit was found to disconnect after every few 

minutes given the fragile connection between the 24 gauge and 18 gauge. Also the weight of the 

assembly made the 24 gauge wires to break and the 18 gauge wires to lose contact with the 

control module. 

In order to resolve the fragility of this preliminary design, the primary silicon housing was also 

cut open by drawing a fine slit in the silicon. This silicon is then carefully separated from the fine 

wires and plate for further use. The oscillator washer also contains the piezoelectric crystals 

which were removed along with the housing. At the same location, the 14” of 20 gauge wires 

were soldered and the end of the 20 gauge was soldered for another 10” to 18 gauge. These wires 

are then directly connected to the control module. The removed primary silicon housing is then 

placed back on the plate and sealed using some caulking. The soldered area is then enveloped by 

heat shrinks and sealed to strengthen the exposed copper wires, using a heat gun for 

approximately 2 min. Figure 23 illustrates the exposed vibrating aperture plate with soldered 20 

gauge wires at the spot of piezoelectric crystals. Figure 24 shows the entire length and soldering 

of the two wires. 
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Figure 23: The exposed vibrating plate with 20 gauge wires and heat shrink. 

 

Figure 24: The entire length of two sets of soldered wires. 

This design has certain pitfalls, one of the major limitation being the de-soldering of the gauge 20 

wires from its location on oscillator washer. The coating on the oscillator washer, responsible for 

conducting electricity, often melted dislocating the solder and hence, this design was also not 

further pursued. 

A subsequent modification was made to provide a more robust electrical connection by utilizing a 

bronze washer. The bronze washer was soldered on one of the wires (20 gauge) on the back side 

of the plate, while the other wire gets soldered on to the oscillator washer. The two disc system 

(one plate and one washer) was assembled together sealed using industrial glue. This system was 

then enveloped by a housing made of caulking. This design was discontinued since the contact 

between the plate and the washer was weak, rendering an incomplete electric circuit. 

These prototype iterations demonstrated the limitations of the Aeroneb® Pro as the base for a 

novel nano-nozzle for spray drying.  Specifically, designs based on the Aeroneb® Pro nebulizer, 
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would result in busting of wires, unsoldering of the finer wires from the robust wires, incomplete 

electric circuit and exposure of wires, depicting lack of robustness in the design.  An alternative 

vibrating mesh nebulizer, the Aeroneb® Go, was then pursued for possible prototype design and 

modification as a nano-nozzle for incorporation into the Mini Spray Dryer B-290. 

 

2.3 Prototype Designs Attempted with the Aeroneb® Go 

The Aeroneb® Go is a portable vibrating mesh nebulizer with excellent aerosolizing properties, 

sturdy wires of the connector cable and a bi-channeled port connecting the control module 

(Figure 30).  Prototype designs continued the approach of isolation of the vibrating mesh from the 

nebulizer and incorporation into an adapter that could be affixed to the end of the TFN. The feed 

solution would be pumped from outside (like the conventional functioning of the Mini Spray 

Dryer) to enter into the medication cup port. This nebulizer has a different connector for 

supplying electricity and a different control module (Figure 26). When the feed solution enters 

into the medication cup port, it is nebulized and the aerosol exits the nebulizer through the 

mouthpiece area.  

 

(a) 
 
(b) 
(c) 
(d) 
 
(e) 
 

Figure 25 :Image of  (a) medication cup port, (b) cable connection port, (c) mouthpiece, (d) 

nebulizer body and (e) Control module of the Aeroneb® Go [33] 
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Figure 26:The connector cable that unites with the cable connection port to complete the electric 

circuit.[33] 

This design, although user-friendly and addresses the previous issues identified with the 

Aeroneb® Pro, has two additional limitations that became apparent during prototype design and 

evaluation.  The first challenge was the plastics used in the nebulizer body.  The plastic used in 

making the nebulizer body and mouth piece melts at 140 ⁰C and could not tolerate the elevated 

temperatures experienced in the drying chamber with aqueous solutions of excipients such as 

lactose. 

One prototype that overcame the melting plastic utilized a cut-out nebulizer comprising the 

vibrating mesh and surrounding parts from the Aerogen® Go (Figure 27).   It is not commercially 

available but used for demonstration purposes. This design allowed the cut-out nebulizer to 

connect to the connector cable (Figure 28). This assembly is then attached to the metallic adapter 

which is in turn screwed on to the TFN. Although this design bypassed the issue of melting 

plastic, the connector cable could only exit the drying chamber through a tight gasket between the 

glass wall of the drying chamber and the heating element.  The connecting cable has a greater 

diameter than the wires used in previous prototypes based on the Aeroneb® Pro and has difficulty 

exiting the drying chamber without damage (Figure 29).  Specifically, the drying chamber is 

secured and locked to the heating element which damaged and compressed the wires within the 

connector cable.  This resulted in damage to the fine wires inside the cable which broke in this 

process.  The second challenge with prototypes based on the Aeroneb® Go deals with the fragile 

wires in the connector cable and probability of damage leading to loss of electrical current in the 

vibrating mesh as seen with the previous designs.  
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(a) 
 
(b) 

Figure 27: The top view of (a) silicon housing of cut-out and (b) vibrating aperture plate. 

 
(a) 
 
(b) 

 

Figure 28: The  side view of the cut-out nebulizer (a) junction joining the fine wires of plate to (b) 

a bi-channeled 3.5 mm stereo male port. 

 

 
(a) 
 
(b) 

Figure 29: Representing the (a) male port of the connector cable and (b) female port of the 

connector cable 

The limitations of plastic melting and connector cable fragility prevented further prototype 

development based on the Aeroneb® Go.  Specifically, these designs could not withstand 

prolonged spray drying as the junction (as shown in figure 28) could not withstand the pressure 

with which the feed solution came in contact with the cut-out nebulizer. Also, the finer wires 

contained within the connector cable would break when the cable is made to exit the spray dryer 
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via the gasket. This makes the electric circuit instable with only periodical supply of electricity. 

Hence, no further prototypes were designed with this nebulizer. 

2.4 Prototype Designs Attempted with the Aeroneb® Solo 

Previous prototypes based on the Aeroneb® Pro and Go models attempted to retrofit the TFN to 

accept varying vibrating mesh apertures at a point of nebulization within the drying chamber in 

similar manner to the typical functioning of the TFN.  These designs also mimicked the 

functioning of the B-90 by introducing the aerosol within the drying chamber. These preliminary 

prototypes failed due to the observed leaks seen at the mesh owing to its incapability to withstand 

high pressure of the incoming drying gas, exposed wires that leave the drying chamber through 

gaskets- rendering the electric circuit to break. Also, clogging of the vibrating mesh was not easy 

to observe since the mesh placed inside the drying chamber. Moreover, the previous designs did 

not include a port for supplying nitrogen gas and there was no provision for a vent to prevent the 

condensation of the aerosol. Therefore, a mechanism to prevent and overcome the 

aforementioned problems was identified and corrected by locating the aerosolization device 

outside of the drying chamber.  Conceptually, this prototype would be based on a small vibrating 

mesh nebulizer located outside of the drying chamber connected to a spacer chamber that carries 

the aerosol droplets into the drying chamber.  The Aeroneb® Solo was selected as the 

aerosolization mechanism for further prototype development also because it is transparent 

enabling an easy view of the feed being aerosolized and clogging, if any. Figure 30 depicts the 

various parts of the Aeroneb® Solo.  
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(a) 

(b) 

(c) 

 

(d) 

Figure 30: The various parts of the Aeroneb Solo nebulizer such as (a) Feed solution seal, (b) 

electric connector port or silicon plug, (c) reservoir and (d) stem of the nebulizer.[36] 

The reservoir can contain up to 6 mL of feed solution and the seal can help in preventing loss of 

solvent (example: organic solvents). Besides, the seal also avoids contamination like dust, dirt 

and lint which can otherwise easily enter the reservoir and clog the vibrating aperture plate or 

surpass through the plate and deposit in the collecting vessel of the nebulizer along with the 

product. The entire Aeroneb® Solo unit is made up of clear plastic, allowing easy visualization of 

the process of nebulization and helps the user understand operational issue like clogging. The 

silicon plug can be attached and detached to the connector of the control module, even during the 

process nebulization, without causing loss of circuit pressure. 

The nano-nozzle was engineered by making certain crucial modifications in the Aeroneb® Solo. 

When the aerosolized feed solution exits the nebulizer and enters into the drying chamber, it tends 

to condense on the rim and edges of the stem of the nebulizer. The reason for condensation is 

difference in temperature at the different regions of the nebulizer and the temperature of the feed 

solution. Condensation retards the purpose of spray drying which is to dry and collect the 

nebulized aerosol of feed solution. The condensed droplets accumulate in to bigger droplets and 

enter the drying chamber as huge drops which on drying produce agglomerates and aggregates. 

To solve this problem of condensation, the stem of the Aeroneb® Solo nebulizer must be 
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ventilated .[37,38] Twelve equidistant holes of 0.5 mm are drilled at an angle on to the stem 

region of the nebulizer. These holes are located at a distance of 2 mm from the top of the stem 

with the angle at which the holes are drilled is 45⁰ (external angle) (Figure 31). 

 

(a) 
 
 
 
(b) 
 

Figure 31: Image showing  (a) attached silicon plug to connector of control module and (b) the 

equidistant holes on the stem of the nebulizer 

A spacer chamber was built to help transporting the aerosol from the stem of the nebulizer in to 

the drying chamber. Since the spacer chamber gets enveloped by the electric heater of the Mini 

Spray dryer B-290, the spacer chamber was made to have specific dimensions for a snug fit. The 

spacer chamber is used instead of the TFN in the Mini Spray Dryer B-290 and the operations of 

the Spray dryer will hence be slightly changes. Figure 32 is an image of the spacer chamber built 

using plastic tubes. The modified nebulizer was attached to the spacer chamber and hence the 

junction was secured using a holder.  
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(a) 

 

 

(b) 

Figure 32: A spacer chamber and its two parts (a) holder and (b) shaft 

The holder designed affixed at the junction between the modified nozzle and the shaft of the 

spacer chamber. The length of the holder is 1” and is made up of a black plastic tube with an 

internal diameter of 21 mm and external diameter of 25 mm. The length of the shaft of the spacer 

chamber is 7” and again the shaft is made up of black plastic tubing with an internal diameter of 

20 mm and external diameter of 16 mm.  

To supply nitrogen gas in to the drying chamber, an adapter was built. In this design, nitrogen gas 

has an additional role of directing the flow of aerosolized feed solution into the drying chamber. 

Hence, after replacing the conventional TFN by the modified nozzle attached on to the spacer 

chamber, an adapter for supplying nitrogen gas is affixed. The nitrogen adapter was built by 

fusing two plastic petri plates (2.0” diameter). A hole was drilled, measuring 1.25” in diameter, 

on either petri plates. The holes allow the adapter to envelop around the stem of modified 

nebulizer. After fusing the two petri plates, another 9 mm hole or inlet of the nitrogen gas was 

drilled at the junction two petri plates, along the width of the adapter. Figure 33 shows the hole 

for the inlet of gas. Figure 34 shows the image of the top view of adapter. 
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Figure 33: Image of the hole for the inlet of nitrogen gas 

 

Figure 34: The top view of the nitrogen adapter 

Finally, to assemble the nano-nozzle, the connector of the control module was connected to the 

silicon plug of the modified nebulizer. The nitrogen adapter encircled the stem of nebulizer and 

the tubing for nitrogen gas was introduced on the adapter, at the hole for its inlet. The shaft of the 

spacer chamber was then affixed on this stem of the nebulizer. The holder of the spacer chamber 

enveloped around this junction between the nebulizer and the shaft of the spacer chamber. Also, a 

1 mm syringe was inserted in to the feed solution seal of the nebulizer, to ensure a drop by drop 

nebulization of the feed solution and to avoid over filling of the reservoir of the Aeroneb® Solo. 

Figure 35 represents the entire assembling of the Nano-nozzle. 
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Figure 35: The assembled nano-nozzle 

On comparing the operations between the nano-nozzle and the TFN, a major difference is seen in 

spray appearance. Figures 36 show the spray appearance from the TFN and the nano-nozzle. 

 

Figure 36:The spray appearance from TFN (left) and NN (right) 

To summarize this section of designing a nano-nozzle, the important criteria that help in building 

a robust nano-nozzle is to provide external electric cables, create a vent to avoid condensation, 

build a spacer chamber that can transport aerosol into the drying chamber and design an adapter 

to supply nitrogen gas. [37,39] 
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The design using the Aeroneb® Solo, proved to be robust over long duration of time, without any 

damage to the electric system. Also the aerosol was produced before its introduction in to the 

drying chamber, hence avoiding any problems of condensation of the droplets on the rim of the 

nozzle. From figure 36 on left, one can recognize the successful aerosolization of the feed 

through the assembly of the nano-nozzle comprising the Aeroneb® Solo.  

For the production of nanoparticles and performing analysis on the obtained product to prove the 

hypothesis, the nano-nozzle (containing the Aeroneb® Solo) was used. 
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CHAPTER 3: MATERIALS USED TO SPRAY DRY 

AND METHODS USED TO CHARACTERIZE THE 

OBTAINED SPRAY DRIED PRODUCT 

 

 

 

 

 

3.1 Materials 
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Commercial grade lactose (Sigma Aldrich, Milwaukee, WI), hydroxypropyl cellulose (Nisso 

America Inc., New York, NY) and poly(vinyl alcohol) 80% hydrolyzed (Sigma Aldrich, 

Milwaukee, WI) were used to prepare solutions for spray drying using the Mini Spray Dryer B-

290 and the Nano Spray Dryer B-90 (both BÜchi Labortechnik, Flawil, Switzerland). Ethanol 

(RICCA Chemical, Arlington, TX), acetone and propylene glycol (both Fisher Scientific, Fair 

Lawn, NJ) were used to prepare solutions for spray drying and performing particle size analysis 

using ZetaPlus (Brookhaven Instruments Corporation, Holtsville, NY). Solutions for spray drying 

were prepared as % w/v solutions and at least 500 mL of each solution was spray dried as one 

batch. For volatile solutions containing pure or mixtures of water and organic solvents like 

ethanol, isopropyl alcohol, acetone, etc. the Mini Spray Dryer B-290 was connected to the Inert 

Loop B-295 (BÜchi Labortechnik, Flawil, Switzerland).   

3.2 Preparation of Excipient Solutions  

For spray drying lactose using the Mini Spray Dryer B-290 with TFN and NN, 10 g of lactose 

was added in aliquots to 100 mL water in a beaker equipped with magnetic stirrer for 5 min at 

room temperature before spray drying. The solution formed was filtered through 0.45 µm filter 

(Dow Corning, MI). 

On the other hand, owing to difficulty of spray drying using the Nano Spray Dryer B-90, a 2% 

w/v lactose in water solution was prepared by adding 2 g of lactose in aliquots to 100 mL water in 

a beaker equipped with magnetic stirrer for 5 min at room temperature before spray drying. The 

solution formed was filtered through 0.45 µm filter. 

1% w/v HPC in water was used for spray drying using the Mini Spray Dryer B-290 with TFN and 

NN by adding 1 g of HPC in aliquots to 100 mL deionized water in a beaker equipped with 

magnetic stirrer for 20 min at room temperature before spray drying. The solution formed was 

filtered through 0.45 µm filter Again, for spray drying using the Nano Spray Dryer B-90, 0.75 g 

of HPC was added in aliquots to 100 mL deionized water in a beaker equipped with magnetic 
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stirrer for 20 min at room temperature before spray drying. The solution formed was filtered 

through 0.45 µm filter. 

 

Since, PVA in water-ethanol mixture, is quite viscous only 1% w/v PVA in water is prepared by 

adding 1 g PVA in aliquots to 100 mL of 10% ethanol in deionized water in a beaker equipped 

with magnetic stirrer for 20 mins at room temperature before spray drying using the Mini Spray 

dryer B-290 with TFN and NN. The solution formed was filtered through 0.45 µm filter. For 

spray drying using the Nano Spray Dryer B-90, 0.5 g PVA of was added in aliquots to 100 mL of 

10% ethanol in deionized water in a beaker equipped with magnetic stirrer for 20 mins at room 

temperature before spray drying. The solution formed was filtered through 0.45 µm filter. 

 

3.3 Spray Drying of Excipient Solutions 

The variables for spray drying were optimized and were kept constant for all batches of the 

respective excipient spray dried, as shown in Table 3 & Table 4. The B-290 equipment allows the 

user to regulate the inlet temperature, feed rate of sample and aspirator air flow rate. Table 3 

shows the operational parameters optimized for B-290 with TFN and NN. The inlet temperatures 

are temperatures at which solvent is most effectively removed from the droplets. The aspirator 

delivers the drying gas at 

a flow rate of 38 m3/hr and influences the maximize degree of powder separation in the cyclone 

chamber. Compressed nitrogen gas was circulated through the spray dryer so as to displace the 

oxygen from the system. Once the oxygen level in the spray dryer was less than 6 %, the inlet 

temperature was set to as stated in the table 2. It is the drying temperature at which the solvent is 

removed from the feed solution. The outlet temperature was in range of 65-70º C. In practice the 

outlet temperature is highest temperature at which the product can be heated. The feed solution 

was introduced in to the drying chamber only after it reached a particular outlet temperature. The 

spray gas flow rate was varied from 30mm to 60mm (357 to 742 L/hr) to influence the degree of 
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atomization of the liquid feed into droplets. The drug solutions were delivered to the spray drier 

at a feed rate of 15% (5mL/min). The parameters were optimized to maintain uniformity between 

the use of TFN and NN in the Minin Spray dryer B-290, owing to the slow rate of aerosolization 

by NN as compared to TFN. After spray drying, all products produced were collected and stored 

in a desiccator to perform various analytical tests. 

Table 2: Parameters used to spray dry all the three excipients using the Mini Spray Dryer B-290. 

Parameters optimized for Mini 

Spray Dryer B-290 
Lactose HPC PVA 

Inlet temperature (⁰C) 185 165 145 

Outlet temperature (⁰C) 65-70 65-70 65-70 

Aspirator air flow rate (m3/h) 38 38 38 

Feed rate (mL/min) 5 5 5 

 

In case of Nano spray dryer B-90, the maximum inlet temperature that the machine can heat up to 

is 120 ⁰C, and hence even the maximum outlet temperature the equipment functions at, is not 

more than 55 ⁰C. The sample feed rate is regulated on a dial, on the scale of 1-4. To avoid 

clogging of the 4 µm nozzle and problems like crustification, the feed rate on the dial setting was 

set as the least possible i.e 1. Table 3 summarizes the parameters optimized to operate the B-90 

for spray drying lactose, HPC and PVA. 

 

 

 

 

Table 3: Parameters used to spray dry all the three excipients using the Nano Spray Dryer B-90 
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Parameters optimized for Nano 

Spray Dryer B-90 
Lactose HPC PVA 

Inlet temperature (⁰C) 120 120 120 

Outlet temperature (⁰C) 45-55 45-55 45-55 

Feed rate (dial setting on a scale 

of 1-4) 
1 1 1 

Mesh size of nozzle (µm) 4 4 4 

 

3.4 Determination of Yield after Spray Drying 

The process yield obtained was calculated after spray drying the feed solutions through two fluid 

nozzle of Mini Spray Dryer B-290, novel nano-nozzle incorporated in Mini Spray Dryer B-290 

and the Nano Spray Dryer B-90, using Equation 1. 

 
 % UT         

T        
100%  (Equation 1) 

Where, the total solid content in the feed solution is the amount in grams of lactose, HPC or PVA 

added to their respective solvent phase to prepare feed solution and the total solid content 

recovered in the product is the amount in grams of lactose, HPC or PVA collected in the 

collection vessel after spray drying.  The % average yield was calculated from results obtained on 

performing experiments in triplicate. Statistical analysis using two-tailed student’s t-test (p<0.05) 

was carried out. 

3.5 Determination of Particle Surface Morphology 

The surface morphology of the bulk powders and spray dried powders was evaluated using 

Scanning Electron Microscopy (SEM).  A Hitachi S-2700 (Tokyo, Japan) Scanning Electron 

Microscope was used with an acceleration voltage of 15.0 kV for bulk powders and powders 

obtained using the B-290 while a Hitachi S-3400N (Tokyo, Japan)  was used at an acceleration 

voltage of 20.0 kV for powders obtained using the B-90 Nano Spray Dryer. Powder samples were 
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mounted on carbon stubs and coated with gold palladium alloy using Quorum EMS150R ES 

sputter coater (Quorum Technologies Ltd, United Kingdom).  

 

3.6 Determination of Particle Size Distribution 

Particle size distribution was determined for bulk materials and spray dried powders with the 

TFN using the dry unit Scirocco 2000 of the laser diffraction particle size analyzer Malvern 

Mastersizer 2000 (Malvern Instruments Ltd., United Kingdom). Sufficient amount of sample was 

placed in the feed chamber and the samples were analyzed as dry dispersions with a flowing 

stream of air.  Samples were analyzed at a feed rate of 100% and an air venture dispersion of 1.0 

to 3.0 bar. The percent obscuration was set between 5 to 7% for all measurements.  Three sets of 

measurements were repeated for three times for each sample. The particle size distribution was 

then reported using the standard parameters (e.g. D (0.5), D (0.9) and D (0.1)). The D (0.5) is the 

median volume diameter at which 50% of sample is smaller than the value derived. The D (0.9) is 

the median volume diameter at which 90% of sample is smaller than the obtained value, and the 

D (0.1) is the median volume diameter at which 10% of sample is smaller than the reported value. 

Statistical analysis using two-tailed student’s t-test (p<0.05) was carried out. 

 

Laser light diffraction is limited in the nanometer size range for particles and necessitated the use 

of a different methodology for evaluation of spray dried powders.  The particle size distribution 

for powders obtained using the novel nano-nozzle and those spray dried using the Nano Spray 

Dryer B-90 were analyzed using the ZetaPlus (Brookhaven Instruments Corporation, Holtsville, 

NY).  Spray dried powders were dispersed in different media and sonicated for 5 minutes (Table 

4). Media was chosen in order to prevent powder to avoid confound measurements.  [22,40–42]  

 

Table 4: Method of sample preparation for sample analysis using ZetaPlus 
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Excipient Dispersion Media Concentration 

Lactose 1:1:: Ethanol: Propylene glycol 10mg of lactose in 10mL of media 

HPC Hot water (at a temperature of 74 ⁰C) 10mg of HPC in 10mL of media 

PVA Acetone 10mg of PVA in 15mL of media 

 

In order to calculate the particle size using the ZetaPlus, the refractive indices and viscosity of the 

sample solution must be determined. While for the values of refractive indices, the reported 

literature values were used, the exact viscosity of the sample solutions were calculated. The 

solutions prepared for particle size analysis (using ZetaPlus) were used to analyze the viscosity of 

the excipients using the Brookfield Digital Viscometer (Stoughton, MA). The Table 5  shows the 

measurement parameters calculated to analyze samples using the ZetaPlus.  All measurements 

were performed in triplicates. 

Table 5 showing the measurement parameters calculated to analyze samples using the ZetaPlus. 

Excipients Viscosity (cP) 
Refractive index of 

dispersion media 

Refractive index of 

particles of excipients 

Lactose 8.400 1.353 1.652 

HPC 1.840 1.362 1.537 

PVA 1.724 1.345 1.535 

 

3.7 Determination of Moisture Content 

The moisture content of the bulk materials and spray dried powders was determined by Karl 

Fisher titration (Mettler DL18 Karl Fischer titrator, NJ, USA). Approximately, 10-25 mg of 

sample was used and moisture content in % w/w was determined for a known weight of sample 

by biamperometric titration. The experiment was performed in triplicates and the tatistical 

analysis using two-tailed student’s t-test (p<0.05) was carried out. 
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3.8 Thermal Analysis of Bulk and Spray Dried Powders 

To determine any change in the physical state of bulk powders and spray dried powders, thermal 

analysis was performed using Differential Scanning Calorimetry (Shimadzu DSC-60, Kyoto, 

Japan).  Approximately 3 to 5mg of the sample was non-hermetically crimped in an aluminum 

pan and heated from room temperature to 250⁰C at a rate of 10⁰C/minute in an atmosphere of 

nitrogen (flow rate=20mL/min). The experiment was performed in triplicates. 

 

3.9 Determination of Infra-Red Spectra 

To evaluate for any probable chemical changes in the excipients, after being spray dried through 

three different nozzles, Fourier transform infrared spectroscopy (FTIR, IRPrestige-21,Shimadzu, 

Tokyo, Japan) was performed. FTIR spectroscopy provides information about the chemical 

integrity of samples by exposing the sample to infrared radiation and recording the wavelengths 

of radiation in the infrared region of the spectrum which are absorbed by the sample. Each sample 

has a characteristic set of absorption bands in its infrared spectrum. This technique was hence 

used to identify any differences in the structure between the bulk and spray dried powders. 

Spectra analysis was performed using IRSolution software. 
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CHAPTER 4: RESULTS & DISCUSSION OF THE 

CHARACTERIZED BULK EXCIPIENTS AND 

SPRAY DRIED PRODUCTS 

 

 

 

 

 

 

4.1 Yield obtained 
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After spray drying each excipient in triplicates through all three nozzles, yield values for lactose, 

HPC, and PVA spray dried using the TFN and NN in B-290 ranged from 70 -80 % w/w and were 

significantly different from the yield obtained on spray drying lactose, HPC and PVA using B-90 

which was found to be of an average of 55-65 % w/w (as seen in Table 7). Statistical tests using 

two-tailed student t-test (p<0.05) showed that there was significant difference in the yield 

obtained using TFN and B-90 as well as NN and B-90. Thus stating that higher yields are 

obtained using the TFN and NN incorporated in the Mini Spray Dryer B-290 compared to the B-

90. The nozzle of Nano Spray dryer B-90 clogs easily and produces lower yields. Besides, the 

collection system in the B-90 involves generation of magnetic field which induces a charge on the 

powder. Powder collection then is challenging which results in a lower yield. Also, the collected 

product is flaky and has a cake-like consistency, suggesting high amounts of residual moisture (as 

seen in the upcoming Table no_)  in the spray dried powder. Yield obtained by using the NN was 

free-flowing and easier to procure after drying, as the product gets collected in a recipient vessel. 

This method of collection reduces staticity and loss of yield. As represented in the table the % 

yield obtained using NN is higher by approximately 10-18% than B-90. The amount of yield 

obtained by using TFN and NN are almost similar, with no significant difference, hence proving 

the efficiency of the machine. Table 6 represents the calculated average yield value and the 

standard deviations of spray dried lactose, HPC and PVA using TFN, B-90 and NN.  

 

 

 

 

 

 

Table 6: Showing the average yield and standard deviation for the three excipients after spray 

drying through three nozzle 
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Yield obtained in % w/w 

TFN B-90 NN 

Lactose 72.6 ± 0.25 62.2 ± 0.56*# 79.6 ± 0. 31 

HPC 78.4 ± 0.38 58.7 ± 0.62*# 75.7 ± 0.28 

PVA 81.3 ± 0.42 63.5 ± 0.59*# 74.8 ± 0.19 

* indicates that statistically there is significant difference between the obtained yields using TFN 

and B-90 and # indicated significant difference between the B-90 and NN. 

 

4.2 Surface morphology using SEM 

Figure 37 (a), (b), (c) and (d) are the images of Scanning Electron Microscopy of bulk lactose, 

spray dried lactose using TFN, B-90 and NN, respectively. All the images are captured at 15.0 kV 

intensity (except the B-90 where the images had an intensity of 20.0 kV) and 5 µm scale. SEM 

images of bulk lactose shows irregularly shaped particles with large angular particles and 

aggregates that reveal a very broad particle size range with particles up to 35µm (Figure 42a). 

Lactose spray dried using TFN, depicts drastically altered particle morphology with presence of 

spherical particles, also belonging to wide range of particle sizes. The images suggest primary 

particles and secondary particle aggregates were in the size range of maximum 5-10 μm. While 

lactose spray dried using NN and B-90, show de-agglomerated particles which are spherical in 

shape, have lower area of contact and narrow particle size distribution in the sub-micron on nano-

size range.   
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(a) 

 
(b) 

 
 (c) 
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 (d) 

Figure 37: SEM micrographs of (a) bulk lactose, (b) spray dried lactose using TFN, (c) 

spray dried lactose using B-90 and (d) spray dried lactose using NN 

Figure 38 (a), (b), (c) and (d) are the images of Scanning Electron Microscopy of bulk HPC, 

spray dried HPC using TFN, B-90 and NN, respectively. All the images are captured at 15.0 kV 

intensity (except the B-90 where the images had an intensity of 20.0 kV) and 5 µm scale. Since 

the bulk HPC has larger particle size, the images obtained are read using a 10 µm scale. Bulk 

HPC image show particles which are irregular cylindrical particles with sharp broken edges and 

textured surfaces and are of narrow size range of approximately 20µm. The figures 38 (b), (c) and 

(d) show that on spray drying; the particles obtained are contoured unlike the bulk HPC which 

has irregular sharp edges. Spray dried HPC show the presence of pores and cavity formations, 

which can be attributed to the process of rapid spray drying. HPC spray dried using TFN suggests 

primary particles and secondary particle aggregates were in the size range of 5 μm or less. There 

is a definite reduction in particle size on spray drying through TFN, B-90 and NN especially 

when compared to size of bulk HPC. The shape and size of particles obtained on spray drying 

HPC using NN and B-90 are similar in their porous appearance, with no agglomeration and a 

uniform sub-micron size distribution. 
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(a) 

 
(b) 

 
(c) 
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(d) 

Figure 38: SEM micrographs of (a) bulk HPC, (b) spray dried HPC using TFN, (c) spray 

dried HPC using B-90 and (d) spray dried HPC using NN. 

Figure 39 (a), (b), (c) and (d) are the images of Scanning Electron Microscopy of bulk PVA, 

spray dried HPC using TFN, B-90 and NN, respectively. All the images are captured at 15.0 kV 

intensity (except the B-90 where the images had an intensity of 20.0 kV) and 5 µm scale. Since 

the bulk PVA has larger particle size, the images can be read using a 10 µm scale. The spray 

dried PVA is shown to have spherical and de-agglomerated particles unlike the bulk PVA. Bulk 

PVA show crystalline irregularly shaped particles with sharp edge. They particles seem to occupy 

a wide size range but with 300-500 µm as average. PVA spray dried through TFN show spherical 

aggregates of particles consisting of a wide size range from 5-100 µm and also show that the 

distinct cavities, which is an impact of rapid drying. Also, spray dried PVA have contoured 

particles. The PVA spray dried using B-90 and NN have similar morphological properties in 

terms of their sub-micron size, spherical shape and uniform particle size distribution. 
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(a) 

 
(b) 

 
(c) 
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(d) 

Figure 39: SEM micrographs of (a) bulk PVA, (b) spray dried PVA using TFN, (c) spray 

dried PVA using B-90 and (d) spray dried PVA using NN 

4.3 Particle Size Distribution 

Tables 7 and 8 summarize the key size parameters, including the D (0.5), D (0.1) and D (0.9) and 

of each spray dried powder and also the differences in the particle sizes between the bulk and 

spray dried particles, and amongst the nozzles used for spray drying. The range of particle size is 

depicted by D (0.1) and D (0.9) values. The data represents average of measurements taken in 

triplicates.  

Table 7: D (0.5) values and their standard deviation of the obtained particle sizes of bulk 

and spray dried lactose using the three nozzles of lactose, HPC and PVA. 

 
D (0.5) ± std. dev. values in (µm) 

Bulk TFN B-90 NN 

LACTOSE 31.11 ± 0.24 5.32 ± 0.16* 0.55 ± 0.33** 0.53 ± 0.08*** 

HPC 22.80 ± 0.84 3.90 ± 0.14* 0.33 ± 0.19** 0.10 ± 0.04*** 

PVA 501.3 ± 2.62 24.27 ± 3.63* 0.51 ± 0.55** 0.34 ± 0.68*** 

* indicates that there is statistical difference (p<0.05) between the D (0.5) value of bulk and spray 

dried powders obtained using the TFN. 
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** indicates that there is statistical difference (p<0.05) between the D (0.5) value of bulk and 

spray dried powders obtained using the B-90. 

*** indicates that there is statistical difference (p<0.05) between the D (0.5) value of bulk and 

spray dried powders obtained using the NN. 

Table 8: D (0.1) and D (0.9) range of the obtained particle sizes of bulk and spray dried 

lactose using the three nozzles of lactose, HPC and PVA. 

 
D(0.1) – D(0.9) range in (µm) 

Bulk TFN B-90 NN 

LACTOSE 6.13 - 97.97 1.05 - 16.12 0.26 - 1.15 0.27 - 1.04 

HPC 19.2 - 32.6 1.00 - 16.9 0.21# - 0.55 0.07 - 0.14 

PVA 188.67 -1086.51 4.48 – 150.56 0.27 - 0.97 0.21 - 0.57## 

 

# indicates that there is significant difference (p<0.05) between the D (0.1) values of spray dried 

particles of HPC using the B-90 and those of NN. 

## indicates that there is significant difference (p<0.05) between the D (0.9) values of spray dried 

particles of HPC using the B-90 and those of NN. 

Spray dried particles have a significantly lower particle size distribution compared to bulk 

powders (Tables 8-10).  The sonication of dispersed powder samples in the Zeta-Sizer is an 

important step to de-aggregate sub-micron sized particles for evaluation of primary particle size. 

This tendency of smaller particles to agglomerate was observed in SEM images (Figures 37-39). 

Particles spray dried using B-90 tend to retain more moisture content than powders prepared 

using the B-290 (Table 9). This is due to the elevated temperatures allowed in the B-290 

compared to the B-90. In such cases, the dried particles attach to the partially dried particles, 

forming solid covalent bonds owing to the increased cohesiveness and strong capillary forces and 
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are recorded as large sized particles. Often, this results in a larger D(0.9) value as shown in table 

8. 

The turbulent airflow in addition to polydispersity in the aerosolized droplet sizes enables the 

production of a range of particle sizes. Since spray dried droplets are dispersed in different 

streams of air, they are potentially surrounded by different temperatures of drying air which 

results in non-uniform rates of solvent evaporation. This activity is seen to occur using both the 

Mini Spray Dryer B-290 and the Nano Spray dryer B-90, hence, making it essential to calculate 

the quartile particle size distribution of the obtained product. Table 8 shows the significant 

reduction in particle size on spray drying, with a marked similarity between powders obtained 

using NN and B-90. In spite of the concentration of lactose solution used for B-90 was much 

lower (2% w/v) than that used for NN, the particle size obtained for both the nozzles has no 

significant difference. This shows the efficiency of NN, which by the above mentioned theory 

should have produced bigger particles for a higher concentration of feed solution, thus indicating 

the fact that NN has an ability to produce smaller particles than B-90 (Tables 9-10). [40,43] 

 

4.4. Moisture content analysis 

Spray drying parameters play an important role in efficiently drying the droplets of feed solution. 

Following atomization, the droplets are first affected by the inlet temperature. For the Nano spray 

dryer B-90, the maximum inlet temperature operable is 120 ⁰C which results in the incomplete 

removal of moisture, especially for low concentrated solutions that were used, for all three 

excipients. On the other hand, the B-90 allows the user to operate the instrument at a higher 

temperature (185 ⁰C for lactose solutions with an upper range of up to 250 ⁰C) and can 

intensifying the heat and mass transfer and resulting is efficient drying. The pitfalls observed 

when the product obtained has a high residual moisture are recrystallization of product, solid 

bridge formations (agglomerate formation) (as seen in figures DSC lactose). In case of lactose, in 
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spite of using a lower concentration for spray drying through B-90, the residual moisture content 

is more than that seen in case of NN (Table 9). HPC spray dried in the B-90 is significantly (as 

indicated by the two-tailed student’s t-test) high as compared to its spray drying using TFN and 

NN. PVA solution used for spray drying through all the three nozzles contained ethanol, which 

aids in efficiently dry the droplets. There is not much difference in moisture content, as indicated 

by a two-tailed student’s t-test between PVA spray dried through TFN, B-90 and NN. Table 9 

represents the percentage moisture content found in bulk and spray dried particles, by the 

technique of Karl Fisher titrimetry. The data is a representative of the average of measurements 

taken in triplicates. Statistical analysis using the two-tailed student t-test (p<0.05) revealed that 

there is no significant difference between the obtained moisture content in the bulk and spray 

dried powders using the TFN and NN, although, there is a significant difference in the moisture 

content between TFN and NN versus the B-90. 

Table 9: The average moisture contents with standard deviation of bulk and spray dried 

powders. 

Excipient 
Moisture content in %w/w 

Bulk TFN B-90 NN 

Lactose 6.00 ± 0.03 4.90 ± 0.04 7.26 ± 0.5*# 4.95 ± 0.03 

HPC 0.02 ± 0.02 0.01 ± 0.01 0.30 ± 0.06*# 0.02 ± 0.01 

PVA 4.84 ± 0.01 4.68 ± 0.02 5.75 ± 0.08*# 4.78 ± 0.02 

 

* Significant difference observed (p<0.05) between the moisture content between the excipients 

spray dried using the TFN versus the B-90 

# Significant difference observed (p<0.05) between the moisture content between the excipients 

spray dried using the NN versus the B-90 
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4.5 Analysis of physical state of bulk and spray dried particles (Thermal Analysis) 

An overlay of DSC thermograms for the bulk of each excipient and bulk excipient and product 

obtained on spray drying the excipients using the two fluid nozzle, nano-nozzle incorporated in 

Mini Spray dryer B-290 and Nano spray dryer B-90, is represented in the figures 45, 46 and 47.  

The technique of spray drying can result in physical and chemical changes in materials. Various 

spray drying parameters like feed concentration, air pressure and feed rate, can have an impact on 

the amorphous content of the final product. Inefficient drying caused by low inlet temperatures or 

inconsistent feed rate, gives product with high moisture content and endothermic dehydration 

peaks with high enthalpy value, as observed when lactose was spray dried using B-90 . Figure 

45(a) of bulk lactose represents a thermal curve of bulk α-lactose monohydrate showing a sharp 

dehydration peak at approximately 145 ⁰C with an enthalpy of approximately 150.3 J/g. This 

dehydration endotherm is affirmed by the 6 %w/w moisture content present in the bulk lactose, as 

seen the Table 9. Decomposition of lactose is represented by another endotherm at approximately 

218 ⁰C.  These peaks correspond to the thermograms reported in literature, displaying two sharp 

endothermic peaks for dehydration and decomposition, as reported by Brittian et al and 

Nickerson et al. 

Figure 40(b), (c) and (d) show thermograms of spray dried lactose using TFN, B-90 and NN. A 

broad endotherm of water loss is observed from approximately 40- 140 ⁰C in all the thermograms 

of spray dried lactose, indicating that the samples had more surface water in addition to the water 

present in the lactose as molecule of crystallization. At 170 ⁰C a sharp exothermic peak of 

recrystallization as depicted in thermogram of lactose spray dried using TFN and NN using B-290 

(figure 40(b) and (d)). In case of lactose spray dried using B-90, this exothermic peak is observed 

at an earlier temperature of 120 ⁰C. The reason for which could be attributed to high amount of 

moisture content (7.26 %w/w) in lactose spray dried using B-90 as opposed to less he than 5 

%w/w moisture content in lactose spray dried using TFN and NN. Low inlet temperature of the 
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Nano Spray dryer has an impact on the production of inefficiently dried product and thus a 

premature recrystallization peak is seen in Figure 40(c) proving that spray drying of α-lactose 

monohydrate induces the process of recrystallization, which is not seen in the bulk , but has been 

observed in all three nozzles used.[42,44–47] 

 

(d) 

(c) 

(b) 

(a) 

 

Figure 40: An overlay of the DSC thermograms obtained for bulk lactose and lactose 

spray dried using TFN, B-90 and NN 

 

Figures 41(a), (b), (c) and (d) represent bulk HPC and spray dried HPC using the TFN,NN and B-

90, all show a broad peak in the range of 45- 90 ºC with pronounced endothermic dip in peak at 

about 75 ºC. This peak can be associated with heat of fusion with an enthalpy ranging from 30-40 

J/g. The decomposition peak of HPC is found at a temperature range of approximately 210- 220 

ºC. The thermograms for HPC bulk and HPC spray dried using TFN, B-90 and NN are similar 

showing two endothermic peaks for heat of fusion and decomposition. This evidences that there 
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is no difference in the physical state of HPC produced by any of the three nozzles and the bulk 

HPC.[48–50] 

(d)

(c)

(b)

(a)

 

Figure 41:An overlay of the DSC thermograms obtained for bulk HPC and HPC spray 

dried using TFN, B-90 and NN. 

Although PVA is chemically resistance and has robust physical properties, its degree of 

crystallinity depends on the synthetic process and physical aging. Bulk PVA has a two 

dimensional hydrogen-bonded network sheet structure and method of preparation governs the 

physical and chemical properties to a great extent. Figure 42(a) of bulk PVA shows a broad 

endothermic peak representing moisture loss at about 50-80 ⁰C, which corresponds to the data 

reported in the literature by Guirguis et al. (Refenece). A similar broad peak illustrating moisture 

loss is seen in the spray dried PVA (figures 42(b), (c) and (d)). This similarity in the four curves 

parallels with similar moisture content data between bulk PVA and the spray dried PVA, as 

shown in the Table 9. Also, the presence of broad melting peak ranging from 160-200 ⁰C is seen 
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in all the four curves. This evidence shows us that there is no significant difference in the physical 

state of bulk PVA and PVA spray dried using any of the nozzles. [49,51] 

 

(d)

(c)

(b)

(a)

 

Figure 42: An overlay of the DSC thermograms obtained for bulk PVA and PVA spray 

dried using TFN, B-90 and NN. 

4.6 FTIR spectra 

Figures 43, 44 and 45 represent the overlay of IR spectra of bulk excipient and product obtained 

on spray drying the excipients using the two fluid nozzle, nano-nozzle incorporated in Mini Spray 

dryer B-290 and Nano spray dryer B-90. 

Figure 43 displays the FTIR spectra of lactose in bulk and various spray dried forms. Since the 

four spectra on overlaying show bands at similar wavenumbers, it can be inferred that spray 

drying does not change the chemical nature of the excipients and that there is no difference in 

spray drying using either of the nozzles[43,52,53]. The spectra displayed that lactose (both bulk 

and spray dried) show characteristic stretching at 750 cm-1 which characteristic for all sugars and 
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are seen distinctly in lactose owing to the presence of –C-H groups in the entire lactose molecule. 

Between 1200-1070 cm-1 the asymmetric stretching of C-O-C present in the glucose and 

galactose moieties is seen in all four spectra. The sharp bands at about 1650 cm-1 represent the 

bending vibrations of the hydroxyl (-OH) group which is known to be a part of the monohydrate 

group of α-lactose monohydrate. The bands at 3600-3200 cm-1 represent the -OH group which is 

a part of the lactose moiety, besides the 3000-2800 cm-1 bands depict the –CH groups in glucose 

and galactose ring structure.  

 

Figure 43: Representing the IR spectra of (a) bulk lactose, (b) spray dried lactose using 

TFN, (c) spray dried lactose using NN and (d) spray dried lactose using B-90. 

 

Figure 44 represents the FTIR spectra of bulk HPC and spray dried HPC using the three different 

nozzles TFN, B-90 and the NN. Since, all four spectra on overlay, show not much difference in 

the peaks, one can conclude that the process of spray drying and using various nozzles, does not 

modify the chemical nature of the product. This can be confirmed by broad peak at about 3500 
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cm-1 is an attribute of the –OH stretching vibrations, while the band stretch at 3000 cm-1 is 

attributed to asymmetric stretching vibrations of the –CH groups. The peaks at 700 cm-1 is seen in 

the overlay of all the spectra and is representative of aromatic –CH bending, while the peak at 

1650 cm-1 can be assigned to the –C-C stretching. All the four spectra also show a peak at 1300 

cm-1 for –CO stretching and that at 1800 cm-1 for C=O stretching.[48,52,53] 

 

Figure 44: Representing the IR spectra of (a) bulk HPC, (b) spray dried HPC using TFN, 

(c) spray dried HPC using NN and (d) spray dried HPC using B-90. 

 

Figure 45 shows the FTIR spectra of bulk PVA and that spray dried using the three nozzles. 

Given the chemical structure of PVA, the most important group of ether is seen to show bands at 

1150-1050 cm-1. Besides, the alkyl group shows broad alkyl structure at 2850-3000 cm-1 which is 

characteristic of the PVA compound. The –C-O group of the PVA is depicted by the band 

stretching seen at 1150-1090 cm-1, usually the presence of which can be attributed to crystallinity. 

Since PVA contains both the bonded –OH group and the non-bonded -OH groups, two separate 

bands are distinctly seen in all four spectra of PVA. The free alcohol groups (non-bonded) shows 
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a band at 3650-3600 cm-1 while the bonded hydroxyl groups show bands at 3570-3200 cm-1. All 

the four spectra of PVA in the figure 45, on overlaying show no difference in their spectra, hence 

proving that spray drying (at the operated parameters mentioned in tables 3 and 4) does not 

chemically alter the excipients and that there is no difference in the spectra observed using either 

of the three nozzles.[54,55] 

 

 

 

Figure 45: Representing the IR spectra of (a) bulk PVA, (b) spray dried PVA using TFN, 

(c) spray dried PVA using NN and (d) spray dried PVA using B-90. 
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5.1 Conclusion 

In conclusion, a nano-nozzle was successfully designed to be incorporated in a Mini Spray Dryer 

B-290, to generate nanoparticles. The nano-nozzle acts as a proof of concept that inclusion of a 

modified commercial nebulizer like Aeroneb® Solo into the spray dryer can aid in the 

atomization of the fluid feed solution into finer droplets, which on drying produce sub-micron or 

nano-sized particles, in a user-friendly manner. The nano-nozzle addressed the limitations of the 

Nano Spray Dryer B-90 such as low yield, incompletely dried and flaky particle production. The 

yield obtained on spray drying all three excipients lactose, HPC and PVA by using the nano-

nozzle is much higher as compared to that obtained using the Nano spray dryer B-90 and the 

conventional TFN in the B-290, thus indicating the enhanced efficiency of the nano-nozzle. The 

high yield also can be attributed to the convenient method of collection of product that the nano-

nozzle in Mini B-290 provides as opposed to a rather more complicated method of scrapping the 

product from a cylindrical electrode, installed within the Nano B-90. Problems like clogging of 

the vibrating mesh and crustification around the screw cap of the nozzle of B-90 were not 

observed while using the nano-nozzle. Since, the design of the nano-nozzle contains an 

attachment of the transparent nebulizer, any technical error like clogging around the mesh can be 

easily observed unlike the B-90 which halts the process of spray drying by activating into “error” 

mode. The SEM images of the excipients spray dried using the nano-nozzle and B-90 have a 

spherical surface morphology, thereby indicating that one can obtain comparable particles by 

using the nano-nozzle in the B-290, and avoid the purchase a separate expensive spray dryer B-

90. From the particle size analysis, one can conclude that there is no significant difference in the 

particle size obtained using the nano-nozzle and B-90 while there is a significant difference in the 

reduction of particle size when compared with that of the bulk. This assembly of introducing the 

nano-nozzle in to a B-290 spray dryer and enabling external nebulization of the feed solution, 

before its entry into the drying chamber, has led to effective drying of feed solution, as can be 
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seen from the data on residual moisture content. On the other hand, B-90 has consistently 

produced comparatively less dried and cake-like product, owing to the restricted inlet temperature 

at which hot gaseous air can be subjected (120 ⁰C). Also, B-90 consumes high amount of 

compressed gas of about 100L/min whereas the nano-nozzle does not use compressed gas for 

spray drying.  From the DSC analysis, one can conclude that the physical state characteristics of 

the excipients remained unchanged by using the nano-nozzle, unlike the B-90 which causes 

premature recrystallization in the moist product of lactose. The FTIR data shows that the intrinsic 

integrity and the chemical nature of the excipients is not hampered in the process of spray drying 

by using both the B-290 and B-90. The above facts reiterate that the performance of the 

economical, user-friendly and low maintenance nano-nozzle is impressive with regards to the 

quantity and quality of product obtained. It can also be stated that one can hereby generate 

nanoparticles without having to procure and operate a complicated Nano Spray Dryer B-90 

offering restricted applications and making it a viable equipment in the high-end laboratories. 

5.2 Future directions 

To understand the nature of the product obtained, X-Ray diffraction technique must be used to 

characterize the obtained powder using the nano-nozzle and B-90. Also, to use the nano-nozzle 

for long hours and at higher temperatures, the spacer chamber must be remodeled and made up of 

steel instead of the current plastic model. Also, the nebulizers could include modifications like 

drilling the 12 distant holes drilled in the Aeroneb® Solo at a 45⁰ internal angle to the internal 

surface of the stem of the nebulizer. This change can direct the incoming nitrogen gas to diffuse 

in a way that the aerosol of fluid feed can be pushed to enter the spacer chamber and eventually 

the drying chamber. Besides, instead of placing a plastic holder at the junction of the nebulizer 

and the spacer chamber, a steel holder as an extension of the steel spacer chamber should be 

permanently attached. An inlet for nitrogen could be made available at the center of this steel 

holder to allow the entry of the nitrogen which can aid in diffusion. This directional diffusion of 
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nitrogen and fluid feed can avoid condensation of the aerosol and formation of larger droplets at 

the end of the spacer chamber. 

However, to critique on the overall application of the nano-nozzle, other pharmaceutical aids and 

drugs should be spray dried to validate the design and the concept of using a nebulizer to spray 

dry and yield nanoparticles. 
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