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It takes a tremendous amount of research and development in order to put a new drug on 

the market or to make an existing medicine cheaper and therefore more affordable to 

many people around the world. This is mainly due to the complexity of the whole process 

itself (discovery, safety studies, drug substance development, drug product development, 

clinical trials, scale-up and manufacture), the ever increasing requirements from 

regulatory agencies (regarding drug quality, safety and efficacy) and the growing demand 

for cheaper, more affordable drugs. 

Drug product development (or drug formulation) is one of the main stages of 

pharmaceutical development, where the final dosage form is set and optimized. There are 

many requirements imposed on the final dosage form, including (but not limited to) the 

following: route of administration, size, taste, stability, drug substance uniformity, 

dissolution kinetics, cost, scalability, etc. Those requirements are set by the 
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pharmacokinetics/pharmacodynamics of the drug or its physical properties, safety 

requirements, market projections, customer preference and agency guidance. In an effort 

to satisfy all requirements, the formulation methods are becoming more complex, often 

including several unit operations and many additives and excipients. The pharma industry 

is constantly on the search of more efficient and cheaper formulation methods. 

This work presents and studies a new manufacturing method for solid dosage forms using 

fluidized bed (FB) impregnation, which could eliminate many of the challenges during 

solid dosage manufacturing. The main difference between impregnation and dry blending 

is the placement of the active pharmaceutical ingredient (API) inside a porous carrier. 

This makes the final material flow properties independent of the physical properties of 

the API. The method consists of spraying an API solution in appropriate solvent onto a 

carefully chosen porous excipient in a fluidized state. The solution penetrates the porous 

carrier due to capillary forces and the solvent is evaporated soon after that. Impregnation 

and drying occur simultaneously, which could potentially make this impregnation method 

suitable for continuous implementation. Carefully choosing the operating conditions 

allows impregnation to occur without introducing spray drying or spray coating of the 

API. 

This work looks closely into the main requirements for successful API impregnation, 

establishes methodology for equipment and materials selection and identifies appropriate 

excipients suitable for impregnation. A toolbox of analytical methods for the full 

characterization of the impregnated product was developed and presented. Fluidized bed 

impregnation proof-of-concept was demonstrated using preliminary experiments. A case 

study with a model drug provided a more complete look into fluidized bed impregnation 
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and established its benefits over conventional methods. It was demonstrated that FB 

impregnation can significantly improve the blend uniformity of the final formulation, 

independent on the drug load. The application of the impregnation technique was 

expanded to other drugs and excipients to demonstrate its robustness as a formulation 

method. It was found that FB impregnation can significantly improve dissolution kinetics 

of poorly soluble APIs by carefully choosing the excipient. Co-impregnation with 

additives led to further improvements in the dissolution profiles.  Particle imaging using 

energy dispersive X-ray spectroscopy was used to characterize the internal distributions 

of the impregnated APIs within the porous matrix.  Finally, a multi-scale mathematical 

modeling approach was developed that allows the calculation of some important process 

parameters. An impregnation simulation on a single-particle demonstrated the effect of 

several material properties on the API distribution inside the excipient. 
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Chapter 1 .  Introduction 

1.1 Background 

Approximately 65% of all prescription drugs are manufactured as solid dosage forms [1], 

which includes tablets and capsules. In both cases, the final formulation consists of an 

excipient (or mixtures of excipients) and an active pharmaceutical ingredient (API), 

which is homogeneously distributed throughout the excipient powder. For very potent 

drugs, the amount of API in the solid dosage form can be as low as 0.1% by weight, or in 

some cases, even lower [2]. This very low API loading poses one of the biggest 

challenges in pharmaceutical product development: the control of dose uniformity. Low 

API content variability in the blend (or equivalently, a high level of blend homogeneity) 

are highly desired and strictly enforced by the U.S. Food and Drug Administration 

(FDA). Current guidelines developed by the FDA require API content variability in 

finished products to have relative standard deviation (RSD) of no higher than 6 %, with 

lower being better [3]. Typically, the leading source of product content variability is poor 

blend uniformity. In the commonly available approaches for blend uniformity control (for 

example, direct blending followed by wet or dry granulation) as the API concentration 

decreases, the variability of the blend increases, which makes it very difficult to meet 

FDA’s requirements for low drug loadings. Therefore, a process or method that is able to 

tightly control API variability in blends, regardless of drug loadings, is very desirable. 

According to the current Biopharmaceutics Classification System (BCS) adopted by the 

U.S. Federal Drug Administration (FDA), drug substances are categorized into four main 

classes, based on their solubility and permeability [4]. Two of those classes (BCS classes 
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II and IV) are characterized with low solubility. The trend in the past decade has been 

towards a steady increase in the number of active pharmaceutical ingredients (APIs) 

belonging to BCS classes II and IV. It has been estimated that up to 60% of new chemical 

entities fall in the low solubility class, compared to 39% for marked drugs [5]. This trend 

towards decrease in API solubility is undoubtedly one of the main hurdles for formulators 

today, as they continuously strive to develop novel formulations capable of effectively 

delivering the drug into the blood stream. Most formulation methods used to increase 

solubility (and ultimately the bioavailability) of the APIs include size-reduction 

techniques (bottom-up or top-down approaches) [6-8] or altering their solid form (salts, 

co-crystals and amorphous forms of the API) [9-12]. As a consequence of the above 

modifications, the API often exhibits poor flow properties with negative impact on 

downstream processing (blending, tableting, capsulation) often resulting in a complex 

formulation process (multiple excipients, roller compaction, granulation, milling). 

Universal manufacturing method capable of improving dissolution kinetics of poorly 

soluble drugs regardless of their nature, if existed, would provide huge advantage in drug 

product development. 

Another important aspect of pharmaceutical process development is the final product 

cost. As pharmaceutical companies strive to develop more affordable drugs, any possible 

elimination of lengthy and expensive unit operations becomes commercially 

advantageous. One group of such unit operations is associated with the control of API 

attributes (size, size distribution, shape, bulk density, crystal form, etc.). These unit 

operations can include crystallization control and various milling and de-lumping steps. 

The need for control of API attributes is solely dictated by the drug product development 
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and usually is associated with desired improvements in blend uniformity or release 

profile. Having a formulation process that can make these and other steps unnecessary 

will provide a large advantage to pharmaceutical companies and the whole industry. 

One method for manufacturing that could address all of the above challenges in drug 

substance and product development is impregnation of porous carriers. By definition, 

impregnation is the process of filling the internal void structure of a porous carrier with a 

chemical substance. Impregnation is a well-known process, which currently is generally 

used in supported catalyst preparation. Benefits of impregnation to catalyst manufacture 

include high uniformity of the dispersed active component (Ni, Pt, Pd, Co, etc.) within 

the support (typically alumina or silica), chemical and mechanical stabilization of the 

substrate, increase in total active surface area and reduction in the amount of the catalyst 

metal (usually very expensive). There are two types of impregnation, namely dry (or 

capillary) impregnation and wet (or diffusional) impregnation [13-16]. As the name 

suggests, during dry impregnation the support is initially dry and the driving force for 

impregnation is capillarity. Liquid solution is drawn inside the carrier due to capillary 

forces. Similarly, during wet impregnation, the support is initially wetted with pure 

solvent and the driving force for impregnation is the concentration gradient. An important 

outcome of the impregnation process is the resulting catalyst profile in the supported 

particles. There are four distinct types of catalyst profiles: uniform, egg-shell, egg-white 

and egg-yolk. These generally depend on the nature of the interactions (physical or 

chemical) between the support and catalyst. Several authors have shown that the catalyst 

profile established during impregnation can be significantly altered during the drying 
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phase [13, 15, 17]. Mathematical models describing catalyst profile control during drying 

have also been developed [18-20]. 

1.2 Impregnation methods 

Impregnation of APIs onto porous excipients has been gaining attention only in the past 

several years. Research activities in this area have been focused primarily on altering 

(increasing or decreasing) of the dissolution profile of the API. Many of today's drugs are 

poorly soluble in water and ways to increase their solubility are becoming more 

attractive. Impregnation is a process that by design offers a unique approach for 

improving the API’s dissolution rate [21, 22]. The increase in release kinetics comes from 

the fact that drug molecules are deposited in small pores, which increases the effective 

surface area for dissolution. In some cases, drug molecules are deposited in the form of 

an amorphous solid [23, 24] or as a molecular dispersions [21, 22, 25], which also has an 

effect of dissolution. Impregnation also offers a possibility for controlled-release 

formulations [25, 26]. 

There are three main types of impregnation techniques commonly used for loading of 

porous carriers with APIs. The most common of the three is the dry impregnation 

method, also known as incipient wetness impregnation [21, 22, 26, 27]. This method 

usually involves mixing of a dry porous carrier with an API solution in appropriate 

organic solvent and the subsequent evaporation of the solvent by drying (usually under 

vacuum). Although it is simple and easily achieved in the lab environment, one drawback 

of this method is that the final drug loading depends on its solubility in the organic 

solvent. If the solubility of the API is low then several impregnation-drying cycles could 

be needed in order to obtain the targeted drug loading in the carrier.  
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Another technique for impregnation gaining academic attention involves super critical 

CO2 as the impregnation media [25, 28, 29]. Due to its low viscosity and ability to swell 

many polymers, super critical CO2 is particularly useful when impregnating APIs into 

biocompatible polymeric carriers. Its use is advantageous since it is non-toxic and easy to 

remove from the final product. However, the method often has as a drawback due to 

limited drug solubility in the supercritical CO2. Another drawback of this method is the 

relatively high capital cost if it is to be implemented on commercial scale.  

A third, not very popular technique for impregnation is the melt method [21, 23, 30]. As 

the name suggest, the drug and porous carrier are mixed together and then heated above 

the melting point of the API. Being in a liquid form, the API penetrates inside the porous 

support drawn by capillary forces. There are two main drawbacks of this method. First, 

due to the usually high viscosity of many molten APIs, penetration within the porous 

matrix is slowed down. Second, not too many APIs are chemically stable in a molten 

state in order to undergo impregnation. 

A fourth method for impregnation, which has not being widely utilized, involves dry 

impregnation of porous carriers in a fluidized bed (FB). It has been successfully 

demonstrated for the preparation of supported metal catalysts [31-33]. Applied to 

pharmaceutical formulation the method involves three steps, which occur simultaneously 

in a continuous fashion: 1) API solution in appropriate solvent is sprayed onto a porous 

excipient in a fluidized state; 2) the API solution penetrates the porous carrier driven by 

capillary forces and 3) the carrier particles loaded with API solution dry as they move 

around the bed. The benefits of performing impregnation in a fluidized bed are several. It 

eliminates the need for a separate drying step, which otherwise would lead to more 
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powder handling. Impregnation and drying steps occur continuously with a constant 

increase in API loading. As a result, the final API loading is controlled by the duration of 

the FB impregnation process and it is not limited by the API solubility in the solvent. 

Fluidized bed processing provides an excellent powder mixing with minimal shear forces 

exerted on the particles. Mass and heat transfer are the highest in a fluidized state, leading 

to an efficient drying and solvent removal.  

1.3 Fluidized bed processing 

Powder fluidization is a state that is achieved when air stream (or other gas) is passed 

through a bed of solid particles. At the initial state, when the air velocity is low, the fluid 

passes through the gaps within the static powder bed. If the velocity is increased, some of 

the solid particles start to move causing the static bed to expand. Further increase in air 

velocity causes the drag force exerted on the particles by the fluid to increase. A point is 

reached when the drag force becomes equal to the weight of the particles. This is the 

moment when the powder bed becomes fluidized and the gas velocity equals to what is 

known as “minimum fluidization velocity” [34]. If the velocity is increased further, 

channeling and bubbling of the gas take place, producing more vigorous moving of solid 

particles. Fluidized powder beds exhibit several liquid-like properties: light objects can 

float in the fluidized bed, surface remains horizontal when the bed is tilted, powder can 

flow out of the bed if there is an opening, and there is a pressure drop across the bed’s 

height. Not every powder can be fluidized and different powders can exhibit different 

fluidization behaviors. The ability of a powder to be fluidized depends on its particle size 

and density and the density of the fluidizing gas. The Geldart chart distinguishes four 

groups of powders classified based on their fluidization properties [35]. Group A 
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powders are ideal for fluidization. They exhibit the highest bed expansion and a wider 

range of non-bubbling fluidization. Solid mixing and gas back mixing is the highest with 

no spouting (air forms a channel opening where particles flow up and fall on the outside). 

Powders belonging to group B are on average larger and/or with higher densities. They 

exhibit moderate bed expansion with bubbles forming immediately after reaching 

minimum fluidization velocity. Solid mixing and gas back mixing is moderate comparing 

to group A, with spouting only present for very shallow beds. Croup C consists of 

cohesive powders which are extremely difficult to fluidize. The powders in this group 

either lift up as plugs (in small beds) or form channels where the air passes through 

without moving any particles. These materials are usually of very small particle size with 

very strong electrostatic forces between them. The inter-particle forces are higher than 

the force exerted by the gas, resulting in a very poor fluidization and very low particle 

mixing. Group D powders are those with large and very dense particles. Their 

fluidization is characterized with low bed expansion and low particle and gas mixing. 

Spouting occurs even for deep beds. Based on their general fluidization properties, the 

preferred powders for fluid bed processing belong to groups A and B. Although group C 

particles can be engineered to fluidize as group A powders through coating with 

nanoparticles [36], their fluidization in general is very difficult. Group D powders can be 

fluidized, however due to the significantly reduced particle mixing their use may be 

limited depending on the particular application. Various fluidization regimes are 

exhibited depending on the class of powders and the fluidization velocity: smooth, 

bubbling, slugging, turbulent, fast and pneumatic conveying [37, 38]. The choice of the 

regime could vary between smooth, bubbling or turbulent depending on the particular 
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application. If minimizing particle entrainment and maximizing gas throughput are 

desirable for example, as it is in the case of catalyst regeneration or particle drying, then 

turbulent fluidization is the preferred flow regime [39].  

Fluidized bed processing has been widely used in the chemical industry for a variety of 

applications including coal gasification, catalyst cracking, various chemical synthesis, 

coal combustion, etc., [34]. One of its main applications is for drying of various 

chemical, biochemical, biological and food products [40-44]. Fluidized bed processing 

was first introduced to the pharmaceutical industry by Wurster in 1950s, who developed a 

method for fluidized bed coating of tablets and small particles [45]. Soon after, fluidized 

bed processing was applied successfully to powder granulation [46, 47]. Both of these 

pharma applications consist of powder fluidization coupled with spraying of a liquid 

solution, where wetting and drying are two processes occurring continuously. The 

outcome of the process (granulation or coating) depends on the processing conditions and 

material (powder and solution) properties.  The research, application and 

commercialization of fluid bed process processing in the pharmaceutical industry 

expanded significantly in the 1980s [48]. Recent innovations of fluidized bed technology, 

which can be seen as modifications to coating and granulation, include spray 

encapsulation and pelletizing (direct, layering, spheronization) [49-51]. Other 

pharmaceutical applications of fluidized bed processing include powder mixing and 

drying [51-53].   

Fluidized bed equipment for pharmaceutical applications can be categorized in three 

main groups, depending on the position of the spray nozzle: top spray, bottom spray 

(Wurster type) and tangential spray [50]. Top spray units are primarily used for 
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granulation, while bottoms spray systems are typically used for powder, granules or tablet 

coating [54]. Tangential spray models combine fluidized bed operation with a rotating 

bottom plate and are primarily used for pelletizing, producing denser, more spherical and 

less porous pellets compared to granulation [55, 56]. Fluidized bed designs can vary 

depending on the desired mode of operation: batch or continuous [57]. There are other 

types of fluidized bed systems specifically designed for difficult-to-fluidize powders: 

vibrated, agitated, centrifugal and rotating fluidized bed systems [58]. Fluidized bed 

processors can vary depending on the type of spray nozzle used: hydraulic, rotating, 

ultrasonic or two-fluid (air atomizing) nozzles [55, 57]. The key components of any 

fluidized system can be summarized as: control system, air handling unit, product 

chamber, air expansion chamber, exhaust filters, exhaust blower, air distribution plate, 

spray nozzle and liquid solution delivery system [57]. In order to meet current 

environmental regulations, closed-loop systems utilizing solvent recovery through vapor 

condensation are necessary part for any fluidized bed process using organic solvents [56]. 

Fluidized bed processing has several advantages over other drying or mixing systems, 

which include high degree of powder mixing, uniform bed temperature, large gas/solid 

contact surface area and rapid heat and mass transfer [34, 59]. These lead to the following 

characteristics of fluidized bed processing: uniform liquid distribution over solid particles 

during granulation/coating, ability to dry heat sensitive materials and shorter drying 

times. Processing parameters affecting any fluidized bed process are several and include: 

type/configuration/geometry of equipment (chamber, nozzle, etc.), liquid spray rate, 

atomizing gas pressure, drying gas flow rate, drying gas temperature and drying gas 

solvent/moisture content. The selection of these parameters is typically done 
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experimentally on a small scale. Process scale-up is performed via successful pilot runs in 

larger equipment where the following are usually kept constant: fluidization velocity of 

the drying gas, droplet size of the sprayed liquid and the ratio of spray rate to drying 

capacity [57]. 

1.4 Organization of the dissertation 

The goal of the work presented in this dissertation is to introduce the fluidized bed 

impregnation technique to pharmaceutical manufacturing, to develop the methodology 

necessary for its successful implementation and to display its potential benefits over 

current manufacturing practices for solid dosage forms. Effects of material properties, 

processing conditions and equipment characteristics are studied to understand their effect 

on the impregnation process as a whole and on the performance of the resulting 

impregnated formulation. Detailed analysis of all requirements needed for the successful 

implementation of impregnation to the pharmaceutical manufacturing is presented 

(Specific Aim I). An array of analytical tools necessary for the complete characterization 

of the impregnated product is discussed next. Preliminary FB impregnation runs are 

carried out to demonstrate the applicability of the method to pharmaceutical 

manufacturing. A case study of FB impregnation with a complete analysis of the product 

firmly establishes the feasibility and benefits of FB impregnation to solid dosage 

formulations. The method of FB impregnation is further expanded to other APIs and 

excipients to demonstrate its robustness (Specific Aim II). Several benefits of FB 

impregnation are established, including its potential for improving dissolution kinetics of 

poorly soluble drugs. The co-impregnation of APIs and additives is shown to be easily 

achieved in FB mode. Additional benefits, such as the ability to obtain and stabilize the 
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amorphous form of APIs, are discussed in detail. Information regarding the spatial 

distribution of impregnated APIs is revealed by performing an X-ray spectroscopy 

analysis on impregnated particles (Specific Aim III). Different particle embedding 

techniques and methods for obtaining cross-sections are presented. Using first 

engineering principles, a multi-scale mathematical modeling approach for FB 

impregnation is developed and discussed in detail (Specific Aim IV). Calculations of 

processing parameters and API impregnation profiles within the particle are presented. 

Model predictions are compared with experimentally determined API distributions. 

Effect of material properties on the API profile is demonstrated via mathematical 

simulations of several different impregnation study cases. 

The work in this dissertation is accomplished in the four specific aims as follows: 

• Specific Aim I: Proof of Concept – Establishing appropriate materials, equipment, 

processing methods and analytical techniques necessary to achieve successful FB 

impregnation of an API (Chapter 2). 

 

• Specific Aim II: Expanding FB Impregnation to different APIs and excipients. 

Improving dissolution kinetics of poorly soluble APIs (Chapter 3). 

 

• Specific Aim III: Cross-sectional analysis of impregnated excipient particles by 

energy dispersive X-ray spectroscopy (Chapter 4). 

 

• Specific Aim IV: Establishing basic framework for mathematical modeling of FB 

impregnation process in a porous medium (Chapter 5).  
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Chapter 2 .  Proof of concept – Establishing appropriate 

materials, equipment, processing methods and analytical 

techniques necessary to achieve successful FB impregnation of an 

API 

2.1 Introduction 

Solid dosage formulations for oral administration are usually in the form of tablets or 

capsules. The choice of the particular formulation depends on many factors: chemical and 

physical properties of the drug, rate of absorption, condition of the patient, manufacturing 

cost and others. The actual tableting or capsule filling processes are universally 

applicable to most APIs, however the process to produce a final powder blend suitable 

for tablet compression or capsule filling can be very API-specific. This process can 

include any (or combination) of the following pharmaceutical unit operations: blending, 

granulation, roller compaction, milling, spray drying and hot-melt extrusion. The 

particular combination of processing steps depends on the API’s physical and chemical 

properties, the final drug loading in the dosage form or the target release profile 

(immediate or controlled). The abovementioned manufacturing methods have been used 

in the pharmaceutical industry on a commercial scale for many years and there is 

significant amount of knowledge and experience to allow acceptable process/product 

control [60, 61].   

On the contrary, impregnation processing has never being used on a clinical or 

commercial scale in the pharmaceutical industry. It has attracted some attention in recent 

pharmaceutical research, however using lab methods, which could impose some 
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limitations upon scale up. These methods involved simple procedures designed for lab 

use only. Typical impregnation techniques involved: 1) mixing of carrier with API 

solution (or melt) and 2) subsequent drying of the wet carrier by any means possible 

(oven drying, roto-vapor drying, etc.) [21, 22, 27]. Limited attributes of the final 

impregnated powder were tested (usually dissolution profile and physical state of the 

API) without any robustness evaluation of the impregnation method. Impregnating 

excipients by immersing then into an API solution followed by filtration is not a preferred 

large scale manufacturing method. Using this process would lead to unnecessary API 

losses and increased cost of the final formulation. In order to eliminate API losses, a 

preferred impregnation method would include spraying a pre-determined amount of API 

solution onto the excipient. The amount of the API solution should be less than or equal 

to the total internal pore volume of the carrier in order to eliminate the need of filtration. 

This impregnation process could be carried out in any powder handling equipment which 

provides good mixing and good dispersion of the liquid phase before it comes in contact 

with the solid. For example, any type of powder mixers (V-blenders, double-cone 

blenders, etc.), granulators or fluidized beds would be a good candidate. Since drying is 

part of the impregnation process, the ideal equipment should be able to offer this 

capability as well, in order to minimize powder handling. It becomes obvious that 

fluidized bed dryers/granulators/coaters could be a great choice, since they can provide 

both mixing and drying at the same time. The benefits of potential impregnation methods 

can only be evaluated through a comprehensive study focusing of key product attributes, 

which need to be identified.  
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In the case of a fluidized bed dryer, liquid impregnation and drying will occur at the same 

time. In order to ensure that impregnation of the carrier is achieved, a special care is 

needed when choosing the processing conditions with impact on product quality. There 

could be four distinct outcomes when an API solution is sprayed onto a porous carrier 

which is fluidized by a hot gas. In particular one can: i) spray dry the solution to generate 

API particles, or ii) coat the carrier with the API solution and dry the solution to produce 

carrier coated with API, iii) coat the carrier with solution and granulate the carrier to 

produce agglomerated granules of carrier, or iv) impregnate the pores of the carrier with 

API solution and subsequently dry this solution to produce carrier impregnated with API. 

There are three main process parameters that determine the outcome of the fluidized bed 

operation: i) the spray rate (Rs) that the API solution is introduced into the system (in 

mass/time or volume/time), ii) the drying rate (Rd) that the solvent is 

evaporated/vaporized (in mass/time), and iii) the impregnation/penetration rate (Ri) i.e. 

time for the solution to move into the pores of the particles from their surface (in 

mass/time or volume/time). There are four different regimes of operation depending on 

the particular combination of those different rates: 

1. Spray drying: Rs << Rd   and  Ri << Rd. If the drying rate is much larger than the 

spray rate and impregnation rate then the API solution will not even reach the 

particles; instead the solution will dry in the air leading to spray dried API 

particles. 

2. Coating: Ri < Rs < Rd. If the spray rate is larger than impregnation rate then there 

is either coating or granulation depending on the drying rate. This is because the 

API solution is sprayed onto the carrier faster than it is able to penetrate into the 
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pores of the particles and as a result, a layer of API solution develops on the 

surface of the particles. If the drying rate is greater than the spray rate then the 

API solution will dry on the surface of the carrier leading to a carrier coated with 

API.  

3. Granulation I: Ri < Rd < Rs. API solution will coat and then bind particles. If the 

spray rate is faster than the impregnation rate then we have either coating or 

granulation depending on the drying rate. This is because the API solution is 

sprayed onto the carrier faster than it is able to penetrate into the pores of the 

particles and as a result, a layer of API solution develops on the surface of the 

particles. If the drying rate is less than the spray rate then the API solution will 

remain as liquid on the surface of the carrier leading to granulation.  

4. Impregnation: Ri > Rd  ≥ Rs. If the drying rate and spray rate are less than the 

impregnation rate then API solution will penetrate or impregnate the carrier. In 

order to ensure that the API solution does not exceed the pore volume of the 

carrier one additional requirement is that the drying rate be greater than or equal 

to the spray rate. If the spray rate is larger than the drying rate then the API 

solution will accumulate in the pores and eventually exceed the pore volume 

leading to granulation. For this reason the spray rate must be less than or equal to 

the drying rate for impregnation to occur for all times.    

5. Granulation II:  Ri > Rs > Rd. If the drying rate and spray rate are less than the 

impregnation/penetration rate then API solution will penetrate or impregnate the 

carrier. If the spray rate is larger than the drying rate then the API solution will 

accumulate in the pores and eventually exceed the pore volume.  When this 
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occurs there will be free liquid on the surface of the carrier and this will 

eventually lead to granulation of the carrier. 

In order to ensure successful impregnation in FB mode, these three parameters need to be 

evaluated and appropriate process conditions selected. The impregnation rate is solely 

determined by the nature of the porous carrier with its unique pore size distribution and 

by the wetting properties (contact angle with solid) of the solvent used. The spray and 

drying rates are processing parameters that can be easily controlled. Choosing suitable 

process conditions can be achieved empirically by performing a series of one-factor-at-

time (OFAT) pure-solvent experiments, although it is preferred to have a mathematical 

tool for estimation of a good starting point for impregnation.  

This chapter investigates the possibility of performing impregnation of active 

pharmaceutical ingredients onto porous excipients via fluidized bed processing. The 

chapter explores FB impregnation’s benefits to pharmaceutical solid dosage forms 

manufacturing and its advantages over other potential large-scale impregnation methods. 

Basic processing conditions are established for a successful FB impregnation: equipment 

set-up, process parameters and basic properties for excipients, APIs and solvents. As part 

of this chapter, an experimental proof-of-concept is used to demonstrate the feasibility of 

FB impregnation using a model drug and a common excipient. An array of analytical 

methods is identified and applied to fully describe and study the resulting impregnated 

formulations. 
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2.2 Materials and equipment selection 

In order for an impregnation process to be 1) successful and 2) commercially viable, a 

special consideration needs to be taken when choosing the method for impregnation, the 

equipment to be used, the excipient to be impregnated and the solvent used to solubilize 

the API. To help establish the connection between the different aspects of the 

impregnation method and the desired final product, a cause and effect analysis was 

performed, illustrated by the fishbone diagram given in Figure 2-1 and elaborated in the 

discussion below. 

2.2.1 Excipient Properties 

Regardless of the equipment used or the particular details of the impregnation method, 

the ideal excipient candidate for impregnation should have the following properties:  

1) To be porous - to possess high internal surface area, which is the most important 

property for successful impregnation: 

• By definition, impregnation is the process of imbuing or saturating with 

something, diffusion of some element through a medium or substance. If 

the chosen excipient does not possess any internal porosity, deposition of 

an API inside of it will be impossible. 

2) To be a common and widely available excipient such as fillers or diluents (not 

lubricants, glidants, etc.): 

• While there are many novel excipients currently under research in 

academia, only limited number have been approved by the three main drug 

governing agencies: FDA (US), EMA (Europe) and PMDA (Japan). For a 

drug formulation method to be immediately commercially viable, it must 
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use an approved excipient. Novel excipient could also be of commercial 

interest for a specific reason, however their approval could take some 

time. Excipients generally used as fillers or diluents in solid dosage 

formulations are preferred for impregnation for one main reason: their 

performance for tablet/capsule preparation is well understood, which 

allows the impregnated excipient to be easily formulated in either of the 

solid dosage forms.  

3) To have good flowability: 

• Successful FB impregnation is only possible, if the porous excipient is 

easily fluidizable. The ideal excipient candidate for FB impregnation 

should belong to groups A and B, according to Geldart’s chart [35]. 

• Regardless of which solid dosage form is chosen (tablet or capsule) the 

production process will involve a powder filling step of either the tablet 

press or capsule filling machine. In order to produce tablets/capsules with 

small weigh variation, the filled powder must possess good flow 

properties. This will allow the impregnated excipient to be directly 

formulated into tablets/capsules without the addition of other flow-

improving excipients. 

4) To have a narrow particle size distribution (PSD):  

• Producing solid dosage forms with high drug uniformity is a constant 

battle during drug product development.  Particle size segregation is 

among one of the phenomena affecting content uniformity. It is almost 

unavoidable when an API and excipient are mixed together to form a 
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physical mixture. If however the formulation is comprised by an 

impregnated excipient, size segregation will be affected solely by the size 

distribution of that excipient. Therefore, an excipient with narrow particle 

size distribution is preferred for impregnation. 

5) To be insoluble in a variety of organic solvents in order to minimize dissolution 

and granulation during impregnation: 

• The main step of any solvent impregnation method consists of filling the 

porous medium with a solution of the desired impregnant into an 

appropriate solvent. As complex organic molecules, most of the APIs are 

soluble in organic solvents (such as methanol, ethanol, acetone, etc.) and 

few of them are soluble in water. If the excipient is solubilized by the 

solvent, that may have an effect on its internal structure and could cause 

its collapse. Excipient solubility in the solvent could also cause formation 

of granules during the impregnation process, which is highly undesirable 

as it may have an effect on powder flowabiluty, content uniformity, 

release profile and many more.  

6) To be physically stable under impregnating conditions (stable physical form, 

mechanically stable): 

• Solvent impregnation of excipients involves contact with solvents, 

mechanical mixing, and exposure to elevated temperatures during drying. 

During these unit operations the ideal excipient should be able to preserve 

its physical form (e.g. if excipient is in amorphous form, it should not 

spontaneously crystallize during impregnation). Also, the excipient should 
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be unchanged mechanically throughout the impregnation process (e.g. if 

excipient is in granular form, collapse or attrition of the granules should 

not be present). 

Screening was performed on numerous possible candidates based on all of the above 

criteria for impregnation. Table 2-1 lists four excipients with a summary of their 

important properties and Figure 2-2 shows scanning electron microscope pictures for 

these four excipients. Based on the presented properties, two excipients were chosen as 

candidates for impregnation development: CaHPO4 and Neusilin®. 

2.2.2 Solvent properties 

Regardless of the equipment used or the nature of the API and excipient, the solvent used 

for impregnation should have the following properties: 

1) To solubilize to some extend the API to be impregnated 

• Solvent impregnation relies on the solvent to carry the API inside the 

porous excipient. Therefore some solubility is required for successful 

impregnation. As it will be shown later, this solubility does not have to be 

high in order to achieve higher loadings.  

2) To be safe for pharmaceutical use 

• Solvents are classified into three groups by the ICH-Q3C Industry 

Guidelines [62] according to their toxicity and environmental effects. Any 

Class 1 solvent should not be used for pharmaceutical manufacturing. 

Solvents from Class 2 could be used provided they are removed from the 

final product below specified levels, which must be detectable by adequate 
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analytical methods. Solvents from Class 3 are considered less toxic and 

have higher allowable limits than Class 2 solvents. 

3) To be easily evaporated 

• Solvent impregnation relies on two processes to take place in order to be 

successful: permeation of the API solution into the porous carrier and 

drying of the solvent used to carry the API inside the excipient. If the 

impregnation method is to be practically viable, it must use a solvent that 

is easily evaporated (with low boiling point). Otherwise the process will 

be prolonged and in certain cases may not be economical. 

4) To wet the excipient 

• As mentioned above, impregnation relies on permeation of the API 

solution into the porous matrix of the excipient. If the API solution does 

not wet the excipient it will not penetrate inside the pores and there will be 

no impregnation. In almost all cases the wettability of these API solutions 

is determined solely on the wettability of the pure solvents. In general, the 

wettability is determined by the contact angle between the solid and 

solvent and for good wettability the contact angle must be between 0 and 

90 degrees (the closer to 0 degrees, the higher the wettability). 

Three solvents were identified as good candidates for impregnation development (see 

Table 2-2). The majority of APIs usually will have some solubility in either of the three 

solvents: methanol, ethanol and acetone. Other solvents could also be used for 

impregnation if the API does not have solubility in any of these tree solvents, provided 

their boiling point is relatively low (for example tatrahydrofuran with Tb=66oC).  
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2.2.3 API Properties 

If an API is to be considered as a good candidate for FB impregnation development, there 

are few requirements that need to be fulfilled:  

1) To be stable under FB impregnation conditions. 

• Temperature in the FB will vary depending on solvent used, liquid spray 

rate and drying gas flow and temperature. The API should be thermally 

stable under these drying conditions.  

2) To be soluble to some extend in the solvent used 

• Solvent impregnation relies on the solvent to carry the API inside the 

porous excipient. Therefore some solubility is required for successful 

impregnation. As it will be shown later, this solubility does not have to be 

high in order to achieve higher loadings.  

3) To be inert with respect to the porous carrier 

• The API will be deposited inside the porous network of the solid 

excipient. Ideally the drug and excipient should not display any chemical 

interaction. If there is, the interaction cannot lead to any degradation of the 

API over time. 

2.2.4 Impregnation method requirements 

These are general requirements for the impregnation method that are necessary to make it 

more attractive for large scale implementation: 

1) To be able to achieve wide range of API loadings 
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• During the imbibing step of the impregnation process, the maximum 

solvent uptake is limited by the porosity of the excipient. The amount of 

API in the solution is limited by its solubility. Therefore, the maximum 

achievable API loading for a given excipient (fixed porosity) during a 

single imbibing/drying cycle is limited by the API’s solubility. The 

ultimate impregnation method should be able to achieve higher API 

loadings that are only limited by the porosity of the excipient and not the 

API’s solubility. This could be achieved if the imbibing/drying cycles are 

repeated continuously until desired impregnation loading is reached. 

2) To be able to run in existing equipment 

• If the impregnation method requires a specially designed equipment, that 

will make the process less desirable for process development and 

especially for large scale production and commercialization. Not requiring 

a new capital investment will make the impregnation method much more 

attractive to pharmaceutical companies. 

3) To be easy to implement 

• Overall, the process should be easy to implement, without too many 

additional steps or unit operations and should be easy to control with 

minimum number of critical process parameters. 

2.2.5 Equipment requirements 

The ideal equipment for solvent impregnation should be able to deliver the following 

general requirements: 

1) To provide good powder mixing 

 
 



24 
 

• As mentioned in the introduction section, the API content uniformity is an 

important characteristic of any drug product with strict requirements set by 

the FDA. In order to achieve high blend uniformity during impregnation, 

the equipment used should be able to provide adequate mixing between 

the excipient and the impregnating API solution.  

2) To impose low shear forces during mixing 

• Preserving excipient particles during impregnation is highly desirable as 

they will have an impact on the final product’s flow properties. Therefore, 

attrition should be minimized during mixing.  

3) To have drying capabilities 

• In order to streamline the impregnation process and make it commercially 

feasible, the equipment where the impregnation is taking place should also 

have drying capabilities. This will allow all individual steps of the 

impregnation process (mixing, solution infiltration and drying) to be 

carried out in the same piece of equipment. 

Analysis of all equipment and method requirements listed above points to one very 

logical solution – an impregnation in a fluidized bed (FB) dryer. This method of 

impregnation has never been used for preparation of pharmaceuticals and can provide 

many advantages over classical methods. The fluidized state of solids has been studied 

for many decades and vast amount of data already exists. Fluidized beds are unique in 

providing a set of several important capabilities: 

• Extremely high contact area between fluid and solid 
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• High levels of mixing, within the solid itself and between solid and sprayed 

fluid. 

• Relatively low levels of shear forces are exerted to the solid 

• High rate of particle-particle collisions 

Fluidized beds have been applied across various applications such as reactors, 

combustion chambers, dryers, coaters and granulators. The relative high drying rate 

characteristic of a fluidized bed dryer coupled with the high degree of mixing and low 

levels of shear can make it the perfect equipment for impregnation. Spraying an API 

solution onto a porous excipient in a fluidized state will ensure an even distribution of the 

solution and the API. If fluidization is done using a pre-heated gas it will result in a 

continuous impregnation process where the spraying/penetration/drying cycles take place 

simultaneously. This is a great advantage over traditional methods where the above steps 

are performed one at a time.  

The fluidized bed dryers (also designed for granulation and coating) chosen for 

impregnation development are shown in Figure 2-3. Both are lab units, capable of 

handling up to 500 grams in the small scale unit (Mini Glatt) and up to 3 kg (Glatt GPCG 

1) in the larger unit. Both have modular structure and flexible configuration, which 

makes them ideal for impregnation with minimal retrofitting. Most importantly, they 

provide an easy and accurate monitoring and control over process parameters such as 

drying gas temperature and flow rate, atomization pressure and liquid flow rate, pressure 

drop across filter element and blow back control. 
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2.3 Analytical methods selection for full characterization of 

impregnated excipients 

Fluidized bed impregnation of excipients with APIs is a novel approach for the 

manufacture of pharmaceutical products. As such, the resulting product should be 

characterized completely from every angle in order to fully understand its physical 

properties (microscopic and bulk), its pharmacokinetic performance, the governing 

principles behind its manufacturing process and the resulting potential benefits to the 

patient. There is a multitude of questions that needs to be answered: 

1) Was impregnation successfully achieved or other side processes are observed 

(spray drying, coating or granulation)? 

2) In what physical form (crystalline or amorphous) is the API deposited inside the 

porous carrier? 

3) What is the average drug loading of the impregnated excipient? 

4) What is the API content/blend uniformity of the impregnated excipient? 

5) Is there attrition during FB impregnation? 

6) How the flow properties of the impregnated excipient change during impregnation 

and how they compare to the pure excipient? 

7) How the internal pore structure changes upon impregnation? 

8) How does impregnation affect/change the dissolution kinetics of the API 

compared to a physical blend? 

9) Can impregnated excipients be directly compressed into tablets? 

In order to unequivocally answer all of the above questions, appropriate analytical 

techniques and test methodology must be developed and applied. Description of all 
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analytical tests and methods employed in the characterization of all FB impregnated 

materials presented in this work is given in the following discussion. 

2.3.1 Microscopy 

A picture is worth a thousand words. In order to visually capture the appearance of 

individual impregnated particles, the powerful scanning electron microscopy (SEM) 

technique was utilized. SEM pictures of the impregnated excipients can help answer 

immediately the following:  

• Was there agglomeration? 

• Was there coating? 

• Is the original shape of the excipient particles preserved during FB impregnation? 

All SEM pictures in this work were made using a Hitachi table-top scanning electron 

microscope TM-1000 or Hitachi SU5000 Schottky Field-Emission scanning electron 

microscope. 

2.3.2 Differential scanning calorimetry (DSC) 

DSC is a very powerful analytical tool for understanding the physical form of any solid 

state material. It can determine whether the solid is in crystalline or in an amorphous 

state. It measures the heat energy input into the solid vs. its temperature change and it can 

easily detect endothermic (melting) or exothermic (crystallization) events. The absence of 

any thermal event suggests the material is in its amorphous state. The technique is very 

sensitive, it can differentiate between different crystal forms of the same material and it 

can determine melting temperatures, decomposition temperatures, glass transition 

temperatures or heat of fusion. DSC results could be used to calculate relative amounts of 
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crystalline vs. amorphous content. All DSC analysis was carried out on a differential 

scanning calorimeter Q100 by TA Instruments. 

2.3.3 Powder X-ray diffraction (p-XRD) 

Similar to DSC, p-XRD is a solid state analytical tool used to determine the crystalline or 

amorphous nature of any material. It measures the X-ray diffraction pattern produced, 

which is unique for every crystalline material. The absence of individual distinguishable 

peaks in the XRD scan suggests the presence of an amorphous material. XRD is used in 

combination with DSC to confirm the crystalline/amorphous state of the impregnated 

material. Powder diffraction data was obtained using a LabX XRD-6000 X-ray 

diffractometer (Shimadzu) with a graphite monochromator and diffracted beam generated 

by Cu tube. 

2.3.4 Specific surface area (SSA) and Pore-Size Distribution 

Porous materials are characterized with a large specific surface area, most of which is due 

to the internal pore structure of the solid matrix. The SSA area correlates with the sizes of 

the internal pores and their distribution. Measuring SSA and pore size distribution for any 

excipient before and after impregnation can reveal information regarding the 

impregnation process. Specific surface area (in m2/g) was determined by the BET 

standard method (5-point N2 adsorption). Cumulative pore size distribution (in cm3/g) 

was determined using the BJH adsorption isotherm (42-point N2 adsorption). All nitrogen 

adsorption measurements were recorded at -196 oC on a TriStar® 3000 instrument 

(Micromeritics Instrument Corp.).  
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2.3.5 High pressure liquid chromatography (HPLC) 

Determining the actual drug loading of an impregnated excipient with very high accuracy 

is very important for several reasons. First, it will allow the calculation of the API 

uniformity/variability within the impregnated excipient. This is an important property of 

any drug product and is tightly regulated by regulatory agencies by imposing maximum 

allowable limits. The API content variability is determined by collecting multiple small 

samples from the impregnated batch (size of sample is also important), determining the 

API loading in each sample accurately and then calculation the relative standard 

deviation (RSD) from the mean value (in %). The smaller the % RSD is for a particular 

batch, the smaller the variability (or higher the uniformity) is for that batch. Second, 

accurate measure of the API loading will allow for a comparison between the actual 

loading and the targeted drug loading (API input during the impregnation process). This 

is very important from a mass balance stand point and could be very useful in 

investigating how the impregnation process performs. Lastly, through comparative 

studies it can help answer the question if the API absorbs onto the excipient or simply is 

deposited inside its pores. This is also important aspect as it may affect API release 

kinetics.  

Analyzing the API content was made possible with the help of high pressure liquid 

chromatography (HPLC). This is an analytical method which has the capability of 

separating multiple organic compounds and determining their concentration in a solution 

with extremely high accuracy. The concentration is calculated based on the individual 

compound UV absorbance using a calibration curve constructed using solutions with 

known concentration. The calibration curve represents peak area vs. known 
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concentration. The linearity of the calibration curve must be very high (usually above R2 

> 0.999) to ensure high accuracy. This is achieved by constructing calibration curves 

around the anticipated concentrations to be analyzed.  

Overall, the method developed for API content analysis consists of several steps: 

1) Estimate API concentration and prepare two standard solutions using pure API in 

a pure solvent with concentrations slightly above and below the anticipated 

sample concentration. 

2) Run these two standard solutions and construct a calibration curve including the 

origin. Calculate R2 to make sure linearity meets the requirements of 0.999 or 

above. 

3) Take at least 10 small samples from the impregnated excipient, place them in 

volumetric flasks and fill to the mark with a solvent which provides good API 

solubility (usually the solvent used for impregnation). Place flask in sonication 

bath and sonicate for at least 30 min to ensure a complete dissolution of the API.  

4) Run HPLC analysis for each sample using at least two injections to determine the 

HPLC peak area.  

5) Using the calibration curve, calculate the API content for each sample/injection. 

Then calculate the mean, the standard deviation and the % RSD for the entire 

batch.  

2.3.6 Particle size distribution (PSD) 

Every excipient is friable to some degree. For the impregnation method to be 

commercially viable, it must be able to preserve the original physical properties of the 
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excipient almost unchanged. Therefore, an important question to be answered is how the 

particle size changes due to the impregnation process. Is there attrition of the excipient 

and to what degree? Is there agglomeration of the excipient particles? All these can be 

answered by measuring PSD of the excipient before and after the impregnation process. 

Many analytical techniques are available today for particle size distribution analysis of 

powders. Some low-tech options include sieve analysis, microscope counting or particle 

image analysis. More elaborate analytical methods include laser diffraction analysis or 

dynamic light scattering. All of the PSD analyses involved with this work were 

performed using Beckman Coulter LS 13320 laser diffraction particle size analyzer. 

2.3.7 Shear cell testing 

Almost every drug product formulation process for solid dosage forms involves at some 

point mixing of powders (APIs and excipients). The physical behavior of the powder 

blend depends on many factors: physical properties of the individual powders, processing 

methods and conditions, additives, etc. The properties of the final drug product (tablets or 

capsules) are greatly influenced by the flow behavior of the powder blend used in their 

preparation. Poor flowability of the blend can affect the quality of the solid dosage form 

(high variability of API content) or the productivity of the manufacturing process (tablet 

capping, partially fill capsules). Therefore it is very important to assess what is the effect 

of the manufacturing method on the flow properties of the final powder blend. Powder 

flow properties and their evaluation is currently an area with dynamic research activities. 

Many methods have been developed for the analysis of powder flow: angle of response, 

Carr’s compressibility index or Hausner ratio, flow through an orifice, dynamic powder 

testing, testing by gravitational displacement rheometer or shear cell [63, 64]. Powder 
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flow properties in this work were characterized by the shear cell test method using FT4 

rheometer [65]. 

2.3.8 Dissolution testing 

The main function of any drug product is to deliver the API it contains into the 

gastrointestinal (GI) tract by dissolution into the gastric fluids. The process of dissolving 

the API is in turn affected by many factors: environmental (pH and temperature of gastric 

fluid), properties of the API (solubility, crystal form) or properties of the solid dosage 

form (additives, tablet hardness, capsule properties). Therefore, measuring the dissolution 

profile is an important part of the full characterization of any drug product. The test is 

usually performed in vitro according to a prescribed procedures by the United States 

Pharmacopeia (USP) [66]. The test measures the % of API that dissolves as a function of 

time. The USP distinguishes two types of drug formulations based on their release time: 

immediate release (usually 80% of API released in less than 30min) or extended release 

(usually 80% of API released in several hours). All dissolution testing were performed in 

Varian’s Vankel VK-7010, 8-spindle, 8-vessel USP dissolution apparatus with an 

automated UV-vis measurement. 

2.3.9 Tableting and compressibility testing 

The main difference between traditional blend methods for preparation of solid dosage 

forms (physical blending of API and excipients) and the impregnation method studied in 

this work is the location of the active ingredient. In the former, the API particles are 

located between the excipient particles, while in the latter the API is located inside the 

excipient. In order to study the effect of impregnation on the properties of the final 

tablets, a comprehensive tableting and compressibility testing was designed and 
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implemented. Individual tablets of pure and impregnated excipients were prepared using 

a tablet press replicator and compaction simulator (PressterTM). Tablet thickness and 

hardness was then measured and compared.  

2.4 Preliminary impregnation study 

Two methods were tested: 1) classical dry-impregnation method and 2) the novel 

fluidized-bed impregnation method. These methods of impregnation were tested with the 

following goals: 

• Proof of concept - achieve successful impregnation of API into porous excipient 

• Perform analysis on the impregnated product 

• Assess advantages/disadvantages of each method and identify potential 

improvements  

2.4.1 Dry impregnation 

The classical dry impregnation method consists of a single impregnation/drying cycle. 

The impregnation process can be carried out in any suitable powder mixer, where the 

liquid spray can be introduced safely. The wet, impregnated powder is then usually 

transferred in an oven to complete the drying of the carrier solvent. In this preliminary 

study, a conventional granulator was used to perform the impregnation part and a vacuum 

oven to dry the excipient. The conceptual design of the granulator is shown in Figure 2-4. 

The excipient powder was placed in the granulator’s chamber where it was continuously 

mixed by the agitator. The chopper is designed to help break any large wet agglomerates 

and improve blend uniformity. The API solution was pulverized by the spray nozzle and 

introduced in the chamber in the form of fine mist. The type of spray nozzle was a single-
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fluid, which uses only the kinetic energy of the liquid interring the nozzle. The liquid 

transfer was achieved using a peristaltic pump.  

The API used in this test was acetaminophen (APAP) and the carrier solvent was 

methanol. The excipient used was EMCOMPRESS® - an anhydrous form of CaHPO4. 

The processing conditions are given in Table 2-3. The amount of excipient used was 

chosen to ensure contact with the chopper once placed in the granulator. The speed of the 

agitator was chosen to ensure adequate mixing of the powder. The chopper speed was set 

at the lowest setting – 10% of the maximum speed of 3600 rpm. This was necessary to 

minimize attrition/breakage of particles that could occur during the impregnation process. 

A methanol solution of APAP was prepared by saturating the API in the solvent at room 

temperature. This resulted in a maximum concentration of about 93 mg/ml. The addition 

rate used was the minimum attainable that could still produce an adequate pulverization 

of the API solution. The maximum amount of solvent for impregnation cannot exceed the 

total pore volume, otherwise agglomeration will be observed. Therefore it was decided to 

have the total volume of API solution to be 90% of the total pore volume of the excipient. 

The calculation for the solvent volume, based on literature values for porosity 𝜀𝜀 and true 

density 𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  [67], is given by equation (2-1): 

𝑉𝑉(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) = 𝜀𝜀∗𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤ℎ𝑡𝑡(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶4)
𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

∗ 1
(1−𝜀𝜀) ∗ 0.9    (2-1) 

The wet, impregnated excipient was dried under full vacuum at 35oC for full 24 hrs. The 

dried impregnated excipient (ten samples of about 0.5 grams each) was analyzed by 

HPLC to determine the average APAP loading and blend uniformity. Analytical results 

are shown in Table 2-3. The actual API loading was slightly lower than the theoretical, 
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which was calculated based on amount of APAP solution and concentration that was 

sprayed in. This suggests that there was some small loss associated with this 

impregnation method and equipment. Most likely the loss was to the internals of the 

granulator which gets coated during the impregnation process. Although still acceptable, 

the measured blend uniformity was at the high end for any commercial drug product, as 

the limit set by the FDA is no more than 6 %RSD. 

The SEM pictures of the impregnated CaHPO4 are shown in Figure 2-5. Close 

examination of the images reveals the existence of some excipient particle agglomeration. 

This can be explained by the inherent uneven distribution of API solution during 

impregnation and the fact that the solution volume is close to the maximum that can be 

absorbed by the powder. Some particles will end up with higher wetness then others and 

may even have solution at the surface after the impregnation process. Therefore, during 

drying some agglomeration is to be expected. 

The agglomeration of particles was also confirmed by PSD measurements. Figure 2-6 

shows comparison of PSD analysis performed on pure CaHPO4 and dry impregnated 

CaHPO4. Clearly the impregnated powder exhibits broadening of the size distribution, 

with a shift towards the larger sizes. Due to the higher shear forces exhibited on the 

powder by the agitator and chopper blades during impregnation, some attrition of 

particles was observed, which then agglomerate to form bigger size aggregates. 

2.4.2 Fluidized bed impregnation 

An existing fluidized bed dryer and granulator, Glatt GPCG 1, was modified slightly and 

turned into impregnation equipment. The nozzle was lowered to make sure it is 
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completely submerged into the fluidized powder bed during operation. This is to ensure 

that the solution droplets will immediately collide with solid particles and there will be no 

spray drying taking place during impregnation. The FB dryer was also equipped with two 

storage vessels: one for pure solvent and second for API solution, which was placed on a 

scale to measure the solution mass flow rate. A schematic of the FB impregnation set up 

is depicted in Figure 2-7. 

The same excipient, solvent and API were used as in the dry impregnation experiment. 

The amount of the excipient was chosen so it could reach the bottom of the spray nozzle. 

This will ensure complete immersion of the nozzle when the bed is fluidized. The 

impregnation process begins by fluidizing the powder. The velocity of the fluidizing air 

was increased beyond the minimal fluidization velocity to achieve turbulent regime of 

fluidization. Then the heater was turned on and the desired inlet temperature was set. 

When the bed temperature reached close to the solvent’s boiling point (about 60oC), the 

pure solvent spray was started along with the atomization gas. Pure solvent was sprayed 

in the bed until steady state was reached: that is for a set inlet temperature, inlet gas flow 

rate, spray rate and fluidization gas pressure, the product temperature does not change. If 

any of those parameters needed adjustments, a new steady state needs to be reached. 

Proper blow back interval must be set on the filter element in order to eliminate powder 

build up. If this is not controlled properly, it may cause fouling of the filter element and 

eventually seizing of the fluidization process. Once steady state was attained, the liquid 

feed was switched to the API solution without any interruption to the fluidization process. 

The API solution was sprayed in until the desired drug loading was reached by 

monitoring the total amount of solution. Once loading was achieved, the spray was again 
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switched to pure solvent for several minutes to rinse the internals of all tubing and nozzle. 

At the end, all spraying was stopped and the material was allowed to dry in a fluidized 

state for appropriate time, after which it was cooled down and discharged. Two 

preliminary FB experiments were carried out and the results are presented below. 

2.4.2.1 Preliminary FB experiment #1 

All process parameters for this experiment are shown in Table 2-4. A total of three 

samples were taken during the entire impregnation process. After the second sample, the 

spray rate was increased over three times and kept constant until the end of the 

experiment. Each sample was analyzed by HPLC to determine average APAP loading. 

The results are presented graphically in Figure 2-8. The increase of APAP loading 

(theoretical and actual) are plotted vs. time. The actual trend of drug loading vs. time is in 

a close agreement with the theoretical loading until the second sample. The final sample 

shows a discrepancy: the actual measured loading was more than the theoretical loading 

(calculated based on initial weight of excipient and total amount of API sprayed in). This 

result is only possible if for some reason the excipient was being lost during the FB 

impregnation process. There was a small amount of physical loss incurred during 

impregnation due to sampling and opening of the equipment for various reasons (to clear 

a nozzle clog due to pump failure, to check for powder build up on nozzle, etc.). A 

careful examination of the FB’s internals also revealed some product loss through the 

filter element and through the bottom distribution plate. It was realized that the 

distribution plate was not properly sized to handle small particles, and every time the 

process was stopped (due to sampling, etc.) small amount would fall through the screen 

due to the head pressure exerted by the bulk powder above. It was also discovered that 
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the filter element was not sized properly. A smaller size distributor plate and filter 

elements were procured and installed for subsequent tests. 

Particle size distribution was measured on the final impregnated material to assess for 

any potential changes due to any of the following: particle attrition, particle 

agglomeration or even spray drying. Comparison of PSD measurements for pure and 

impregnated CaPO4 is displayed in Figure 2-9. Both distributions are positioned almost 

perfectly on top of each other. There is no evidence of particle agglomeration (creation of 

large particles) or of spray drying (which would have been represented by its own distinct 

peak somewhere in the 0-100 micron range). There is very small shift to the left, 

suggesting possibly some level of particle attrition. This small shift is no near the PSD 

change observed during the dry impregnation experiment (Figure 2-6), reinforcing the 

argument that powder fluidization exerts smaller shear compared to agitated operations 

and it is more suited for powder mixing. Figure 2-10 shows SEM pictures of impregnated 

CAHPO4 at the three different stages of impregnation. These pictures reveal particles that 

are identical to the pure excipient, without any signs of breakage, agglomeration or API 

coating. 

2.4.2.2 Preliminary FB experiment #2 

All process parameters for this experiment are shown in Table 2-5. A total of three 

samples were taken during the entire impregnation process. The spray rate was kept 

constant until the end of the experiment. The amount of excipient and API solution 

concentration was kept the same as experiment #1. The inlet gas velocity was reduced 

compared with experiment #1 in an effort to minimize particle attrition even further. 

Lower fluidization gas flowrate results in a reduction of the mixing intensity, which leads 
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to a reduced particle attrition. For the same exact reason the atomization pressure was 

also reduced. The atomization gas enters the fluidization bed countercurrent (downward) 

to the movement of the particles (upward), which could also affect mixing and attrition. 

In order to ensure the same drying capability, the inlet temperature of the fluidizing gas 

was increased. 

Each sample was analyzed by HPLC to determine average APAP loading. The results are 

presented graphically in Figure 2-11, where the increase of APAP loading (theoretical 

and actual) are plotted vs. time. The actual loading results trend as expected with time 

and are in close agreement with the theoretical for all three samples. This is an improved 

performance over FB experiment #1 and is due to the modifications of the fluidized bed, 

smaller size distribution plate and filter element for exit gas. Similarly to experiment #1, 

the PSD was measured and compared to that of the pure excipient in order to assess for 

any attrition, agglomeration or spray drying. The data comparison is presented in Figure 

2-12 and reveals almost identical size distributions for before and after the impregnation 

(final sample). This result demonstrates the lower attrition levels achieved in FB 

compared to other methods of powder mixing.  

Figure 2-13 shows SEM pictures of the impregnated CAHPO4 from the three different 

samples taken during the entire impregnation. These pictures reveal particles identical to 

the pure excipient, without any signs of breakage and agglomeration. However, they 

reveal something different from experiment #1. The SEM pictures for samples #2 and #3 

show the existence of some “darker” particles (circled in red). The concentration of those 

dark particles was low as they did not appear randomly dispersed throughout the rest of 

the particles but rather had to be searched for. Close examination of those particles 
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revealed that this is a sign of API coating. This coating is non-existent for sample #1, 

which suggests that something happened inside the fluidized bed and caused the coating 

to occur for samples #2 and #3. 

Coating of particles occurs via two distinct mechanisms. The first one involves very fast 

drying rates. This happens when the inlet gas temperature is high enough to cause 

evaporation of solvent as soon as the droplet reaches the surface of the particle, without 

allowing the solution to completely penetrate the particle. Given the fact that the drying 

temperature used in the experiment was not very high, only about 20oC higher than the 

boiling point of methanol (66oC), it is not very likely that fast drying was the reason for 

the observed results. The second mechanism via which coating could be observed is 

through a complete saturation of the particles with liquid. If a particle is completely filled 

with an API and does not possess any residual porosity, the sprayed liquid will dry on the 

surface. This could happen if the particle is consistently being filled entirely with API 

solution, every time it goes through the wetting zone of the FB impregnator. At some 

point during the process, the particle will be completely filled with an API and the next 

time when it gets wet, it will result in a surface deposition of the API. It is believed that 

this is the main reason for the observed coating, as two main differences were observed 

with this experiment (compared with experiment #1): 

1. During this experiment, the inlet gas velocity and atomization gas pressure were 

reduced compared with the first experiment. This caused a reduction in the 

relative mixing inside the bed. Less intense mixing would results in a longer 

wetting time – the period spent by the particle in the spray zone. This longer 

wetting time would result in some particles being completely soaked with an API 
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solution. If this repeatedly happens to the same particle, it will eventually result in 

complete filling with an API and over time the particle would appear coated. 

2. Several times during the experiment, the nozzle clogged and the impregnation 

process had to be stopped. In order to unclog the nozzle and proceed with the 

impregnation process, the nozzle had to be taken apart and rinsed with solvent. 

When the unit was open to service the nozzle, it was observed that there was a 

coating of wet powder (few millimeters thick) that was formed around and in the 

front of the nozzle. While this caused the clogging of the nozzle, it also had 

resulted in wetting this layer of powder first before the spray could get to the rest 

of the fluidized bed. The appearance of this coating of wet powder on the nozzle 

was a direct result of the reduced mixing inside the bed (as described above). This 

nozzle coating and clogging was not observed during the first experiment. 

2.4.2.3 Summary 

Dry impregnation of porous excipient with an API was achieved in a common granulator, 

followed by drying in a conventional vacuum oven. The API loading level per 

impregnation/drying cycle is limited to the solubility of the API in the carrier solvent and 

the porosity of the carrier, which in the present study was around 6 %. Higher loadings 

are possible by either repeating the entire process or by increasing the solution 

concentration (higher temperature, different solvent). Certain degree of agglomeration 

and attrition was observed with dry impregnation. This can be minimized by changing the 

following parameters: reducing the amount of solution sprayed per cycle and/or reducing 

the shear in the granulator. Improving the blend uniformity could be achieved by 

improving atomization of the solution and/or improving powder mixing. 
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Fluidized bed impregnation was successfully achieved using a Glatt FB granulator/dryer 

with minimal modifications. The process was easy to implement and run and was capable 

of achieving higher loadings of API compared to the conventional dry impregnation 

method. This is made possible due to the simultaneous occurrence of the wetting and 

drying steps during FB impregnation. The only process parameter that determines final 

API loading is the time of impregnation and the total porosity of the excipient. Special 

care should be taken when setting the processing parameters that control the FB 

impregnation process: spray rate, drying gas flow rate and temperature, atomization 

pressure, API concentration, etc. Fluidized bed impregnation offers other important 

advantage: it leaves unchanged the excipient particles as attrition is minimized 

significantly and agglomeration is almost nonexistent. Fluidized bed impregnation will be 

studied in more detail in the sections to follow. 

2.5 Case study – Fluidized bed impregnation of anhydrous calcium 

phosphate with acetaminophen 

2.5.1 Methods and procedures 

Based on the preliminary experiments, the final procedure developed for the fluidized 

bed impregnation of excipients consists of the following several steps: 

1. Charge fluidized bed dryer with excipient until the top spray nozzle is reached. 

During fluidization, the nozzle needs to be located within the powder bed in order 

to eliminate spray drying. 

2. Start fluidized bed dryer and set the inlet gas temperature to desired value. 
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3. Begin spraying pure solvent. Continue spraying until steady state is achieved 

(constant product temperature).  

4. Once steady state is achieved, begin spraying API solution. Continue spraying 

until desired loading is achieved. 

5. Switch back to spraying pure solvent for specific time. 

6. Dry product for specified time, cool down and unload. 

The excipient used was EMCOMPRESS® - an anhydrous form of CaHPO4. Three 

impregnation studies involving APAP and CaHPO4 are presented in this study. The aim 

of these studies was to achieve three different APAP loadings within the excipient: 

medium (9-10 wt%), low (0.9-1.0 wt%) and ultra-low (0.09-0.1 wt%). All of these 

experiments were executed following the above procedure. Details on the experiments in 

terms of amounts of APAP and excipient, concentration of APAP solution, spray time 

and processing parameters, such as inlet and product temperatures, are given in Table 

2-6. 

All experimental conditions were kept constant with the exception of the APAP solution 

concentration, which was varied accordingly in order to achieve the target loading in the 

same amount of time. Spraying pure solvent after the APAP solution is an important part 

of the impregnation procedure, as it allows for any amounts of deposited APAP on the 

surface of the particles (in case they are any) to be re-dissolved and deposited within the 

excipient. At the end of each experiment, the impregnated material was dried until 

product temperature reached 60 oC, after which the heat was turned off and contents of 

the fluidized bed were cooled down to room temperature. Milling of the impregnated 

materials was performed on a 2” lab scale pin mill. The material was fed to the mill using 
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a vibratory feeder. Feed rate used was around 10 g/min. Mill speed used was 10,000 rpm. 

Capsule filling was performed on a semi-automatic CAP 8 machine. Equipment settings 

used during filling were: 90o auger, rotary table at maximum speed, rectifier at maximum 

speed. Two batches of 450 capsules were filled with each material. Only the second batch 

was used for blend uniformity and dissolution analysis. 

2.5.2 Results and discussion 

2.5.2.1 Proof of impregnation 

There are four possible outcomes of the proposed fluidized bed process, with only one 

(impregnation) being the desired one. The three undesired outcomes are spray drying of 

the API, spray coating of the excipient and agglomeration/granulation of the excipient. 

This section tries to answer the question "Was the excipient impregnated?" This issue is 

examined by conducting three types of physical analysis on the impregnated blends: 

scanning electron microscopy, specific surface area and pore size distribution and finally, 

by testing the drug loading.  

Spray drying of the API is easily ruled out by HPLC analysis on the impregnated 

materials, which is performed to determine the final drug loading (see complete details in 

next section "Drug loading and blend uniformity"). The loading of the API, as discussed 

below, was determined for various particle size fractions (obtained by mechanically 

sieving the powders) and then averaged. In the event that the API was spray dried, three 

possible outcomes could be observed: (1) collecting all the spray-dried API with the 

smallest particle size fraction (below 53 µm) during sieving (the size of droplets 

produced, hence final API particles, are on average less than 20 µm due to the nozzle and 
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atomization pressure used during impregnation). (2) Losing most (or all) of the spray 

dried API through the outlet filter, which has size of about 50 µm. (3) Having spray-dried 

API particles attached to the surface of the carrier. If scenario (1) was true, then all of the 

API must show with the lowest size fraction (below 53 microns) with almost no API in 

the upper fractions. If scenario (2) was true, then the amount of API analyzed should be 

considerably lower than the target loading (or even zero). If scenario (3) was true, then 

there should be clear evidence in the SEM pictures of excipient particles attached to 

spherical API particles (spherical because of API spray-drying). Neither the first nor the 

second scenarios take place, as it is evident from Figure 2-14. All size fractions receive 

appropriate amounts of API (see explanation in next section "Drug loading and blend 

uniformity") and the average loading (calculated based on data in Figure 2-14 and Table 

2-7) is consistent with the total sprayed amount of API during processing (see data in 

Table 2-6). There is no loss of API and all of it is distributed throughout the excipient. 

The third scenario is examined by analyzing SEM pictures of impregnated CaHPO4 

(Figure 2-15), which clearly shows that this last scenario does not occur either. Therefore, 

spray drying of API solution during fluidized bed impregnation process can be ruled out 

with a high level of confidence. 

Spray coating is the second undesired outcome during the impregnation process. Based 

on data from the preliminary runs, the process parameters (product temperature, inlet 

temperature) and the overall procedure are chosen carefully in order to promote 

impregnation and suppress coating. In order to rule out spray coating, we first examine all 

impregnated powders under the microscope. Figure 2-15 shows SEM pictures of various 

size fractions of impregnated CaHPO4 along with pure CaHPO4. Thorough examination 
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of all pictures (full set of pictures not shown) did not yield any visual sign of coating. All 

impregnated particles look almost identical to pure CaHPO4. In the event of coating, the 

rough surface of the particles should have been smoothed and gaps/crevices filled up by 

the applied layer of API (as was seen in Figure 2-13). SEM pictures also clearly indicate 

that there is no agglomeration/granulation of the excipient. 

Although SEM pictures demonstrate absence of spray drying and surface coating, in 

order to firmly establish the proof of impregnation, all powders (impregnated and pure) 

were further tested for their total surface area and pore size distributions. A relatively 

porous material, in theory, should possess high total surface area, in the order of few a 

m2/g as a minimum. On the contrary, a completely non-porous material with particles of 

several microns usually has total surface area below 1 m2/g. Simple calculation shows 

that for uniformly distributed spheres, 2 µm in diameter with a true density of 2.96 g/ml 

(true density of CaHPO4 anhydrous [67]) the total surface area should be around 0.5 

m2/g. Therefore, examining and comparing changes in specific surface area and pore size 

distribution for pure and impregnated CaHPO4 should give a useful indication of 

impregnation vs. coating. In the case of spray coating, which requires the drying process 

to be much faster than impregnation, all particles would receive a layer of (most likely 

amorphous) API. This layer would block the internal surface of the particles from the N2 

gas during surface area measurements and the corresponding SSA would be comparable 

to that of a non-porous material.  

However, this is not the case as it is evident from Figure 2-16 and Table 2-8, which 

summarize SSA and pore size distribution measurements for pure and impregnated 

CaHPO4 (8.87% and 0.99% loading). Measurements for the lowest loading of 0.1% were 
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performed but not included since they did not show any difference compared to pure 

excipient. For each size fraction shown on Figure 2-16, we observe a decrease in SSA 

and total pore volume (for micropores and mesopores with dpore<120nm) proportional to 

the level of loading (see next section "Drug loading and blend uniformity" for discussion 

on loading). In neither case do we detect SSA values indicating spray coating of particles. 

Even for the size fraction with the highest loading (below 53 µm, Table 2-8) there is still 

high residual porosity, as indicated by the corresponding SSA of 6.3 m2/g. Therefore, 

from all this data, it can be concluded with significant confidence that the carrier particles 

are impregnated and that spray coating is not evident. The proposed FB impregnation 

process does indeed promote impregnation of particles when process conditions are 

chosen carefully. 

2.5.2.2 Drug loading and blend uniformity 

It was shown already (Table 2-8) that variations in the API uptake by different size 

fractions of the excipient were observed during impregnation (as indicated by differences 

in surface area and pore volume at the end of impregnation). In order to better assess the 

drug loading, the final product was sieved and HPLC analysis was performed on each 

fraction. The results were shown in Figure 2-14. The average loading was calculated 

based on these results and on the mass fractions of each size group in the blend (data 

shown in Table 2-7). There is an emerging pattern, characteristic for all three materials – 

the API loading is inversely related to the size of the particles being impregnated. This is 

not surprising and can be explained in terms of the flux of API solution across the 

external surface (not to be mistaken with total surface area, which also includes internal 

surface area) of the particles. During fluid bed impregnation, this flux is constant for all 
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size particles if one assumes a well-mixed system. The difference comes from the fact 

that particles of pure CaHPO4 (as in any other powder) have a PSD, which in 

mathematical terms translates to differences in the external surface-to-volume (or 

surface-to-mass) ratio of different size particles. Therefore, a constant flux of material 

causes particles with high surface-to-volume ratio (i.e., smaller particles) to receive a 

larger mass fraction of solution for a given time.  

From this data it can be concluded that the PSD of the excipient is an important 

characteristic, which determines the final drug loading (or variation thereof) during FB 

impregnation. Having a porous carrier with a narrower PSD will result in less variation in 

the drug loading across size groups. It will also allow for higher drug loadings to be 

achieved. For example, Figure 2-14 (top left) shows that for the size group of "below 53 

µm" the loading is 21.06%, when the average loading is only 8.87%. A narrower PSD 

allows achieving the highest loading possible without overfilling the smallest size 

particles. This highest theoretical loading will depends on the porosity of the excipient 

and the true densities of the API and excipient. 

Any given pharmaceutical formulation has to be assessed in terms of its blend uniformity 

– that is how well the API is dispersed throughout the excipient. The blend uniformity for 

the impregnated materials presented in this study was assessed by first formulating them 

into hard gelatin capsules without any other additives. These capsules (having around 

0.50-0.55 grams of impregnated powder) were then taken and ten of them were randomly 

chosen for HPLC analysis. The absolute amount of API in each capsule was determined 

and its concentration (in terms of weight %) calculated. The blend uniformity was 

calculated as % relative standard deviation (%RSD) from the mean value of the 
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concentration. The results from this analysis for all three impregnated materials are 

presented in Table 2-9 along with the empty capsule weight variability (measured on 50 

randomly chosen capsules). Drug content uniformity (also presented) was calculated as % 

relative standard deviation from the mean value of the API’s absolute amount in each 

capsule. All results for blend uniformity are around 1% RSD or less which indicates a 

highly uniform pharmaceutical blend. There are larger variations in drug content 

uniformity which are primarily due to the capsule weight variability. 

In general, highly uniform blends are difficult to achieve, especially when working with 

low drug loadings. This is primarily due to inadequate mixing of the ingredients and size 

segregation of the particles (API and excipient). In such cases, conventional formulation 

techniques call for additional unit operations, such as wet or dry granulation, in order to 

help achieve targeted blend uniformity. What we have shown here are highly uniform 

blends, achieved with a single unit operation without any special control of API physical 

properties. The API (and its physical properties) does not play a role in determining the 

uniformity of the blend, as it is located inside the excipient particles. However, there is 

still a chance for size segregation due to the inherent PSD of the excipient particles. As it 

was shown already, various size groups have different drug loadings and if they are 

segregated, they will affect the final blend uniformity. In order to further improve 

homogeneity of the impregnated materials we examined the effects of size reduction. 

Milling of the impregnated powders was done on a lab scale pin mill using mild 

conditions (low range of milling speeds). The resulting powders were used again to fill 

hard gelatin capsules and then tested by HPLC for drug content. All blend uniformity 
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results on the milled materials are summarized in Table 2-10. Particle size distributions 

are discussed in one of the next sections. 

For all three impregnated materials, there was further improvement of blend uniformity, 

which in some cases led to reductions in the RSD of 50% or more. Again, variation in 

drug content uniformity is mainly due to the weight variability of the filled capsules. The 

variability of the filled capsule's weight is primarily due to the semi-automatic fashion in 

which they were filled (variation between experiments such as hopper fill level). These 

results underline the importance of the PSD of the excipient being impregnated. Using an 

excipient with narrow PSD will allow not only for higher drug loading but also produce 

more uniform dispersion of the API. 

2.5.2.3 Physical state of the impregnated API 

The proposed impregnation method could be viewed as a slow evaporative process 

during which the API precipitates/crystallizes out of solution as it is being deposited 

within the mesoporous and microporous structure of the excipient. The question that 

remains is in what physical form the drug molecules are deposited inside the carrier? 

There are three possible outcomes: crystalline material, amorphous material or solid 

molecular dispersions. Factors that determine the actual physical form of the impregnated 

drug include: the nature of the API (some form amorphous state easier than others), the 

solvent system and the internal structure of carrier matrix (pore size and distribution). 

Whether crystalline or amorphous material is deposited will depend on the first two 

factors while the formation of a molecular dispersion will be influenced by the third one. 

Solid molecular dispersion is a state of matter, similar to amorphous, in which the 

intermolecular interactions are broken up and the molecules are individually separated 
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and dispersed throughout the pores. This scenario is possible since equilibrium 

thermodynamics predict that crystallization should be completely suppressed below a 

certain critical pore diameter. Surface energy contributions in this case over-compensate 

the energy advantage associated with crystallization. The critical diameter typically 

amounts to a few nanometers [23]. In larger size pores the state of matter will be either 

amorphous or crystalline, depending on the nature of the API, solvent or processing 

conditions. It is possible by controlling the pore size to prevent the crystallization of the 

amorphous material [23], or to preferentially obtain one crystal form vs. another [30]. In 

all cases there will be a shift of the bulk API's melting point to lower values depending on 

the size of the pores. This is due to the well-known phenomenon of confinement-induced 

melting point depression. The new melting point can be estimated using the Gibbs-

Thompson equation given below [68]: 

𝑇𝑇𝑚𝑚(𝑑𝑑) = 𝑇𝑇𝑚𝑚∞ − 4𝜎𝜎𝑆𝑆1𝑇𝑇𝑚𝑚∞/(𝑑𝑑𝐶𝐶∆𝐻𝐻𝑚𝑚𝜌𝜌𝐶𝐶)    (2-2) 

where 𝑇𝑇𝑚𝑚(𝑑𝑑) is the depressed melting point for pores with diameter d, 𝑇𝑇𝑚𝑚∞ is the bulk 

melting point, 𝜎𝜎𝑆𝑆1 is the surface tension between crystal and liquid phases, ∆𝐻𝐻𝑚𝑚 is the 

heat of melting and 𝜌𝜌𝐶𝐶 is the bulk density of the solid phase.  

Differential scanning calorimetry (DSC) is a very powerful analytical tool used to 

investigate the physical state of solids. In the case of an amorphous material or molecular 

dispersion, there won't be any visible endotherm or exotherm peaks. When only a 

crystalline material is present, the exothermic peak (amorphous) will be absent. If the 

crystalline solid is confined to small pores (as it was explained already) there will be a 

shift of the melting peak to a lower value. All three impregnated materials were analyzed 
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using DSC, however only the ones with 8.87% and 0.99% loadings are presented here 

(Figure 2-17). 

The DSC scans for 0.1%  impregnated material did not show any thermal events, most 

likely due to the fact that the actual API amount in the DSC scans was below the limit of 

detection for this analytical technique. In the case of 8.87% loading (Figure 2-17-left), the 

amount of impregnated API was enough to give a very clear DSC signal with high 

intensity. Due to the difference in APAP loading, DSC scans of all size groups were 

taken. For all size groups there is a clear shift in the melting point of APAP from its bulk 

melting point of 169.02oC (crystalline form I [69]). This is a clear indication of the small 

confinement of APAP molecules, which is another proof of impregnation. These melting 

point shifts are within a temperature range of 150-170oC, well in agreement with already 

evaluated shifts for APAP form I in pore sizes ranging from 20 to 100 nm [30]. All 

melting peaks show some broadening as well due to the inherent pore size distribution 

within the excipient. The melting peak for the size group of 53 µm and below shows 

some overlap with the bulk melting point. This could be an indication of complete filling 

up of the macropores (dpore>120nm), which as suggested by Chevalier et al [27] in the 

case of CaHPO4 granules and Ibuprofen, is about 22%. In the case of 0.99% loading 

(Figure 2-17-right), the amount of impregnated API was at the borderline of limit of 

detection for the DSC instrument. Therefore only the size fractions with the highest 

loadings are presented along with a scan for the pure CaHPO4 excipient. The pattern is 

the same as outlined above (broadening and shifting to lower temperatures) although it is 

clear that the peaks are weaker, getting near the limit of detection. Sensitivity of the DSC 
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technique (along with the actual API loading) should be considered if it will be used to 

characterize impregnated materials. 

Figure 2-18 shows the differential pore size distribution for the same material (8.87% 

loading). From this data it can be confirmed that most of the impregnation is taking place 

within the pore size range of 10-100 nm, as was suggested earlier. There might be some 

small amount of APAP in smaller pores (<5 nm) in the form of molecular dispersion as 

suggested from the same plot. Powder XRD analysis was also performed to confirm the 

physical form of impregnated CaHPO4. Tests were performed only on the high loaded 

material due to detection limitations associated with this technique. Figure 2-19 shows 

XRD scans for various size groups and for pure CaHPO4 and pure APAP form I as 

comparison. The figure does not show the full range of scans (2θ of 10o-50o) for the sake 

of clarity. Acetaminophen Form I can be confirmed by several peaks around 2θ of 15o-

25o. These also confirm the crystalline nature of the deposited API. 

2.5.2.4 Particle size distribution 

Every excipient is friable to some degree. In order for the FB impregnation method to be 

commercially viable, it must be able to preserve the original physical properties of the 

excipient almost unchanged. Therefore, an important question to be answered is how the 

particle size changes due to the continuous fluidization during the impregnation process. 

Total fluidization time in all of the experiments, which includes impregnation time plus 

the initial start-up and final drying, was in the order of 4 hours. Particle size distribution 

data for pure CaHPO4 and for various impregnated CaHPO4 lots is shown on Figure 2-20. 

Comparing PSD data for pure and impregnated samples (un-milled) proves that the 

changes in size are not significant. There is some small amount of fines generated due to 
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attrition that takes place during the process. Additional, more detailed experiments are 

needed to determine if these fines are generated constantly throughout the process or only 

at the beginning of the fluidization, when the particles are still dry and not loaded with 

API. It could be argued that having a drug impregnated within, could further 

mechanically stabilize the particles (see section "Tableting and compressibility study"). 

Figure 2-20 also compares PSDs of impregnated CaHPO4 before and after milling. As it 

was shown in section "Drug loading and blend uniformity", milling was used to further 

improve blend uniformity of the impregnated materials. One way of explaining this 

experimental fact, as it is evident from the PSD data, is that reduction in size of the big 

particles (the ones with low drug loading) significantly decreases size segregation 

tendencies. Using harsher milling conditions will cause all particles to be further 

normalized in size, which in turn will additionally reduce size segregation. This, 

however, needs to be balanced with the need to maintain good powder flow properties, 

which in general tend to worsen as the particles size gets smaller.    

2.5.2.5 Shear cell measurements 

Flow properties of pharmaceutical blends are an important factor affecting their 

formulation into final products (capsules or tablets). One of the main advantages of 

excipient impregnation with APIs is the ability to preserve the original flow properties of 

the pure excipient. In this section we examine this issue by analyzing and comparing 

shear cell data collected on pure and impregnated CaHPO4. Figure 2-21 (yield locus) 

shows shear cell testing results of shear stress (τ) vs. normal stress (σ) for pure and milled 

and un-milled impregnated CaHPO4 (8.87% and 0.99%) as described in 2.3.7.  
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Mohr stress circle analysis (not shown) was employed to calculate the values of major 

principal stress (σ1) and unconfined yield strength (σc) from which the critical flow 

factor (ffc=σ1/ σc) was then calculated. The value of σc depends on the compacting stress 

in the bulk solid σ1, and the relationship σc=f(σ1) is called a flow function, a 

characteristic that is dependent on the powder properties. The value of cohesion (τc) was 

approximated as an intercept of linearized yield locus with the τ-axis (shear stress). 

Changes in flow properties can be assessed by comparing the results for cohesion and 

critical flow factor. In general, the smaller the cohesion is, the better powders flow [70]. 

Similarly, the bigger the critical flow factor, the better the flow.  

All results from the Mohr stress circle analysis are presented in Table 2-11. Measured 

cohesion values are relatively low and decrease from τc=0.432 for pure CaHPO4 to 

τc=0.349 for 0.99% impregnated CaHPO4 and finally to τc=0.173 for 8.87% impregnated 

CaHPO4. This data shows that all powders are free flowing, as suggested by the low 

cohesion values. Cohesion decreases with increasing amount of API impregnated within 

the excipient, as suggested by the direction of change for the value of τc. The same trend 

can be concluded from the calculated ffc values. Although more testing is needed to 

firmly establish the above conclusions (impregnation is improving powder flow), the 

claim that impregnation preserves the original flow properties of the pure excipient can 

be confirmed with a high degree of certainty. As expected, milling increase cohesion and 

reduces flowability, however in this case the change is very small.  

Often, flow properties are correlated to the Hausner ratio, a dimensionless number 

defined as the ratio of tapped density to bulk density of a powder. The Hausner ratio is 

viewed as an indirect measure of bulk density, size and shape, surface area, moisture and 
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cohesiveness of materials - all important physical properties of a powder that affect its 

flowability. Table 2-12 shows results for bulk and tapped densities for all materials 

presented in this paper – pure CaHPO4, impregnated CaHPO4 and impregnated and 

milled CaHPO4. 

The data suggests a slight change in Hausner ratios from pure to impregnated excipient. 

This could be attributed to generation of fines during fluidization and impregnation 

because of attrition. Change in Hausner ratio to higher values for milled & impregnated 

CaHPO4 is expected, as the particle size is intentionally reduced. The higher value for 

CaHPO4 milled & impregnated to 0.99% (last in Table 2-12) could be attributed to the 

slightly smaller particles size as suggested by Figure 2-20. This is most likely due to 

slight differences in feed rate during milling.  

From all the data in Table 2-12 it can be also concluded (as stated previously) that 

impregnation preserves the flow properties of pure excipient. It could be further stated 

that milling could be performed in a way that will slightly change bulk properties, yet still 

yield a free-flowing material with very high blend uniformity, ideal for further 

formulation. 

2.5.2.6 Tableting and compressibility study 

All impregnated materials presented in this case study were formulated in the form of 

filled hard gelatin capsules, which were in turn used to assess blend uniformity (see 

section "Drug loading and blend uniformity") and dissolution profile (see next section 

"Dissolution profile"). This formulation was chosen for its ease of manufacture and 

availability of appropriate equipment. It was interesting, however, to investigate the 
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behavior of these materials if they were to be tableted, and to evaluate the resulting 

tablets. In order to achieve this with limited amounts of available materials, tablets were 

made using the PressterTM, which is a tablet press replicator and compaction simulator. 

Materials used for tablet preparation included: pure CaHPO4, impregnated CaHPO4 

(8.87% and 0.99%) and physical blends of CaHPO4 and APAP with loadings 7.25% and 

14.00%. All tablets produced for the comparison study were made with identical weight 

of 0.92g and shape (1cm flat face die) without the introduction of any additive. Several 

tablets from each material were made by varying the compression force. Tablets were 

then measured for their thickness and hardness. Severe fracturing was observed for 

tablets made of pure CaHPO4 and impregnated CaHPO4 to 0.99%. In some case only the 

thickness was measured since the tablet was structurally compromised and hardness 

measurement would not have been accurate. Therefore an incomplete set of data is 

presented for these two materials.  

Figure 2-22 (left) shows the results of tablet thickness vs. compression force. First thing 

to notice is that pure and impregnated (0.99%) CaHPO4 behave almost identically, which 

is to be expected. There is not enough APAP loaded inside the excipient to cause any 

significant change. Secondly, the tablet thickness for impregnated 8.87% CaHPO4 is 

lower than the one for the physical blend of similar loading (blend 7.25%). This is also to 

be expected as the API does not occupy the space between excipient particles (as it is the 

case with physical blends) but rather the space inside them (due to impregnation) 

resulting in smaller overall volume. This is another indirect proof of impregnation. 

Figure 2-22 (right) shows the results of tablet hardness vs. compression force. Pure 

CaHPO4 is not shown as all tablets produced have shown severe fracturing and capping, 
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making hardness measurements meaningless. The case was almost identical with material 

impregnated to low loading (0.99%) CaHPO4, hence only a few tablets were produced 

successfully. Regardless of their APAP content, the two physical blends exhibited almost 

identical tablet hardness. However, impregnated CaHPO4 with 8.89% loading shows 

much higher tablet hardness for the same compression force than the two blends. This 

suggests that APAP, when impregnated inside excipient particles, acts as a strong binder. 

The impregnation process strengthens the excipient particles within, making the tablet 

stronger. 

2.5.2.7 Dissolution profile 

The main purpose of any pharmaceutical product is to appropriately deliver an API into 

the body. This is achieved by dissolving the API in the GI track from where it gets 

absorbed into the blood stream. Therefore, the dissolution profile becomes an important 

characteristic of any pharmaceutical formulation and measuring it, an integral part of any 

drug product development. The in vitro release profile of APAP from impregnated blends 

with 8.87% and 0.99% loading was studied. All measurements were performed in 

accordance with the USP method for APAP filled capsules: apparatus I, basket method, 

phosphate buffer with pH=5.8. According to the USP method for acetaminophen 

(capsules or tablets), the release of the API should take 30 min or less. Impregnated 

CaHPO4 to 0.1% loading was not tested due to detection limitations of the instrument. It 

should be mentioned that at these conditions the excipient remained un-dissolved 

throughout the test. All gelatin capsules disintegrated after about a minute and this time 

was factored in the final results.  
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Figure 2-23 (left) shows release profile for milled and un-milled impregnated CaHPO4 to 

8.87% APAP. Both dissolution profiles meet the USP requirement of 80% release in 30 

min or less. The data shows slightly faster release for milled material. Release of 80% of 

APAP in the milled case is around 7 min vs. 9 min for the un-milled case. Figure 2-23 

(right) shows release profile for milled and un-milled impregnated CaHPO4 to 0.99% 

APAP. Again the USP requirement for APAP release is quickly met for both materials. 

For these two cases data suggests slightly faster dissolution for un-milled CaHPO4. The 

required 80% release of APAP is achieved in about 7 min for un-milled vs. 10 min for 

milled CaHPO4. 

2.6 Conclusions 

This chapter presented a detailed study on the proposed new method for formulation and 

manufacture of pharmaceuticals - fluidized bed impregnation of APIs onto porous 

excipients. The proposed method has operational simplicity and offers several advantages 

over conventional techniques. The study involved acetaminophen as the model drug and 

anhydrous dibasic calcium phosphate as the porous excipient, but the method presented 

here can be used for many other drugs and carriers with minimum modification. Further 

study using different APIs and excipients to establish that claim is needed. 

Fluidized bed impregnation can be summarized as the combination of three distinct 

processes taking place simultaneously. These include fluidization of the porous carrier, 

spraying API solution within the bed, which quickly penetrates the excipient due to 

capillary forces, and drying of the porous particles causing the API to be deposited 

within. Final API loading is not limited by its solubility in the organic solvent. Lower 

solubility could be compensated with longer run times to achieve targeted loadings.  
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This study helped to establish the following claims about impregnating APAP into 

anhydrous CaHPO4 utilizing fluidized bed: 

• Successful proof of concept.  

• Ability of the process to deliver final product with high blend uniformity (as 

expressed in % RSD), independent of the API loading 

• Milling of the impregnated material further improves blend uniformity. 

• Physical state of impregnated APAP inside porous excipient is crystalline 

• FB impregnation process by design preserves the final bulk physical properties 

and flow properties of the impregnated materials compared to those of the pure 

excipient 

• Impregnated APAP acts as a binder during tableting, making harder tablets 

when compared to physical blends 

• FB impregnation does not slow down the dissolution profile of APAP 

• FB impregnation is a fast, one-step process that is able to deliver final 

pharmaceutical material ready for formulation into capsules (or tablets).      

Implementing fluidized bed impregnation in drug manufacturing could allow for 

significant cost savings due to elimination of several unit operations. These include steps 

to control API attributes (secondary crystallization, milling), steps to control flow 

properties of final blends (mixing with various additives) or steps to control blend 

uniformity (wet or dry granulation, roller compaction) as depicted in Figure 2-24. 

Fluidized bed impregnation by design does not depend on the nature of the API but rather 

on the nature of the excipient used. Proper design of the porous excipient (high SSA) 
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could potentially have a big effect on the dissolution kinetics of the impregnated API. 

These claims require further study.  
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2.7 Figures for Chapter 2 
 

 

Figure 2-1: Factors influencing API impregnation of excipients 
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Figure 2-2: SEM pictures of common excipients. 
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Figure 2-3: Fluidized bed dryers chosen for impregnation development: Glatt 
GPCG 1 - 3kg scale (left) and Mini Glatt – 500g scale (right). 

 

 

Figure 2-4: Conventional granulator used for dry impregnation 
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Figure 2-5: SEM pictures - dry impregnation of CaHPO4 in a granulator. 

 

 

Figure 2-6: Dry impregnation, PSD 
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Figure 2-7: Fluidized bed impregnation set up. 
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Figure 2-8: Preliminary FB experiment #1 - theoretical and actual APAP loading vs. 
time. 

 

 

Figure 2-9: Preliminary FB experiment #1 - particle size distribution. 

 

 
 



68 
 

 

Figure 2-10: Preliminary FB experiment #1 - SEM pictures of impregnated product. 
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Figure 2-11: Preliminary FB experiment #2 - theoretical and actual APAP loading 
vs. time. 

 

 

Figure 2-12: Preliminary FB experiment #2 - particle size distribution. 
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Figure 2-13: Preliminary FB experiment #2 - SEM pictures of impregnated product. 
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Figure 2-14: APAP loading across different size fractions for three average 
loadings: 8.87% (top left), 0.99 (top right) and 0.10% (bottom). 

 

 

Figure 2-15: SEM pictures of pure CaHPO4 (left) and various size fractions of 
impregnated CaHPO4 (right). 
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Figure 2-16: Cumulative pore size distributions (for pores with dpore < 120nm) for 
various sieved fractions of pure (top left) and impregnated CaHPO4 (top right – 

0.99%, bottom – 8.87%). 

 

 

Figure 2-17: DSC test results for impregnated CaHPO4 (left - 8.87% loading; right - 
1% loading and pure CaHPO4). 
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Figure 2-18: Differential pore volume distribution (for pores with dpore < 120nm) for 
various size fractions of impregnated CaHPO4 (8.87% loading). 
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Figure 2-19: . XRD pattern comparison between pure CaHPO4, various size 
fractions of impregnated CaHPO4 (8.87% loading) and pure APAP. 
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Figure 2-20: PSD measurements of pure, impregnated and impregnated & milled 
CaHPO4. 

 

Figure 2-21: Shear cell measurements by FT4 of pure and impregnated CaHPO4. 
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Figure 2-22: Tablet thickness vs. compression force (left) and tablet hardness vs. 
compression force (right) for tablets made of pure CaHPO4, impregnated CaHPO4 

(high and low drug loading) and various blends of CaHPO4 with APAP. 

 

 

Figure 2-23: Dissolution profiles of gelatin capsules filled with impregnated CaHPO4 
(un-milled and milled ) with APAP to 8.87% loading (left) and 0.99% loading (right) 

in aqueous media with pH 5.8 (phosphate buffer). 
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Figure 2-24: Summary of typical unit operations involved in the manufacture of 
solid dosage pharmaceuticals by conventional methods (left) and if fluidized bed 

impregnation is introduced (right). 
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2.8 Tables for Chapter 2 
 

Excipient Pros Cons 

Lactose-Fast 
Flow 

Good Flowability 
Poor solubility in some solvents 
Narrow particle size distribution 

Unstable physical form 
(amorphous) 
Low surface area (0.18 m2/g) 

AvicelTM 102 
Good flowability 
Non soluble in most solvents 
Stable physical form 

Low surface area (0.89 m2/g) 
Wide particle size 
distribution 

CaHPO4 
(Anhydrous) 

Excellent flowability 
Non-soluble in organic solvents 
Stable physical form 
Narrow particle size distribution 
High surface area (15-17 m2/g) 

None 

Neusilin® 

(US2 grade) 

Excellent flowability 
Non-soluble in organic solvents 
Narrow particle size distribution 
Very high surface area (300-350 m2/g) 

None 

 

Table 2-1: Comparison of potential excipient candidates for FB impregnation 

 

 

Solvent ICH Class Boiling Point 

Methanol Class 2 solvent 65oC 

Ethanol Class 3 solvent 78oC 

Acetone Class 3 solvent 56oC 
 

Table 2-2: Potential solvents for FB impregnation 
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Process Conditions/Material Properties 
Mass of CaHPO4, g 360 
Porosity of CaHPO4, % 68 
True Density of CaHPO4, g/ml 2.959 
Agitator Speed, rpm 104 
Chopper Speed, rpm (% of maximum=3600rpm) 360 (10) 
APAP concentration in methanol, mg APAP/ml solution 92.72 
Addition Rate, ml/min 5 
Total Volume Added: ml 233 
Drying Temperature, oC 35 

Results 
Loading (theoretical), % (wt. APAP/wt. Pure CaHPO4) 6.00 
Loading (actual), %, (wt. APAP/wt. Pure CaHPO4) 5.72 
Blend Uniformity, % RSD 5.67 

 

Table 2-3: Processing conditions used for dry impregnation in a granulator 

 

Common Processing Parameters Experiment #1 

Weight of CaHPO4, g 3000 

APAP Concentration in Methanol, g(APAP)/g (solution) 0.155 

Inlet Gas Velocity, m/s 1.2 

Atomization Pressure, bar 2.0 

Inlet Temperature, oC 70-80 

Product Temperature, oC 35-40 

Processing Parameters/Results 
Samples 

#1 #2 #3 

Spray Rate, (g solution)/min 4.3 4.3 13.9 

Spray Time, min 70 136 180 

Theoretical Loading, % w(API)/w(pure CaHPO4) 1.56 3.03 6.20 

Measured Loading, % w(API)/w(pure CaHPO4) 1.63 3.16 6.79 
 

Table 2-4: Preliminary FB experiment #1: Processing conditions and results. 
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Common Processing Parameters Experiment #2 

Weight of CaHPO4, g 3000 

APAP Concentration in Methanol, g(APAP)/g (solution) 0.1555 

Inlet Gas Velocity, m/s 0.9 

Atomization Pressure, bar 1.0 

Inlet Temperature, oC 88 

Product Temperature, oC 45-46 

Processing Parameters/Results 
Samples 

#1 #2 #3 

Spray Rate, (g solution)/min 14.2 14.6 14.5 

Spray Time, min 42 104 156 

Theoretical Loading, % w(API)/w(pure CaHPO4) 3.11 7.82 11.80 

Measured Loading, % w(API)/w(pure CaHPO4) 3.40 8.02 11.75 
 

Table 2-5: Preliminary FB experiment #2: Process conditions and results. 
 

Processing Parameters/Results #1 #2 #3 

Weight of CaHPO4, g 3900 3900 3900 

APAP Solution Concentration, mg/ml 128.15 14.40 1.44 

Spray Rate, ml/min 17 17 17 

Spray Time, min 160 160 160 

Inlet Gas Velocity, m/s 1.3-1.5 1.3-1.5 1.3-1.5 

Atomization Pressure, bar 2 2 2 

Inlet Temperature, oC 85 85 85 

Product Temperature, oC 43-45 43-45 43-45 

Theoretical Loading, % w(API)/w(pure CaHPO4) 8.94 1.00 0.1 

Measured Loading, % w(API)/w(pure CaHPO4) 8.87 0.99 0.1 
 

Table 2-6: Experimental conditions, process parameters and corresponding APAP 
loading for three different impregnation experiments in fluidized bed. 
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Particle Size μm Weight Fraction, % 
Run #1 Run #2 Run #3 

below 53 1.65 10.42 11.25 
53-106 32.57 25.16 24.29 
106-150 13.19 17.36 19.54 
150-180 6.80 12.90 16.58 
180-250 43.86 32.41 26.78 
250-300 1.35 1.05 1.05 

above 300 0.58 0.69 0.51 
 

Table 2-7: Weight fraction for all particle size groups in impregnated CaHPO4, runs 
1, 2 and 3. 

 

 

 BET Surface Area, m2/g Total Pore Volume, ml/g 
Particle 
size, µm 

Pure 
CaHPO4 

Impregnated 
8.87% 

Impregnated 
0.99% 

Pure 
CaHPO4 

Impregnated 
8.87% 

Impregnated 
0.99% 

below 53 17.9961 6.3476 15.5627 0.1227 0.0449 0.1029 
53-106 17.5024 8.2280 16.1061 0.1177 0.0554 0.1049 
106-150 15.9307 9.8040 14.8991 0.1053 0.0657 0.0963 
150-180 15.3127 10.1691 14.7922 0.0989 0.0683 0.0952 
180-250 15.5947 10.8102 15.3162 0.1022 0.0742 0.1050 
250-300 17.2800 13.3033 18.1248 0.1141 0.0850 0.1184 
above 
300 

18.6128 13.5981 18.3431 0.1210 0.0909 0.1218 
 

Table 2-8: Total surface area and total pore volume (for pores with dpore < 120nm) 
for various sieved fractions of pure and impregnated CaHPO4. 
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APAP Loading, %  
(wt APAP/wt pure 

CaHPO4) 

Blend 
Uniformity 

%RSD 

Capsule Total 
Weight Variability 

%RSD 

Drug Content 
Uniformity 

%RSD 
8.87%, un-milled 1.05 2 1.73 

0.99%, un-milled 0.7 1.52 1.18 

0.01%, un-milled 0.99 0.79 1.01 
 

Table 2-9: Blend uniformity, capsule total weight variability and drug content 
uniformity of capsules filled with un-milled CaHPO4, impregnated to different levels 
of APAP. 

 

APAP Loading, %  
(wt APAP/wt pure 

CaHPO4) 

Blend 
Uniformity 

%RSD 

Capsule Total 
Weight Variability 

%RSD 

Drug Content 
Uniformity 

%RSD 
8.87%, un-milled 0.54 1.19 1.65 

0.99%, un-milled 0.56 1.73 1.91 

0.01%, un-milled 0.42 2.25 2.79 
 

Table 2-10: Blend uniformity, capsule total weight variability and drug content 
uniformity of capsules filled with milled CaHPO4, impregnated to different levels of 
APAP. 

 

Material UYS, kPa MPS, kPa C ffc 

Pure CaHPO4 1.64 26.5 0.432 16.2 

Impregnated, 0.99% 1.32 25.2 0.349 19.1 

Impregnated, 8.87% 0.652 24.2 0.173 37.1 

Milled & Impregnated, 8.87% 1.76 24.5 0.481 13.9 

Milled & Impregnated, 0.99% 1.72 24.8 0.455 14.4 
 

Table 2-11: Mohr stress circle analysis results for shear cell measurements from 
Figure 2-21 showing: UYS (σc) – unconfined yield strength, MPS (σ1) – major 
principle stress, C (τc) – cohesion, ffc (σ1/ σc) – critical flow factor. 
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Material Bulk Density 
g/ml 

Tapped Density 
g/ml 

Hausner 
Ratio 

pure CaHPO4 0.735 0.871 1.19 

Impregnated, 8.87% 1.010 1.228 1.22 

Impregnated, 0.99% 0.951 1.179 1.24 

Milled & Impregnated, 8.87% 0.982 1.262 1.29 

Milled & Impregnated, 0.99% 0.930 1.276 1.37 
 

Table 2-12: Bulk densities, tapped densities and Hausner ratios for pure and 
impregnated CaHPO4 (milled and un-milled). 
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Chapter 3 .  Expanding FB impregnation to different APIs and 

excipients. Improving dissolution kinetics of poorly soluble APIs. 

3.1 Introduction 

The successful implementation of any potential large-scale method for pharmaceutical 

manufacturing depends on its level of applicability across various APIs. If a method is 

very API-specific, then its use will be limited. As suggested by the results presented in 

Chapter 2, the FB impregnation process should not be dependent on the nature of the 

API, as long as the API solution can wet the porous excipient. Establishing this claim 

requires more experimental studies involving other model drugs and solvents. Having a 

formulation process independent of the API nature could be an enormous advantage to 

drug product development. Many of today’s solid dosage formulation methods require 

the implementation of a variety of “tricks” (addition of different additives/excipients, 

roller compaction or granulation of the powder blend) in order to deal with cohesive APIs 

or low drug loadings. It was also suggested in Chapter 2 that release kinetics of poorly 

soluble APIs could be improved if impregnation is used as the formulation method. It is a 

well-known fact that the dissolution rate of any solid material is proportional to the total 

surface area available for dissolution. In principle, if a high porosity excipient is 

uniformly impregnated with a drug, the total API surface area available for dissolution 

will be significantly increased, resulting in faster dissolution kinetics.  

API solubility has a direct effect on the drug’s bioavailability and therefore its efficacy. 

The absorption of BCS Class II and IV compounds and the resulting blood concentration-

time profile depends on the rate-limiting step, which can be one of the following: 

 
 



85 
 

permeability limited, dissolution limited and solubility limited [71, 72]. Permeability 

enhancement of poorly permeable drugs is usually achieved by using absorption 

improving agents [73]. Improving the rate (for dissolution limited) and the extent of 

dissolution (for solubility limited) will directly increase the bioavailability of poorly-

soluble compounds [71]. According to the Nernst-Brunner/Noyes-Whitney equation, the 

dissolution rate for any API is proportional to the surface area available for dissolution 

[74]. Since surface area is inversely proportional to the particle size, increasing the 

dissolution rate can be achieved through size reduction techniques (e.g. milling). 

Solubility of any substance is a thermodynamic property, which among other 

environmental factors (solvent nature, pH and temperature) depends strongly on the 

chemical or physical structure of the substance itself (e.g. salts, crystalline or amorphous 

solids, solvates, co-crystals). Many variations of these two main techniques for improving 

dissolution rate and increasing solubility are employed in today’s development efforts for 

marketed drug formulations. 

Depending on the approach used, all methods for particle size reduction today can be 

divided into two main categories, the “top-down” or “bottom–up” methods. As the name 

suggests, methods with the “top-down” approach start with larger particle size and use 

milling to reduce the size to the desired level. There are several methods in this group, 

depending on the final size produced, or the specific technique employed. One of the 

most widely used methods today for improving dissolution kinetics by size reduction is 

micronization, i.e. milling techniques using jet mills (dry method) or rotor-stator colloid 

mills (wet method) [6]. In the case of Fenofibrate for example (a poorly-soluble API), 

micronization with excipients in a jet mill showed to achieve more than 10-fold increase 
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in dissolution at 30 minutes compared to un-milled formulation [75]. While 

micronization typically can achieve particle size reduction between 1-5 µm, other 

techniques can deliver sub-micron particles. Nano-milling summarizes a group of 

techniques capable of delivering particles in the nanometer range (below 500nm), where 

the size reduction is performed in a liquid media, often in a presence of surfactants or 

polymers [76, 77] as stabilizers to prevent the Ostwald ripening effect [78]. There are two 

basic nano-milling technologies used for producing drug nanocrystals in the form of 

nano-suspensions: pearl/ball milling and high-pressure homogenization. Both 

technologies have been the base for several patents, commercial drug products 

(Rapamune®, Emend®) or drugs in various clinical stages [79]. Methods utilizing the 

“bottom up” approach produce the desired particle size during a specially designed 

crystallization/precipitation processes. Such processes typically involve mixing a 

concentrated API solution in a good solvent (S) with a known anti-solvent (AS), 

preferably in a high-shear environment (high-shear mixers, impinging jets, high-pressure 

homogenizers, etc.) resulting in enormous super-saturation and the formation of very 

small particles. The final size and solid form (crystalline or amorphous) usually depends 

on the nature of the API and the solvent/anti-solvent system, mixing intensity, the S/AS 

ratio and temperature. The size and form also depends on the type of additives (polymers, 

surfactants) used in order to stabilize the particles [7].  

Altering the solid form of an API can offer significant improvement in the bioavailability 

of the final formulation through an increase in the true (for salts) or the apparent or 

kinetic solubility (for amorphous solids and co-crystals) of the drug [9, 10]. Salts of APIs 

are not always possible to form (if the API is neutral) and will not always lead to 
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solubility enhancement due to their inherent dissociation in the GI tract. Pharmaceutical 

co-crystals are difficult to make due to the fact that their potential existence is not always 

evident, therefore making their discovery a difficult task. On the contrary, amorphous 

solids are easier to make for most of the APIs in discovery or on the market. The increase 

in apparent solubility that they offer compared to their crystalline counterpart could be 

significant, but varies depending on the particular API [11, 12, 80]. There are various 

manufacturing methods for producing amorphous APIs and the following are examples 

of the most commonly used: spray drying, freeze drying, amorphous precipitation and hot 

melt extrusion. Since amorphous materials are associated with high disorder in the solid 

matrix, these materials are not in their thermodynamically stable state and most of them 

(those which possess crystalline form) tend to re-crystallize over time. Therefore, 

stabilization of the amorphous solid is the most important characteristic of the final drug 

formulation. There are numerous variations of amorphous stabilization methods, but all 

of them rely on creating solid dispersions and can be divided into three main categories: 

1) Eutectic mixtures of a crystalline excipient and an amorphous drug; 2) Solid solutions 

of drug in a crystalline excipient; 3) Glass solution systems consisting of an amorphous 

carrier where the drug can be either molecularly dispersed or form an amorphous 

precipitate into the carrier [81, 82]. Amorphous stabilization in a polymer matrix is the 

most popular method used to date and an extensive amount of studies have been reported 

[82-85]. Stabilization in other small molecules (such as citric acid, sugars, urea, or 

nicotinamide) [86, 87] or using other drugs [88] have also been reported.  

In the past decade, new techniques for improving dissolution kinetics of poorly soluble 

drugs using mesoporous carriers have been gaining interest [89]. Mesoporous carriers 
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possess very large total surface area (above 300 m2/g) and pore sizes in the range of 2 to 

50 nm. Loading these porous carriers with APIs leads to a new class of drug formulations 

with enhanced dissolution profiles. The improvement in dissolution is due to two main 

reasons: 1) the large surface area over which the drug is dispersed becomes its effective 

surface area for dissolution; 2) the extremely small pores in many cases prevent the API 

molecules from crystallization and effectively preserving the amorphous form of the 

drug, leading to increased solubility [88, 90]. This combination of large surface area and 

small pores can lead to advantages in these formulations for dissolution enhancement 

compared to any of those mentioned so far. There are three impregnation techniques for 

effectively loading drug substances into porous excipients. As mentioned already, the 

most common of the three is the dry impregnation method, also known as incipient 

wetness impregnation [21, 26, 91]. This method involves mixing of a dry porous carrier 

with an API solution in appropriate organic solvent and the subsequent evaporation of the 

solvent by drying. It is simple and easily achieved in the lab environment but its 

commercial implementation is not straightforward. A drawback of the method is the drug 

loading dependency on its solubility in the organic solvent and for low-soluble APIs, 

several impregnation-drying cycles must be carried to achieve high drug loading. Another 

technique for impregnation gaining academic attention involves super critical CO2 as the 

impregnation media [92, 93]. Its use is advantageous since it is non-toxic and easy to 

remove from the final product. Drawbacks of the method include limited drug solubility 

in the supercritical CO2 for many APIs and its relatively high capital cost for commercial 

scale implementation. A third technique for impregnation is the melt method [21, 23]. 

The drug is mixed with a porous carrier and heated above its melting point, at which 

 
 



89 
 

point drawn by capillary forces the API penetrates inside the porous support. The main 

drawbacks of this method include slow penetration within the porous matrix due to the 

high viscosity of molten APIs and their thermal instability in molten state. 

The work presented in this chapter investigates the versatility of the FB impregnation 

method when other APIs and excipients are used. Using an experimental case study, the 

work investigates the following: 1) applicability of FB impregnation method regardless 

of the nature of the API; 2) influence of excipient properties on final impregnated 

formulation and 3) benefits of FB impregnation to poorly-soluble APIs and their 

formulation. 

3.2 Fluidized bed impregnation using other APIs 

The following investigations display the feasibility of FB impregnation with different 

APIs. Two sub studies are presented involving Griseofulvin and Ibuprofen as the test 

drugs. The analytical testing is limited, presenting only tests that reconfirm important 

claims about FB impregnation (proof of impregnation, blend uniformity, SEM pictures, 

DSC data, and dissolution data). 

3.2.1 Impregnation with Griseofulvin 

Fluidize bed impregnation was achieved using Griseofulvin as the model drug. The 

excipient used was anhydrous CaHPO4. The aim of this study was to confirm that FB 

impregnation can achieve high blend uniformity regardless of API loading. Two 

impregnation runs were conducted with target drug loadings of 0.1% and 1.0%. All 

experimental parameters are shown in Table 3-1. Due to the limited solubility of the API 

in methanol, in order to achieve the 1% target loading, acetone was used as the 
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impregnating solvent for Run #2. Since acetone is more volatile (lower latent heat of 

vaporization) and has a lower boiling point than methanol (56oC vs. 66oC for methanol) 

the inlet gas temperature had to be reduced accordingly. This in turn resulted in lower 

product temperature for that run. 

Impregnated product was analyzed by HPLC to determine average loading and blend 

uniformity of Griseofulvin (Table 3-2). The actual loading is very close to the target 

loading (within 6% of target). Discrepancies are mainly due to small physical loss of API 

and excipient during this lab scale process. This data shows that the manufacturing 

process is quantitative. Target loading can be easily achieved if actual loses are well 

characterized as a function of the equipment/scale used. Performance is expected to be 

improved at larger scale where these losses will be minimized. 

Table 3-2 also shows blend uniformity of Griseofulvin in the impregnated product. The 

%RSD values for these low drug loadings are well below the industry target of 6%RSD 

and show once again the advantage of FB impregnation. These results re-confirm the 

claim that impregnation can achieve high blend uniformities regardless of the API 

loading. These results also confirm the ability of FB impregnation to achieve high drug 

uniformity independently of the API nature. In addition Table 3-2 shows blend 

uniformity results for milled product (pin-milled at 10,000 rpm). It is clear that mild 

milling of the product further increase the homogeneity, which is a confirmation of 

another claim made previously. It is usually very difficult to achieve such high blend 

homogeneities for such low loadings using conventional methods of formulation.  
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The product from both runs was sieved through various mesh size sieves and separated 

into different particle size groups. Each of these groups was analyzed to determine drug 

loading content and results are shown in Figure 3-1. Results confirm the expected trend – 

smaller particles receive higher drug loading during impregnation. Figure 3-2 shows 

SEM pictures of various size fractions of the impregnated CaHPO4 material. No visible 

difference was observed when compared to pure excipient. There were no signs of API 

coating or particle agglomeration. 

3.2.2 Impregnation with Ibuprofen 

In order to further display the applicability of fluidized bed impregnation to various APIs, 

a study using Ibuprofen as the model drug is presented next. The impregnating solvent 

used is again methanol due to the high solubility of Ibuprofen in it. All processing 

conditions were kept the same as in the previously discussed cases (as with 

acetaminophen in Chapter 2) and are given in Table 3-3. Target loading was set at 10% in 

order to be able to perform DSC measurements and test the physical form of the API 

inside the carrier. As pointed out in Chapter 2, the impregnation process could lead to the 

formation and deposition of an amorphous API inside the excipient. 

The impregnated product was analyzed by HPLC to determine average loading and 

homogeneity of the impregnated Ibuprofen. Blend uniformity of the milled material (pin-

milled at 10,000 rpm) was also measured. All results are presented in Table 3-4. Again, 

there is a good agreement between the target and the actual loading. As with all presented 

studies so far, the small discrepancy can be attributed to some physical losses of excipient 

and API during impregnation (API loss to internals of vessels, excipient loss through 

filter element). Other factors that could be attributing to this difference are purely 

 
 



92 
 

analytical adjustments that have not being factored in calculating the theoretical loading. 

Such details include the initial moisture content of the excipient (measured between 

0.92wt% to 1.05 wt%) and the purity of the API used for impregnation (usually above 

99%). For simplicity during the entire study, these adjustments have not been applied.  

Ibuprofen-impregnated CaHPO4 was sieved and separated into seven different particle 

size groups. DSC analysis was run on all of these groups to determine the physical form 

of the API inside the carrier. The complete data set is presented in Figure 3-3. The data 

reveals once again the expected trend seen in the case with APAP (Figure 2-17). 

Endotherm peaks characteristic of melting crystalline Ibuprofen (melting point 77oC-

79oC) [94, 95] are evident for all size groups. There is a visible shift of all peaks towards 

lower temperature, indicating that Ibuprofen is confined to small spaces, consistent with 

the Gibbs-Thompson equation (2-2). The peak broadening is also an indication of the 

small confinement (pores) containing Ibuprofen.  

Ibuprofen is poorly water soluble drug and belongs to BSC class II drugs. Therefore, an 

increase in the dissolution rate of ibuprofen should increase its bioavailability. It has been 

suggested that impregnation could also be capable of affecting the dissolution rate of the 

impregnated API. Because the impregnated API is deposited in the small pores of the 

excipient, the effective surface area available for dissolution is significantly increased. 

This in turn should have an effect on the dissolution rate of the drug. Studies have shown 

that un-milled crystalline Ibuprofen (particle size of 10-50 microns) dissolves 80% of its 

original amount in about 40 minutes, when tested at 37oC in a phosphate buffer aqueous 

media [94]. As part of this study, several dissolution tests were performed in order to 

understand the advantages (or luck of) that impregnation formulations of Ibuprofen have 
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to offer. Two sets of final Ibuprofen formulations were prepared: 1) gelatin capsules 

filled with ibuprofen impregnated CaHPO4 without any other additives and 2) gelatin 

capsules filled with a physical blend (with the same API loading) prepared by mixing 

pure CaHPO4 and micronized ibuprofen powder (with d50=2.0 microns, d90=4.5 microns, 

d98=7.5 microns). Milled Ibuprofen was used because usually micronization is the most 

utilized conventional technique for improving dissolution of poorly soluble drugs. The 

total weight of powder contents in the capsule was on average of 420-430 mg. 

The first dissolution test using the two Ibuprofen formulations was performed according 

to the published USP dissolution method, which is using aqueous medial buffered with 

potassium phosphate at pH of 7.2. The results are shown in Figure 3-4 and reveal that 

there is not a big difference between impregnated (80% of drug dissolved in about 9 

minutes) and micronized formulation (80% of drug dissolved in about 6 minutes). These 

results also suggest that impregnation as a formulation method can offer a significant 

improvements in dissolution kinetics compared to un-milled crystalline Ibuprofen (80% 

of drug dissolved in about 40 minutes) [94]. 

Because of its chemical properties coming from its chemical structure (free acid) the 

solubility of Ibuprofen decreases significantly with lowering the pH of the dissolution 

medium [96]. This property was used to further study and understand the process of 

dissolution. Due to the reduced thermodynamic solubility, it is expected to observe a 

slowdown in dissolution kinetics of the API. The same two formulations described above 

were tested in an acidic aqueous media with pH of 2.0 containing 0.01N hydrochloric 

acid. The results are displayed in Figure 3-5 and reveal an interesting fact of the 

dissolution process. The micronized formulation is faster at the beginning and slows 
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down for the last 20% of the remaining undissolved drug. On the contrary, dissolution of 

the impregnated API is slower at the beginning but overall it reaches 100% dissolution 

faster than the micronized API. This can be explained by the physical location of the drug 

particles and their PSD. Micronized Ibuprofen dissolves faster at the beginning due to the 

initial fast dissolution of the micron and submicron particles. As they deplete, the 

dissolution rate is controlled by the remaining larger particles (2-10 microns), which 

exhibit much slower dissolution rate.  Impregnated CaHPO4 also contains small particles 

of Ibuprofen but they are located inside the excipient. Although their size is much 

smaller, the dissolution medium needs to reach their location within the insoluble 

excipient in order to dissolve the drug, which then needs to diffuse out in order to be 

detected in the bulk solution. This diffusion process is slower than dissolving free 

flowing submicron particles, but on average is faster than dissolving larger API particles. 

3.2.3 Summary 

The studies presented in this section helped establish the following claims regarding FB 

impregnation: 

1. Demonstrated further expansion of the applicability of the impregnation process 

to other APIs.  

2. Confirmed that FB impregnation is feasible with other solvents. 

3. APIs with relatively low melting point (such as Ibuprofen) can be also 

successfully impregnated in fluidized bed. 

4. Showcased once again the ability of FB impregnation process to achieve very 

high blend uniformity regardless of the API loading, its nature or that of the 

solvent used. 
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5. Demonstrated a potential benefit to dissolution kinetics of poorly soluble APIs. 

The ability of a formulation process to improve dissolution kinetics of poorly soluble 

APIs has an enormous practical importance to the manufacture of pharmaceuticals. It can 

bring benefits to the patient (faster acting drugs) and the overall cost of the final dosage 

form (reduce effective loading of the API or overall manufacturing cost). This potential 

ability of FB impregnation process is further investigated in the next two sections. 

3.3 Improving dissolution kinetics of pharmaceuticals by FB 

impregnation of APIs onto porous excipients 

This section extends the study on fluidized bed impregnation and investigates its 

capabilities for improving dissolution kinetics of poorly soluble drug substances. The API 

under investigation is Fenofibrate, a well-known cholesterol-lowering drug discovered in 

1975 and available under several marketed names, both generic and brand formulations 

(Fenoglide®, Lofibra®, Lipofen®, Tricor®, Triglide®, Antara®) [97]. Fenofibrate is a 

lipophilic compound, poorly absorbed and practically insoluble in water with solubility 

independent of the medium pH [98]. Formulation efforts in the past two decades towards 

improving Fenofibrate bioavailability had led to the development of several enabled 

marketed formulations utilizing micronization and nano technologies. Micronization was 

initially the technology of choice for increasing bioavailability by reducing particle size 

and increasing surface area [99]. Improved formulation based on micronization 

technology coupled with microcoating techniques onto hydrophilic polyvinyl pyrrolidone 

excipient particles emerged soon after with an improved bioavailability [100]. Further 

improvements were made possible by introduction of the IDD-P® technology (insoluble 

drug delivery micro-particle) utilizing phospholipid agents that modify surface properties 
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to prevent re-aggregation, which resulted in improved bioavailability independent of food 

[101]. Nanotechnology pushed the bioavailability limits even further by utilizing nano-

milling with spray coating of resulting nano-suspensions onto various excipients [102, 

103] which led to the development of one of the most effective Fenofibrate formulation 

currently on the market (TriCor®) [104]. This section investigates the benefits of 

fluidized bed impregnation manufacturing method for making Fenofibrate formulations, 

which are then compared to the TriCor® tablet. The excipient used for the FB 

impregnation study is Neusilin®, a synthetic amorphous form of magnesium alumino-

metasilicate. Neusilin® comes in many grades (powder vs. granules, neutral vs. alkaline 

with various bulk densities and water content) and in general exhibits very high surface 

area and excellent flow properties [56]. These properties make this excipient an excellent 

choice for fluidized bed impregnation and a great candidate for dissolution improvement 

of poorly soluble substances. The advantage of using Neusilin® is showcased by 

comparing dissolution kinetics of impregnated formulations prepared from Neusilin® 

and anhydrous calcium phosphate used previously. The chapter end with comparison of 

dissolution kinetics between the FB impregnation formulation and the 48mg TriCor® 

tablet. 

3.3.1 Materials and methods 

Several impregnation experiments involving Fenofibrate, Neusilin® and CaHPO4 are 

presented in this study. The aim of these studies was to achieve several different 

Fenofibrate loadings within the excipient, ranging from 1 wt% to 40 wt% loading 

(defined as wt API/wt pure excipient). All of these experiments were executed following 

the already established procedure in Chapter 2. In order to ensure impregnation, 
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appropriate process conditions needs to be selected. Choosing suitable process conditions 

could be achieved empirically, by performing a pure solvent run. The procedure for 

empirical determination of process conditions consists of three main steps: 1) a mild 

drying temperature is chosen by setting the inlet gas temperature to 10-20oC higher than 

the boiling point of the solvent used; 2) spray rate is chosen such that it does not affect 

the fluidization of the powder; 3) ensure that product fluidization remains constant 

(without FB flooding) during a steady-state operation of at least 30-60 min. If FB 

flooding is observed (fluidization stops due to wet powder), the spray rate and/or drying 

temperature should be re-adjusted. It should be noted again the importance of the location 

of the spray nozzle during impregnation. Its position should be such that when the 

excipient is fully fluidized, the tip of the nozzle is immersed inside the powder bed. This 

further diminishes the chance for spray drying to occur by reducing the droplet’s flight 

time between the nozzle and excipient particles. Details on the experiments in terms of 

amounts of Fenofibrate and excipient, concentration of API solution, spray time and 

processing parameters, such as inlet and product temperatures, are given in Table 3-5.  

Impregnation experiments with low Fenofibrate loadings were manufactured using the 

Glatt GPCG 1 fluidized bed dryer at a larger scale (runs 1 and 2). All other impregnations 

were carried out in the Mini-Glatt fluidized bed dryer (runs 3 through 7). In all 

experiments, the inlet temperature was kept constant at 80oC. For runs 1 and 2, the spray 

time and spray rate were kept constant, while for experiments 3 through 7 the 

concentration and spray rate were kept constant. Spraying pure solvent after the 

Fenofibrate solution is an important part of the impregnation procedure, as it allows for 

any amounts of deposited Fenofibrate on the surface of the particles to be re-dissolved 
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and deposited within the excipient. At the end of each experiment, the impregnated 

material was dried until the product temperature reached 50 oC, after which the heat was 

turned off and contents of the fluidized bed were cooled down to room temperature. 

Milling of the impregnated Neusilin® powders was performed on a 2” lab scale pin mill. 

The material was fed to the mill using a vibratory feeder. The feed rate used was around 3 

g/min. The mill speed used was 10,000 rpm and 20,000 rpm. Characterization of all 

impregnated powders was done in a similar fashion as described already in Chapter 2. 

3.3.2 Results and discussion 

3.3.2.1 Average loading and blend uniformity 

Table 3-6 summarizes all impregnation experiments presented in this study in terms of 

excipient used, target/actual API loadings, blend uniformity and equipment used. The 

first two impregnation experiments were larger scale, using the Glatt GPCG 1 fluidized 

bed dryer, while the rest were at smaller scale, using the MiniGlatt unit. The target 

loading was achieved for all runs, regardless of the level and scale. The small 

discrepancies between actual and target loading can be attributed to any of the following: 

variations in solution preparation, analysis or material weighing; small product loss of 

fines through the FB filter element; loss in charge lines or solution vessels. One of the 

main benefits of impregnation, established in Chapter 2, is the ability to achieve very 

high blend uniformity of the final drug product, regardless of the API loading. The results 

in Table 3-6 once more demonstrate this inherent capability of the FB impregnation 

manufacturing method. All impregnation runs display very high blend uniformity as 

indicated by the % RSD (relative standard deviation), which in all cases is way lower 

than the FDA limit of 6% RSD. These results reinforce the claim previously made, that 
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FB impregnation achieves high blend uniformity regardless of the % loading and nature 

of the API. It should only depend on the nature of the excipient used, as it can be seen 

from the data between CaHPO4 and Neusilin® (runs 1 and 2). The difference there could 

be attributed to the difference in powder fluidization and potentially mixing patterns, due 

to the differences in the excipients’ bulk density and particle size. Nevertheless, 

achieving below 1.5% RSD for a drug product containing 1% of API in one processing 

step is usually a difficult proposition. 

SEM pictures of pure and impregnated Neusilin® at 30% Fenofibrate loading are 

presented in Figure 3-6. Comparison of the pictures reveals the unchanged physical 

appearance of the Neusilin® particles upon impregnation. SEM picture for other loadings 

(not shown), provide the same conclusion. The images do not show the presence of 

particle agglomeration. Close examination of the particle surface also confirms that 

particle coating with API is not occurring during processing. The third undesired 

outcome, spray drying, is easily ruled out by comparing the PSDs between pure and 

impregnated Neusilin®. In the discussion to follow it will be shown that the particle size 

of Neusilin® remains practically constant during impregnation, with the small exception 

of the disappearance of a little hump around 400µm, which could be explained by the 

breakage of a few large agglomerates of pure Neusilin® particles during fluidization (see 

Figure 3-11 for PSD). If Fenofibrate was indeed spray dried within the excipient 

particles, this should have produced a bi-modal distribution with a secondary peak around 

20µm (or less), which is the usual average size of spray dried particles. All of the above 

observations are consistent with the impregnation of Fenofibrate into Neusilin®. 
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3.3.2.2 Physical state of the drug molecules inside the carrier 

Figure 3-7 and Figure 3-8 are intended to display the changes that are taking place inside 

the porous excipient during the impregnation process. Figure 3-7 shows the specific 

surface area (SSA), defined as total surface area per unit mass of excipient, as it changes 

with increasing the drug loading inside the carrier. Pure Neusilin® has a SSA of more 

than 350m2/g, which is one of the main properties that make this excipient an excellent 

choice for impregnation. As expected, the SSA decreases as Fenofibrate loading is 

increased, due to filling of the internal pores of Neusilin®. The total pore volume in the 

particles also decreases proportionally to the drug loading. Simple extrapolation of the 

trends reveals that even higher loadings than the one present should be easily achievable. 

For example, Neusilin®-Fenofibrate formulations with 50%-60% drug loadings should be 

possible, still possessing residual high internal surface area (50-100 m2/g). This residual 

high SSA is one of the important factors for the improvement in dissolution kinetics that 

impregnation of API in Neusilin® has to offer, as will be discussed later in the text. 

Figure 3-8 shows how the internal pore structure changes during impregnation. The 

predominant pore sizes in Neusilin® are those in the range of 0-20 nm. These pores are 

the ones filled during the impregnation process, proportionally with the actual drug 

loading (given in Table 3-6). Extrapolation of the total pore data can be performed to 

show that if the entire structure of Neusilin® is to be impregnated with Fenofibrate, the 

resulting API loading could reach about 85-90%. 

In order to investigate the physical state of impregnated Fenofibrate inside Neusilin® 

particles, each of the impregnated samples were tested using differential scanning 

calorimetry (DSC). This analytical technique is capable of detecting thermal effects upon 
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sample heating/cooling, due to (but not limited to) the following: melting, re-

crystallization, drying, glass transition, chemical reactions, etc. Based on the shape of the 

DSC signal it is possible to distinguish different polymorph crystal forms or between 

crystalline and amorphous materials. For example, the DSC curve of a pure crystalline 

Fenofibrate is expected to have an endotherm around its melting point. As Figure 3-9A 

suggests, the melting of pure Fenofibrate is 81.62oC. On the contrary, a straight DSC 

curve indicates the absence of thermal effects, which suggests that no physical 

transformation is taking place. Figure 3-9B-C shows DSC scans for impregnated 

Neusilin® with Fenofibrate loadings between 10-40%. The DSC scans for the 30% and 

40% case (Figure 3-9C) show a similar to the pure Fenofibrate endotherm, which 

indicates a melting of the impregnated API.  There is a small trend of decreasing the 

melting point of Fenofibrate from 81.62oC (pure) to 78.92oC (40% loading) to 78.56oC 

(30% loading). As described in Aim 1, this is due to the well-known phenomenon of 

confinement-induced melting point depression. The new melting point can be estimated 

using the Gibbs-Thompson equation [68] (see Eq. 1) and it depends mainly on the 

confinement’s pore size (for the same API and excipient). In both cases the melting 

points are very close to that of pure Fenofibrate, indicating that that the drug is in 

crystalline form. The decreasing trend in melting points as a function of API loading is 

most likely associated with the pore size distribution of the filled pores: the higher the 

loading the higher number of pores being impregnated with API, hence the broader the 

pore size distribution of the filled pores. Since the peak intensity is expected to be 

proportional to the amount of API in the testing DCS pan, it is expected to have weaker 

DSC peaks with lower API loadings, as it is indeed the case for 30% loadings. The DSC 
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scans for the 10% and 20% loadings (Figure 3-9B) show an almost straight line, although 

close examination reveals an offset starting at about 45oC. This indicates that there is still 

a thermal event (albeit very small) taking place, most likely due to melting. The reason 

why there is no visible endothermic peak could be attributed to the limit of detection 

associated with the DSC analytical technique. In the cases with low loading (< 20%), due 

to the very low bulk density of Neusilin®, the sample size tested in each case is between 

10-15mg of impregnated powder. This means that the actual amount of Fenofibrate 

available for the test is below 2.5mg, which is at the equipment’s limits to produce a 

visible peak when tested with an inert material such as Neusilin®. In addition, because the 

API exists as nanocrystals, the majority of which are formed in very small pores (in the 

range of 0-20nm, Figure 3-8) of the excipient, the enthalpy of fusion is further reduced 

[105, 106]. 

Much more interesting is the case of Neusilin® impregnated with 40% Fenofibrate and 

co-impregnated with 1% sodium lauryl sulfate (SLS). Figure 3-9D shows the DSC curve 

for this case, which is a straight line with no visible thermal effects. The limit of detection 

is clearly not the reason for the missing peaks, since it was already shown that the 40% 

Fenofibrate loading can be easily detected by the instrument. The absence of API is also 

ruled out since it was shown already that the loading was confirmed by an HPLC 

analysis. The only logical explanation for the DSC curve is that the whole amount of 

impregnated Fenofibrate is in an amorphous state. All amorphous materials are 

characterized with a higher energy state due to the molecular disorder and lack of a 

defined melting point. As the API solution is sprayed onto the excipient during 

impregnation, the concentration of Fenofibrate gradually increases due to the continuous 
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drying and at some point the solution becomes super-saturated. We hypothesize that this 

initiates a spontaneous nucleation causing the formation of crystalline Fenofibrate inside 

the pores of the excipient.  These crystals continue to grow as impregnation progresses. 

In the presence of SLS, due to intermolecular bonding between Fenofibrate and the 

surfactant, the spontaneous nucleation is hindered, resulting in the precipitation of an 

amorphous API. The prevention of this spontaneous nucleation is further aided by the 

very small pore size of the impregnated excipient. It is interesting to note that the addition 

of SLS leads to a decrease in the pore volume distribution – compare the 40% target 

loading with and without 1% SLS in Figure 3-8. This behavior can be explained by the 

solid form change of the API. The higher degree of disorder, characteristic of amorphous 

materials, results in larger specific volume compared to the crystalline state. This larger 

specific volume causes more internal pores to be filled with the same amount of API 

when SLS is introduced, therefore generating the behavior seen in Figure 3-8. 

Amorphous materials are generally not stable and tend to crystallize out by releasing the 

extra energy associated with the transition to lower energy level. Figure 3-9D also shows 

the DSC scan for the same impregnated material (40% Fenofibrate, 1% SLS) taken about 

1.5 years after the impregnation. The absence of any thermal events (or peaks) and nearly 

identical curves (on top of each other) indicate that the amorphous state of Fenofibrate is 

preserved successfully in the small Neusilin® pores over this long period of time. The 

amorphous state of the API due to the addition of SLS is also confirmed by the XRD data 

presented in Figure 3-10, where pure Neusilin®, pure Fenofibrate and impregnated 

Neusilin® at 40% loadings with and without SLS are compared. The XRD scans clearly 

show the disappearance of all peaks characteristic of crystalline Fenofibrate when SLS is 
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introduced, confirming the amorphous state of the impregnated API. The ability to 

impregnate Neusilin® with amorphous Fenofibrate has significant effect on the solubility 

and dissolution kinetics of the final drug product and will be discussed later in this paper. 

The ability to stabilize the amorphous form of the API in the impregnated excipient 

makes FB impregnation very attractive for drug product development, as this is the main 

challenge in today’s amorphous drug formulations. 

3.3.2.3 Overall physical properties of the impregnated excipient 

One of the main advantages of FB impregnation that have been  establish already in Aim 

1 was its ability to produce a drug formulation blend, which is almost indistinguishable in 

terms of its bulk physical properties from the pure excipient used in the formulation. One 

of the most important bulk physical properties of the formulated powder includes its 

particle size distribution (PSD) and flow properties. Figure 3-11 displays the PSD of pure 

and impregnated Neusilin® at various Fenofibrate loadings. It is evident from the data 

that the size of the excipient particles remains almost unchanged during the impregnation 

process regardless of the impregnation level. This is expected since the API is deposited 

inside the carrier particles and an increase in size is not expected. Also, powder 

fluidization generally is a process exerting very low shear on the processed material and 

unless the excipient is very brittle, decrease in particle size is not observed. 

Flow properties of pharmaceutical blends are an important factor affecting their 

formulation into final products (capsules or tablets). One of the main advantages of 

excipient impregnation with APIs is the ability to preserve the original flow properties of 

the pure excipient. In an attempt to compare flow properties and determine the degree of 

change during processing, shear cell measurements were carried out on several 
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impregnated Neusilin® formulations (un-milled and milled) and compared to pure 

Neusilin®. The value of cohesion (τc) was taken to be the intercept of the linearized yield 

locus with the shear stress (vertical axis). Changes in flow properties can be assessed by 

comparing the results for cohesion. In general, the smaller the cohesion, the better 

powders flow [70].  

Figure 3-12 (yield locus) shows shear cell testing results of shear stress (τ) vs. normal 

stress (σ) for pure and impregnated Neusilin® (30% loading) for both un-milled and pin-

milled at 10,000 and 20,000 rpm. The results clearly indicate that impregnation has very 

little effect on the flow behavior of the excipient, as the yield locus for both impregnated 

and pure Neusilin® are almost identical. In fact, the critical flow factor (ffc) for both 

impregnated and pure Neusilin® could not be calculated (using Mohr stress circle 

analysis), indicating excellent flow properties. This once again confirms previous 

statement that impregnation preserves flow behavior independent of drug loading. As 

expected, upon milling the powders become more cohesive, which worsens with 

increasing the mill speed. For comparison, measured cohesion values increase from 

τc=0.25kPa for pure Neusilin® to τc=1.28 kPa for impregnated Neusilin® milled at 

10,000rpm (30% API loading) and to τc=1.45 kPa for impregnated Neusilin® milled at 

20,000rpm (30% API loading). The primary reason for this increase in cohesion is the 

reduction in particle size. In addition, the creation of new surface during milling could 

result in the exposure of the impregnated API, increasing the surface interactions and 

leading to more cohesive behavior. Mohr stress circle analysis (not shown) was employed 

to calculate the values of major principal stress (σ1) and unconfined yield strength (σc) 

from which the critical flow factor (ffc=σ1/ σc) was then calculated. For comparison, 
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calculated ffc values for impregnated Neusilin® milled at 10,000rpm (30% API loading) 

and impregnated Neusilin® and milled at 20,000rpm (30% API loading) were 5.47 and 

4.64 respectively, which indicates that both powders are  characterized as “easy flowing” 

(4<ffc<10) [107]. 

3.3.2.4 Dissolution profiles 

It is of interest to examine the dissolution kinetics that could be realized by utilizing API 

impregnation as a formulation process. Neusilin® was chosen as the carrier for 

impregnation here due to its very large SSA. To prove the relationship between large 

SSA and dissolution kinetics of the poorly soluble API of choice (Fenofibrate), the 

dissolution profiles of impregnated Neusilin® and CaHPO4 were compared. Figure 3-13A 

shows that impregnated Neusilin® due to its large SSA (356 m2/g) exhibits faster 

dissolution by achieving 80% dissolved API at about 3 minutes vs. 26 minutes for 

impregnated CaHPO4 (SSA of 15 m2/g). It should be noted that impregnation of 

Fenofibrate onto CaHPO4 still offers dissolution improvements over typical physical 

mixture (blend of API and excipient), where the 80% dissolution mark is achieved in 

about 50 minutes (Figure 3-14). Since the dissolution tests presented in Figure 3-13A 

were only powder tests, a comparison study was performed to determine effect of capsule 

filling on API release. Figure 3-13B shows that filling of impregnated powders in 

capsules (size 0) results in a decrease of dissolution kinetics. For Neusilin®, the powder 

test shows 4 minutes release for 80% of the API, while the capsule tests shows 8 minutes. 

For CaHPO4, the powder test shows 24 minutes release for 80% of the API, while the 

capsule tests shows 39 minutes. The decrease is less pronounced for Neusilin®, 

establishing enhanced dissolution kinetics over CaHPO4. 
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Figure 3-14 shows comparison of dissolution profiles (powder test) of impregnated 

Neusilin® at various loadings and that of a physical blend. All impregnated powders with 

loading less than 40% exhibit faster drug release than the blended formulation. As the 

impregnated API loading is increased inside the carrier, the release kinetics is decreased. 

At 10% loading, 80% of the API is released in about 5 minutes, while at 40% loading the 

same amount of API is released in almost 50 minutes, approaching the behavior of the 

physical blend. This is to be expected and can be explained by the higher degree of pore 

saturation achieved as the API loading is increased. As it was shown already in Figure 

3-7, the SSA of impregnated Neusilin® decreases with drug loading, ultimately affecting 

the release profile. Despite the fact that the impregnated API is distributed over a large 

internal surface area (even for 40% loading the SSA remaining is still very high, about 

160m2/g), the drug release is governed by diffusion through the pores on the external 

surface of the carrier particles (which are insoluble in the dissolution media). If the 

excipient was also soluble in the dissolution media, it should be expected that the release 

kinetics will be larger than observed here (for the same SSA) and less dependent on drug 

loading. 

It has been established already (Aim 1) the benefit that milling of impregnated powders 

has on the content uniformity of the final formulation. In this study we continue to 

investigate the effect of milling, but this time the focus is on its influence on the 

dissolution kinetics. Figure 3-15 displays release kinetics of Fenofibrate from 

impregnated Neusilin® which was pin-milled at 10,000rpm and 20,000rpm. Several 

conclusions can be drown from those results. Comparing milled (10,000rpm) Neusilin® 

(30% and 40% loadings) to un-milled at the same loadings (Figure 3-14) the clear 
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advantage of size reduction is evident. Drug release is increased from 18 minutes and 48 

minutes for un-milled to 3 minutes and 9 minutes for milled Neusilin® (30% and 40% 

loadings respectively). By reducing the size of impregnated Neusilin® particles the 

release is increased due to shortening the overall path for drug diffusion. This theory is 

further supported by comparing release kinetics of impregnated Neusilin® (30% loading) 

milled at two different speeds. As expected, more intense milling results in faster release 

due to the smaller particle size of the formulation. Figure 3-16 shows the corresponding 

PSD of all milled powders, confirming the smaller average particle size for Neusilin® 

milled at 20,000 rpm. Figure 3-15 also supports the already established relationship 

between loading and release, as the loading increases, the release time increases. 

A tableting study using impregnated Neusilin® was performed to understand the effect of 

tablet compression on dissolution profile. Figure 3-17 presents dissolution kinetics of 

tablets with various tensile strength and shape made from 20% impregnated Neusilin® 

(un-milled). Three conclusions can be made from comparison of all data. The first is that 

tableting increases drug release time from the formulation. For tablets with 0.27 MPa 

tensile strength, the release time for 80% drug was slightly above 12 minutes. The second 

conclusion is that release time is greatly affected by the compression force. For the same 

type of tablets, release times (for 80% drug) of 12, 21 and 63 minutes were observed at 

0.27MPa, 0.50MPa and 2.34MPa tensile strength respectively. The third conclusion is 

that for the same tensile strength, larger tablets show slightly slower dissolution. A 

0.27MPa tensile strength tablet of 270mg shows 12 minutes release of 80% of its API vs. 

17 minutes for a 560mg tablet. It should be noted again that all tablet formulations 

contained 4% croscarmelose sodium as disintegrant. These effects on dissolution kinetics 

 
 



109 
 

are most likely due to the pore closure of the impregnated excipient due to the applied 

compression force during tableting. Because of the unfavorable effect on drug release, 

tableting of impregnated Neusilin® was not deemed favorable and hence was abandoned. 

This effect should be less pronounced (or could be entirely eliminated) if the excipient 

was also soluble in the dissolution media. In the case of extended release formulations, 

the above properties of impregnated and tableted excipients could be highly 

advantageous. 

In an attempt to produce a feasible formulation of Fenofibrate using impregnated 

Neusilin® capable of delivering at least 48mg of drug (which is comparable to one of the 

current marketed formulations, TriCor® 48mg), impregnated Neusilin® at 30% loading 

and milled at 10,000rpm was filled in size 0 capsules. The reason 20,000rpm was not 

used despite its better release profile was due to its reduced flowability, however that 

does not exclude its application. Figure 3-18 shows dissolution profiles of these capsule 

formulations, with and without croscarmellose sodium as disintegrant. The corresponding 

release times for 80% API are 11 and 12 minutes respectively (three of which are due to 

capsule dissolution), suggesting that adding disintegrant has a small benefit. Due to the 

low bulk density of Neusilin®, the amount of impregnated powder at 30% loading that 

could be filled in size 0 capsules was not enough to give the desired 48mg of Fenofibrate. 

In order to achieve this goal, a 40% loaded Neusilin® was filled into size 0 capsules and 

its dissolution kinetics tested. Figure 3-18 shows that its drug release profile was slowed 

from 10 minutes to 20 minutes for 80% drug released. This behavior is expected based on 

earlier discussions where the relationship of release time and impregnation loading was 

established. 
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All dissolution data presented so far suggests that solute diffusion from the internal pores 

of the impregnated excipient is the rate-limiting step in the overall drug release process. 

In order to speed-up drug release, one would need to find ways to speed-up diffusion 

from the Neusilin® pores. Because of the hydrophobic nature of Fenofibrate (as it is the 

case with most poorly soluble drugs), dissolution from the impregnated pores is further 

reduced. It was assumed that if the wettability of the pores was improved somehow, that 

would result in an increase of the release profile. A common method for increasing 

wettability in conventional formulation is the addition of SLS (up to 1% by wt). As stated 

previously, one of the potential benefits of FB impregnation is its ability for co-

impregnation of any additive (provided the additive has similar solubility in the solvent 

used) with the API into the excipient of interest. In an effort to improve drug release and 

demonstrate the feasibility of co-impregnation, Fenofibrate (at 40% loading) was co-

impregnated with 1% SLS into Neusilin®. Figure 3-19 shows the dissolution profile of 

that formulation, compared to impregnated Neusilin® without SLS. The improvement in 

dissolution kinetics is significant, from 50 minutes for 80% released API the release time 

was reduced to 20 minutes. Further milling of the co-impregnated SLS formulation 

further improves the dissolution profile. Comparing milled impregnated formulations 

with and without SLS shows an improvement from above 9 minutes (no SLS) to less than 

4 minutes when SLS is co-impregnated (Figure 3-19). This significant improvement in 

release kinetics, which initially was linked to the improved wettability of the impregnated 

pores, was in fact due to the change in physical state of the impregnated Fenofibrate. As 

already discussed and shown in Figure 3-9, the physical state of Fenofibrate is changed 

from crystalline to amorphous when co-impregnated with SLS in the small pores of 
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Neusilin®. The improvement in dissolution kinetics is mainly due to the amorphous state 

of Fenofibrate. Filling this SLS-containing formulation into capsules increases release 

time as expected. Figure 3-20 shows dissolution profile comparison of two capsule 

formulations, either meeting or exceeding the 48mg Fenofibrate dose target of the best 

marketed formulation. Co-impregnation of 1% SLS into the formulation reduces the 

release time of Fenofibrate from about 20 minutes to about 11 minutes, 3 minutes of 

which are due to capsule dissolution. Co-impregnation of Fenofibrate with SLS results in 

almost 100% improvement in release time making this formulation commercially viable. 

In order to understand how the impregnation formulation relates to current marketed 

formulations, a comparison study was performed using TriCor® 48mg Fenofibrate tablets 

as the baseline. Figure 3-21 shows that TriCor® tablets exhibit very rapid release after 

tablet disintegration, resulting in a release time of 8 minutes for 80% of the drug. The 

Neusilin® co-impregnated Fenofibrate-SLS formulation results in a release time of 10 or 

11 minutes depending on which size capsules have been used. Due to the larger size of 00 

capsules and smaller degree of powder compaction in them, these capsules achieve 1 

minute faster release time compared to size 0 capsules. The FB formulation shows on 

average 2-3 minutes slower release time compared to the marketed TriCor® tablets. It 

should be noted that those 2-3 minutes are due to the initial capsule dissolution, 

characteristic for all capsule formulation. The rate of release for both types of formulation 

is almost identical. 

Several other attempts to impregnate Fenofibrate into porous carriers using different 

methods have been reported in the literature. In one of them [108], the authors report a 

method for impregnating Fenofibrate into mesoporous silica via a co-spray drying 
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method and solvent impregnation. The co-spray drying method consists of spray drying a 

slurry made by mixing the excipient carrier in ethanol solution of Fenofibrate. Upon 

spray drying the Fenofibrate dries and deposits inside the carrier. The solvent 

impregnation method consists of drying the above slurry on a hot plate instead of spray 

drying it. The resulting powders were filled into size 0 capsules and dissolution tests were 

performed in similar conditions as those presented in this paper, however omitting the 

initial time for capsule dissolution. The fastest release time they have reported was about 

10 min for 80% of drug released for their co-spray dried formulation, noting that this time 

is after capsule dissolution. The release time of the FB formulation, excluding the initial 

capsule dissolution time, is 7 min for 80% drug, which is 30% better than what they have 

reported. 

In another paper [109] the authors report impregnation of Fenofibrate into Neusilin® via 

three different methods: supercritical carbon dioxide methods, solvent evaporation 

methods and hot-melt impregnation methods. The first one involves super critical CO2 as 

the impregnation media, which at the end of the process is vented out. The second 

method is similar to the process presented in [108] with the small difference of using a 

rotary evaporator as the drying equipment. The third method, as the name suggests, 

involves impregnating melted Fenofibrate into Neusilin® by mixing the two powders and 

heating the mixture above the melting point of the API. Dissolution of all formulations 

was tested in a powder form (no filling of capsules or tableting) under similar conditions 

to methods used in this study. The fastest release time that was reported is 5 minutes for 

an impregnated powder via the super critical CO2 method (80% API release). In 

comparison, the release time for 80% of API from the 40% Fenofibrate formulation that 
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was co-impregnated with 1% SLS and pin-milled, is less than 4 minutes, which is 20% 

faster. 

3.4 Conclusions 

The study presented in this chapter demonstrated another application of the FB 

impregnation method for pharmaceutical solid dosage formulation. The API chosen for 

the investigational work was Fenofibrate and the porous carrier was Neusilin®. The study 

expanded on the applicability of the FB impregnation method and demonstrated its 

feasibility with other APIs and excipients. More specifically, it demonstrated the benefits 

of fluidized bed impregnation in increasing dissolution kinetics of poorly soluble drugs. It 

was shown that the specific surface area of the excipient has a direct influence on the 

dissolution profile of the final formulation. Impregnating Fenofibrate into Neusilin® up to 

30% loading led to a significant improvement in release time compared to physical 

blends. Furthermore, it established the effect of milling on the dissolution profile of 

impregnated powders. Milling of impregnated Neusilin®, regardless of Fenofibrate 

loading, greatly improved release kinetics of the API. The study also demonstrated the 

feasibility of co-impregnation of APIs with other additives simultaneously onto the 

porous carrier. In particular, the feasibility of co-impregnation of Fenofibrate with 1% 

SLS, an additive surfactant commonly used to increase wettability of the formulation, 

was shown. Co-impregnation of SLS with Fenofibrate into the small pores of Neusilin® 

causes the drug to be deposited in its amorphous state, which was shown to be stable for 

at least a year and a half. This stabilization of the amorphous form of the API 

significantly increased its release time and made it possible to manufacture a capsule 
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formulation of Fenofibrate, comparable in its release profile to one of the current 

marketed formulations, TriCor® tablets (48mg Fenofibrate).  

The work presented further strengthens the novelty of fluidized bed impregnation and its 

benefits as a manufacturing method for pharmaceutical solid dosage forms, which can be 

summarized as follows: 

• FB impregnation is a fast, easy to implement, one-step process that is able to 

deliver final pharmaceutical material ready for formulation into capsules or 

tablets. 

• It has the ability to deliver a final formulation with high blend uniformity 

independent of the API loading. 

• Milling of impregnated material further improves blend uniformity and 

dissolution kinetics. 

• The physical state of impregnated API inside the porous excipient can be tailored 

to be either crystalline or amorphous. 

• The final properties of the impregnated materials (e.g. flow properties, 

dissolution kinetics) are governed almost exclusively by the physical properties 

of the excipient (e.g. flow properties, specific surface area).  
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3.5 Figures for Chapter 3 
 

 

Figure 3-1: Griseofulvin loading of different size fractions: Run#1(left) and Run #2 
(right). 

 

 

Figure 3-2: SEM pictures of various size fractions for Run #2. 
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Figure 3-3: DSC test results for impregnated with Ibuprofen CaHPO4. 

 

 

Figure 3-4: Dissolution profile of Ibuprofen (impregnated and blended) in 
phosphate buffer aqueous media (pH=7.2). 
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Figure 3-5: Dissolution profile of Ibuprofen (impregnated and blended) in 0.01N 
HCl aqueous media (pH=2). 

 

 

 

Figure 3-6: SEM Pictures of pure Neusilin® and impregnated with Fenofibrate at 
30% loading. 
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Figure 3-7: Specific surface area and total pore volume (for pores with dpore < 
120nm) as a function of actual Fenofibrate loading in Neusilin®. 
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Figure 3-8: Pore size distributions (for pores with dpore < 120nm) for various 
impregnated Neusilin® powders. 

 

Figure 3-9: DSC scans for various impregnated with Fenofibrate Neusilin® powders: 
A) Pure Fenofibrate; B) 10% and 20% Fenofibrate loadings; C) 30% and 40% 

loadings; D) 40% loading with SLS at time zero and after 1.5 years after 
impregnation. 
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Figure 3-10: XRD pattern comparison between pure Neusilin®, pure Fenofibrate 
and impregnated Neusilin® at 40% loadings with and without SLS. 

 

 

Figure 3-11: Particle size distribution comparison between pure and impregnated to 
various levels Neusilin®. 
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Figure 3-12: Shear cell measurements by FT4 of pure and impregnated Neusilin® 
(milled and un-milled). 
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Figure 3-13: Dissolution kinetics impregnated CaHPO4 and Neusilin® with 1% 
Fenofibrate: A) Powder test; B) Capsules filled with impregnated powder. 
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Figure 3-14: Dissolution kinetics of Fenofibrate-impregnated Neusilin® powders 
(un-milled). 

 

 

Figure 3-15: Dissolution kinetics of Fenofibrate-impregnated Neusilin® powders, 
milled at various mill speeds. 
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Figure 3-16: Particle size distribution various impregnated Neusilin® powders, pin-
milled at 10,000 and 20,000 rpm. 

 

 

Figure 3-17: Dissolution kinetics of tablets with various tensile strength and 
weight/shape made from 20% impregnated Neusilin® (un-milled). 
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Figure 3-18: Dissolution kinetics of capsules filled with impregnated and milled 
Neusilin®. 
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Figure 3-19: Dissolution kinetics improvement by co-impregnation of SLS and 
Fenofibrate in Neusilin®. 

 

Figure 3-20: Effect of SLS co-impregnation on the dissolution kinetics of capsules 
filled with impregnated and milled Neusilin®. 
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Figure 3-21: Comparison of dissolution kinetics between TriCor® tablets and 
capsule formulations (sizes “0” and “00”) filled with Fenofibrate-impregnated 

Neusilin® (milled and co-impregnated with SLS).  

 
 



128 
 

3.6 Tables for Chapter 3 
 

Impregnation Conditions #1 #2 
Weight of CaHPO4, g 3900 3900 

Solvent Used Methanol Acetone 

APAP Solution Concentration, mg/ml 1.433 14.33 

Spray Rate, ml/min 17 17 

Spray Time, min 160 160 

Inlet Gas Velocity, m/s 1.3-1.5 1.3-1.5 

Atomization Pressure, bar 2 2 

Inlet Temperature, oC 85 60 

Product Temperature, oC 43-45 37-38 
 

Table 3-1: Processing conditions for Griseofulvin impregnation runs. 

 

 

Run # 
Griseofulvin Loading, % 
w(API)/w(pure CaHPO4) 

Blend Uniformity, 
%RSD 

Target Actual Un-milled Pin milled 

#1 0.1 0.095 1.173 0.777 

#2 1.0 0.935 1.615 0.561 
 

Table 3-2: Griseofulvin loading and blend uniformity for impregnated CaHPO4 (un-
milled and milled). 
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Process Parameters #1 

Weight of CaHPO4, g 3900 

Solvent Used Methanol 

APAP Solution Concentration, mg/ml 145.4 

Spray Rate, ml/min 17 

Spray Time, min 160 

Inlet Gas Velocity, m/s 1.3-1.5 

Atomization Pressure, bar 2 

Inlet Temperature, oC 85 

Product Temperature, oC 43-45 
 

Table 3-3: Processing conditions for Ibuprofen impregnation runs. 

 

 

Run # 
Ibuprophen Loading, % 
w(API)/w(pure CaHPO4) 

Blend Uniformity, 
%RSD 

Target Actual Un-milled Pin milled 

#1 10.14 10.28 1.19 0.875 

 

Table 3-4: Ibuprophen loading and blend uniformity for impregnated CaHPO4 (un-
milled and milled). 
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Table 3-5: Experimental conditions and process parameters for all impregnation 
experiments in fluidized bed. 

 

 

Run 
# 

Target 
Loading, % 

Actual 
Loading, % 

Blend Uniformity, 
%RSD 

Excipient Equipment 

1 1% 0.98 0.45 CaHPO4 Glatt GPCG 1 

2 1% 0.92 1.41 Neusilin® Glatt GPCG 1 

3 10% 9.94 1.52 Neusilin® MiniGlatt 

4 20% 19.83 0.54 Neusilin® MiniGlatt 

5 30% 28.65 0.55 Neusilin® MiniGlatt 

6 40% 38.70 0.93 Neusilin® MiniGlatt 

7 
40% with 

1% SLS 
40.76 0.28 Neusilin® MiniGlatt 

 

Table 3-6: Target Impregnation levels, actual loadings and blend uniformity of 
Neusilin® and CaHPO4 impregnated with Fenofibrate. 

  

Run 
# 

Excipient 
Weight   

g 

API Solution 
Concentration 

mg/ml 

Spray 
Rate 

ml/min 

Spray 
Time      
min 

Inlet 
Gas 

Velocity 
m/s 

Atomiza
tion 

Pressure 
bar 

Temperature,  oC 

Inlet Product 

1 3900 14.3 17 160 1.3-1.5 2 80 35-37 

2 877 3.2 17 160 1.0-1.3 2 80 39-42 

3 220 44 4 125 0.9-1.0 1.2 80 42-44 

4 220 44 4 250 0.9-1.0 1.2 80 41-42 

5 220 44 4 375 0.9-1.0 1.2 80 41-43 

6 220 44 4 500 0.9-1.0 1.2 80 40-42 

7 220 
44 

(SLS - 1.1 
mg/ml) 

4 500 0.9-1.0 1.2 80 42-44 
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Chapter 4 .  Cross-sectional analysis of impregnated excipient 

particles by energy dispersive X-ray spectroscopy 

4.1 Introduction 

Impregnation is a process widely used in heterogeneous catalyst preparation [110, 111]. 

There are many advantages in placing catalyst molecules inside porous carriers: 

increasing total surface area available for reaction, improving overall reactivity, catalyst 

stabilization and reducing cost to name a few. As it has been demonstrated already, there 

are also several advantages of placing an API into a porous carrier to produce a dosage 

form: improvements to API uniformity, improvements to blend flowability and 

improvements to API release profile. The type of impregnation profile can influence the 

performance of the final product. In the case of catalysts, these effects have been firmly 

established [16, 112, 113]. There are several types of profiles that can be achieved during 

impregnation: uniform, egg-shell, egg-white or egg-yolk. Research in the field of 

catalysts has shown that these profiles can be affected by the processing conditions 

(impregnation and drying temperatures), the nature of the solute/carrier or their 

interaction [18-20]. In the case of pharmaceutical impregnated formulations, the API 

profile type could affect its release from the porous excipient, its long-term stability and 

the overall formulation efficacy.  

The impregnation profile inside porous particles can be studied by numerous analytical 

techniques, once the cross-section of the particle is obtained and exposed for analysis. 

Available analytical methods today span the whole spectrum of electromagnetic 

radiation. The main categories include: radio-waves (NMR microscopy), microwaves 
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(EPR microscopy), infrared light (IR microscopy), visible and ultraviolet light 

(photography, light microscopy, UV-vis microscopy), infrared through ultraviolet light 

(Raman microscopy, fluorescent microscopy) and X-rays (X-ray microscopy, X-ray 

computed tomography) with many other subcategories [114, 115]. The choice of 

analytical tool depends on the information (qualitative or quantitative) and detail (sample 

size and spatial resolution) that are needed. Obtaining a cross-section for analysis is not 

generally a simple task. Heterogeneous catalysts are typically made of large cylindrical 

(or spherical) carries, several millimeters in size. Cutting such large carrier particles and 

exposing their cross-section area is usually not a problem. However, pharmaceutical 

excipients that are suited for impregnation normally are small spherical particles (up to 

300-400um in diameter), which are much more difficult to handle and cut. Such particles 

need to be immobilized in place or embedded into a solid matrix before cutting. Popular 

materials for embedding solid particles are resins - liquid organic substances, which after 

polymerization provide a solid matrix with excellent optical properties [116, 117]. 

During the pre-digital age, impregnation profiles in catalysts were investigated using 

autoradiography [118] or photography [119-122]. Both analyses resulted in generating 

photographic negatives of the cross section of impregnated particles and analyzing them 

with a microdensitometer. This allowed one to determine the catalyst coverage as a 

function of position. Other optical methods involved directly measuring the impregnation 

profiles using a microdensitometer [123] or digital camera [112, 124]. In all cases, optical 

analyses required a very good contrast between the impregnated and the non-impregnated 

regions and relatively large particles (several millimeters in diameter).  
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Impregnation profiles in large enough pellets can also be analyzed using UV-vis micro-

spectroscopy. This technique can be used to gain information on the spatial distribution 

of the catalyst [125], knowledge on its chemical structure [126] and changes during 

catalyst preparation [124]. The reported resolution of the method starts at 100 um and can 

potentially go down to 1-3 um [127]. It requires the impregnant to have an absorbance in 

the UV-vis region of the spectrum. UV-vis micro-spectroscopy is more sensitive than 

previously discussed optical methods for analysis but still has its limitations, depending 

on the chemical nature of the investigated substance. Chemical imaging techniques could 

also be used to map dynamic processes. Infrared spectroscopy has proven advantageous 

in studying dynamic adsorption processes inside supported catalysts [128, 129]. This 

method helps to gain understanding on process parameters that are affecting adsorption 

and ultimately the catalyst’s performance. Very often, multiple analytical techniques are 

used simultaneously in order to significantly amplify the knowledge that could be 

obtained during the analysis. One such combination is atomic-force microscopy (AFM) 

coupled with IR spectroscopy. This approach combines the unique spatial resolution 

capabilities of AFM with the chemical analysis capabilities of IR spectroscopy, making it 

possible to capture IR spectra at the nanoscale [130, 131]. Raman imaging techniques can 

also be very powerful when characterizing impregnation profiles in catalysts during the 

impregnation or drying stages [132-134]. Water is almost invisible to Raman 

spectroscopy, which could be beneficial in some cases. Raman imaging has become very 

popular in drug product development and characterization[135]. Its applications have 

been proven very useful in determining API’s content uniformity in various 

pharmaceutical formulations [136]. The ability of Raman spectroscopy to differentiate 
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different crystal forms of the same API makes it a powerful tool in determining the 

spatial distribution of polymorphs [137, 138]. It can be also used to determine how 

processing conditions (for example drying) influence API distribution in the individual 

particles of the final formulation [139]. Similar to UV-vis, Raman spectroscopy can be 

coupled with AFM to further increase its spatial resolution [140]. Computed X-ray 

tomography (knows as CAT scan in medicine) is a powerful imaging technique used to 

analyze the internal structure and porosity of various powder agglomerates and granules 

[141-143]. The technique can be also used to study dynamic processes, such as die 

compaction and mixing [144]. 

Nuclear magnetic resonance (NMR) spectroscopy is an analytical method routinely used 

by chemists for determining the physical and chemical properties of atoms or molecules. 

NMR spectroscopy relies on the acquisition of NMR spectra, which characterize local 

magnetic environments of nuclei possessing a non-zero spin (resonance frequency as a 

function of static magnetic field and gyromagnetic ratio) and makes it a great tool for 

qualitative (identification) or quantitative analyses. One very powerful variation of NMR 

spectroscopy is MRI (magnetic resonance imaging), where the magnetic field is 

intentionally made inhomogeneous and dependent on spatial coordinates (as opposed to 

NMR where the magnetic field is highly homogeneous). This allows MRI to produce 2D 

or 3D images of objects along with information about their chemical compositions. 

Besides its wide-spread as a diagnostic tool in modern medicine and other biomedical 

applications, MRI is getting attention as a powerful imaging technique in various 

engineering fields [145, 146]. In supported catalyst preparation, MRI has proven to be a 

powerful technique for imaging the spatial metal distribution during the impregnation and 
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drying stages [147, 148]. The technique can also be used to provide data in operating 

model reactors (internal structure, mass/heat transport, chemical conversion) [149, 150]. 

MRI has also found use in pharmaceutical applications for monitoring drug release [151-

153]. Another imaging technique similar to MRI is electron paramagnetic resonance 

(EPR) imaging. In this case it is the spins of the electrons that are excited (vs. spins of 

atomic nuclei as in MRI). Materials under study must have unpaired electrons in order to 

be detected (metal complexes, organic radicals). Successful applications of this imaging 

technique include studies of diffusion processes in pharmaceutical drug delivery systems 

[154, 155].  

Arguably, the most powerful imaging technique today is electron microscopy (EM), 

which is capable of achieving high magnifications to submicron levels and below [156]. 

EM relies on an accelerated beam of electrons to illuminate the sample and create an 

image. The original form of EM, called transmission electron microscopy (TEM), relies 

on the transmission of electrons through the sample in order to create an image. The 

technique requires a very high accelerating voltage (>100 keV) and a very thin sample (< 

200nm) in order to achieve transmission [157]. TEM and its modification, STEM 

(scanning transmission electron microscopy), are the most powerful electron microscopy 

techniques, which can easily achieve nanometer and atomic level magnifications [158]. 

Scanning electron microscopy (SEM) is the other main form of EM, which relies on 

detecting emitted electrons from the sample’s surface. It is not as powerful as 

TEM/STEM, but is still capable of achieving magnifications to micron and submicron 

levels. The advantage of SEM is that it does not require thin specimens and such high 

accelerating voltages (typically less than 30keV) as TEM. There are many signals 
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produced inside the EM by the interaction of the electron beam with the sample: 

secondary electrons (SE), back-scattered electrons (BSE), characteristic X-rays, etc. SEM 

relies on the detection of SE but also can operate in BSE mode.  

Combining an electron microscope with a detector for characteristic X-rays, gives rise to 

energy-dispersive X-ray spectroscopy (EDS), another very powerful analytical method 

for quantitative and qualitative surface analysis. When the atoms in the sample get 

excited as a result of the electron beam/sample interaction, an electron from the inner 

electron shell can get ejected by the incident electrons, resulting in a vacant electron hole. 

The excited atom will immediately return to ground (unexcited) state by filling the hole 

with electrons from the outer electron shells, resulting in the emission of X-rays 

equivalent to the energy difference between the transfer shells (Figure 4-1). This energy 

difference is characteristic for each atom in the periodic table (excluding He and H), 

which allows EDS to measure the elemental composition of the sample. What makes 

EDS particularly useful is that the amount of emitted X-rays from each element is 

directly proportional to its concentration (mass or atomic fraction) in the sample. In order 

to construct the spatial distribution of elements, early EDS systems had to analyze the 

cross-section of the sample at different points and then plot signal intensity vs. distance 

[159, 160]. Further improvements in the EDS technology and increase in computational 

and storage power of computers has led to the development of a process known as X-ray 

mapping, where data about elemental composition and concentration can be used to 

construct an elemental map, overlaid on top of the sample’s image. This powerful 

technique allows one to visualize the spatial distribution of all detected elements on the 

sample’s surface [161, 162]. EDS systems can be coupled with both types of electron 
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microscopes, resulting in elemental maps with submicron (SEM/EDS) and nanoscale 

resolutions (TEM/EDS, STEM/EDS) [163-167]. 

Chapter 2 introduced the method for API impregnation in a fluidized bed, describing the 

many advantages it presents to pharmaceutical formulations. The method was capable of 

achieving impregnated formulations with very high homogeneity, independent of the 

drug loading, and with physical properties independent of the API’s nature and loading. 

In Chapter 3 other benefits of FB impregnation were further investigated (improving 

dissolution kinetics of poorly-soluble drugs). There have been a lot of research efforts 

directed towards studying of impregnation profiles, however none of them (to our 

knowledge) have been focused on API-impregnated excipients produced in a FB. In most 

impregnation methods, particles are impregnated by immersing them into solutions, 

resulting in partial or complete liquid saturation. In all of these cases, liquid penetration 

takes place across the entire external surface of the particles. By contrast, FB 

impregnation is achieved by atomizing the impregnation solution into droplets, which in 

turn collide with the individual particles. This is followed by a drying period until the 

next time the particles enter the spray zone to get impregnated again. Therefore, the FB 

impregnation process consists of small impregnation increments, the frequency of which 

depend on processing conditions such as spray rate, droplet size, drying temperature and 

drying gas flow rate (or mixing). This difference in the impregnation mechanism could 

result in differences in the API profile inside the excipient carrier. The API profile can 

affect drug product performance. Drug release could be greatly impacted by the 

impregnation profile (egg-shell vs. uniform distribution for example).  
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This chapter aims to develop methods for analysis of the type of impregnation profile 

achieved during FB impregnation of APIs onto porous excipients. The analytical 

technique employed to analyze and map the cross-section of FB impregnated particles is 

SEM/EDS. The analysis presented here is intended to be purely qualitative (relative 

elemental distribution). Quantitative EDS analysis (absolute elemental concentrations) is 

usually not straightforward and many factors need to be taken into account before the 

concentration data obtained from the spectra can be reported. The work showcases 

different particle embedding techniques, various markers that could be used to analyze 

FB impregnation profiles, several cutting and polishing methods as well as the type of 

API profile (using Fenofibrate and Acetaminophen as model drugs) achieved during the 

FB impregnation process. 

4.2 Materials, equipment and methods 

4.2.1 Materials 

Neusilin® US2 grade was purchased from Fuji Health Science Inc. (Burlington, NJ, 

USA). Methanol, B&J Brand® Multipurpose Grade (purity > 99%), was purchased from 

VWR International. Fenofibrate (purity >99%), potassium acetate (purity >99%), 

potassium iodide (purity >99%) and LR White embedding kit (including resin, 

accelerator and catalyst) were purchased from Sigma- Aldrich (St. Louis, MO, USA). 

Acetaminophen (APAP, purity >99%) was purchased from Mallinckrodt 

Pharmaceuticals. (Raleigh, NC, USA). SEM supplies (aluminum specimen mounts, 

double-coated conductive carbon tabs and high performance silicate-based nickel paste) 

were purchased from Ted Pella Inc. (www.tedpella.com). Micron graded wet/dry 
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polishing paper (37-948 Assortment 30-1 micron) was purchased from Zona Tool Co. 

(Bethel, CT USA). 

4.2.2 Equipment 

Impregnation experiments were carried out in a Mini-GLATT fluidized bed 

dryer/coater/granulator, equipped with a top spray nozzle (Glatt Inc., Ramsey, NJ, USA). 

Cross-sections of resin-embedded particles were obtained using Shandon AS 325 

Microtome equipped with steel blade.  SEM samples were sputtered with gold in an EMS 

550 sputter coater (Electron Microscopy Sciences). All image and elemental analysis was 

done on Hitachi SU5000 Schottky Field-Emission Scanning Electron Microscope 

(Hitachi High Technologies America, Inc.) equipped with Oxford X-Max 80 EDS probe 

with silicon drift detector (Oxford Instruments Analytical Ltd.). 

4.2.3 Methods 

4.2.3.1 Impregnation 

Fluidized bed impregnation of Neusilin® with Acetaminophen and Fenofibrate was 

carried out according to the general procedure outlined in Chapter 2/Chapter 3. 

Impregnating API solutions were prepared using methanol with the following 

concentrations: Acetaminophen – 128 mg/ml, Fenofibrate – 44 mg/ml. Drying gas 

temperature and velocities were 80oC and 1 m/s respectively. Spray rate for both API 

formulations was 4 ml/min. The solution was sprayed until desired average API loading 

was achieved: Acetaminophen – 10%, Fenofibrate – 10% and 40% (expressed as 

wt(API)/wt(pure excipient)).  
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Impregnation of Neuslin® with potassium acetate (KAc) and potassium iodide (KI) was 

performed according to the common dry impregnation procedure. Separate solutions of 

KAc and KI in methanol were prepared at RT with concentration of 140 mg/ml and 70 

mg/ml respectively (estimated average loading of 40% and 20% respectively based on 

Neusilin® porosity). Pure, sieved Neusilin® (above 180 μm fraction) was added to above 

solutions and slurries were agitated for 30 min to allow full impregnation. Impregnated 

Neusilin® was then filtered gently under vacuum and dried in oven at 30oC overnight (no 

vacuum) with N2 purge. 

4.2.3.2 Particle embedding, cutting and polishing 

LR White Resin 

Cross-sections for some of the impregnated samples were obtained by embedding them in 

a resin. Impregnated samples were first sieved to separate the largest particles and those 

with sizes above 180 um were used for analysis. These particles were then dried under 

vacuum again to remove any surface moisture absorbed during storage. Particle 

embedding was done in LR White, a popular and widely used resin for immobilization of 

biological samples. LR White is a type of acrylic resin with low toxicity and ultra-low 

viscosity (8 cP). The resin can be cured by one of four methods: microwave, heat, UV 

light (365nm) and chemical (aromatic tertiary amine as accelerator). All LR White 

embedded samples presented in this work were cured using an accelerator. The resin was 

first mixed with the provided catalysts for 24 h to allow complete dissolution. About 20 

ml of resin mixture was placed in a glass vial and sparged with N2 for 1 h to remove all 

oxygen, and then capped. If oxygen is not removed, polymerization of the resin will not 

occur. The next steps were performed under N2 atmosphere (glove box) to minimize O2 
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inclusion. Two drops of the accelerator were added to the resin mixture and the vials 

were shaken vigorously for 10 seconds. Small glass vials (1cm in diameter with flat 

bottom) containing a small amount of the sieved impregnated particles were filed with 

about 2ml of resin/accelerator mixture, shaken gently to allow complete infiltration of the 

liquid within all solids and then capped. Vials were taken from the glove box and placed 

in an ice bath. The whole operation from adding the accelerator until the vials are placed 

on ice should be done in less than 10 min, as polymerization usually occurs between 10 

to 20 minutes. It should be noted that small amounts of O2 or other polymerization-

inhibiting species can inhibit the polymerization process. For example, Neusilin® 

particles impregnated with KI or Acetaminophen could not be embedded using LR White 

resin as polymerization never took place (despite numerous attempts including UV-

initiated polymerization). The glass vials were then left for 24 h to complete the 

polymerization process and then carefully cracked to remove the solid polymer. The 

embedded samples were mounted on microtome holders using epoxy resin as adhesive. 

The whole assembly was placed on a microtome and the sample was cut to the desired 

depth to produce a rough cross-sectional cut. All samples were then micro-polished using 

wet/dry polishing paper. 

Cyanoacrylate Adhesive (Super Glue) 

Because embedding with LR White resin was not always successful, a different approach 

was needed to prepare samples impregnated with KI and Acetaminophen. It was 

discovered that among its endless applications, Super Glue could also act as an 

embedding media. Impregnated Neusilin® with KI was sprinkled over aluminum 

specimen mounts with conductive carbon tabs to create a monolayer of particles. Super 
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glue was then slowly applied over the particles to completely cover the entire monolayer 

and left to dry for 24 h. Cross-sections of the particles were then obtained by polishing 

(as outlined next) the monolayer until a good cross-section was obtained by visual 

confirmation using an optical microscope. 

Sample Polishing 

Particle cross-sections for both LR White and Super Glue embedded samples were 

produced by polishing the surface using six different micron graded wet/dry polishing 

paper. Starting with the largest grading (30 microns) samples were polished using 

forward/backward movement until a satisfactory particle cross-section was achieved (as 

observed periodically under an optical microscope). Sample polishing continued using 

15um, 9um, 3um, 2um and finally 1um size paper. The polishing direction was changed 

by rotating the sample 90o every time the paper was changed. This procedure yielded 

very smooth sample surfaces with almost mirror-like appearance. 

4.2.3.3 Manually cutting particles 

Cross-section exposure of impregnated Neusilin® particles was also successfully 

accomplished without any embedding media. An alternative procedure was developed 

involving a manual cut across a particle monolayer. This was achieved in two ways, 

differing in the type of adhesive used for anchoring of the particles. In the first method, 

aluminum discs with conductive carbon tape were sprinkled with impregnated sample. 

The powder was then gently pushed to ensure good adherence with the tape and any 

loose particles were lightly blown with N2. The monolayer of particles was then cut 

manually by hand, using a microtome steel blade. The cut was done gently, making sure 
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the knife was parallel to the surface. For a successful cut, the knife had to be very close to 

the surface, almost touching the carbon tape. Neusilin® particles are firm enough not to 

crumble under the knife but at the same time soft enough to be cut manually. Upon 

optical microscope inspection it was revealed that not every particle was cut right through 

the middle (or cut at all). But due to the sheer volume of particles there were always 

particles that were cut right near their middle plane. The cross-section produced by 

manual cut exhibited higher degree of roughness compared to embedded and polished 

particles but was still good enough for analysis. The second method differed only in the 

type of adhesive used to anchor the particles. A non-carbon based, inorganic paste 

(silicate based) with Ni particles to enhance conductivity was used as adhesive. In the 

same described fashion, aluminum sample holders with a thin layer of Ni paste were 

sprinkled with impregnated powder. After removing the loose particles, the samples were 

left to dry for 24h at RT before they were cut manually as described above. The success 

rate in obtaining suitable cross-sections was similar to the one when carbon tape was 

used. 

4.2.3.4 Sputter coating 

In order to increase electrical conductivity of specimens, all resin-embedded samples 

were sputter coated with gold in an EMS 550 sputter coater. Sputter coating eliminates 

build-up of electrical charge and increases the amount of secondary electrons that are 

produced from the surface, ultimately improving the SEM picture quality by reducing the 

signal-to-noise ratio. The gold layer was estimated to be about 10-15nm in thickness. The 

coating process was performed in an argon atmosphere under reduced pressure (1.5x10-1 

mbar) for 2 minutes at 35 mA current. 
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4.2.3.5 Energy dispersive spectroscopy and SEM 

Energy dispersive X-ray spectra for all samples were collected with an Oxford X-Max 80 

EDS probe. Before proceeding with the analysis, all peaks were confirmed by 

comparison with a fitted theoretical spectrum using the “Fitted Spectrum Tool” in the 

Aztec software package based on pre-selected elements. The fitted theoretical spectrum is 

generated based on the specified elements that are thought to be present in the sample and 

theoretical first principles about their X-ray emission. If all elements that are truly present 

in the sample are identified correctly (automatic or manual identification) then all peaks 

in the map spectrum will match those in the fitted spectrum. The software also calculates 

average concentrations of all elements detected in the entire field view, displayed as 

weight percent (wt%) and the associated statistical error, displayed as σ (weight% sigma), 

which is the overall confidence figure for the analysis. Elements which are detected just 

above the statistical noise are displayed in red. All EDS maps were collected using the 

“TruMap” option in the software. In this mode, the maps are corrected for peak overlaps 

and any false variations due to X-ray background. Parameters for the EDS analysis were 

chosen such that the resulted “dead time” was less than 30%. This is the time when 

effectively the detector is switched-off and the software is integrating the data to 

minimize noise. Parameters for the EDS analysis included: high vacuum mode, 

accelerating voltage: 15 keV, spot intensity: 50, resolution 516 or 1024, process time: 4-

6, and pixel dwell time: 150 μs. SEM pictures were collected using secondary electrons 

(SE) mode and slow scan. For samples that were not Au-coated, SEM pictures were 

collected using fast scan mode to allow for acceptable quality. 
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4.3 Results 

EDS is a very powerful analytical technique for quantitative and qualitative elemental 

analysis of solid composite materials. The spatial resolution is high and depends on the 

accelerating voltage used in the analysis. The spatial resolution in EDS analysis also 

includes subsurface sample layers since X-rays have curtain penetration depth depending 

on their energy intensity. Structures in the range of 50 nm (length, width and depth) or 

less can be investigated using low accelerating voltage of 3 keV. As the voltage is 

increased, the spatial resolution is decreased and for 12 keV it goes up to 500 nm [168]. 

The number of X-ray counts produced is directly proportional to the accelerating voltage, 

which therefore could affect also the limit of detection of trace elements. Achievable 

limit of detection in modern SEM/EDS systems can reach 1000-3000 ppm (0.1-0.3 

wt%)[117]. Therefore a balance between desired spatial resolution and limit of detection 

needs to be considered when choosing the optimal accelerating voltage.  

The two APIs used in this work can be detected by the characteristic K-series produced 

from the chlorine and nitrogen atoms present in Fenofibrate and Acetaminophen 

respectively. The corresponding concentration of chlorine and nitrogen in the respective 

APIs (based on molecular weight) are 9.8wt% and 9.3wt% respectively. The lowest API 

loading in tested Neusilin impregnated samples was 10wt% (on average), which makes 

the concentration of chlorine and nitrogen in the samples to be 0.98wt% and 0.93wt% 

respectively. In order to achieve the desired limit of detection, the analysis in this work 

was performed using 15 keV. The resulting spatial resolution based on the used 

accelerating voltage was estimated to be less than 1 μm, which is more than adequate to 
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determine impregnation profiles differences in the 150-200 μm particles used in all 

analysis presented. 

Embedding with Acrylic Resin 

Figure 4-2 shows an SEM picture and EDS maps for corresponding elements present in 

pure Neusilin®, embedded in LR White resin and coated with gold. The analysis shown is 

for a polished cross-section of non-impregnated particle of about 200 μm. Neusilin® is a 

synthetic, amorphous form of magnesium aluminometasilicate with an empirical formula 

of Al2O3·MgO·1.7SiO2·xH2O. The embedding resin (C27H32O6), catalyst (C14H10O4) and 

accelerator (C9H13N) all have carbon, oxygen, hydrogen and nitrogen (accelerator only) 

as part of their molecules. The EDS maps show the spatial distribution of carbon (C), 

oxygen (O), aluminum (Al), silica (Si) and magnesium (Mg). The last three elements are 

characteristic only to Neusilin and the maps clearly show that (all are present in the 

particle substrate only). Larger pores and crevices seen in the SEM are also seen in the 

Al/Si/Mg maps confirming that these are empty spaces within the particles. This is 

clearly visible when EDS maps are overplayed on top of the SEM (picture not shown). 

These internal empty spaces are filled with resin during the embedding process as seen on 

the C-map. Carbon, which is characteristic only to the resin, is detected at a higher 

concentration between the particles as indicated by the more intense red color on the C-

map. Due to its low viscosity, the resin quickly impregnates the entire particle and shows 

as less intense red color. Because Neusilin® particles are carbon-free, mapping of carbon 

could be another way of detecting and visualizing the spatial distribution of an API (or 

any other carbon-based impregnant). However, the impregnation of Neusilin® with the 

resin during sample preparation makes C-mapping inadequate for determining 
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impregnation profiles of organic compounds in porous particles. In these cases, API 

mapping could only be achieved if they possess another characteristic element in their 

molecule that could be detected. Oxygen, which is a common element to both the resin 

and Neusilin® is confirmed by the EDS analysis. Because it has higher levels in Neusilin® 

compared to the resin, oxygen shows with brighter green color within the particles and 

less intense green within the resin. 

In order to test feasibility of profiling the spatial distribution of an impregnated API, 

Neusilin® particles impregnated with Fenofibrate (40wt% on average) were embedded in 

LR White resin (cut, polished and Au coated) and subjected to SEM/EDS analysis. 

Figure 4-3 shows the SEM picture, the EDS maps for corresponding elements present in 

Neusilin impregnated with Fenofibrate and the resulting X-ray spectrum. Because carbon 

could not be used to uniquely detect the API (as discussed above), the focus of the 

analysis was directed towards detecting the K series of the Cl atoms characteristic to 

Fenofibrate. The corresponding X-ray spectrum shows a distinct Cl-peak detected at 0.3 

wt% with an adequate statistical significance (identified by the software by its white 

color in the table of detected elements). The EDS map shows chlorine as uniformly 

distributed throughout the entire sample (particles and surrounding resin). Despite 

originating from the impregnated particles, the API appears to be diffusing out into the 

resin. Upon further investigation it was discovered that Fenofibrate has appreciable 

solubility (> 50mg/ml at RT) in the liquid resin (determined before polymerization). This 

is enough to cause complete dissolution and redistribution of the API during the resin 

embedding process. This result showcases the inadequacy of the resin-embedding method 

to produce reliable results for detecting impregnated Fenofibrate and determining its 
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spatial distribution within a porous carrier. An attempt was made to repeat the analysis 

using Acetaminophen-impregnated Neusilin as this API did not have high solubility in 

the liquid resin and thus it should have been possible to map its distribution within the 

particles. However, it was discovered that Acetaminophen had an inhibiting effect on the 

resin polymerization reaction and particle embedding was unsuccessful.  

LR White resin (or acrylic resins in general) is an excellent embedding media for 

producing a clean and polished cross-section of small particles for SEM/EDS analysis. 

When working with supported catalysts, the resin-embedding method can lead to 

excellent elemental mapping of the active metals, as the metals usually do not interact 

with the resin (exhibit no solubility or reactivity). When trying to map an impregnated 

API however, due to its more complex chemical structure, interactions with the resin may 

occur, which could hinder the EDS analysis producing unrealistic results. In order to still 

be able to study the impregnation profiles of APIs, other organic surrogates could be used 

in their place. These surrogate substances ideally should have some general properties as 

follows: be organic molecules (resemble organic APIs), have solubility in organic 

solvents (ability to be impregnated using same methods) and exhibit no solubility or 

reactivity with the resin. Another required property would be to have an element present 

in the molecule that gives a good, distinct X-ray signal, away from those already present 

in the composite sample coming from resin or porous excipient (C, O, Mg, Si, Al). A 

class of substances that can act as good surrogate impregnants and that could help in the 

study of impregnation profiles are the salts of organic acids. For example, there are many 

pharmaceuticals which are in the form of a potassium salt of a free acid. In general, they 

exhibit good solubility in water and organic solvents, which makes them ideal for 
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impregnation of excipients. The most important asset they have is the presence of a 

potassium atom in their molecule. This alkali metal produces a strong, distinct Kα peak at 

3.3 keV, which is safely away from the other elements present in a Nesulin®/resin sample 

allowing for a clear detection. 

One such candidate for a surrogate impregnant that could be used to study impregnation 

profiles in excipients is potassium acetate (KAc). It is soluble in water and alcohols, 

insoluble in LR White resin and does not interfere with the polymerization process of the 

resin. In order to test its feasibility in mapping the impregnation profile, Neusilin® 

particles (sieved, 150-200μm range) were impregnated with potassium acetate, embedded 

in resin and their cross section was analyzed by SEM/EDS. Figure 4-4 shows the EDS 

maps of all characteristic elements present in those samples. Maps for Si, Al and Mg 

clearly outline the excipient particle. Although KAc contains carbon in its molecule, the 

C-map is not a reliable indicator of its distribution since the C-based polymer has 

impregnated the particle during embedding. The strong and distinct potassium peak 

however is a good indicator of the KAc distribution within the particle. The K-map 

shows unambiguously that the impregnation profile is highly uniform. This is to be 

expected since the porous carrier (Neusilin®) in this case was impregnated by dry 

impregnation technique followed by slow drying. It has been shown in catalyst 

preparation that the impregnation profile can be greatly affected by the drying rate, with 

slow drying usually resulting in a uniform profile [20]. It is also clear from the K-map 

that potassium is only located in the impregnated particle, indicating that KAc is 

insoluble in the resin. 
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Potassium acetate (as well as many other potassium salts) is characterized as a 

deliquescent material. These are substances which are very hygroscopic and when 

exposed to ambient air absorb large amount of water to form an aqueous solution. 

Therefore, special care and handling should be employed when working with KAc 

impregnated excipients. Improper storage could result in completely solubilizing the salt 

inside the particles, which in turn will alter the original impregnation profile producing 

inaccurate results. In order to illustrate the possible outcome of improper storage, 

impregnated Neusilin® with KAc was left for several days exposed to ambient air to pick 

up moisture and then dried quickly in a vacuum oven. The corresponding cross-sectional 

EDS analysis of resulting impregnated particles embedded in resin is shown in Figure 

4-5. Maps of Al, Mg and Si all show a uniform distribution, confirming that the 

impregnated particle has a homogeneous structure without any internal defects. The map 

for potassium however shows a completely different picture, where the distribution of the 

K signal is far from uniform. The resulting profile is a combination of egg-shell and egg-

yolk type distributions, resulting in an annular region of low concentration. This profile 

can be explained by the deliquescent nature of KAc. When deposited KAc picks up 

moisture, it forms an aqueous solution inside the impregnated Neusilin® and becomes 

highly mobile. When fast drying is applied, the salt is redistributed towards the outer 

surface of the particle due to the fast convective flow generated during drying. This result 

showcases the ability of EDS analysis for detecting differences in the impregnation 

profile within impregnated excipients. Good solubility in water and organic solvents 

(alcohols) coupled with its strong Kα peak for detection and no interaction with the resin 
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make KAc a good indicator for studying impregnation profiles of resin-embedded 

particles by SEM/EDS analysis. 

Embedding with Cyanoacrylate Adhesive 

Studying impregnation profiles by EDS analysis relies on the detection of a characteristic 

element specific to the impregnated substance. The confidence in the detected 

impregnation profile determined by EDS therefore could be improved by increasing the 

number of detectable elements characteristic to the impregnated substance. Another good 

candidate for studying impregnation profiles could be potassium iodide (KI). Similar to 

KAc, it has good solubility in water and organic solvents (alcohols), which makes it 

applicable for impregnation studies. The added benefit is the presence of iodine (I), 

which gives a strong, distinct Lα peak at 3.9 keV, safely away from potassium and the 

other elements present in a Nesulin®/resin sample, allowing for a clear detection. The 

ability to identify the impregnated substance by two different elements increases the 

degree of confidence in the detected impregnation profile type. Unfortunately, attempts to 

embed KI-impregnated particles in LR White resin were unsuccessful and cyanoacrylate 

adhesive (Super Glue) was used instead. Figure 4-6 shows the SEM picture and EDS 

maps for all characteristic elements present in impregnated Neusilin® with KI embedded 

in Super Glue. To our knowledge, the technique of embedding particles in Super Glue 

followed by polishing to obtain cross-section for EDS analysis has not been reported 

previously. The quality of the cross-section produced by this technique (as evident by the 

SEM picture) is identical to the one obtained by using LR White resin. Embedding 

particles using Super Glue is much easier and less expensive than using acrylic resins 

(such as LR White). Although it dries quickly, the adhesive still had time to infiltrate the 
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particles as is evident by the C-map, where all the carbon detected internally is due to the 

glue itself. The impregnation profile of KI is detected by both the K and I signals and 

shows to be highly uniform. This again is to be expected due to the slow drying of the 

impregnating KI solution. The solubility in water and organic solvents (alcohols), the 

lower hygroscopicity than KAc and the presence of K and I signals for detection by 

SEM/EDS analysis makes potassium iodide a very good candidate for studying  the 

dependence of impregnation profiles on processing parameters. 

Embedding with Carbon Tape 

Using carbon-based resins for particle embedding has the advantage of producing very 

smooth cross-sections for SEM/EDS analysis. A smooth and polished surface is highly 

desirable if a very accurate quantitative analysis is needed. As shown by other 

researchers, polishing the surface to different degrees of roughness can greatly influence 

the coefficient of variation of the quantitative results[169]. The drawbacks of using resins 

for analysis of API-impregnated excipients can be summarized as follows: 1) resins 

penetrate into the porous matrix and make carbon signals useless for API detection, 2) 

resins could solubilize the API, producing an erroneous impregnation profiles, 3) resins 

could be affected by the sample resulting in incomplete polymerization and 4) presence 

of resins could affect the X-ray signal generated from the samples and affect the limit of 

detection for some trace elements  (which sometimes are the only markers for API 

detection). Embedding techniques are usually employed due to the very small size of the 

sample/particles to be analyzed. Ideally, if particles could be cut in half without 

introducing any other agents (resins or adhesives) then EDS results would be meaningful 

and the above disadvantages would be eliminated.  
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In order to eliminate the use of embedding resins, a procedure for manual cutting of 

Neusilin® particles with sizes above 150 μm was developed. Figure 4-7 shows the 

SEM/EDS cross-sectional analysis of impregnated Neusilin® particles (average 10% 

Fenofibrate loading) produced by manual cutting, without any resins; the samples were 

Au coated. The SEM picture reveals the quality of the resulting cross-section: right 

through the middle of a 180 um particle with uneven, rough surface. The nature of the 

surface is further confirmed by the EDS maps of all elements characteristic to Neusilin® 

elements: Mg, Si, Al and O (also characteristic to Fenofibrate). X-ray spectrum results 

reveal a more distinct Cl peak (peak area of 43934cps/eV), detected at a higher levels 

(0.5wt%) compared to the same peak in Figure 4-3 (0.3wt%, peak area of 

32733.3cps/eV), despite the fact that here Fenofibrate loading is four times less (at 10% 

average loading vs. 40% average loading in Figure 4-3). These results show the effect of 

resin on the overall signal – the absence of embedding media improves the detection of 

trace elements. The Cl-map shows that the relative distribution of chlorine on the particle 

surface is highly uniform. This is the first clear indication of the API (Fenofibrate) 

distribution within the porous carrier (Neusilin®) obtained during fluidized bed 

impregnation. The ability of any impregnation process to deliver uniform distribution of 

the API is highly desirable as this will have a direct impact on both content uniformity 

and dissolution kinetics. Uniform distribution means that the API is deposited evenly 

over the entire available internal surface area of the excipient. 

The spectrum also shows reduction in the carbon signal (40.7wt% vs. 69.6wt% in Figure 

4-3), which is another direct consequence of the absence of carbon-based resin. The 

carbon signal in Figure 4-7 is coming from two sources: carbon tape used to immobilize 

 
 



154 
 

the particles and the API itself. The particle’s cross-section and carbon tape are not in the 

same focal plane, with the electron beam being focused primarily on the sample surface. 

This leaves most of the carbon tape out of focus or in the shadow of the electron beam. 

As a result, most of the carbon signal should be coming from the analyzed particle 

surface with only a small fraction coming from the carbon tape. One way to determine if 

the carbon seen on the C-map is coming primarily from the API is to calculate the ratio of 

Cl/C. Based on the molecular formula of Fenofibrate (C20H21ClO4), the theoretical Cl/C 

ratio is 14.8%. The X-ray spectrum in Figure 4-7 shows that this ratio is 1.2%. Despite 

the fact that there is no carbon-based resin, the Cl/C ratio is still much smaller that 

theoretical value, indicating that there is more carbon detected than there should be. One 

hypothesis is that during the Au sputtering process, carbon from the tape is re-deposited 

on all tested surfaces. This result suggests that Au sputtering should be avoided, if 

possible, in order to eliminate carbon contamination in the sample and to enable carbon 

detection from the API only. Another hypothesis is that in spite of the Carbon tape being 

out of focus it is still being picked up in the spectrum. 

Figure 4-8 shows SEM/EDS analysis of impregnated Neusilin® with a different API, 

Acetaminophen (APAP) at a 10% average loading. Similar to the previous case, the 

particles were immobilized on carbon tape and manually cut to obtain a cross-section 

with the only difference being the absence of Au coating. Despite the lack of conductive 

coating, the SEM still produces enough detail (using fast scanning) to reveal the rough 

surface of the cross-section. The molecular formula for Acetaminophen (C8H9NO2) 

reveals that the API can be detected using the nitrogen (N) Kα peak at 0.4 keV. In spite 

of being close to the carbon peak (Kα at 0.3 keV) and oxygen peak (Kα at 0.5 keV) the 
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SEM/EDS can still detect nitrogen in a statistically significant manner. This would not 

have been possible if there was an embedding resin of any type present in the sample, 

because that would have increased the C-peak and O-peak intensities and would have 

covered the N-peak that resides between the two. The EDS spectra also reveals that the 

amount of carbon detected (19.9wt%) is much less than the previous case of Fenofibrate 

impregnated in Neusilin® (40.7wt% in Figure 4-7), despite the fact that both APAP and 

Fenofibrate have roughly the same carbon content in their molecules (64% and 67% 

respectively) and the two formulations were both at 10% average loadings. This fact 

could be attributed to the lack of Au sputtering, which as mentioned may be 

redistributing carbon from the C-tape used as the particle adhesive. The N/C ratio 

calculated from the EDS spectra is 8.0%, which is closer to its expected theoretical ratio 

of 14.6% in APAP (compared to the Cl/C ratio in Figure 4-7 in the case of Fenofibrate). 

Since no Au sputtering was carried out for the APAP case, the extra carbon in the sample 

is coming from the C-tape detected in the background. This result shows that the C-peak 

is becoming more reliable for detection of the API and with some degree of caution, it 

could be used also to gauge the API distribution within the sample. Both the C-map and 

N-map show a uniform distribution of the Acetaminophen. This is another indication that 

the fluidized bed impregnation method has the ability to produce highly uniform 

distribution of APIs throughout the porous excipient. The fact that both formulations 

show uniform distributions of the APIs (Fenofibrate and Acetaminophen) supports 

previous claims that FB impregnation process is highly dependent on processing 

conditions (drying gas temperature and flow rate, spray rate and solvent nature) and less 

dependent on the nature of the API.  
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Embedding with Non-Carbon Based Adhesive 

Since all APIs are organic compounds, they can in principle be detected by their carbon 

footprint in the impregnated excipient. As has already been shown, this is not always a 

straight-forward procedure due to the carbon contamination from the various resins or 

adhesives used during sample preparation. This contamination can be eliminated by 

switching to a non-carbon based adhesive. The only available inorganic-based (and 

carbon free) adhesives are sodium or potassium silicates. These are inorganic substances, 

usually supplied as an aqueous solution with low viscosity. Upon dehydration, the 

silicates rapidly increase their viscosity and when completely dry they become very hard, 

clear solids with glass resemblance (often called “water glass”). Since they are non-

conductive, additives (in the form of powder metals such as Ag, Au or Ni) are needed in 

order to be used as adhesives in SEM sample preparation. Silicate-based carbon-free Ni 

paste, specially formulated for SEM use, was used as an adhesive to immobilize a 

monolayer of Neusilin® particles impregnated with Fenofibrate. Samples were left to 

dehydrate and harden under ambient conditions for 24 h. Heat was not used since 

Fenofibrate has a lower melting point (81.6 oC) than the temperature usually required for 

heat curing this silicate adhesive (93oC). Drying of the paste was enough to produce 

adequate hardness to allow the particles to be manually cut. Figure 4-9 shows the results 

from SEM/EDS analysis of the same Neusilin®/Fenofibrate formulation as in Figure 4-7, 

but embedded in Ni/silicate paste. The X-ray spectrum shows that the detected carbon 

content is at 13.3%, which is the lowest carbon reading among all previously presented 

results. This is a direct consequence of the carbon-free paste used for embedding. The 

Cl/C ratio of 4.5% however is still much lower than the theoretical value for Fenofibrate 
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(14.8%), indicating that there is more carbon present in the sample than expected. One 

possibility for this phenomenon is that during curing, the silicate reacted with CO2 to 

form carbonate and carbon was trapped in the adhesive. When the electron beam was 

focused on a much smaller area (about 60μm x40μm) of the particle’s cross section 

(Figure 4-10) the EDS analysis showed much lower carbon content (9.7wt%) and the 

Cl/C ratio increased to 12.4%, much closer to the theoretical value of 14.8. This result 

indicates that the particle itself has less carbon than the image of the particle and tape 

together (see Figure 4-9) suggesting that the inorganic adhesive did in fact “take in” 

carbon during cutting. AT the same time, most of the carbon detected in the cross-section 

in Figure 4-10 is coming primarily from the API itself. Therefore, the C-map in Figure 

4-9 can be used as an indicator of the spatial distribution of Fenofibrate. Both the Cl-map 

and C-map confirm that the API distribution within the impregnated Neusilin® is highly 

uniform. This is a further evidence that fluidized bed impregnation of pharmaceuticals 

onto porous excipients can deliver a highly uniform API profile. 

4.4 Conclusions 

In this study, a method for cross-sectional analysis of impregnated excipient particles 

using energy dispersive x-ray spectroscopy has been presented. The aim of the work was 

to determine the methodology most suited for studying the impregnation profiles 

achieved during fluidized bed impregnation of APIs onto porous excipients. The focus of 

the analysis was to develop methods for determining the relative spatial distribution of 

the active ingredient within the impregnated particle rather than a fully quantitative 

analysis. The APIs chosen for the investigational work were Fenofibrate and 
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Acetaminophen and the porous carrier was Neusilin®. Two other candidates were 

introduced (KAc and KI) as potential surrogate substrates for impregnation studies.  

Several particle embedding methods were demonstrated, highlighting their benefits and 

shortfalls. Acrylic resins (LR White) used for particle immobilization showed the ability 

to produce excellent cross-sections with a smooth surfaces. In the case of Fenofibrate, the 

EDS analysis of LR White embedded samples failed to produce the real API distribution 

due to the API’s high solubility in the resin. In other cases (Acetaminophen and KI) the 

resin failed to polymerize due to a substrate/resin interaction. When KAc was embedded 

in LR White resin, the EDS analysis showed its full potential and ability to detect 

differences in the impregnation distributions (uniform vs. egg-shell/egg-yolk profiles). 

Cyanoacrylate adhesives (Super Glue) showed similar ability to produce high quality 

cross-sections without the drawback of a substrate/media interaction (lack of 

polymerization). A major disadvantage of using embedding media was its penetration 

within the porous particle during sample preparation.  

The presence of carbon-based adhesive/resin inside the particles presented two major 

problems: 1) it impeded the detection of the API by its carbon signal and 2) it lowered the 

detection signal for the other characteristic elements (N or Cl) that could be used for 

analysis. In order to overcome these shortfalls, a different method for producing cross-

sections of particles was introduced. This involved the immobilization of a particle 

monolayer onto carbon tape or non-carbon, silicate-based Ni paste, followed by manually 

cutting the particles. This technique produced cross-sections with a higher degree of 

roughness but without any embedding media inside or around the particles. This 
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improved the detection of trace elements from the API’s molecule since glue did not 

penetrate the sample. In addition, the carbon in the sample from sources other than the 

API was significantly reduced, allowing its use for API detection. At the same time, the 

use of carbon had a number of drawbacks for use as an element for analysis. During the 

Au sputtering process, it appeared that carbon from carbon tape was re-deposited on all 

tested surfaces. Even when no Au sputtering was carried out for the carbon tape, it 

appeared that the C-tape was detected in the background. When work was carried out for 

a silicate-based carbon-free Ni paste it appeared that the paste took on carbon during 

curing. The detection of trace elements from the API’s molecule was also improved. EDS 

analysis based on both carbon and trace elements (Cl for Fenofibrate and N for 

Acetaminophen) showed a uniform profile in both fluidized bed impregnation 

formulations, showcasing the potential of the impregnation process to produce highly 

desirable uniform API distributions. 
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4.5 Figures for Chapter 4 

 

Figure 4-1: Mechanism of characteristic X-ray emission. 

 

 

Figure 4-2: SEM picture and EDS maps for characteristic elements in pure 
Neusilin® embedded in LR White resin (Au coated). 
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Figure 4-3: SEM picture, EDS maps and corresponding X-ray spectrum for 
characteristic elements in impregnated Neusilin® with Fenofibrate (40% average 

loading) embedded in LR White resin (Au coated). 
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Figure 4-4: SEM picture, EDS maps and corresponding X-ray spectrum for 
characteristic elements in impregnated Neusilin® with Potassium Acetate embedded 

in LR White resin (Au coated). 
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Figure 4-5: EDS maps for characteristic elements in impregnated Neusilin® with 
Potassium Acetate (fast dry) embedded in LR White resin (Au coated). 

 

 

Figure 4-6: SEM picture and EDS maps for characteristic elements in impregnated 
Neusilin® with Potassium Iodide embedded in Super Glue (Au coated). 
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Figure 4-7: SEM picture, EDS maps and corresponding X-ray spectrum for 
characteristic elements in impregnated Neusilin® with Fenofibrate (10% average 

loading) on carbon tape, cut manually (Au coated). 
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Figure 4-8: SEM picture, EDS maps and corresponding X-ray spectrum for 
characteristic elements in impregnated Neusilin® with Acetaminophen (10% average 

loading) on carbon tape, cut manually (without Au coating). 
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Figure 4-9: SEM picture, EDS maps and corresponding X-ray spectrum for 
characteristic elements in impregnated Neusilin® with Fenofibrate (10% average 

loading) on Ni paste, cut manually (without Au coating). 
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Figure 4-10: Zoomed-in SEM picture, EDS maps and corresponding X-ray 
spectrum for characteristic elements in impregnated Neusilin® with Fenofibrate 

(10% average loading) on Ni paste, cut manually (without Au coating). 
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Chapter 5 .  Establishing basic framework for mathematical 

modeling of FB impregnation process in a porous medium 

5.1 Introduction 

Mathematical modeling of chemical engineering systems can be a powerful tool to study 

the effect of processing parameters and material properties on the outcome of the 

physical process (heat/mass transfer, crystallization, reaction kinetics, drying, etc.). 

Models can be very useful in predicting a trend related to a specific parameter/property or 

in the design of chemical equipment (e.g. reactors, dryers, mixers, extractors). 

Impregnation is one of those processes that has greatly benefitted from mathematical 

modeling. Historically, the main application of impregnation has been in supported 

catalyst preparation, an area that has seen a steady increase in modeling development in 

the past 40 years. As previously described, the process consists of impregnating a porous 

carrier with a precursor solution and subsequent drying, leaving the active substance 

inside the support. The competition of several transport phenomena determines the final 

spatial distribution of the catalysts. These include convection, diffusion, adsorption and 

crystallization. There are several distinct types of catalyst profiles that can be generated 

depending on the processing conditions and materials used: uniform, egg-yolk, egg-shell 

and egg-white [16, 170]. The preference toward a certain profile depends on the 

particular catalyst application. It has been demonstrated that egg-yolk catalysts are 

advantageous for negative order reactions, where poisoning of the catalyst occurs or 

where catalyst attrition is a problem [16, 171, 172]. When reactions are diffusion-limited, 

the active catalysts should be deposited on the outer shell of the support in order to 

minimize diffusion, hence egg-shell profiles are preferred [16, 112, 113]. Minimizing 
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competitive reactions is also possible by using egg-shell catalysts [173]. There are limited 

cases, where a uniform catalyst profile would result in a better performance [174]. This 

includes the case where mass transfer of reactants and products is rapid and maximum 

metal dispersion is desirable [175, 176]. 

Similar to catalyst preparation, the final API profile inside the carrier will be controlled 

by the impregnation and drying steps. Limited information is available on the effect of 

processing conditions and material properties on the API profile. Work in Chapter 4 

already demonstrated methods for cross-sectional imaging analysis and reported a 

uniform profile of Fenofibrate inside impregnated Neusilin® particles produced in FBs. 

Allgeier et al. report a uniform API profile also in Neusilin®, obtained via solvent 

impregnation [177]. It is not fully understood what impregnation profile is more preferred 

when it comes to API impregnated pharmaceutical formulations. One could argue that 

uniform profiles would be ideal in cases where high loadings are preferred, as that will 

allow for better utilization of the available internal pore volume. Uniform profiles would 

be also preferred when improving the dissolution kinetics is the goal, as they will result in 

higher internal surface area of the impregnated API (which will promote faster 

dissolution). Further work looking into the effect of impregnation and drying on the final 

API profile is needed in order to fully understand potential control parameters.  

In the case of catalyst preparation, it was assumed initially that the precursor profile was 

affected primarily by the impregnation step. One of the early attempts to model the 

impregnation step and the resulting metal distribution was proposed by Vincent and 

Merrill [176]. The single pore model that they proposed was based on the Washburn 

equation for liquid penetration into a cylindrical capillary [178] and included a Langmuir 
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adsorption kinetic term. Their results showed that the relative capacity for adsorption was 

the most important parameter in regulating the metal distribution. The  model was further 

applied to spherical porous particles [123]. Later models for dry impregnation assumed 

that the liquid motion was governed by the Darcy’s law for flow through porous media 

[112]. Experimental work in the field had revealed that drying could considerably alter 

the initial impregnation profile [110, 123], especially when the interaction between 

support and metal ions is week [179].Neimark et al. [15, 180] were one of the first to 

propose theoretical treatment of the impregnation and drying phenomena and their effect 

on the resulting catalyst profiles. They characterized slow and fast drying via 

dimensionless numbers and showed limiting cases where different metal profiles are 

expected. During very rapid drying, vapor removal is much faster than liquid capillary 

flows, causing the drying front to move inside the particle. As a result, the metal does not 

have time to redistribute, forming a uniform profile. For the slow drying regime, 

convective liquid transport is faster than solvent removal and the final catalyst profile is 

determined by the competitive convection and diffusion. These results showed a good 

agreement with experimentally determined catalyst profiles for the two limiting drying 

cases [123]. Single capillary tube impregnation models were further improved to include 

drying. Lee and Aris coupled convective (described by Washburn equation) and diffusive 

transport with an energy balance for a single capillary to produce a model describing 

catalyst redistribution during the constant rate drying period [110]. They showed that 

drying has little effect on the catalyst distribution in the case of strong adsorption. On the 

contrary, if adsorption is weak, drying can broaden the originally sharp profile. They 
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suggested that intense drying would suppress catalyst redistribution during the drying 

step.  

A more complete model was proposed by Lekhal et al., which included mass and energy 

balances on all phases and components present during the drying stages: solvent liquid, 

solvent vapor, drying gas and metal ions [19, 181, 182]. The model assumed Darcy’s law 

for liquid flow, used the dusty gas model for gas phase diffusion, utilized the Nernst-

Planck equation to describe electrostatic forces, accounted for adsorption with a 

Langmuir kinetic term and included an experimentally determined correlation for 

capillary pressure vs. saturation. The model was able to capture the pre-heating, constant-

rate and falling-rate drying periods and describe evolution of catalyst profile as a function 

of various operating conditions and material properties. They re-confirmed that drying 

does not affect the catalyst distribution under strong adsorption conditions; in those cases, 

the profile is set during the impregnation step. They were able to show that egg-shell 

profiles formed when the drying rate is high (high drying temperature) leading to high 

convective flows. When permeability of the support was high (large permeability 

constant), egg-shell distributions were also dominant. Examples with large diffusivity of 

the metal ions (large diffusion constant) led to more produce more uniform profiles due 

to the stronger diffusive back-flow. By utilizing dimensionless analysis they were able to 

construct profile maps as a function of three dimensionless groups describing the relative 

strength of convection, diffusion and adsorption. In later work they were able to explore 

more the complicated situation of a two-component system with co-impregnant. The 

interplay between the relative adsorption and diffusion coefficients of the two species 

were among the main factors determining the final metal profile. By revising the 
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Langmuir adsorption term they were able to improve the model and study the influence 

of pH and ionic strength of the liquid solution. Simulation data suggested that for high pH 

the adsorption constant is higher, which in turn results in the metal profile being set 

during the impregnation stage with a minimal to no effect of the drying rate. Liu et al. 

took the model one step further by incorporating an impregnation module (to study dry 

and wet impregnation) and included a crystallization term, which permitted study of the 

effect of crystallization along with adsorption [18]. They found that for weak adsorption, 

the dry impregnation process is faster than the wet impregnation, while for strong 

adsorption both methods exhibit similar behaviors. The effect of crystallization on the 

final profile was found to be significant for high metal concentrations where 

predominantly egg-shell distributions were obtained. Further improvements to the model 

included film breakage in order to account for isolated liquid during later stages of 

drying, which was necessary to get good agreement with experimental data [20]. It was 

found that high initial metal concentrations in the solution promoted highly uniform 

catalyst distributions. Experimental work suggested that precursor concentration has an 

appreciable effect on the drying rate as the concentration is increased. This led to further 

improvement to the model to include correction for the solvent vapor pressure as a 

function of the metal concentration [183]. The updated model also included small 

corrections for the solution properties as a function of temperature (density, viscosity, 

surface tension and solubility). The simulation results showed that the constant-rate 

drying period is not observed when the initial metal concentration is very high. Metal 

precursors with low melting points were shown to produce nearly uniform profiles due to 

melting of the metal salt during drying. A first step toward understanding microwave 
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drying was undertaken through experimentation. Microwave drying is a process during in 

which the particles are heated volumetrically, which provides rapid and uniform drying 

within the support. The experimental results showed that microwave drying produces a 

significantly more uniform profile compared to oven drying.  

All of the work mentioned above involves continuum models based on the volume-

averaging approach. They all require knowledge of capillary pressure and absolute and 

effective permeabilities as a function of saturation. These depend strongly on the 

particular porous matrix and need to be obtained experimentally. An alternative approach 

to describing flows in porous materials is possible via discrete models, which use 

simplified geometries to represent the real system. The structural information included in 

the model depends on its complexity. Single pore models have successfully accounted for 

pore size distribution [184, 185]. This modeling approach was utilized to describe a 

convection drying with isothermal and non-isothermal conditions for mono- and bimodal 

pore size distributions [186]. Although with some limitations, the model was able to 

demonstrate the effect of pore size distributions on the drying kinetics. Porous media with 

bimodal distributions (having macro and micro pores) will dry more easily than media 

with narrow pore size distribution. The capillary network model is a more complex 

representation, where spatial connectivity and pore shape can be incorporated [187-190]. 

The porous matrix is represented as a series of interconnected individual pores and 

throats, both having different sizes expressed through some distribution law. The number 

of neighboring connections for each pore (the coordination number) can also be adjusted 

to represent more accurately the real porous media. The pores serve as a reservoir for the 

liquid and their size determines the overall porosity of the domain. The size of the throats 
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determines the magnitude of the various transport parameters: intrinsic permeability is set 

by their length and capillary pressure is determined by their radius [191].  

Studies utilizing pore networks have been used to examine the influence of various pore 

structures on the drying behavior. It was demonstrated that bimodal pore distributions 

lead to higher drying rates with a longer constant rate drying period [192]. It was also 

shown that the spatial connectivity can influence drying: more favorable drying kinetics 

is characteristic for networks with lower coordination number and smaller throat length. 

Viscous effects have also been studied using 2D pore network modeling [193]. Results 

have shown that liquid viscosity plays a significant role only for narrow size 

distributions. Capillary effects dominate over viscous forces for broad or bimodal 

distributions. Extending the study to 3D structures with viscous and non-viscous liquids 

reconfirmed this effect [194]. Pore network models can be applicable for real systems 

only if they closely resemble the actual pore structure, which is often of irregular shape. 

Using powerful imaging techniques such as X-ray microtomography, more realistic 3D 

structural features can be incorporated into the model [195].  

Discrete pore network models have been applied to study impregnation phenomenon 

alone. Work in the area has successfully adopted this approach to study impregnation of 

single droplets into porous medium [191, 196, 197]. The modeling approach, integrating 

a micro-force balance at the liquid free interface, was able to describe the two-step 

imbibition process: primary (droplet still present on the surface) and secondary (no fluid 

left at the surface) infiltration. Results show that secondary infiltration could proceed 

long after primary infiltration has been completed. The imprint radius continuously 

increases throughout the spread with the liquid infiltrating a large volume of the porous 
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medium. Pore network modeling has also been applied to drying of a solute-solvent 

saturated porous system. Drying of a sucrose solution was investigated to determine the 

effect of dissolved solute on drying rates and liquid/vapor/solute distributions [198]. The 

model only accounts for diffusion and does not account for convective transport. Despite 

the absence of convective transport, the model could still capture the main aspects of 

drying of liquids and solutions present in porous media.  

Recently the pore network approach has been applied to study the effect of drying 

conditions, pore structure and solute concentration on the distribution profiles in various 

porous supports after drying [199]. The model incorporated convective and diffusive 

transport of the solute for more accurate representation. It was demonstrated that slow 

drying rates lead to more pronounced accumulation of the solute at the particle surface, 

while faster drying resulted in more uniform distribution. Results also showed that 

smaller pore size and narrower distribution width produced more uniform solid profiles. 

More pronounced egg-shell profiles were obtained with higher initial solute 

concentrations, whereas lower concentrations resulted in more uniform profiles. The 

discrete modeling approach can be also used to compute effective transport parameters, 

such as capillary pressure functions or effective permeabilities, which in turn can be used 

in continuous modeling methods [200]. Accuracy of pore network models would increase 

if they could represent the actual pore size of the structure. Describing and studying 

nano-porous materials at the actual nano-level is still a difficult task with this approach, 

as it requires an enormous number of equations to be solved, which is limited 

computationally. Work in the area continues and time will show which modeling 

approach describes porous materials more adequately, continuum or discrete.  
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This chapter demonstrates a multi-scale modeling approach for a fluidized bed 

impregnation process. The model is applied to the same API/excipient system that was 

studied previously in Chapter 3 and Chapter 4: Fenofibrate as the active ingredient and 

Neusilin® as the porous carrier. The goal was to develop a mathematical model that 

calculates API impregnation profiles under typical processing conditions and compare 

those with experimentally determined Fenofibrate distributions in Neusilin® presented in 

Chapter 4. The model was then used to study the effect of several material properties on 

the final impregnation profile. The rest of the chapter is organized as follows. The 

modeling approach starting with a mass and energy balances on the entire fluidized bed is 

described, which allows the calculation of several important processing parameters. A 

single-particle model is presented next, which is achieved by the separation of energy 

(calculates evaporative flux) and mass (calculates API and solvent distributions) 

balances. Following is a description of all parameters used in the model and methods for 

their calculation/estimation. The capillary pressure vs. saturation relationship is 

calculated from experimental mercury intrusion porosimetry data for Neusilin®. The 

chapter ends with a discussion of all the simulation results, followed by conclusions. 

5.2 Modeling approach 

Fluidized bed impregnation process can be viewed as the continuous occurrence of these 

two consecutive steps (as depicted in Figure 5-1): 

• Impregnation of the solid particle as it moves into the wetting zone of the 

fluidized bed impregnator 
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• Drying of the wet particle as it moves around the bed (until it is impregnated 

again when it goes again through the wetting zone). 

In this work, modeling of FB impregnation of a single particle will be divided into two 

separate models, which are solved sequentially: 1) modeling of particle impregnation 

with API solution and 2) modeling of particle drying using the impregnation profile form 

step 1. This approach is justifiable only if the following condition is met: the 

impregnation step is much faster than the drying step. It will be shown in Section 5.5.3 

that this is true for excipients with small pore size and for typical drying conditions 

during FB impregnation. Impregnation and drying rates are determined by the nature of 

the support (particle size, pore size, porosity, permeability), the solvent (heat of 

vaporization, heat capacity, density, viscosity, surface tension, contact angle with solid) 

and the API (concentration and solubility in solvent) and by the impregnation and drying 

conditions in the FB (drying gas temperature and flow rate, liquid spray rate and droplet 

size), which all become model parameters of interest. Both the impregnation and drying 

steps are ran sequentially to complete a single impregnation/drying cycle. If necessary, 

the cycle can be repeated until a desired API loading is achieved. Another important 

model parameter is the extent and frequency of the impregnation/drying steps. This 

determines for how long the impregnation and drying models should be run before 

initiating a new cycle. Section 5.5.2 has a further discussion on this subject. 

Modeling of droplet penetration into a spherical particle and subsequent drying of the 

particle in a 3D geometry could be a resource-intensive process. In this work, it is 

assumed the particle-droplet system has a spherical symmetry around the axis connecting 
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their centers. Moreover, it is assumed that the 3D geometry can be reduced into a 2D 

problem as depicted in Figure 5-2. This is a reasonable approximation as a first step to 

developing and solving a model to describe the process. The insights that are obtained 

from the simplified model can be used at a later stage to implement and solve a full 3D 

model. Because of the droplet-particle interface (red line in Figure 5-2, right) the problem 

in 2D does not have circular symmetry and cannot be reduced further into a 1D problem, 

as in the case of modeling the drying of a fully impregnated particle [19, 20]. All 

governing equations are expressed and solved in 2D Cartesian coordinates (Section 5.4).  

Fluidized bed impregnation is a type of dry impregnation, where a liquid droplet 

penetrates a dry porous medium. The main driving force is capillary pressure, which is 

the pressure difference between the two fluids (gas and liquid) due to surface tension and 

curvature of the interface between them. Capillary pressure is expressed by the Young-

Laplase equation [201]: 

𝑃𝑃𝑐𝑐 = 2∗𝛾𝛾∗cos(𝜃𝜃)
𝑅𝑅𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡

     (5-1) 

where γ is the surface tension between the two fluid phases, θ is the contact angle 

between the wetting phase and solid wall and 𝑅𝑅𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 is the radius of the pore. The particle-

droplet interface during impregnation can be represented by two limiting cases: constant 

base radius or constant contact angle [202]. In the first case, the interface length remains 

constant but the contact angle between droplet and particle decreases during 

impregnation. This means that the droplet curvature increases with time causing a 

decrease in capillary pressure inside the droplet. In the second case, the contact angle 
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between droplet and particle remains constant but the interface length is decreasing. This 

translates to a decrease in droplet curvature radius and hence an increase in droplet 

capillary pressure. In the presented model the contribution of the droplet’s capillary 

pressure is not taken into account. This is justified since the capillary pressure in the 

droplet is much smaller (droplet diameter of 20-40μm) than the capillary pressure inside 

the porous matrix (pore diameter 10-20nm). For simplicity, the first case of constant 

interface length is assumed when modeling droplet impregnation into a porous particle. 

5.3 Model equations 

The FB impregnation model is constructed in three parts: 1) energy/mass balance on the 

FB and evaporative flux calculation, 2) impregnation model for a single particle and 3) 

drying model for a single particle. The macroscopic mass and energy balance on the 

whole FB allows the calculation of several important processing parameters (e.g. bed 

temperature, solvent content in exit gas). The entire FB process is operated at a steady 

state (constant bed temperature), where the drying conditions are set by the operating 

process parameters: drying gas temperature, drying gas flow rate and liquid spray rate. 

This means that particle drying is not taking place in a dry gas at the inlet temperature but 

rather in a solvent-rich atmosphere at the resulting bed temperature (which is lower than 

the inlet gas temperature). The steady state operation during FB impregnation allows the 

separation of the energy and mass balance on the single particle. Performing a separate 

energy balance on the particle allows the calculation of particle temperature and solvent 

composition at the particle surface. These are needed for the calculation of the 

evaporative flux, which is used later in the drying model for a single particle. 
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5.3.1 Mass and energy balance on FB 

Performing mass and energy balances on the fluidized bed allows the calculation of the 

resulting bed temperature 𝑇𝑇𝑏𝑏𝑡𝑡𝑏𝑏 and the mass fraction of solvent in the exit gas 𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡 for a 

chosen inlet gas temperature 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖 , inlet gas mass flow rate �̇�𝑚𝑤𝑤𝐶𝐶𝑔𝑔, mass fraction of solvent 

in the inlet gas 𝑌𝑌𝑤𝑤𝑖𝑖 and solvent spray rate  �̇�𝑚𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡. These parameters are needed later to 

calculate the evaporative solvent flux from the particle itself.  Figure 5-3 shows a 

schematic of a FB impregnation process with all inlet and outlet streams. Several 

simplifying assumptions are made in order to derive the required relations: 

• Perfect mixing inside the bed 

o Solvent content in the bed and outlet gas are the same 

o Temperature of the bed and outlet gas are the same 

o Bed temperature is uniform 

• Steady state operation – no solvent accumulation 

• Sprayed solution is represented by pure solvent 

• Atomization gas contains no solvent  

• The equipment is thermally insulated 

Mass balance on the solvent leads to the following expression: 

𝑆𝑆𝑠𝑠𝑠𝑠𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠 𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝑤𝑤𝑖𝑖 − 𝑆𝑆𝑠𝑠𝑠𝑠𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠 𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝑝𝑝𝑡𝑡𝑡𝑡 = 0    (5-2) 

��̇�𝑚𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡 + �̇�𝑚𝑤𝑤𝐶𝐶𝑔𝑔 ∗ 𝑌𝑌𝑤𝑤𝑖𝑖� − ��̇�𝑚𝑤𝑤𝐶𝐶𝑔𝑔 + �̇�𝑚𝐶𝐶𝑡𝑡𝑝𝑝� ∗ 𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡 = 0   (5-3) 

The above equation allows the calculation of solvent content in the exit stream (𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡). An 

energy balance on all species for a steady-state operation is performed as follows [203]: 
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𝐸𝐸𝑤𝑤𝑖𝑖 − 𝐸𝐸𝑝𝑝𝑡𝑡𝑡𝑡 = 0     (5-4) 

��̇�𝑚𝑤𝑤𝐶𝐶𝑔𝑔 ∗ 𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖 + �̇�𝑚𝐶𝐶𝑡𝑡𝑝𝑝 ∗ 𝐻𝐻𝐶𝐶𝑡𝑡𝑝𝑝𝑤𝑤𝑖𝑖 + �̇�𝑚𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡 ∗ 𝐻𝐻𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏 � − ��̇�𝑚𝑤𝑤𝐶𝐶𝑔𝑔 ∗ 𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡 + �̇�𝑚𝐶𝐶𝑡𝑡𝑝𝑝 ∗ 𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡� = 0      

(5-5) 

where 𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖 , 𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡, 𝐻𝐻𝐶𝐶𝑡𝑡𝑝𝑝𝑤𝑤𝑖𝑖 , and 𝐻𝐻𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏  are the enthalpies of the drying gas at the inlet and 

outlet, the atomization gas and liquid solvent respectively. In order to calculate the 

enthalpies, the following reference states are defined: for drying gas - T=273 K and P=1 

atm; for solvent (liquid) - T=273 K and P=1 atm. The enthalpies of the drying gas at the 

inlet and outlet are given below: 

𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔
𝑤𝑤𝑖𝑖/𝑝𝑝𝑡𝑡𝑡𝑡 = 𝐻𝐻𝐶𝐶𝑤𝑤𝑡𝑡 +   𝐻𝐻𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡

𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡     (5-6) 

𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖 = 𝐶𝐶𝑝𝑝,𝐶𝐶𝑤𝑤𝑡𝑡 ∗ 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖 + 𝑌𝑌𝑤𝑤𝑖𝑖 ∗ �∆𝐻𝐻𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖0 + 𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡 ∗ 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖 �  (5-7) 

 

𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡 = 𝐶𝐶𝑝𝑝,𝐶𝐶𝑤𝑤𝑡𝑡 ∗ 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡 + 𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡 ∗ �∆𝐻𝐻𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖0 + 𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡 ∗ 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡� (5-8) 

where 𝐶𝐶𝑝𝑝,𝐶𝐶𝑤𝑤𝑡𝑡, 𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡  and ∆𝐻𝐻𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖0  are the heat capacity for air, heat capacity for 

solvent vapor and solvent enthalpy of vaporization at the reference state. The enthalpies 

of the atomization gas and liquid solvent are given below: 

𝐻𝐻𝐶𝐶𝑡𝑡𝑝𝑝𝑤𝑤𝑖𝑖 = 𝐶𝐶𝑝𝑝,𝐶𝐶𝑡𝑡𝑝𝑝 ∗ 𝑇𝑇𝐶𝐶𝑡𝑡𝑝𝑝𝑤𝑤𝑖𝑖      (5-9) 

 

𝐻𝐻𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏 = 𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡

𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏 ∗ 𝑇𝑇𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡,𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏
𝑤𝑤𝑖𝑖     (5-10) 

where 𝐶𝐶𝑝𝑝,𝐶𝐶𝑡𝑡𝑝𝑝 and 𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏  are the heat capacities of the atomization gas (which will be 

assumed to be air in the model) and liquid solvent respectively. Substitution of (5-7) 
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through (5-10) into (5-5) allows the calculation of the bed temperature (which equals the 

bed temperature, 𝑇𝑇𝑏𝑏𝑡𝑡𝑏𝑏 = 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡) for a given inlet temperatures and flow rates of the drying 

gas, atomization gas and liquid solvent. The solvent content in the exit stream needed for 

the above calculation is obtained from the solvent mass balance given in (5-3). The 

opposite is also possible – to calculate drying gas temperature 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖  for a desired bed 

temperature. 

In order to ensure steady state operation with no solvent accumulation inside the bed 

(which can lead to agglomeration, poor powder fluidization and eventual a complete halt 

to fluidization) the solvent spray rate must not exceed the drying capacity of the inlet gas. 

This condition is expressed by the following relation: 

𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡 < 𝑌𝑌𝑀𝑀𝐶𝐶𝑀𝑀      (5-11) 

The maximum possible solvent content in the exit gas is set by the thermodynamics of 

the system (bed pressure and temperature). This is the solvent content in the gas phase 

that corresponds to pure solvent in thermodynamic equilibrium with the drying gas at the 

specific bed temperatures and pressures. The value of 𝑌𝑌𝑀𝑀𝐶𝐶𝑀𝑀 is given by the relation: 

𝑌𝑌𝑀𝑀𝐶𝐶𝑀𝑀 = 𝑀𝑀𝐶𝐶𝑔𝑔𝑔𝑔𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡
𝑚𝑚𝑚𝑚𝑚𝑚

𝑀𝑀𝐶𝐶𝑔𝑔𝑔𝑔𝑚𝑚𝑎𝑎𝑡𝑡
= 𝑀𝑀𝑀𝑀𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡∗𝑚𝑚𝑝𝑝𝑠𝑠𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡

𝑚𝑚𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀𝑚𝑚𝑎𝑎𝑡𝑡∗𝑚𝑚𝑝𝑝𝑠𝑠𝑚𝑚𝑎𝑎𝑡𝑡
= 𝑀𝑀𝑀𝑀𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡∗𝐶𝐶𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡

𝑉𝑉𝑚𝑚𝑝𝑝𝑝𝑝𝑡𝑡

𝑀𝑀𝑀𝑀𝑚𝑚𝑎𝑎𝑡𝑡∗�𝐶𝐶𝑏𝑏𝑡𝑡𝑏𝑏−𝐶𝐶𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡
𝑉𝑉𝑚𝑚𝑝𝑝𝑝𝑝𝑡𝑡 �

      (5-12) 

where 𝑃𝑃𝑏𝑏𝑡𝑡𝑏𝑏 is the pressure inside the fluidized bed and 𝑃𝑃𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑉𝑉𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡  is the saturation vapor 

pressure of the solvent at specified bed temperature 𝑇𝑇𝑏𝑏𝑡𝑡𝑏𝑏. The vapor pressure can be 

expressed as a function of temperature via the Antoine equation, which has the general 

form: 
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𝑠𝑠𝑠𝑠𝑙𝑙�𝑃𝑃𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑉𝑉𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡 � = 𝐴𝐴 − 𝐵𝐵

𝐶𝐶+𝑇𝑇𝑏𝑏𝑡𝑡𝑏𝑏
    (5-13) 

The procedure for evaluation and calculation of the process parameters for fluidized bed 

impregnations is as follows: 

• Choose �̇�𝑚𝑤𝑤𝐶𝐶𝑔𝑔 , �̇�𝑚𝐶𝐶𝑡𝑡𝑝𝑝 , �̇�𝑚𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡 and 𝑌𝑌𝑤𝑤𝑖𝑖  

o 𝑌𝑌𝑤𝑤𝑖𝑖 is usually zero when solvents are used and if the exit gas is not 

recycled back to the fluidized bed through a condenser to reduce solvent 

content 

• Calculate solvent content Yout in the outlet gas stream, equation (5-3) 

• Calculate 𝑇𝑇𝑏𝑏𝑡𝑡𝑏𝑏 for given temperatures and flow rates of the drying gas, 

atomization gas and solvent, equation (5-5) 

• Calculate 𝑌𝑌𝑀𝑀𝐶𝐶𝑀𝑀 at the calculated 𝑇𝑇𝑏𝑏𝑡𝑡𝑏𝑏 and ensure that it is larger than 𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡, 

equation (5-12) 

5.3.2 Evaporative flux 

There are three distinct phases during drying of any porous solid material. The first phase 

is the heat-up or preheating period, where energy from the drying gas is used to increase 

the temperature of the solids. This period is generally faster compared to the other two 

and there is little evaporation. Fluidized bed impregnation is conducted at a steady state, 

when all solids have reached their drying temperature and therefore the heat-up phase is 

not included in the modeling work. The second phase is when most of the drying occurs, 

called the “constant rate” period. During this phase, energy from the drying gas is used 

entirely for solvent evaporation and the particle temperature remains constant. The 

solvent is transported to the particle surface due to capillary action, where it is evaporated 
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into the drying air. The solute, which is non-volatile will remain in the particle and 

diffuse back due to the concentration gradient generated by the removal of solvent. The 

third phase is called the “falling rate” period. During this phase, the internal capillary 

flows no longer can supply liquid fast enough to the surface to match the rate of heat 

supplied by the drying gas. The drying rate during this period is termed “mass transfer 

limited”. As a result, the overall drying rate decreases causing an increase in the particle 

temperature.  

The evaporative flux during the constant rate drying period depends on the solvent nature 

and drying conditions in the bed. It can be calculated using the fact that during that 

period, all the heat supplied to the particle is used for solvent removal (Figure 5-4). It is 

assumed that the gas phase is always in equilibrium with the liquid phase and that the 

only resistance to solvent mass transfer is in the gas phase. The procedure starts with 

performing a solvent mass balance on a fully wetted particle, leading to the following 

expression [204]: 

−𝑉𝑉𝑝𝑝𝐶𝐶𝑡𝑡𝑡𝑡𝑤𝑤𝑐𝑐𝑠𝑠𝑡𝑡 ∗
𝜕𝜕�𝜀𝜀𝑠𝑠∗𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑑𝑑 �
𝜕𝜕𝑡𝑡

= 𝑘𝑘 ∗ 𝐴𝐴𝑝𝑝 ∗ 𝜌𝜌𝑤𝑤𝐶𝐶𝑔𝑔 ∗ �𝑌𝑌𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 − 𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡� (5-14) 

where 𝑘𝑘 is the overall gas-side mass transfer coefficient for the solvent at the external 

surface of the particle, 𝐴𝐴𝑝𝑝 is the external surface area of the particle, 𝜌𝜌𝑤𝑤𝐶𝐶𝑔𝑔 is the average 

density of the gas phase in the boundary layer, 𝑉𝑉𝑝𝑝𝐶𝐶𝑡𝑡𝑡𝑡𝑤𝑤𝑐𝑐𝑠𝑠𝑡𝑡 is the porous particle total 

volume, 𝜀𝜀𝑠𝑠 is the liquid (solvent) volume fraction in the porous particle, 𝜌𝜌𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏  is the 

density of the solvent inside the particle and 𝑌𝑌𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 is the mass fraction of solvent in the 
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gas phase at the particle surface. Energy balance on the same particle leads to the 

following expression: 

−𝑉𝑉𝑝𝑝𝐶𝐶𝑡𝑡𝑡𝑡𝑤𝑤𝑐𝑐𝑠𝑠𝑡𝑡 ∗
𝜕𝜕�𝜀𝜀𝑠𝑠∗𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠𝑑𝑑 �
𝜕𝜕𝑡𝑡

∗  ∆𝐻𝐻𝑆𝑆𝑀𝑀𝑣𝑣𝑠𝑠𝑣𝑣𝑠𝑠𝑣𝑣𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ ∗ 𝐴𝐴𝑝𝑝 ∗ �𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑝𝑝� (5-15) 

where h is the convective heat transfer coefficient, ∆𝐻𝐻𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖 is the vaporization 

enthalpy of the solvent and 𝑇𝑇𝑝𝑝 is the average particle temperature. Combining the mass 

and energy balance leads to the following: 

𝑌𝑌𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑚𝑚𝑠𝑠𝑡𝑡−𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡

𝑇𝑇𝑝𝑝−𝑇𝑇𝑔𝑔𝑚𝑚𝑠𝑠𝑝𝑝𝑡𝑡𝑡𝑡 = − ℎ
𝜌𝜌𝑔𝑔𝑚𝑚𝑠𝑠∗𝑘𝑘

∗ 1
∆𝐻𝐻𝑆𝑆𝑀𝑀𝑣𝑣𝑠𝑠𝑣𝑣𝑠𝑠𝑣𝑣𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

    (5-16) 

Solvent on the particle surface is in thermodynamic equilibrium with the gas phase at the 

particle surface. Therefore, the solvent mass fraction in the gas phase at the surface of the 

particle 𝑌𝑌𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 is equal to the maximum solvent content 𝑌𝑌𝑀𝑀𝐶𝐶𝑀𝑀already given by equation 

(5-12), where 𝑃𝑃𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑉𝑉𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡  is a function of particle temperature 𝑇𝑇𝑝𝑝. The enthalpy of 

vaporization is given by the following: 

∆𝐻𝐻𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖 = ∆𝐻𝐻𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖0 + 𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡 − 𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡

𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏 𝑇𝑇𝑝𝑝     (5-17) 

The ratio of convective heat transfer coefficient and mass transfer coefficient can be 

obtained by the Chilton-Colburn analogy [204]:  

ℎ
𝑘𝑘

= 𝜌𝜌𝑤𝑤𝐶𝐶𝑔𝑔 ∗ 𝐶𝐶𝑝𝑝,𝑤𝑤𝐶𝐶𝑔𝑔 �
𝛼𝛼𝑚𝑚𝑎𝑎𝑡𝑡

𝐷𝐷𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡/𝑚𝑚𝑎𝑎𝑡𝑡
�
2
3
    (5-18) 
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where 𝛼𝛼𝐶𝐶𝑤𝑤𝑡𝑡 and 𝐷𝐷𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡/𝐶𝐶𝑤𝑤𝑡𝑡 are the thermal diffusivity of air and the mass diffusivity of 

the solvent in air respectively. Values of diffusivities can be obtained from various 

sources [204, 205]. The heat capacity of the gas phase can be expressed as: 

𝐶𝐶𝑝𝑝,𝑤𝑤𝐶𝐶𝑔𝑔 = 𝐶𝐶𝑣𝑣,𝑀𝑀𝑠𝑠𝑣𝑣 + 𝑌𝑌𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝐶𝐶𝑣𝑣,𝑠𝑠𝑠𝑠𝑠𝑠𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠
𝑆𝑆𝑀𝑀𝑣𝑣𝑠𝑠𝑣𝑣     (5-19) 

Substituting equations (5-17), (5-18) and (5-19) into equation (5-16) yields the following 

expression: 

𝑌𝑌𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑚𝑚𝑠𝑠𝑡𝑡−𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡

𝑇𝑇𝑝𝑝−𝑇𝑇𝑔𝑔𝑚𝑚𝑠𝑠𝑝𝑝𝑡𝑡𝑡𝑡 = −
�𝐶𝐶𝑝𝑝,𝑚𝑚𝑎𝑎𝑡𝑡+𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡∗𝐶𝐶𝑝𝑝,𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡

𝑠𝑠𝑚𝑚𝑝𝑝𝑝𝑝𝑡𝑡 ��
𝛼𝛼𝑚𝑚𝑎𝑎𝑡𝑡

𝐷𝐷𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡/𝑚𝑚𝑎𝑎𝑡𝑡
�

2
3

�∆𝐶𝐶𝑠𝑠𝑚𝑚𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎𝑣𝑣𝑚𝑚𝑡𝑡𝑎𝑎𝑝𝑝𝑠𝑠
0 +𝐶𝐶𝑝𝑝,𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡

𝑠𝑠𝑚𝑚𝑝𝑝𝑝𝑝𝑡𝑡 ∗𝑇𝑇𝑔𝑔𝑚𝑚𝑠𝑠𝑝𝑝𝑡𝑡𝑡𝑡−𝐶𝐶𝑝𝑝,𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡
𝑠𝑠𝑎𝑎𝑙𝑙𝑡𝑡𝑎𝑎𝑏𝑏 ∗𝑇𝑇𝑝𝑝�

       (5-20) 

The solvent saturation at the particle surface can be calculated in a similar way using 

equation (5-12): 

𝑌𝑌𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 =
𝑀𝑀𝑀𝑀𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡∗𝐶𝐶𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡

𝑉𝑉𝑚𝑚𝑝𝑝𝑝𝑝𝑡𝑡

𝑀𝑀𝑀𝑀𝑚𝑚𝑎𝑎𝑡𝑡∗�𝐶𝐶𝑏𝑏𝑡𝑡𝑏𝑏−𝐶𝐶𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡
𝑉𝑉𝑚𝑚𝑝𝑝𝑝𝑝𝑡𝑡 �

    (5-21) 

where this time the solvent vapor pressure is calculated at the particle temperature  𝑇𝑇𝑝𝑝, 

similar to equation (5-13): 

𝑠𝑠𝑠𝑠𝑙𝑙�𝑃𝑃𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑉𝑉𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡 � = 𝐴𝐴 − 𝐵𝐵

𝐶𝐶+𝑇𝑇𝑝𝑝
     (5-22) 

Once 𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡 and 𝑇𝑇𝑏𝑏𝑡𝑡𝑏𝑏 = 𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡 are calculated (as described in Section 5.3.1), then 𝑌𝑌𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 

and 𝑇𝑇𝑝𝑝 are calculated by solving the system of equations        (5-20) and (5-21). The 

evaporative flux (per unit area) can be calculated using the flowing equation: 
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𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹 = 𝑘𝑘 ∗ 𝜌𝜌𝑙𝑙𝑀𝑀𝑠𝑠 ∗ �𝑌𝑌𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 − 𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡�   (5-23) 

The overall gas-side mass transfer coefficient 𝑘𝑘 can be estimated by using known 

empirical relationship between Sherwood number (Sh), Reynolds number (Re) and 

Schmidt number (Sc) for a forced convection around a solid spherical particle as 

described by Cussler [204]: 

𝑘𝑘∗𝑏𝑏
𝐷𝐷𝑠𝑠𝑝𝑝𝑠𝑠/𝑔𝑔𝑚𝑚𝑠𝑠

= 2 + 0.6 ∗ �𝜌𝜌𝑔𝑔𝑚𝑚𝑠𝑠∗𝑏𝑏∗𝑉𝑉
𝑔𝑔𝑚𝑚𝑠𝑠

𝜇𝜇𝑔𝑔𝑚𝑚𝑠𝑠
�
1/2

∗ � 𝜇𝜇𝑔𝑔𝑚𝑚𝑠𝑠
𝜌𝜌𝑔𝑔𝑚𝑚𝑠𝑠∗𝐷𝐷𝑠𝑠𝑝𝑝𝑠𝑠/𝑔𝑔𝑚𝑚𝑠𝑠

�
1/3

      (5-24) 

where 𝑑𝑑 is the particle diameter, 𝑉𝑉𝑤𝑤𝐶𝐶𝑔𝑔 is the gas phase velocity moving pass the particles 

in the bed (assumed to be equal to the average drying air velocity in the bed), 𝜇𝜇𝑤𝑤𝐶𝐶𝑔𝑔 and 

𝜌𝜌𝑤𝑤𝐶𝐶𝑔𝑔 are the average viscosity and density of the gas phase in the boundary layer. 

5.3.3 Impregnation/drying model for single particle  

The derivation of the governing equations was done using the volume averaging 

approach as described by [206]. For simplicity, we only focus on transport phenomena 

involving the liquid phase (containing solvent and dissolved API) and exclude the gas 

phase (containing air and solvent vapor). It is assumed that the gas phase is always in 

equilibrium with the liquid phase. Transport of the saturated gas phase from inside the 

particle into the drying medium is a much slower process during the constant rate drying 

period and becomes significant only when capillary flows stop due to significant 

reduction in liquid content. Particle temperature is assumed to be uniform and constant 

during the drying process. This assumption could be partially justified as particles 

undergo impregnation/drying cycles continuously during FB impregnation, which is 
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operated at a steady state. It also allows the separation of energy transfer (solved by 

algebraic equations) from mass/momentum transfer (solved by partial differential 

equations, PDEs) phenomena when developing the model. Another assumption is that the 

liquid film is continuous during the entire drying process and film breakage is absent 

(isolated liquid domains within the particle do not form [53]. These assumptions allow 

for a simple, yet representative model describing the relationships between different 

processing parameters and how they affect the API distribution. In particular, it describes 

the convective and diffusive mass transfer of solvent and API, and the crystallization of 

the latter. 

Mass balance on the solvent and API leads to the following PDEs: 

∂(εlCsol)
∂t

= −∇ ∙ (Nsol)    (5-25) 

∂(εlCAPI)
∂t

= −∇ ∙ (NAPI) − 𝜀𝜀𝑠𝑠R𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔   (5-26) 

∂�WAPI
crys�
∂t

= 𝜀𝜀𝑠𝑠R𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔    (5-27) 

where 𝜺𝜺𝒍𝒍 is the volume fraction of liquid phase in the particle, 𝐶𝐶𝑔𝑔𝑝𝑝𝑠𝑠 and 𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴 are the 

concentrations of solvent (assumed constant) and API respectively. 𝑁𝑁𝑔𝑔𝑝𝑝𝑠𝑠 and 𝑁𝑁𝐴𝐴𝐶𝐶𝐴𝐴 are the 

mass fluxes of solvent and API respectively. The mass balance also accounts for 

crystallization, where 𝑅𝑅𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 is the rate of crystallization and 𝑊𝑊𝐴𝐴𝐶𝐶𝐴𝐴
𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 is the mass of the 

crystallized API in the particle. Crystallization rate 𝑅𝑅𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 can be expressed using first 

order kinetics proposed by Mullin [207]: 
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R𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 = 𝐾𝐾𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 ∗ (𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴 − 𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴𝑔𝑔𝐶𝐶𝑡𝑡)   (5-28) 

where 𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴𝑔𝑔𝐶𝐶𝑡𝑡 is the API’s saturation concentration for the particular solvent and 

temperature and 𝐾𝐾𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 represents the coefficient of crystallization. 

Liquid flow in porous media is described well by Darcy’s law, where the liquid flux is 

proportional to the pressure gradient across the liquid. It is assumed that this law can also 

describe convective flow during impregnation and drying [208]: 

𝑁𝑁𝑔𝑔𝑝𝑝𝑠𝑠 = −𝐶𝐶𝑔𝑔𝑝𝑝𝑠𝑠
K𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠
µ𝑠𝑠𝑝𝑝𝑠𝑠

∇Pl    (5-29) 

where the proportionality constants 𝐾𝐾 and 𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 are the absolute (intrinsic) and relative 

(effective) permeability of the porous medium respectively and 𝜇𝜇𝑔𝑔𝑝𝑝𝑠𝑠 is the viscosity of the 

liquid phase. As mentioned already, the main driving force in impregnation is the 

capillary action that arises when any liquid is brought into contact with a small capillary. 

This driving force, the capillary pressure, is the difference between the pressure in the gas 

and liquid phases respectively. If we assume the gas phase pressure inside the particle is 

constant and always equal to the atmospheric pressure (pores open/vented to the 

environment) then equation (5-29) becomes: 

𝑁𝑁𝑔𝑔𝑝𝑝𝑠𝑠 = 𝐶𝐶𝑔𝑔𝑝𝑝𝑠𝑠
K𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠
µ𝑠𝑠𝑝𝑝𝑠𝑠

∇Pc    (5-30) 

For a single capillary, the capillary pressure 𝑃𝑃𝑐𝑐 as shown in equation (5-1), depends on 

the surface tension, contact angle and capillary size. Any porous material consists of 

pores with various sizes, characterized with a specific pore size distribution. Therefore, 
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the capillary pressure in any porous material will be also a function of the liquid 

saturation (𝑆𝑆 = 𝑉𝑉𝑠𝑠𝑝𝑝𝑤𝑤𝑏𝑏 𝑔𝑔𝑝𝑝𝐶𝐶𝑐𝑐𝑡𝑡/𝑉𝑉𝑝𝑝𝐶𝐶𝑡𝑡𝑡𝑡𝑤𝑤𝑐𝑐𝑠𝑠𝑡𝑡), which can be expressed as the ratio of the liquid 

fraction in the particle (𝜀𝜀𝑠𝑠 = 𝑉𝑉𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡/𝑉𝑉𝑝𝑝𝐶𝐶𝑡𝑡𝑡𝑡𝑤𝑤𝑐𝑐𝑠𝑠𝑡𝑡) to the particle porosity (𝜀𝜀 = 𝑉𝑉𝑠𝑠𝑝𝑝𝑤𝑤𝑏𝑏/

𝑉𝑉𝑝𝑝𝐶𝐶𝑡𝑡𝑡𝑡𝑤𝑤𝑐𝑐𝑠𝑠𝑡𝑡). It quickly drops as the saturation increase and eventually becomes zero for a 

completely saturated particle [209-211]. Many correlations between capillary pressure 

and liquid saturation have been developed and proposed over the years [212-215], with 

some recent modifications [216, 217]. Here, an experimentally determined mercury (Hg) 

porosimetry data for Neusilin® is used, which is then converted to Pc vs. saturation (see 

section 5.5.1). The relative and absolute permeability of the porous carrier are also 

calculated from experimental data (see section 5.5.1).  

Transport of the API inside the particle is by both diffusion and convection. The mass 

flux of the API can then be expressed as follows: 

NAPI = 𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴
K𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠
µ𝑠𝑠𝑝𝑝𝑠𝑠

∇Pc − 𝜀𝜀𝑠𝑠𝐷𝐷𝐴𝐴𝐶𝐶𝐴𝐴∇𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴   (5-31) 

where 𝐷𝐷𝐴𝐴𝐶𝐶𝐴𝐴  is the diffusion coefficient of the API in the solvent. Here, the effect of 

adsorption is neglected, assuming there is no interaction between the API and the 

support. 

5.4 Numerical solution of the PDEs 

The impregnation and drying of a single particle in FB is modeled by solving the system 

of partial differential equations (PDEs) consisting of equations (5-25), (5-26) and (5-27). 

These equations are solved using the method of lines [218], where the PDEs are 

converted into system of ODEs by discretization of the spatial derivatives only. The 
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discretization is achieved by utilizing the finite volume method (FVM) with an up-wind 

discretization scheme [219]. This method satisfies conservativeness, boundedness and 

transportiveness and as a result, provides physically realistic solutions to many 

engineering problems.  

The entire 2D region (as depicted in Figure 5-2) is discretized in Cartesian coordinates. 

All cells that fall inside the circular particle region are assigned as “internal cells”, cells 

that fall on the particle surface are assigned as “boundary cells”, cells that fall on the 

particle-droplet interface are assigned as “interface cells” and all other cells are assigned 

as “outside cells”. All governing equations are written in 2D Cartesian coordinates and 

solved for all cells except on the “outside cells”. For the impregnation model with a 

single-droplet impregnation, all “boundary cells” are assigned with “no-flux” boundary 

condition (Neumann boundary condition) and all “interface cells” are assigned with a 

constant value (constant saturation, S=1) boundary condition (Dirichlet boundary 

condition). In the case of full impregnation (which is a complete impregnation of the 

particle with a liquid that is penetrating from the entire external particle surface), all 

“boundary cells” become “interface cells”. For the drying model (regardless of 

impregnation mode, single-droplet or full), all cells at the particle surface become 

“boundary cells” (drying is taking place across the entire external surface of the particle) 

and are assigned a specific flux (Neumann boundary condition) for the solvent, 

depending on the drying conditions inside the fluidized bed, calculated using equation 

(5-23). The same “boundary cells” are assigned with “no-flux” for the API. All “outside 

cells” stay idle and no equations are solved there. 
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A custom MatLab program was written, utilizing its “ode113” subroutine as the primary 

ODE solver for the system above. The program was constructed in three distinct 

segments. The first part performs a mass and energy balance on the FB (per section 5.3.1) 

and calculates the solvent evaporative flux needed for the drying model (per section 

5.3.2). This part also calculates all solvent thermodynamic properties needed in the model 

(density, viscosity, diffusion coefficients, etc.). The second part is the impregnation 

model, which calculates solution and API distribution within the porous particle 

assuming there is no drying. The model runs until all liquid from the droplet is 

impregnated (in the case of single droplet impregnation) or the entire particle is saturated 

(in the case of full saturation). The resulting solution/API profiles are then passed to the 

drying model (third part of the program). Using previously calculated solvent evaporative 

flux, this part of the model runs until a pre-determined liquid phase volume fraction is 

reached. It is assumed that convection and diffusion stop when the liquid fraction in the 

particle drops below 0.015 m3/m3. At the end of the simulation when diffusion and 

convection stops, any API still remaining in solution (which did not crystallize) is 

assumed to fully crystallize in its place. Together with the crystallized API, this forms the 

final impregnated API profile for that particular impregnation/drying cycle. If needed, the 

impregnation/drying cycle model is repeated starting with a fully dried particle 

containing the calculated API profile from the previous step, until a desired final drug 

loading is achieved. 
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5.5 Results and discussion 

5.5.1 Modeling parameters 

The developed FB impregnation model was applied to an API/excipient system that was 

already presented in Chapter 3. The model drug was Fenofibrate, the porous excipient 

was Neusilin® (US2 grade), the solvent used was methanol and the equipment for 

impregnation was MiniGlat. Typical FB impregnation conditions used in the model 

(spray rate, drying gas flow rate and temperature, etc.) used in the model are described in 

Chapter 3. Several other API/excipient properties needed for the model were either 

experimentally determined or calculated using known mathematical relations. The model 

could be easily extended to other API/excipient systems.  

The mathematical expression for the capillary pressure as a function of liquid saturation 

was obtained using experimental data. Mercury porosimetry data [220] of Hg volume vs. 

Hg penetration pressure was converted to methanol capillary pressure vs. saturation 

[185]. This data was then fitted to a capillary pressure model proposed by Li and Horne 

[217] in order to obtain mathematical expression of Pc vs. S: 

𝑃𝑃𝑐𝑐 = 𝑃𝑃𝑐𝑐,𝑚𝑚𝐶𝐶𝑀𝑀(1 − 𝑏𝑏𝑆𝑆)−
1
𝜆𝜆    (5-32) 

Here 𝜆𝜆 is a fitting parameter and 𝑏𝑏 is a constant expressed as: 𝑏𝑏 = 1 − �𝑃𝑃𝑐𝑐,𝑡𝑡
𝑃𝑃𝑐𝑐,𝑚𝑚𝐶𝐶𝑀𝑀
� �

−𝜆𝜆

, 

where 𝑃𝑃𝑐𝑐,𝑡𝑡 and 𝑃𝑃𝑐𝑐,𝑚𝑚𝐶𝐶𝑀𝑀 are the entry and maximum capillary pressure of Neusilin 

respectively. Figure 5-5 (left) shows the experimentally obtained (after conversion) 𝑃𝑃𝑐𝑐 vs. 

𝑆𝑆 for methanol/Neusilin® system along with the data fit using equation (5-32). The 
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parameters used for the data fit curve are as follows:  λ=0.25, Pc, e=50320 Pa, Pc, max= 

22596822 Pa.  

The same experimental 𝑃𝑃𝑐𝑐 vs. 𝑆𝑆 data was used to obtain a mathematical expression for 

𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 vs. saturation needed for the model. Following the Purcell approach [185, 217], the 

relative (or effective) permeability can be calculated by the following expression: 

𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 = ∫ 𝑏𝑏𝑆𝑆 𝐶𝐶𝑠𝑠2⁄𝑆𝑆
0

∫ 𝑏𝑏𝑆𝑆 𝐶𝐶𝑠𝑠2⁄1
0

    (5-33) 

Figure 5-5 (right) shows the corresponding 𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 vs. S curve after numerically integrating 

the experimental data of 𝑃𝑃𝑐𝑐 vs. 𝑆𝑆 according to equation (5-33). This data was then fitted 

with a power function of the form: 

𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 = 𝑆𝑆𝛼𝛼      (5-34) 

Figure 5-5 (right) shows also the 𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 data fit with a fitting parameter 𝛼𝛼 = 4. Equations 

(5-32) and (5-34) with their corresponding fitting parameters were the final mathematical 

expressions used in the impregnation/drying model.  

The diffusion coefficient of Fenofibrate in methanol was estimated using an expression 

relating 𝐷𝐷𝐴𝐴𝐶𝐶𝐴𝐴   to its molecular radius (𝑅𝑅𝐴𝐴𝐶𝐶𝐴𝐴) and the solvent’s (𝜇𝜇𝑔𝑔𝑝𝑝𝑠𝑠) and temperature (𝑇𝑇) 

[204, 221]: 

𝐷𝐷𝐴𝐴𝐶𝐶𝐴𝐴 = 𝑘𝑘𝐵𝐵𝑇𝑇
2𝜇𝜇𝑠𝑠𝑝𝑝𝑠𝑠𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴

    (5-35) 

 
 



195 
 

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant. The diameter of Fenofibrate’s molecule was taken 

to be 12.73 Å [222]. As a result, the diffusion coefficient of Fenofibrate in methanol at 

300K estimated using equation (5-35) is 𝐷𝐷𝐴𝐴𝐶𝐶𝐴𝐴 = 6 × 10−9 m2/s. 

The reported porosity of Neusilin® US2 grade is 𝜀𝜀 = 0.85 [177]. The intrinsic 

permeability of a porous media is dependent on its pore size distribution and can be 

estimated using the modified Ergun equation [20, 223]: 

𝐾𝐾 = ∑ 3𝜀𝜀𝑠𝑠,𝑎𝑎𝑏𝑏𝑝𝑝,𝑎𝑎
2

200𝑤𝑤      (5-36) 

where 𝑑𝑑𝑝𝑝,𝑤𝑤 is the average pore diameter for the ith group of pores and 𝜀𝜀𝑠𝑠,𝑤𝑤 is their combined 

volume fraction. Using porosimetry data reported by Allgeier [177] the intrinsic 

permeability of Neusilin® (US2 grade) was calculated to be 𝐾𝐾 = 8.6 × 10−15 m2.  

Droplets produced by the atomizing (two-fluid) nozzle during impregnation are 

characterized with a specific size distribution, which depends on several process 

parameters (liquid/gas flow rate, temperature, solvent nature, solute concentration, nozzle 

configuration). Using reported performance data on MiniGlatt’s atomization nozzle 

[224],  a droplet size of 40 um was chosen for the simulation work. Most of Neusilin® 

particles are less than 200 um in size [225] which was chosen as the particle size used in 

the model. 

Saturation solubility and its temperature dependence for Fenofibrate in methanol was 

measured experimentally using Crystal16 crystallization system (Technobis 

Crystallization Systems). Slurries with known amounts of API and solvent were 
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subjected to heat/cool cycles and the solubility temperature was determined by a turbidity 

sensor. Figure 5-6 shows the experimental results along with a data fit using Van’t Hoff’s 

equation [207]. The resulting mathematical expression for the solubility that is needed in 

equation (5-28) is: 𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴𝑔𝑔𝐶𝐶𝑡𝑡 = 𝑆𝑆𝐹𝐹𝑣𝑣(36.16 − 9668.96 𝑇𝑇⁄ ), where 𝑇𝑇 is in degrees Kelvin. 

5.5.2 Frequency and extend of impregnation step in FB 

When running the impregnation/drying model, it is very important to know the frequency 

and the extent of the impregnation step. That is, how often each particle goes through the 

wetting zone, how much solution does it receive and how long does it have to dry until it 

goes again through the wetting zone. This determines two important model parameters: 

amount of liquid a particle receives during impregnation (size/number of droplets it 

receives or is it fully impregnated) and the extent to which it dries (fully or partially dried 

before next impregnation). The amount of liquid that each particle receives as it passes 

through the wetting zone depends on the droplet size (or size distribution) produced by 

the spray nozzle, on the particle size itself and on the impact frequency between the 

particle and the droplets (mixing intensity in the FB). There are two possible scenarios, 

full and partial impregnations. The former could take place when small particles collide 

with much larger droplets or if particles collide with many droplets before leaving the 

wetting zone. The latter takes place when particles collide with one or several (but not 

enough to produce full impregnation) droplets. 

In Chapter 2 (Section 2.5.2.1, Figure 2-14) it was demonstrated that the API loading 

correlates closely with the particle size: loading is reduced as particle size is increased. 

This result indicates that full impregnation is not taking place, i.e. not all particles 
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become fully saturated as they pass through the wetting zone, otherwise loading for all 

sizes would have been the same. Depending on the actual droplet size, small particles 

may receive full impregnation and larger particles will receive partial impregnation. 

Therefore, in the presented modeling, two limiting cases are studied: impregnation/drying 

cycle of a fully saturated (full impregnation) and a partially saturated (single droplet 

impregnation) particle. For the full impregnation case it is assumed that liquid penetration 

takes place across the entire external surface of the particle. 

The frequency of impregnation (or average time interval between two consecutive single-

droplet impregnations) could be roughly estimated if several simplifying assumptions are 

made: perfect mixing in the fluidized bed; all particles receive the same number of 

droplets; the porous excipient is of uniform particle size distribution; the atomized spray 

is of uniform droplet size distribution; cubic packing of particles when tap density is 

measured. These assumptions allow for the calculation of the total number of particles 

and droplets per unit of time during impregnation, which then can be used to calculate 

number of droplets each particle receives per unit time, or equivalently the time between 

two consecutive droplet impregnations. Table 5-1 shows calculated average times 

between consecutive single-droplet impregnations for typical Fenofibrate FB 

impregnation runs (as described in Section 3.3.1, Table 3-5, runs 3-7). While these results 

are gross estimates based on assumptions, they do show that particles will have sufficient 

time (see drying time in Section 5.5.3) to fully dry after impregnation, before the next 

droplet impact. This in turn justifies the claim that the model could be repeated if 

necessary (using random droplet impact location) until a desired final API loading in the 

modeled particle is achieved. 
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5.5.3 Simulation results  

Performing energy and mass balances on the FB and single particle (as described in 

sections 5.3.1 and 5.3.2) allows the prediction of several processing parameters that are 

important for a successful impregnation. For example, temperatures of the drying particle 

and the exiting drying gas can be easily estimated for a given set of processing 

conditions. These are important in the case of unstable or low melting point APIs. 

Another example is the liquid spray rate of the API solution being impregnated. This 

parameter can greatly influence the quality of the impregnated product. If the spray rate is 

higher than the drying capacity of the FB for the given set of conditions, it will result in 

flooding of the FB, reducing powder mixing and ultimately leading to particle 

agglomeration. Figure 5-7 shows calculated maximum liquid spray rates vs. temperature 

and flow rate of the drying gas for methanol in a MiniGlatt system. The maximum spray 

rate is assumed to be reached when the solvent mass fraction in the bed is 10% lower 

than the solvent mass fraction at the particle surface. The condition for calculating the 

maximum spray rate is set as: “(𝑌𝑌𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 − 𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡)/𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡 = 0.1”. As expected, the 

maximum spray rate increases with temperature and gas flow rate. This relationship 

should be always determined for any solvent before its use in FB impregnation and the 

process should be operated away from those limiting values to ensure successful 

impregnation.  

The FB impregnation process consists of repeated impregnation/drying cycles, which 

occur continuously until a final loading is achieved. In order to understand how 

processing conditions and material properties affect the final API distribution, the 

governing PDEs are solved over a single particle first in impregnation mode, followed by 
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a drying mode for a one complete cycle. All processing parameters used in the model 

describe a typical FB impregnation process as described in Section 3.3.1, Table 3-5, runs 

3-7. Two limiting cases are presented: 1) full impregnation and drying; 2) partial (single-

droplet) impregnation and drying. Figure 5-8 shows simulation results for a full 

impregnation of Neusilin® particle with methanol-Fenofibrate solution. Results for the 

average liquid fraction vs. time (top left) show that a full impregnation of this 200 um 

particle is completed within 9.5x10-4 seconds. As expected, the impregnation rate is very 

fast at the very beginning of the process and then gradually decreases as the particle 

reaches the maximum possible liquid fraction of 0.85 (equal to its porosity). This is a 

direct consequence of the 𝑃𝑃𝑐𝑐 vs. saturation relationship given by equation (5-32) and the 

corresponding experimental data presented in Figure 5-5 (left). Figure 5-8 also shows the 

actual distribution of the liquid fraction within the particle at three distinct time points. 

The simulation results indicate that the impregnation front is non-uniform, represented by 

the liquid fraction gradient between completely wetted and completely dry areas. This 

behavior is a direct consequence of the pore size distribution within the Neusilin® 

particle, which is captured by the 𝑃𝑃𝑐𝑐 vs. saturation relationship. The gradient represents 

filling of small pores first, followed by large ones. In an ideal case, where the material 

consists of pores with identical size, this liquid fraction gradient would not exist, 

resulting in a uniform impregnation front. At the other extreme case, where the porous 

material is characterized with a very broad pore size distribution (small and large pores) 

the liquid fraction gradient would have been much broader than the one shown in Figure 

5-8. The relationship between 𝑃𝑃𝑐𝑐 and liquid saturation (and corresponding 𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 vs. 

saturation) defines the magnitude of the convective flows within the porous particle 
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during impregnation and drying. The accuracy of the  𝑃𝑃𝑐𝑐 vs. saturation relationship 

ultimately determines how well the resulting model represents the actual porous network. 

Therefore, it is extremely important to determine the 𝑃𝑃𝑐𝑐 vs. saturation relationship 

experimentally for the particular porous material rather than use universal correlations for 

similar materials. The same is valid for the intrinsic permeability of the porous medium. 

Since it is assumed that each impregnation cycle in the FB starts with a completely dry 

particle, the impregnation is governed solely by the convective liquid flow. Diffusion is 

not present because the impregnating liquid has a constant concentration. Crystallization 

is also not taking place due to the constant API solution concentration, which is below the 

saturation concentration. In the subsequent drying cycle, diffusion and crystallization 

start to play a role and in some cases, as it will be seen in later examples, may become 

important factors. In order to model drying, the same governing PDEs are solved with 

changed boundary conditions: constant flux for the solvent and no flux for the API. In the 

case of a fully saturated particle, the drying model is solved until a predetermined 

average liquid fraction in the particle is achieved (< 0.015 m3/m3). Figure 5-9 shows the 

mass balances for solvent and API during the entire drying period. Top left of Figure 5-9 

displays the average liquid fraction in the particle as it changes during drying. The results 

show that the final dry state is achieved in 3.67 seconds. Most of the drying occurs during 

the “constant rate drying period”, represented by the linear part of the drying curve. This 

result agrees with the observations by Chen et al., who report that FB drying of dibasic 

calcium phosphate takes place predominantly in the constant rate drying period [53]. This 

period is rather fast, ending in 0.42 seconds and resulting in an average liquid fraction of 

0.064 m3/m3. This is a period during which, the drying is entirely controlled by the 
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constant solvent flux across the boundary. Convective flows deliver solvent to the surface 

of the particle, where the evaporative flux is the rate limiting step. As long as the 

convective flows can deliver solvent fast enough, the evaporative flux will be the 

controlling factor. The rest of the drying takes place in the “falling rate period”, where 

the convective transport becomes the rate limiting step. Because liquid saturation within 

the particle falls, the effective permeability of the porous matrix significantly drops (as 

indicated by the 𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠  vs. saturation relationship in Figure 5-5), reducing the magnitude 

of the convective liquid transport. The drying times mentioned above are much larger 

than the impregnation time (Figure 5-8), which justifies previous assumptions and 

validates the modeling approach: solving the PDEs for impregnation and drying 

separately. Moreover, these drying times are shorter than the average times between two 

consecutive single droplet impregnations as estimated in Table 5-1. This justifies another 

modeling assumption: if impregnation/drying cycles are to be repeatedly modeled, each 

consecutive impregnation cycle can start with a dry particle, only taking the API 

distribution/loading obtained from the previous cycle. 

Figure 5-9 (bottom left) shows a mass balance of the API during the drying cycle. This 

data is shown just to illustrate that the total API is conserved during the calculation 

process. The results show that the overall API mass balance at the end of the simulation 

is closed within 1x10-4 %. This high degree of conservativeness is possible because of the 

finite volume method used for solving the system of governing equations. Previous 

attempts to solve the system of equations using finite difference methods had failed to 

close the API’s mass balance (with losses as high as 30%). Figure 5-9 also displays the 

change in the amount of API remaining in solution (top right) as well as the amount of 
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API crystallized in the particle (bottom right) during the drying process. The change is 

linear, which is a direct consequence of the first order kinetics of the crystallization 

process as described by equation (5-28). The data shows that crystallization is absent at 

the beginning of the drying process and only start to take place when the local 

concentration exceeds the solubility limit. For this particular case, the difference between 

the initial solution concentration of 44 mg/ml and the solubility limit of 51 mg/ml 

(determined from Figure 5-6 for the particular drying conditions) is not very large and 

crystallizations starts to take place soon after the drying starts. The amount of crystallized 

API during the entire drying process is very small, only 0.2% of the total API. The rate of 

crystallization is dependent on the value of 𝐾𝐾𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔, the coefficient of crystallization. Here 

it is assumed a case of a slow crystallization with a value of 1x10-3 s-1. This is probably 

the case since crystallization occurring in very small confined spaces (pores of the 

excipient particle) can be affected by their size [23]. The exact value of the coefficient of 

crystallization is difficult to measure and therefore another limiting case with fast 

crystallization is presented later.  

Figure 5-10 shows the actual distribution of the liquid fraction within the particle at four 

distinct time points during the drying process. The results visually illustrate the difference 

between the “constant rate” and “falling rate” drying periods. Top left map at time t=0.23 

seconds shows a uniform liquid profile, typical for the constant rate drying period. Once 

the drying enters the falling rate period (after t=0.42 seconds), a liquid gradient starts to 

appear due to the rate limiting effect of the convective transport at low liquid content. 

This gradient is the most pronounced at the beginning of the falling rate period and tends 

to get reduced towards the end of drying. Figure 5-11 shows several maps of the API 
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distribution within a fully impregnated Neusilin® particle at the end of its drying. Top left 

displays the API concentration of the remaining liquid phase within the particle with a 

relatively uniform distribution. The values are rather high due to the short drying times 

and slow crystallization, indicating that most of the API still did not have enough time to 

crystallize. This fact is also confirmed by the relatively small amount of crystallized API 

as shown on the top right map. The crystallized API shows a uniform profile. Most of the 

API still resides in the un-crystallized liquid as shown on Figure 5-11 (bottom left). 

Because at this point the particle is almost dry and all diffusion and convection effects 

have ceased to play a role, it is assumed that all of this API will just crystallize in place 

without any further re-distribution. Summing up the API that has already crystallized and 

the API that is about to crystallize gives the final total API distribution within the particle 

at the end of the drying cycle. This distribution is shown on Figure 5-11 (bottom right) 

and displays a relatively uniform profile. This is the model’s prediction for the final API 

distribution after drying of a fully saturated Neusilin® particle with solution of 

Fenofibrate in methanol at the specific drying conditions.  

Full impregnation is one possible outcome when a particle leaves the spray zone during 

FB impregnation, however this is not the case for all particles as it was already argued in 

Section 5.5.2. The highest probability for a full impregnation is when the smallest 

Neusilin® particles collide with the largest droplets. For the particular conditions for 

impregnation, most of the particles will most likely get partially impregnated, with a 

single-droplet impregnation having the highest frequency. Figure 5-12 shows simulation 

results for a 40 um single-droplet impregnation of a 200 um Neusilin® particle. Top right 

map displays the liquid fraction distribution at the end of impregnation. The space 
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occupied by the droplet is quite small relative to the size of the particle. The time for 

droplet impregnation is 1.15x10-5 seconds (top left plot), which is about 83 times faster 

than the one needed for a full impregnation. Wetted areas close to the particle’s surface 

have almost full saturation, which quickly decrease towards the center. The solvent 

concentration after impregnation is shown on Figure 5-12 (bottom left). Because 

impregnation takes place in a fully dried particle, the concentration is uniform, equal to 

the initial API concentration. The covered area here is a bit larger than the one shown on 

the map above (for liquid fraction), where some of the points with very low liquid 

fraction are just not visible due to the scale. Figure 5-12 (bottom right) shows the total 

API distribution within the particle at the end of impregnation. This API loading profile 

follows closely the liquid fraction profile above. As evident from the results, most of the 

API resides at the surface of the particle where droplet impregnation had just taken place. 

Immediately after the impregnation is completed, the drying process begins. Although 

there is no more liquid entering the particle, the solution that is already present inside 

continues to flow due to convective forces. Drying is a much longer process than 

impregnation and as a result, the impregnated liquid will be re-distributed further into the 

particle before convection stops. Figure 5-13 (top left) shows the final liquid fraction 

distribution within the particle at the end of drying. As expected, the solution has 

penetrated deep into the particle, reaching its center. It is to be expected that for lower 

drying temperatures the liquid will penetrate further into the particle. Following the same 

logic, higher drying temperatures will cause the liquid to penetrate less. While with 

impregnation convection is the only driving force (since there is no concentration 

gradient), during drying diffusion will start to play a role as well. Figure 5-13 (bottom 
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left) shows the distribution of API that is still present in the remaining liquid. In this 

particular case, it seems that convection and diffusion are of similar magnitudes because 

the resulting API profile is relatively uniform (very small API gradient is present). This is 

also evident from the profile of the crystallized API (top right), which also exhibits 

relative uniformity. Since this case is also assuming slow crystallization (Kcrys = 1x10-3 s-

1), the amount of crystallized API is very small relative to what is still present in solution. 

As a result, the final API profile at the end of drying (bottom right) is relatively uniform.  

The simulation presented here for a single droplet could be repeated may times over with 

droplets impregnating the particle at random positions. The average API loading from 

this single-droplet impregnation is 0.35 kg(API)/m3(particle). The density of a single 

Neusilin® particle can be calculated from its true density (2.2 g/ml) and its porosity (0.85 

m3/m3) and was found to be 330 kg(particle)/m3(particle). This means that if a 10% 

loading (as kg API/kg particle) is desired for example, the impregnation/drying 

simulation will need to be repeated 94 times. Each new impregnation will start with a dry 

particle, taking only the final API profile from the previous simulation. After several 

random single-droplet impregnations, the profile will start to look uniform throughout the 

entire particle, similar to the full impregnation case presented earlier. Both the full and 

single droplet impregnations showcased so far are two limiting cases of the potential 

impregnation mechanism taking place in a fluidized bed. Any combination of these two 

cases is also expected to produce a uniform API profile. In Chapter 4 it was presented a 

study regarding the type of Fenofibrate profile (as a result of FB impregnation onto 

Nesilin®) by energy dispersive X-ray spectroscopy. There it was determined that the 

resulting API profile (for the same processing conditions used in the preceding two 
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simulations) is relatively uniform. The agreement between the experimental results there 

and the simulations results is good, which is an encouraging result towards validating the 

modeling approach presented in this work.    

The crystallization rate is something that may be difficult to quantify, especially when it 

comes to porous media. In order to understand the effect of crystallization rate on the 

final API profile, a hypothetical case with fast crystallization kinetics is presented next. 

Figure 5-14 shows simulation results for a full (top) and a single-droplet (bottom) 

impregnation and drying of a 200 um Neusilin® particle. All simulation parameters are 

the same as in the previous examples (the base case) with the exception of the 

crystallization constant, which in this case was set to 1 s-1. The results reveal that the 

amount of crystallized API is perceivably higher than before. In the full impregnation 

case, most of the API had crystallized and only a small amount remains still in solution 

(top left and middle). The crystallized API profile has the determining effect on the final 

API distribution. The final API profile exhibits a distinct “egg-shell” type (top right). For 

the single-droplet case the effect of crystallization rate is similar. The API tends to 

crystallize near the surface of the particle (bottom left). In this case however, the amount 

of crystallized API is comparable to the amount still in solution (bottom left and middle). 

This difference is mainly attributed to the fact that the single-droplet case dries faster than 

the full impregnation case and the API has less time to crystallize before the final liquid 

fraction content is reached and all convection/diffusion stops. Fast crystallization here 

also impacts the final API profile, which has an egg-shell appearance as well (bottom 

right). Repeating the single-droplet impregnation/drying cycle will lead eventually to an 

API profile with a similar egg-shell characteristic.  
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The effect of crystallization rate on the final API profile can be explained also by the use 

of dimensionless numbers. The Damköler number relates the crystallization rate to the 

transport rates inside the particle. The most common form of the Damköler number (Da), 

relates the crystallization rate to the convection rate, as given by the following equation 

[226]:  

𝐷𝐷𝑀𝑀 = 𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔𝑡𝑡𝐶𝐶𝑠𝑠𝑠𝑠𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖 𝑡𝑡𝐶𝐶𝑡𝑡𝑡𝑡
𝑐𝑐𝑝𝑝𝑖𝑖𝑠𝑠𝑡𝑡𝑐𝑐𝑡𝑡𝑤𝑤𝑠𝑠𝑡𝑡 𝑡𝑡𝑡𝑡𝐶𝐶𝑖𝑖𝑔𝑔𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 𝑡𝑡𝐶𝐶𝑡𝑡𝑡𝑡

= 𝐾𝐾𝑠𝑠𝑡𝑡𝑐𝑐𝑠𝑠∗𝑅𝑅𝑝𝑝
𝜐𝜐0

    (5-37) 

where 𝑅𝑅𝑝𝑝 is the radius of the particle and 𝜐𝜐0is the theoretical liquid velocity during the 

constant rate period. This velocity can be calculated as 𝜐𝜐0 = 𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹 𝐶𝐶𝑔𝑔𝑝𝑝𝑠𝑠⁄ , where the flux is 

given by equation (5-23). The second Damköler number relates the crystallization 

kinetics to the diffusion transport and is given by the following relation [204]: 

𝐷𝐷𝑀𝑀𝐴𝐴𝐴𝐴 = 𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔𝑡𝑡𝐶𝐶𝑠𝑠𝑠𝑠𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖 𝑡𝑡𝐶𝐶𝑡𝑡𝑡𝑡
𝑏𝑏𝑤𝑤𝑠𝑠𝑠𝑠𝑡𝑡𝑔𝑔𝑤𝑤𝑠𝑠𝑡𝑡 𝑡𝑡𝑡𝑡𝐶𝐶𝑖𝑖𝑔𝑔𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 𝑡𝑡𝐶𝐶𝑡𝑡𝑡𝑡

= 𝐾𝐾𝑠𝑠𝑡𝑡𝑐𝑐𝑠𝑠∗𝑅𝑅𝑝𝑝2

𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴
    (5-38) 

In the case of fast crystallization presented here, the values of the first and second 

Damköler numbers are 1.06 and 1.67 respectively. This means that the crystallization rate 

is comparable to the convection rate and slightly higher than the diffusion rate. In the 

previous example (base case) the two Damköler numbers are 0.001 and 0.002 

respectively. When the crystallization rate is much smaller than the convective and 

diffusive transport, the liquid can move around and/or diffuse quickly before it has a 

chance to crystallize in place. When the numbers are above 1, the liquid can crystallize in 

place before it has a chance to move either by diffusion or convection. The relative 

magnitude of the crystallization rate to these two transport mechanisms ultimately 

determines its effect on the final API profile. 
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Fluidized bed impregnation is a versatile process that can be applied to other APIs, which 

could have larger molecular sizes than Fenofibrate. As a result, they may have smaller 

diffusion coefficients. In order to explore the effect of the diffusion coefficient on the 

final API profile, a hypothetical case of slow diffusion is presented next. All simulation 

parameters were kept the same as in the base case except the diffusion coefficient, which 

was set ten times smaller (DAPI=6x10-10 m2/s). Figure 5-15 shows the simulation results 

for a full (top) and single-droplet (bottom) impregnation and drying of a 200 um 

Nesuilin® particle with a slow-diffusive API. The results show that the API tends to 

crystallize very close to the surface, in both the full (top left) and single-droplet (bottom 

left) impregnated particles due to its relatively slow diffusion rate. The amount of 

crystallized API is again very low relative to the amount remaining in solution in both 

cases (middle top and bottom). As indicated previously, this is due to the slow 

crystallization rate. The API remaining in solution after drying, which is expected to 

crystallize in place, shows an egg-shell type of profile. The resulting final API profile 

shows an identical egg-shell type profile for both full and single-droplet impregnations. 

Similar to the fast crystallization case, another way to look into the effect of diffusion on 

the final profile is through dimensionless numbers. Here the final profile is determined by 

the competitive convective and diffusive flows. The number that most accurately 

represents their relative magnitudes is the Péclet number defined by the following 

expression [204]: 

𝑃𝑃𝑆𝑆 = 𝑐𝑐𝑝𝑝𝑖𝑖𝑠𝑠𝑡𝑡𝑐𝑐𝑡𝑡𝑤𝑤𝑠𝑠𝑡𝑡 𝑡𝑡𝑡𝑡𝐶𝐶𝑖𝑖𝑔𝑔𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 𝑡𝑡𝐶𝐶𝑡𝑡𝑡𝑡
𝑏𝑏𝑤𝑤𝑠𝑠𝑠𝑠𝑡𝑡𝑔𝑔𝑤𝑤𝑠𝑠𝑡𝑡 𝑡𝑡𝑡𝑡𝐶𝐶𝑖𝑖𝑔𝑔𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 𝑡𝑡𝐶𝐶𝑡𝑡𝑡𝑡

= 𝜐𝜐0∗𝑅𝑅𝑝𝑝
𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴

    (5-39) 
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where 𝜐𝜐0 is the same liquid velocity as in equation (5-37). The Pe number for this slow 

diffusion case is 15.72. This value indicates that the convective transport rate is much 

higher than the diffusion transport rate. This means that points in the particle that see an 

increase in concentration due to the convective flows (directed towards the particle 

surface) cannot easily diffuse that concentration back towards the center. As a result of 

this difference in magnitudes of the two transport mechanisms, the final API profile 

shows an egg-shell type appearance. For comparison, the 𝑃𝑃𝑆𝑆 number corresponding to 

the base case presented earlier (which exhibited relatively uniform profile) is 1.57. 

Values close to 1 indicate that both convection and diffusion have comparable 

magnitudes, resulting in uniform final API profile.  

The FB impregnation process can be applied to other excipients as well, provided they 

possess enough internal porosity necessary for successful impregnation. In order to 

understand the effect of porosity on the final API profile, a hypothetical case of an 

excipient with low porosity is presented next. All processing parameters are the same as 

in the base case with the only difference being the porosity, which is set to 0.45. It should 

be noted that it is assumed that this low porosity material still follows the same 𝑃𝑃𝑐𝑐 vs. 

saturation relationship as in the case of Neusilin®. This implies that the internal pore size 

distribution is the same with the only difference being in the total internal volume 

available for impregnation. Figure 5-16 shows the simulation results for a fully (top) and 

single-droplet (bottom) impregnated particle with low porosity. The crystallized API in 

both cases (left top and bottom) is a small fraction of the total API and is predominantly 

deposited close to the surface of the particle. Most of the API still remains in solution 

(middle top and bottom) at the end of the drying when convection and diffusion stops. 
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When it crystallizes in place it will determine the final API profile (right top and bottom). 

In both cases, the final API profile shows to be a well-defined egg-shell type. This result 

is a direct consequence of the lower porosity of the particle. In the case of a fully 

impregnated particle, low porosity translates to a lower absolute amount of impregnated 

liquid compared to the base case (where ε=0.85). As a consequence, the drying time is 

faster and the API has less time to diffuse back towards the particle center. In the case of 

single-droplet impregnated particle where the amount of liquid is the same as in the base 

case, low porosity translates to a higher wetted internal volume. Because the liquid is 

spread over a larger volume, the saturation at any given internal point is lower and on 

average the particle will need less time to reach the limit of saturation at which 

convection and diffusion stops. With a faster drying time, the API has less time to diffuse 

back towards the particle center resulting in an egg-shell type profile. 

 

5.6 Conclusions 

Fluidized bed impregnation of APIs onto porous excipients can be impacted by the 

processing conditions or by the properties of the materials used. In order to better 

understand their effect on the final API profile, a multi-scale FB impregnation/drying 

model was developed and presented in this chapter. The model consists of three main 

parts: 1) energy/mass balance on FB and evaporative flux calculation, 2) impregnation 

model of a single particle and 3) drying model of a single particle. Part one calculates 

several important processing parameters for a given set of operating conditions. For 

example, for a given drying gas temperature/flowrate and solvent spray rate it can 

calculate product temperature and exiting gas temperature. This is important to know if 
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dealing with thermally sensitive APIs. Another example includes calculation of the 

maximum liquid spray rate possible for a given drying conditions (drying gas temperature 

and flow rate) before the FB gets flooded. The variation of this parameter is also 

important to understand when trying to optimize the throughput and time cycle of the 

process. This part of the model also calculates the evaporative flux under steady state 

operation of the FB, which is used in the single-particle drying model (part 3). Part two of 

the model calculates the liquid profile during particle impregnation in full or single-

droplet mode and the time scale for impregnation. It uses experimentally determined 𝑃𝑃𝑐𝑐 

and 𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 vs. saturation relationships to better represent the porous excipient (Neusilin) 

used in the model. Part three of the model accounts for convective and diffusive flows as 

well as for crystallization of the API (Fenofibrate). As a result it calculates the API 

distributions (crystallized and still in solution) during the drying process. Several cases 

were presented to better illustrate various possible FB impregnation scenarios. For each 

case, full and single-droplet impregnations are studied. The first case involves 

Fenofibrate impregnation onto Neusilin® with drying conditions identical to runs 

described in Section 3.3.1 (Table 3-5, runs 3-7). The results from the simulation showed 

that a uniform API should be obtained at the end of drying. This conclusion agrees very 

well with the experimental measurements of the API profile for the same formulations 

presented in Chapter 4. A second case was presented assuming a fast crystallization rate 

for the API. Simulation results reveal that when the crystallization rate is fast and 

comparable to convection and diffusion (as indicated by the Damköler number) a well 

pronounced egg-shell type of impregnation profile is obtained. APIs can come in various 

sizes, which could affect their diffusion rate within the liquid. In order to illustrate a slow 
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diffusion scenario, the third case presented involved a hypothetical API with lower 

diffusion coefficient than that of Fenofibrate. Simulation results indicate that the final 

API profile would exhibit more egg-shell like appearance, although not as pronounced as 

in the second case. The last case demonstrates the effect of low porosity on the final API 

profile, as many excipients may differ in their internal void volumes. Results indicate that 

the resulting API profile is strongly egg-shell shaped. These results are for a limited 

number of parameters and further work is needed to better understand the effect of 

process conditions and material properties on the API distribution profile. In addition, 

these results are for a 2D model and should be confirmed with a full 3D simulation. 

Further works is also needed to validate the model with more experimental case studies. 

The model can be further improved by incorporating gas phase diffusion during the 

falling rate drying period in order to make the model more representative for studying 

examples with high temperature drying. Another improvement would be to account for 

the solvent vapor pressure variation with the solute concentration. This will permit 

studying cases with high initial API concentration and its effect on the drying rate and the 

final distribution of the active ingredient.  
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5.7 Notation 
 

A, B, C Component-specific constants for Antoine Equation -, K, K 
𝐴𝐴𝑝𝑝 External surface area of particle m2 
𝐶𝐶𝑔𝑔𝑝𝑝𝑠𝑠 Solvent concentration in solution kg/m3 
𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴 API concentration in solution kg/m3 

𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴𝑔𝑔𝐶𝐶𝑡𝑡 API saturation concentration (API solubility) kg/m3 
𝐶𝐶𝑝𝑝,𝐶𝐶𝑤𝑤𝑡𝑡 Heat capacity of air J/kg/K 
𝐶𝐶𝑝𝑝,𝑤𝑤𝐶𝐶𝑔𝑔 Heat capacity of gas phase J/kg/K 
𝐶𝐶𝑝𝑝,𝐶𝐶𝑡𝑡𝑝𝑝 Heat capacity of atomizing gas J/kg/K 

𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏  Heat capacity of solvent (liquid) J/kg/K 

𝐶𝐶𝑝𝑝,𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡  Heat capacity of solvent (vapor) J/kg/K 
𝑑𝑑 Particle diameter m 
𝑑𝑑𝑝𝑝 Average pore diameter m 
𝐷𝐷𝑀𝑀 First Damköler  number - 
𝐷𝐷𝑀𝑀𝐴𝐴𝐴𝐴 Second Damköler number - 
𝐷𝐷𝐴𝐴𝐶𝐶𝐴𝐴 Diffusion coefficient of API in solvent m2/s 

𝐷𝐷𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡/𝐶𝐶𝑤𝑤𝑡𝑡 Gaseous diffusion coefficient of solvent in air  m2/s 

𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹 Evaporative solvent flux across particle surface  kg/m2/s 
ℎ Convective heat transfer coefficient W/m2/K 

𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖  Enthalpy of drying gas at the inlet J/kg 
𝐻𝐻𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡 Enthalpy of drying gas at the outlet J/kg 
𝐻𝐻𝐶𝐶𝑡𝑡𝑝𝑝𝑤𝑤𝑖𝑖  Enthalpy of atomization gas J/kg 

𝐻𝐻𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏  Enthalpy of solvent (liquid) J/kg 

𝐻𝐻𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡  Enthalpy of solvent (vapor) J/kg 
𝐻𝐻𝐶𝐶𝑤𝑤𝑡𝑡 Enthalpy of air J/kg 

∆𝐻𝐻𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖 Enthalpy of vaporization of solvent J/kg 
∆𝐻𝐻𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡𝑤𝑤𝑣𝑣𝐶𝐶𝑡𝑡𝑤𝑤𝑝𝑝𝑖𝑖0  Enthalpy of vaporization of solvent at reference state J/kg 

𝑘𝑘 Solvent overall mass transfer coefficient in gas phase m/s 
𝐾𝐾 Absolute (intrinsic) permeability m2 

𝑘𝑘𝐵𝐵 Boltzmann constant m2*kg/s2/
K2 

𝐾𝐾𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 Crystallization rate constant 1/s 
𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 Relative (effective) permeability of the liquid phase - 
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�̇�𝑚𝐶𝐶𝑡𝑡𝑝𝑝 Atomization gas mass flow rate kg/s 
�̇�𝑚𝑤𝑤𝐶𝐶𝑔𝑔 Drying gas mass flow rate kg/s 

�̇�𝑚𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡 Solution/solvent mass flow rate kg/s 
𝑀𝑀𝑊𝑊𝐶𝐶𝑤𝑤𝑡𝑡 Molecular weight of air kg/mol 

𝑀𝑀𝑊𝑊𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡 Molecular weight of solvent kg/mol 
𝑁𝑁𝑔𝑔𝑝𝑝𝑠𝑠 Mass flux of solvent kg/m2/s 

𝑁𝑁𝐴𝐴𝐶𝐶𝐴𝐴 Mass flux of API kg/m2/s 

𝑃𝑃𝑏𝑏𝑡𝑡𝑏𝑏 Pressure inside fluidized bed Pa 

𝑃𝑃𝑐𝑐  Capillary pressure Pa 

𝑃𝑃𝑐𝑐,𝑡𝑡 Entry capillary pressure during mercury porosimetry test Pa 

𝑃𝑃𝑐𝑐,𝑚𝑚𝐶𝐶𝑀𝑀 Maximum capillary pressure during mercury 
porosimetry test Pa 

𝑃𝑃𝑆𝑆 Péclet number - 

𝑃𝑃𝑠𝑠  Pressure in the liquid phase Pa 

𝑃𝑃𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑉𝑉𝐶𝐶𝑝𝑝𝑝𝑝𝑡𝑡  Vapor pressure of pure solvent Pa 

𝑅𝑅𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 Crystallization rate kg/m3/s 

𝑅𝑅𝐴𝐴𝐶𝐶𝐴𝐴 API’s molecular radius m 
𝑅𝑅𝑝𝑝 Particle radius m 
𝑅𝑅𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 Pore radius m 
𝑆𝑆 Liquid saturation m3/m3 
𝑇𝑇𝑝𝑝 Particle temperature K 
𝑇𝑇𝑏𝑏𝑡𝑡𝑏𝑏 Temperature of fluidized powder bed K 
𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑤𝑤𝑖𝑖  Temperature of drying gas K 
𝑇𝑇𝑤𝑤𝐶𝐶𝑔𝑔𝑝𝑝𝑡𝑡𝑡𝑡 Temperature of exiting gas K 

𝑇𝑇𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡,𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏
𝑤𝑤𝑖𝑖  Temperature of sprayed liquid solution/solvent K 
𝑉𝑉𝑤𝑤𝐶𝐶𝑔𝑔 Average drying gas velocity in the bed m/s 

𝑉𝑉𝑝𝑝𝐶𝐶𝑡𝑡𝑡𝑡𝑤𝑤𝑐𝑐𝑠𝑠𝑡𝑡 Volume of particle m3 
𝑊𝑊𝐴𝐴𝐶𝐶𝐴𝐴

𝑐𝑐𝑡𝑡𝑐𝑐𝑔𝑔 Amount of API deposited in particle via crystallization kg/m3 
𝑌𝑌𝑤𝑤𝑖𝑖 Solvent mass fraction in entering drying gas  kg/kg 
𝑌𝑌𝑝𝑝𝑡𝑡𝑡𝑡 Solvent mass fraction in exiting gas  kg/kg 

𝑌𝑌𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝐶𝐶𝑐𝑐𝑡𝑡 Solvent mass fraction in gas phase at particle surface  kg/kg 
𝑌𝑌𝑀𝑀𝐶𝐶𝑀𝑀  Maximum possible solvent mass fraction in drying gas kg/kg 
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Greek Letters 

𝛼𝛼 Fitting parameter for 𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠 - 

𝛼𝛼𝐶𝐶𝑤𝑤𝑡𝑡 Thermal conductivity of air W/m/K 

𝜀𝜀𝑠𝑠 Volume fraction of liquid phase in particle m3/m3 

𝜀𝜀 Particle porosity m3/m3 

𝛾𝛾 Surface tension for liquid/air system N/m 

𝜇𝜇𝑔𝑔𝑝𝑝𝑠𝑠 Viscosity of liquid phase (solvent or API solution)  kg/m/s 

𝜇𝜇𝑤𝑤𝐶𝐶𝑔𝑔 Average viscosity of gas phase in boundary layer (solvent 
vapor and air) kg/m/s 

𝜌𝜌𝑔𝑔𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡
𝑠𝑠𝑤𝑤𝑙𝑙𝑡𝑡𝑤𝑤𝑏𝑏  Density of liquid solvent kg/m3 

𝜌𝜌𝑤𝑤𝐶𝐶𝑔𝑔 
Average density of gas phase in boundary layer (solvent 
vapor and air)  kg/m3 

𝜃𝜃 Contact angle between liquid and solid deg 
𝜆𝜆 Fitting parameter for 𝑃𝑃𝑐𝑐  𝑆𝑆𝑠𝑠.  𝑆𝑆  relationship - 
𝜐𝜐0 Theoretical liquid velocity during the constant rate period. m/s 
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5.8 Figures for Chapter 5 
 

 

Figure 5-1: Spray zone and particle movement during FB impregnation. 

 

 

Figure 5-2: Reducing 3D into 2D problem with Cartesian discretization. 
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Figure 5-3: Fluidized bed mass/energy balance. 

 

 

 

Figure 5-4: Single particle drying. 
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Figure 5-5: Capillary pressure (left) and relative permeability (right) vs. saturation 
for methanol/Neusilin® (US2 grade) system 

 

 

 

Figure 5-6: Fenofibrate solubility in methanol: experimental results and Van’t Hoff 
data fit. 
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Figure 5-7: Calculated maximum liquid (methanol) spray rate vs. drying conditions 
(drying gas flow rate and temperature) that is achievable during FB impregnation 

in MiniGlatt. 
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Figure 5-8: Liquid fraction vs. time during a full impregnation of Neusilin® particle 
with methanol solution of Fenofibrate in fluidized bed: Dp=200 um, K=8.6x10-15 m2, 
ε=0.85 m3/m3, DAPI=6x10-9 m2/s, Kcryst=1x10-3 s-1, Tdrying gas=80 oC, Qsoln=4 ml/min, 
Qdrying gas=9 m3/h, CAPI=44 mg/ml. 
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Figure 5-9: Mass balances for solvent and API during drying of a fully impregnated 
Neusilin® particle with methanol solution of Fenofibrate in fluidized bed: Dp=200 
um, K=8.6x10-15 m2, ε=0.85 m3/m3, DAPI=6x10-9 m2/s, Kcryst=1x10-3 s-1, Tdrying gas=80 
oC, Qsoln=4 ml/min, Qdrying gas=9 m3/h, CAPI=44 mg/ml. 
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Figure 5-10: Liquid fraction vs. time during drying of a fully impregnated Neusilin® 
particle with methanol solution of Fenofibrate in fluidized bed: Dp=200 um, 
K=8.6x10-15 m2, ε=0.85 m3/m3, DAPI=6x10-9 m2/s, Kcryst=1x10-3 s-1, Tdrying gas=80 oC, 
Qsoln=4 ml/min, Qdrying gas=9 m3/h, CAPI=44 mg/ml. 

 

 
 



223 
 

 

Figure 5-11: API distribution within a fully impregnated Neusilin® particle with 
methanol solution of Fenofibrate at the end of fluidized bed drying: Dp=200 um, 
K=8.6x10-15 m2, ε=0.85 m3/m3, DAPI=6x10-9 m2/s, Kcryst=1x10-3 s-1, Tdrying gas=80 oC, 
Qsoln=4 ml/min, Qdrying gas= 9 m3/h, CAPI=44 mg/ml. 
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Figure 5-12: Liquid fraction during fluidized bed impregnation of a partially 
impregnated (single droplet) Neusilin® particle with methanol solution of 
Fenofibrate: Ddroplet=40um, Dparticle=200 um, K=8.6x10-15 m2

, ε=0.85 m3/m3, 
DAPI=6x10-9 m2/s, Kcryst=1x10-3 s-1, Tdrying gas=80 oC, Qsoln=4 ml/min, Qdrying gas=9 m3/h, 
CAPI=44 mg/ml. 
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Figure 5-13: Liquid fraction and API distributions within a partially impregnated 
(single droplet) Neusilin® particle with methanol solution of Fenofibrate at the end 
of fluidized bed drying: Ddroplet=40um, Dparticle=200um, K=8.6x10-15 m2

, ε=0.85 m3/m3, 
DAPI=6x10-9 m2/s, Kcryst=1x10-3 s-1, Tdrying gas=80 oC, Qsoln=4 ml/min, Qdrying gas=9 m3/h, 
CAPI=44 mg/ml. 
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Figure 5-14: Fast Crystallization Case - API distribution within a fully impregnated 
(top) and partially (single droplet) impregnated (bottom) Neusilin® particle at the 
end of fluidized bed drying: Ddroplet=40um, Dparticle=200um, K=8.6x10-15 m2

, ε=0.85 
m3/m3, DAPI=6x10-9 m2/s, Kcryst=1 s-1, Tdrying gas=80 oC, Qsoln=4 ml/min, Qdrying gas=9 
m3/h, CAPI=44 mg/ml. 
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Figure 5-15: Slow Diffusion Case - API distribution within a fully impregnated (top) 
and partially (single droplet) impregnated (bottom) Neusilin® particle at the end of 
fluidized bed drying: Ddroplet=40um, Dparticle=200um, K=8.6x10-15 m2

, ε=0.85 m3/m3, 
DAPI=6x10-10 m2/s, Kcryst=1x10-3 s-1, Tdrying gas=80 oC, Qsoln=4 ml/min, Qdrying gas=9 m3/h, 
CAPI=44 mg/ml. 
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Figure 5-16: Low Porosity Case - API distribution within a fully impregnated (top) 
and partially (single droplet) impregnated (bottom) porous particle with low 
porosity at the end of fluidized bed drying: Ddroplet=40um, Dparticle=200um, K=8.6x10-

15 m2
, ε=0.45 m3/m3, DAPI=6x10-9 m2/s, Kcryst=1x10-3 s-1, Tdrying gas=80 oC, Qsoln=4 

ml/min, Qdrying gas=9 m3/h, CAPI=44 mg/ml. 

  

 
 



229 
 

5.9 Tables for Chapter 5 
 

Droplet Size 
μm 

Time Between Impregnation Cycles, s 

100 μm Particle 200 μm Particle 

20 72.8 9.1 

30 245.5 30.7 

40 582 72.8 
Spray Rate: 4 ml/min; Neusilin: 220g 
Neusilin tap density: 0.19 g/ml  [227] 

 

Table 5-1: Estimated average times between consecutive single-droplet 
impregnations for different sizes of liquid droplets and Neusilin® particles. 
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Chapter 6 .  Conclusions and recommendations 

The work presented in this dissertation focused on fluidized bed impregnation of APIs 

onto porous excipients as a novel method for manufacturing pharmaceutical products. 

Through several case studies it was demonstrated the feasibility of the method and its 

many advantages over conventional solid dosage formulation techniques. A methodology 

for the complete characterization of the impregnated material was developed by 

employing commonly used analytical techniques. It was shown experimentally that 

fluidized bed impregnation can deliver highly uniform impregnation profile. Finally, a 

mathematical modeling tool box was developed capable of calculating several process 

parameters and the final API profile as a function of material properties and processing 

conditions. This chapter summarizes all presented work in the dissertation and describes 

several recommendations for future work. 

6.1 Conclusions 

The first specific aim focused on achieving a successful impregnation of pharmaceutical 

excipients with APIs and the complete characterization of the impregnated product and final 

solid dosage formulation. Chapter 2 of the dissertation outlined a comprehensive analysis of 

all material and equipment properties necessary for an effective impregnation. Several 

excipients, solvents and equipment types were identified as potential candidates. An array of 

analytical methods was presented that is necessary for the complete characterization of the 

final impregnated product. These methods can be categorized into six groups: visual 

examination (SEM microscopy), solid state analysis (DSC, pXRD), structural analysis (SSA, 

pore size distribution), drug content (HPLC), bulk powder characterization (bulk/tap 

densities, PSD, shear cell measurements) and final drug product analysis (dissolution testing, 
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tableting and compressibility). Chapter 2 continued with several preliminary studies 

comparing the performance of two impregnation methods. The first method was a traditional 

dry impregnation (full powder impregnation followed by drying) carried in a conventional 

granulating equipment (needed to provide adequate powder and liquid mixing). The second 

method was a dry impregnation carried in a fluidized bed dryer/coater/granulator, where 

liquid impregnation and drying occur continuously. Results showed that FB impregnation is 

superior because it preserves the physical properties of the excipient (PSD), eliminates 

particle agglomeration and is capable of achieving higher drug loadings in one-step 

operation. At the end of Chapter 2, a complete case study of FB impregnation using 

Acetaminophen as the model drug and anhydrous calcium phosphate as the porous excipient 

was presented. This study described in detail the methodology for a successful FB 

impregnation and the complete analysis of the final product. The study confirmed several 

important claims about impregnating APIs (using APAP as model drug) into porous 

excipients (using anhydrous CaHPO4 as model porous excipient) utilizing fluidized bed: 

• Successful proof of concept.  

• Ability of the process to deliver final product with high blend uniformity (as 

expressed in % RSD), independent of the API loading 

• Milling of the impregnated material further improves blend uniformity. 

• Physical state of impregnated APAP inside porous excipient is crystalline 

• FB impregnation process by design preserves the final bulk physical properties 

and flow properties of the impregnated materials compared to those of the pure 

excipient 
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• Impregnated APAP acts as a binder during tableting, making harder tablets when 

compared to physical blends 

• FB impregnation does not slow down the dissolution profile of APAP 

The second specific aim focused on expanding the applicability of FB impregnation to other 

drugs and excipients in order to show its robustness as a method for solid dosage 

pharmaceutical manufacturing. It also established some important benefits of FB 

impregnation to drug formulations consisting of poorly water soluble APIs. The first part of 

Chapter 3 of the dissertation described two studies using different APIs (Griseofulvin and 

Ibuprofen) and solvents (acetone and methanol) for FB impregnation. The results showed a 

successful impregnation and further reinforced the claim that FB impregnation is a suitable 

manufacturing technique for other APIs. The study also showed that the process mostly 

depends on the solvent used. The final impregnated product exhibited high blend uniformity 

and subsequent milling further improved homogeneity of the drug. The second part of 

Chapter 3 expanded the application of FB impregnation furthermore by introducing a new 

porous excipient with a very high internal surface area and porosity. The study focused on 

investigating the effects that FB impregnation and excipient have on the final formulation of 

a poorly-soluble drug. The API chosen for the investigational work was Fenofibrate and 

the porous carrier was Neusilin®. It was shown that the specific surface area of the 

excipient has a direct influence on the dissolution profile of the final formulation. 

Impregnating Fenofibrate into Neusilin® led to a significant improvement in release time 

compared to physical blends. The study also discovered another benefit of milling the 

final impregnated excipient (besides its effect on the final blend uniformity). Milling of 

impregnated Neusilin®, regardless of Fenofibrate loading, greatly improved release 

kinetics of the API. Additionally, the study demonstrated the feasibility of co-
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impregnation of APIs with other additives simultaneously onto the porous carrier. The 

additive was SLS, a surfactant that is commonly used to increase the wettability of 

pharmaceutical formulations. Co-impregnation of SLS with Fenofibrate into the small 

pores of Neusilin® caused the drug to be deposited in its amorphous state. Furthermore, it 

was shown that Neusilin® stabilized the amorphous state of the API for an average shelf-

life of a typical solid dosage formulation. This amorphization of the impregnated API 

significantly shortened its release time and made it possible to manufacture a capsule 

formulation of the drug, comparable in its release profile to one of the current marketed 

formulations, TriCor® tablets. The work presented in Chapter 3 helped to further reinforce 

the novelty of fluidized bed impregnation process and established several additional 

benefits as a manufacturing method for pharmaceutical solid dosage forms, which can be 

summarized as follows: 

• Demonstrated further expansion of the applicability of the impregnation process 

to other APIs, solvents and excipients.  

• Reconfirmed the ability of FB impregnation process to achieve very high blend 

uniformity regardless of the API loading, its nature or that of the solvent or 

excipient used. Milling additionally improves blend uniformity. 

• Dissolution kinetics of poorly soluble APIs can be greatly influenced by the 

properties of the excipient used: high internal surface area speeds-up API release. 

• Milling of impregnated material further improves dissolution kinetics. 

• Co-impregnation with additives (or other APIs) is feasible. 

• The physical state of impregnated API inside the porous excipient can be tailored 

to be either crystalline or amorphous. 
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• Amorphization of the impregnated API further improves dissolution kinetics 

• Impregnated amorphous APIs can be stabilized for a long period of time in 

excipients with high internal surface area.  

The third specific aim focused on determining the type of impregnation profile (egg-shell, 

egg-yolk, egg-white or uniform) that is obtained during FB impregnation of porous 

excipients with APIs. Chapter 4 outlined a method for cross-sectional analysis of 

impregnated excipient particles using energy dispersive x-ray spectroscopy along with 

several approaches for successful sample preparation. The goal of the study was to 

determine the relative API distribution inside the particles instead of a fully quantitative 

analysis, which usually is not straightforward and many factors need to be taken into 

account before the concentration data obtained from the spectra can be reported. Two FB 

impregnated formulations of Fenofibrate and Acetaminophen onto Neusilin® were 

analyzed. Additionally, two other candidates were introduced (KAc and KI) as potential 

surrogate substrates for impregnation studies. Several particle embedding methods were 

demonstrated, highlighting their benefits and shortfalls. Acrylic resins worked great for 

particle immobilization and showed ability to produce excellent cross-sections with 

smooth surfaces. However, their polymerization is not always guaranteed as it depends 

on the nature of the impregnated substrate. Additionally, a high solubility of the API in 

the resign can alter the impregnation profile within the particle (as was the case with 

Fenofibrate). When there is no interaction between the resin and substrate (as was the 

case with KAc), the full potential of EDS and its ability to detect differences in the 

impregnation distributions (uniform vs. egg-shell/egg-yolk profiles) was revealed. 

Substrate/media interactions were eliminated by using cyanoacrylate adhesives, which 
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proved to be a great media for particle immobilization, producing quality cross-sections. 

The high level of resign/adhesive penetration within the porous particle during sample 

preparation proved to be a major disadvantage for two reasons. All types of 

resins/adhesives are carbon-based and their presence inside the particle prohibits mapping 

of the API by its own carbon signal. When an API can be detected by other characteristic 

elements (Cl or N), the impregnated resign showed to saturate the EDS signal and 

lowered its ability for meaningful detection. These shortfalls were eliminated by 

developing an alternative method for sample preparation: immobilization of particle 

monolayer onto carbon-tape or inorganic (carbon free) silica-based adhesive, followed by 

manually cutting the particles. This method improved the detection of trace elements and 

reduced significantly the carbon signal from non-relevant sources, allowing its use 

primarily for API detection. EDS analysis based on both carbon and trace elements 

showed a uniform profile in both (Fenofibrate and Acetaminophen) FB impregnation 

formulations, proving the ability of the impregnation process to produce highly desirable 

uniform distributions.  

It is anticipated that the type of the API profile will be a function of the processing 

conditions (drying gas temperature and flow rate, spray rate, etc.) and material 

parameters (solvent nature, excipient porosity and pore size distribution, API diffusion 

constant, etc). The fourth specific aim focused on developing a mathematical model capable 

of describing the FB impregnation process and the resulting API distribution profile within 

the porous excipient. Chapter 5 described in detail the derivation of a multi-scale FB 

impregnation/drying model from first principles linking and how can be used to calculate 

important process parameters and final impregnation profiles. There were three distinct 
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parts to the model, each describing different aspects of the FB impregnation process. The 

first part performs energy/mass balance on the entire fluidized bed along with calculation 

of the evaporative flux from a single particle. For a given set of operating conditions, this 

part determines several important processing parameters such as product temperature, 

exiting gas temperature or maximum liquid spray rate possible. This part of the model 

also calculates the evaporative flux under steady state operation of the FB, which is used 

later in the single-particle drying model. Part two of the model calculates the liquid 

profile during particle impregnation in full or single-droplet mode and the time scale for 

impregnation. It uses experimentally determined 𝑃𝑃𝑐𝑐 and 𝐾𝐾𝑡𝑡𝑠𝑠𝑠𝑠  vs. saturation relationships 

to better represent the porous excipient (Neusilin) used in the model. Part three of the 

model accounts for convective and diffusive flows as well as for crystallization of the 

API (Fenofibrate) and calculates the API distributions (crystallized and still in solution) 

during the drying process. The model was first applied to the same Fenofibrate/Neusilin® 

formulation that was investigated in Chapter 4 in terms of its API distribution. The results 

from the model predicted a uniform drug profile in a single Neusilin® particle, which was in 

agreement with the experimental results obtained in Chapter 4 using EDS analysis and in turn 

validated the general approach that was used to model FB impregnation. Several other 

hypothetical cases were investigated, where important material properties of the 

API/excipient system were varied. These included a fast crystallization case, a slow 

diffusion case and a low excipient porosity case. In all these cases, the model predicted 

an egg-shell type of impregnation profile.  
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6.2 Recommendations for future work 

Although the work presented in this dissertation established FB impregnation as a viable 

method for manufacturing of pharmaceutical solid dosage formulations and demonstrated its 

many advantages, there are several potential areas for future study and improvements to the 

technology. Seven specific examples are detailed here. 

6.2.1 Expanding FB impregnation technology to other excipient/API/solvent 

systems 

Fluidized bed impregnation was successfully demonstrated using two excipients (dibasic 

calcium phosphate and Neusilin®), four APIs (Acetaminophen, Ibuprofen, Griseofulvin 

and Fenofibrate) and two organic solvents (methanol and acetone). The applicability of 

the novel formulation method can be further reinforced by testing it with different 

excipient/API/solvent combinations. A good excipient candidate for FB impregnation is 

Fujicalin®, a trade name for a different variation of dibasic calcium phosphate. The 

manufacturing process for Fuijicalin® is specially designed to produce highly spherical 

particles (similar to Neusilin®) with a higher internal surface area and total porosity, great 

flowability and compressibility [228].  Particles of this excipient have a reported specific 

surface area of 40 m2/g, which is the highest reported for any variation of CaHPO4. This 

could lead to dissolution kinetics improvement for some poorly-soluble APIs. Mapping 

of impregnated drug profiles by EDS should be performed as part of any future 

experiments to further understand the capabilities of FB impregnation in delivering 

highly uniform distributions.  Comparing experimental API distributions within the 

excipient particles with the ones predicted by the model can further shed light on 

important aspects of the impregnation process. Mercury porosimetry characterization of 
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Fujicalin® should be performed to obtain realistic model predictions for this particular 

excipient. Using other organic solvents to deliver the API during FB impregnation will 

expand the available possibilities for impregnation. Good candidates are tetrahydrofuran, 

ethyl acetate, methyl-tert-butyl ether and ethanol as they have relatively low boiling 

points. Water could be also tested in the case of some water soluble API such as salts. 

There are many APIs that could be good candidates for further studies. There are several 

types of APIs that could be particularly valuable for further FB impregnation 

development. These include poorly water-soluble (study drug release improvements), 

amorphous (study drug release improvements and amorphous stabilization) or APIs in a 

salt form (impregnate with water as a solvent if solubility is high enough).  

6.2.2 Investigation of other modes of FB impregnation 

All impregnation studies presented in this dissertation were achieved using two different 

scales of fluidized bed dryer/granulator/coater, both operated in the same top-spray mode. 

Appropriate inserts available to both pieces of equipment can convert them for a bottom-

spray operation. As already discussed in Chapter 1, bottom-spray or Wurster type FB 

equipment is used primarily for coating. It has been determined that this type of operation 

delivers more uniform coating to the particles. Wurster type FB should be able to 

successfully achieve impregnation and further studies could reveal other unforeseen 

benefits. Full testing of the impregnated powder will be needed (as described in Chapter 

2 and Chapter 3) in order to adequately compare bottom-spray to top-spray mode of 

impregnation. Characterization of its drying capabilities will reveal if bottom-spray is 

more or less efficient, information needed to determine the economics of the 
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impregnation process. Other types of FB equipment types, such as tangential spray, could 

also be tested for impregnation.   

6.2.3 Application of FB impregnation method to continuous manufacturing 

All described work involved FB impregnation in a batch mode - a fixed amount of 

impregnated powder (set by the size of the equipment) is produced each time. Although 

the pharmaceutical industry has traditionally operated in a batch mode, recently there has 

been a large interest in moving towards continuous manufacturing of final drug 

formulations. Continuous manufacturing can have many advantages, including smaller 

equipment footprint, reduced capital expenses, variable (on demand) batch size and 

elimination of scale up. Historically FB technology has been used successfully for 

continuous processing, with pharmaceutical applications being drying, granulation and 

coating [229-231]. Future work could include adopting FB impregnation to continuous 

production of pharmaceuticals. In order for this to be successful, some preliminary 

studies need to be conducted. All FB impregnation experiments described in this 

dissertation involved relatively slow liquid spray rates, resulting in longer processing 

times (several hours). These spray rates were chosen to ensure success, as no prior 

information existed regarding FB impregnation of pharmaceuticals. In order for the 

technology to be successfully implemented in a continuous mode, the processing times 

need to be shortened and be comparable to typical residence times of common excipients 

inside a continuous fluidized bed. Further investigation is needed to determine the 

maximum achievable liquid spray rates during FB impregnation. Their effect on critical 

product attributes (blend uniformity and absence of coating/agglomeration to name a 

few) will determine FB impregnation applicability as a continuous process.   
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6.2.4 Further improvements to dissolution kinetics of poorly-soluble APIs 

Work presented in Chapter 3 demonstrated the advantages FB impregnation can offer to 

poorly water-soluble APIs. It was shown that when large surface area excipients were 

impregnated with such APIs, the dissolution kinetics of the formulation was significantly 

improved (speed-up drug release). The impregnating process distributes the API over a 

large surface area inside the particles, which is proportional to the effective dissolution 

rate. Further increase in dissolution was achieved by additional milling of the 

impregnated powders. All of these formulations used water-insoluble excipient 

(Neusilin®), which suggests that part of the overall drug dissolution process was diffusion 

from inside the particles towards the bulk solution. If the excipient carrier was a water-

soluble substance (such as salts or sugars) the expectation is that the drug release would 

have been even a faster process. Future FB impregnation studies using water-soluble 

excipients could shed more light on ways to further improve drug dissolution. Such 

excipients currently exist, however, their porosity and internal surface area are not very 

high. There have been reported methods for manufacturing relatively high surface area 

mannitol [232] and lactose [233-235] by spray drying with templating agents. Using 

water soluble excipients could also be beneficial to tableting of impregnated 

formulations. Upon compression during tablet preparation, the internal voids of the non-

water-soluble porous carrier are compacted, which traps the drug material inside and as a 

result the diffusion and the overall drug release rate are reduced. These effects can be 

eliminated when using water-soluble excipients for impregnation. 
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6.2.5 Expand application of FB co-impregnation with additives and APIs 

An interesting effect was reported in Chapter 3, where co-impregnation of an API 

(Fenofibrate) and an additive (SLS) resulted in a complete amorphization of the 

impregnated API. It is highly desirable to understand if this effect is applicable to other 

types of APIs or it is only specific to Fenofibrate. Co-impregnation with other types of 

additives, such as polymers, could offer additional possibilities for tailoring the drug 

release profile. Such additives could be beneficial for developing slow-release 

formulations. An example of a pharmaceutical polymer often used in solid dosage 

formulations for delaying drug release is HPMC (hydroxypropyl methylcellulose) with 

many others having similar effect. Often pharmaceutical formulations comprise of two 

APIs in combination. Co-impregnation of two or more APIs could be achieved by FB 

impregnation using a common solution of the drugs. It could be also achieved by a 

impregnating the APIs individually in a sequential fashion. Dissolution testing of the 

resulting formulation will reveal what is the effect of co-impregnation of the individual 

drug release profiles. The possibilities for tailoring pharmaceutical formulation by FB co-

impregnation are endless. One could expect that a formulation prepared by co-

impregnation of an API, followed by a polymer, followed by another API would have the 

effect of a fast dissolution of the second API and a control release for the first.   

6.2.7 Mathematical modeling 

The mathematical model presented in Chapter 5 aimed to study effects of material 

properties and processing conditions have on the resulting API profile. The time span 

between consecutive impregnations was roughly estimated based on several broad 

assumptions. A discrete element modeling (DEM) coupled with computational fluid 
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dynamic (CFD) modeling could be very useful in understanding the motion of particles 

during the FB impregnation process. Such modeling could help estimate the average 

residence time the excipient particles are spending in the spray and drying zones [236, 

237]. It was demonstrated in Chapter 2 and Chapter 3 that FB impregnation was capable 

of achieving high degree of blend uniformity. This is due to the high degree of powder 

mixing in the FB coupled with the high dispersion of the spraying liquid into micron-

sized droplets. Therefore, it is expected that the blend uniformity will depend on the 

drying gas velocity, particle and droplet sizes and liquid spray rate. Modeling the 

impregnation process using DEM could demonstrate important relationships between the 

processing conditions and the resulting blend uniformity [238].  

The model presented in Chapter 5 can be further improved by incorporating gas phase 

diffusion during the falling rate drying period in order to make the model more 

representative for studying examples with high drying temperature. Another 

improvement would be to account for the solvent vapor pressure variation with the solute 

concentration. This will permit studying cases with high initial API concentration and its 

effect on the drying rate and the final distribution of the active ingredient. 
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