
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2019 

Thamer A. Omar  

 

 

 

 

 

ALL RIGHTS PRESERVED



 

 

 

 

IMPREGNATION OF ACTIVE PHARMACEUTICAL INGREDIENTS INTO 

POROUS CARRIERS 

by 

THAMER A. OMAR 

A dissertation submitted to the 

School of Graduate Studies 

Rutgers, The State University of New Jersey 

In partial fulfillment of the requirements 

For the degree of 

Doctor of Philosophy 

Graduate Program in Pharmaceutical Science 

Written under the direction of 

Fernando J. Muzzio  

And approved by 

K                                                              k 

K                                                                k 

K                                                                 k 

K                                                                 k 

 

New Brunswick, New Jersey 

October, 2019



 

 

ii 

 

ABSTRACT OF THE DISSERTATION 

Impregnation of Active Pharmaceutical Ingredients into Porous Carriers 

By THAMER A. OMAR 

Dissertation Directors: 

Professor Fernando J. Muzzio  

 

 

 

Launching of a new drug into the market consumes significant resources and 

research effort and it involves a number of complex steps in drug substance and drug 

product development. The essential component of drug product development is often the 

optimization of the physical properties of the drug substance. The effect of a drug’s 

physical properties on pharmaceutical development can be seen from the first step to the 

final step of development process. For instance, choosing the preferred solid-state form of 

the drug can influence the early steps of drug manufacturing such as the drug-substance 

isolation method, and it can also alter some properties of the final dosage form such as the 

stability and dissolution behavior of the finished product. A simple approach to product 

development is desirable to shorten the required development steps, preferably by 

excluding some unit operations. Therefore, it is of interest to develop a pharmaceutical 
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manufacturing method that can simplify drug product development. In this dissertation, the 

impregnation of drugs into porous carriers is examined as an approach to achieve this aim.  

This work implemented the essential tools for successful drug impregnation into 

porous carriers and specified the requirements for equipment and materials, which are 

necessary to perform this goal. A set of analytical methods to fully characterize the 

impregnated products was also studied. Preliminary studies regarding the use of a fluidized 

bed dryer as an impregnation device were presented to illustrate the applicability of this 

device. Also, a case study of continuous impregnation using a continuous blender as an 

efficient device for continuous impregnation was carried out.   

The first aim of this dissertation investigated the impregnation of an active 

pharmaceutical ingredient (API) into a mesoporous carrier (excipient) in a fluidized bed 

using different transport solvents. Impregnation and drying occurred simultaneously in the 

fluidized bed, and this method precluded several challenges encountered in other 

impregnation methods. Our results showed that the method of fluidized bed impregnation 

yielded a product with high uniformity and overcame several challenges presented by 

traditional physical blends.  

The second aim expanded the use of a fluidized-bed dryer for impregnation of 

active pharmaceutical ingredients (APIs) to include different porous carriers. Impregnating 

different porous carriers with the same drug allowed us to answer fundamental questions 

about impregnation such as drug dissolution and blend uniformity. Since there can be large 

differences in the prices of porous carriers/excipients, it is also important to investigate 

how product properties vary with different carriers to allow one to make cost/benefit 
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decisions in terms of the different carriers. The results demonstrated that a fluidized-bed 

dryer can be successfully used to impregnate Indomethacin into porous carriers with 

different pore sizes. The resulting impregnated products displayed a significant 

improvement in some essential properties such as blend uniformity and drug dissolution, 

which are necessary to develop and formulate APIs into various pharmaceutical dosage 

forms. 

The third and last aim investigated the development of a new manufacturing 

method to continuously impregnate APIs into porous carriers using a Glatt GCG-70 

blender. This work focused on the characterization of the GCG-70 blender with 

consideration to the process parameters (flow rate, impeller rotation), porous carrier type 

(Neusilin or Fujicalin), and tracer amount (low, medium, and high). The characterization 

of the continuous blender depended on two main strategies. The first strategy was 

investigation of the flow behavior of the carriers in the blender. This step was accomplished 

by conducting residence time distribution measurements, material hold up measurements 

and strain calculations. The second strategy was evaluation of the blend uniformity of the 

impregnated products using NIR spectroscopy. These two strategies provided a good 

understanding of the performance of the GCG-70 blender as a piece of equipment for 

impregnation. 
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Chapter 1 Introduction 

1.1 Background 

     Solid dosage forms such as tablets and capsules are the most common dosage 

forms among all prescription drugs (1). Solid dosage forms comprise of a mixture of 

excipients and active pharmaceutical ingredients (API), which are uniformly distributed 

within the excipients. The degree of uniformity in drug content in the product depends 

mainly on the material properties of the ingredients and the mixing process. The extent to 

which the API is homogeneously distributed throughout the excipients during the 

manufacturing process is mostly a function of the particle size distributions, densities, and 

particle shapes of all the components. The difference in properties of the APIs and 

excipients is usually substantial and this can result in a mixture with poor homogeneity. 

This often influences adversely the drug content uniformity of finished products. 

Regarding patient safety, intensive regulation efforts have been applied to ensure a product 

with acceptable content uniformity (2,3). This problem is more critical in pharmaceutical 

products with low average API content. The amount of API in some dosage forms is lower 

than 0.1% by weight (4). In these cases, it is very difficult to ensure a uniform distribution 

of API throughout the excipients. Therefore, ensuring high homogeneity for products with 

low API concentration is a big challenge in pharmaceutical manufacturing. Tablets and 

capsules presently represent more than 70% of the total dosage forms made in the whole 

world (1). Poor uniformity of the blend and poor content uniformity of the final dosage 

forms can be attributed to several overlapping factors (4–8). Segregation, insufficient 

mixing, differences in both the particle size distributions and densities of the blend’s 
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components are some of the main factors, which can lead to problems in homogeneity of 

the blends and final dosage forms. Controlling the particle size of the drug substance is a 

crucial factor in solving problems with content uniformity. However, the particle size of 

API is also important to ensure proper drug release. Moreover, the particle sizes of other 

additives are also important to ensure products with good flowability and high 

homogeneity. Any difference in particle size and particle size distribution between the drug 

and excipients can lead to inhomogeneous products (9). Accordingly, to ensure a safe 

product, the blend homogeneity during the process and the content uniformity of the 

finished products should be thoroughly studied. This situation is more relevant in products 

with low API %. Therefore, regulatory guidance has been created to ensure a final product 

with high content uniformity.  

In this context, the Food and Drug Administration (FDA) requires companies to 

determine the relative standard deviation of (RSD), which is an indicator of product 

homogeneity, for blend uniformity to be not more than ±6%(10). The content uniformity 

required by the United State Pharmacopeia (USP) is restricted to an RSD value of 6%. To 

avoid the risk of producing any out-of-specification batch on a production scale, industry 

maintains tighter limits such as RSD of 3%. It has been stated by United States FDA that 

not only the tablets but also the granules used to produce the tablets should meet the content 

uniformity criteria. These FDA directives have forced industries to pay direct attention to 

this aspect of the manufacturing process.  

Solubility and dissolution behavior are critical properties, which should be 

thoroughly evaluated before incorporating any drug into final dosage form. These 

properties have direct influences on drug absorption and ultimately on its bioavailability. 
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In 1995, Amidon et al (11) proposed The Biopharmaceutical Classification System (BCS). 

In BCS, drugs were classified according to their solubility, intestinal permeability and 

dissolution behavior. In this system the drugs were classified into four classes where drugs 

in class II and IV have low solubility. It has been estimated that 90% of new chemical 

entities, 40% of the top 200 marketed drugs in the USA, and 33% of drugs in the USP fall 

in the low solubility class (12–14). Accordingly, huge efforts have been conducted to 

develop novel formulation approaches in order to improve the solubility and dissolution 

behavior of drugs.  

M. Saffari et al. (9) discussed the improvement of both content uniformity and 

dissolution behavior of poorly soluble drugs using a new loading method. In this study, 

porous mannitol was used as a porous carrier and nifedipine and indomethacin were used 

as model drugs.  The results showed that the RSD in all cases was less than 4% RSD. This 

indicates that the blends were homogeneous. Also, the results presented 80% drug release 

in all blends within 15 minutes. Similarly, the amorphization extent of Ibuprofen after co-

grinding with kaolin (hydrated aluminium silicate) was investigated. The results indicated 

that Ibuprofen existed mainly in a stable amorphous form after milling with kaolin. Also, 

the results showed that there was a significant improvement in drug dissolution (15). 

Equally, the amenability of using ordered mesoporous silicate SBA-15 to improve 

the dissolution behavior of poorly soluble drugs was tested. Ten drugs were impregnated 

into mesoporous silicate SBA-15 using solvent impregnation method. Characterization of 

impregnated products revealed that all drugs were amorphized inside the porous carriers. 

All these products presented improvement in their dissolution behaviors. Furthermore, 
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these impregnated products were stable after storage at 52% relative humidity for 6 months 

(16).  

The effects of different porous carriers on the physical stability and dissolution rate 

of indomethacin have been studied as well. Indomethacin was amorphized with 6 porous 

silicates using co-grinding technique at room temperature and 75% relative humidity (RH) 

in a rolling jar mill. The amorphizing products were physically stable for 3 to 6 months at 

40°C/75% RH. Moreover, the results showed that the amorphization time, chemical 

stability, dissolution, and solubility were largely depended on the physicochemical 

properties (surface area, crystallinity, presence and absence of metal ions such as Mg2+, 

Al3+, Ca2+) of the silicates (17).  

The effect of ordered mesoporous silica (OMS) on the in vivo bioavailability of 

itraconazole has been conducted. The oral bioavailability of the product materials was 

compared to the crystalline itraconazole and the marketed products using dogs and rabbits 

as animal models. The results pointed out that itraconazole, which was loaded into OMS, 

presented a significant improvement in all pharmacokinetic parameters comparing with 

crystalline itraconazole. However, the itraconazole loaded into OMS showed the same oral 

bioavailability as the marketed sporanox®. These results indicated that loading of 

itraconazole into OMS can be considered as a promising tool to improve the in vivo 

bioavailability of poorly bioavailable drugs(18).  

In an article entitled “Solubility modulation of bicalutamide using porous silica”, 

the applicability of using AEROPERL_300 Pharma as porous carrier to improve the 

dissolution behavior of bicalutamide (BCL) has been studied. Results indicated that there 
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are significant improvements in the dissolution profiles of the products comparing with 

neat BCL. This improvement in the dissolution profiles was mainly due to high surface 

area, increasing hydrophilicity and BCL amorphization (19). So far, the dissolution 

enhancement of poorly soluble drug Tranilast (TLT) was studied using a solid dispersion 

technique. Neusilin (NEU) was used in this work as an inorganic porous carrier and it was 

co-processed with hydrophilic surfactants such as labrasol and labrafil. 

TLT/NEU/surfactants have been formulated into different formulas and continuously filled 

into capsules. Physicochemical characterizations revealed that TLT partially amorphized 

inside the NEU. In addition, inline-NIR showed that TLT and NEU could interact by 

forming H-bonding, which can improve the dissolution behavior of TLT(20). Additionally, 

Pardhi, V et al (21) evaluated the improvement in the cytotoxic effect of niclosamide after 

loading it into mesoporous drug delivery systems. The results pointed out that there is a 

significant improvement in dissolution behaviors of loaded silica carriers compared to pure 

drug. However, structural geometry, pore size and microenvironment pH had a noticeable 

effect on drug dissolution profiles. Approximately 3-fold and 2-fold increasing in the 

cytotoxic effect of niclosamide loaded Syloid-244 and Sylysia 350 at 1:2 ratios respectively 

were pointed out comparing to the pure drug.  

Likewise, Liu, L et al (22) tested the applicability of using precipitated and non-

precipitated silica in improving the solubility of artemether. In addition, the dissolution 

showed a significant improvement in the dissolution profile of dispersion products. The 

authors attributed this improvement in the dissolution rate to high surface area of porous 

carriers, amorphization of drug, and enhancement of wettability. However, Oguchi et al 

(23) stated that the improvement of drug solubility and dissolution after loading it into 
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porous carriers is mainly due to amorphization of poorly soluble drugs inside the pores of 

the porous carrier. micro-pores while ibuprofen was mainly positioned inside the micro-

pores in all cases. Moreover, the dissolution studies showed that all products presented fast 

release profiles. On the other hand, Bahl, et al (25) observed that the improvement in drug 

dissolution after co-grinding with silicate was not due to amorphization alone. Various 

polymorphs and a pH change of the medium were observed. These changes were mainly 

due to the presence of silicic acid and ions (Mg2+ and Al3+) in the dissolution media. 

Accordingly, they concluded that amorphization alone is not the main cause of the 

dissolution improvement. Acidity, ions, and silicic acid can be considered as main causes 

for dissolution improvement. Mellaerts et al (24) studied the physical state of poorly 

soluble drugs (Itraconazole and Ibuprofen) inside the pores of the ordered mesoporous 

silica material SBA-15 and examined the mechanism of dissolution improvement using 

this carrier. The results showed that itraconazole was in mesopore and  

Although the loading of drug into porous carrier mainly serves to increase the 

dissolution rate, some studies showed that using this approach could also control or prolong 

the release rate of drug dissolution. F. Qu et al.(25) focused on studying the effect of both 

pore size and morphology of mesoporous silica on drug loading and drug release. They 

showed that both drug loadings and dissolution profiles depend on the pore size and the 

morphology of mesoporous carriers. Also, they found that large pore size with spherical 

morphology resulted in the fastest drug dissolution. In the same way, Verraedt, E. et al (26) 

demonstrated that amorphous microporous silica (AMS) could be utilized to control the 

release of the antiseptic chlorhexidine. The results showed that the dissolution behavior of 

chlorhexidine was very slow and extended for 7 days. This release profile was controlled 
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by AMS, which has pores less than 1 nm. Particles size and pore diameter of AMS were 

the main factor controlling the release profile of chlorhexidine. 

It has also been confirmed that using porous carriers can improve the stability of 

drugs. Mallick S, et al (15) conducted a study to investigate the amorphization extent of 

Ibuprofen after co-grinding with kaolin (hydrated aluminium silicate). Their study 

indicated that Ibuprofen existed mainly in a stable amorphous form after milling with 

kaolin, and there was a significant improvement in drug dissolution. In another study, 

Ibuprofen (API) and mesoporous SBA-15, a submicron porous carrier, were co-sprayed 

together at different ratios to produce amorphous dispersions. All products showed fast 

dissolution profiles and were stable under stress conditions (40 ᵒC and 75% humidity). 

Furthermore, Bahl and Bogner (27) tested the impacts of indomethacin (IND): Neusilin 

US2 (NEU) ratio and the humidity level on the amorphization, stability and the mechanism 

of interaction between IND and NEU. They found that the resulting products were stable 

at accelerated conditions. R. Laitinen et al.(28) mentioned that amorphized drug products 

generally need stabilizers. Polymers are mainly used as carriers and stabilizers for these 

products, but using polymers leads to some problems, such as slow drug release. Therefore, 

alternative approaches should be developed to overcome these obstacles. The importance 

of using mesoporous silicon and silica-based carriers to stabilize the amorphous drugs has 

been thoroughly discussed. A. Krupa et al (29) studied the effect of magnesium 

aluminometasilicate (Neusilin US2) (NEU) on the stability of ibuprofen (IBU) at elevated 

temperatures. Results indicated that the presence of NEU stabilizes IBU at high 

temperature. Correspondingly, Q. Wei et al (30) studied the physical stability of rutin after 

loading it into AEROPERL_300 Pharma. The resulting materials showed fast dissolution 
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profiles and stable products. X. Li et al (31) prepared solid dispersions by loading 

azithromycin (AZI) into Aerosil 200 using ball mill (BM) and hot melt extrusion (HME). 

The results indicated that HME produced physically stable solid dispersions while BM 

resulted in products with low physical stability. This is mainly due to the formation of H-

bond in BM method while H-bond did not exist in the products of HME. H-bond formation 

enhances the re-crystallization process and produces physically unstable products. 

In addition, Gupta et al (32) found that adsorption of drugs into porous carriers 

enhances the dissolution and the bulk properties of drugs. In their study, drug was adsorbed 

into the surface of Neusilin. The resulting products presented faster dissolution profiles 

with good flowability and acceptable compactibility than the corresponding physical 

blends. Shah, A.  and Serajuddin, A.T.M. (33) demonstrated that the addition of Neusilin 

US2 (NEU) into solid dispersions of haloperidol enhanced the tabletability, the flowability 

and the dissolution behaviors of the resulting materials. Similarly, Suhas G. Gumaste et al 

(34) found that the addition of Neusilin into the preparation of self-emulsifying drug 

delivery systems (SEDDS) improves the flowability, content uniformity, tabletability and 

dissolution rates of the producing materials. 

1.2 Impregnation  

     As mentioned previously that loading of drugs into porous carriers has many 

applications and benefits in the development of pharmaceutical dosage forms. As such, 

significant efforts have been applied to invent new porous carriers with new applications. 

Schlack et al (35) compared the physical and powder properties, compressibility, and 

compactibility of di-calcium phosphate anhydrous )Fujicalin) with directly compressible 

di-calcium phosphate di-hydrate (DCPD). Fujicalin presented the same or maybe better 
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flow properties than DCPD. Upon compaction both excipients presented the same 

deformation mechanism, fragmentation. However, SGDCP produced significantly harder 

tablets. In another study, the authors evaluated the amenability of using template 

mesoporous silica (MCM 41) as a carrier for biologically active molecules. Ibuprofen 

(IBU) was used in this study as a model drug because it is commonly used as an anti-

inflammatory drug and is hydrophobic in nature. Furthermore, it has a small molecular 

size, which allows it to be placed inside very fine pore size of MCM 41. The in vitro release 

profile was measured using simulated biological fluids (gastric and intestinal) showed a 

significant improvement in the release of IBU(36). Speybroeck et al (37) discussed the 

applicability of using ordered mesoporous silicate SBA-15 as a promising carrier to 

improve the solubility of a group of poorly soluble drugs. All drugs were successfully 

loaded into SBA-15 and produced stable amorphous products. Thus, it can be concluded 

that SBA-15 can be successfully used to improve the dissolution behavior of poorly soluble 

drugs. Also, evaluation of the effects of surface properties, pore volume, surface area, and 

particle size of mesoporous silicon (thermally oxidized and thermally carbonized) and 

mesoporous silica (Syloid AL-1 and 244) on the drug loading efficiency and dissolution 

behaviors of itraconazole (ITZ) has been conducted. The results indicated that the loaded 

ITZ was in amorphous form, and there was a significant improvement in the dissolution 

behavior of ITZ. Nevertheless, the mesoporous silica showed stable products after storage 

under accelerated conditions while silicon products presented drug degradation after 

storage (38).  

The physical and tableting properties of Silica Aerogel®, Neusilin® US2 

(magnesium aluminometasilicate), Florite® (calcium silicate) and Aerosil® 200 (colloidal 
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silica) have been studied as well. Although the tabletability of Neusilin® is independent 

on the silicate concentration, the tablet’s hardness of Florite® is concentration dependent. 

However, increasing the concentration of Aerosil® and Aerogel® resulted in decreasing 

their tablets’ hardness. All tablets from pure silicates showed sufficient tensile strength 

except Aerosil®(39).  

Consequently, loading of drugs into porous carriers leads to change in many 

physicochemical properties of drugs. Therefore, it is of interest to examine these changes 

by using different characterization techniques. For instance, Differential Scanning 

Calorimetry (DSC), Powder X-ray Diffraction (PXD), and Raman Spectroscopy can be 

used to confirm the amorphous state of drugs inside the pores of porous carriers. Also, 

particle size distribution and flow properties can be used to show that the drugs are inside 

the pores and not at the surfaces of porous carriers. Furthermore, dissolution profiles and 

droplet penetration can be included to characterize the improvement in the solubility and 

wettability. Accordingly, various studies have been conducted to confirm these changes. 

M. Llusa et al (40) studied the changes in the wettability of product materials using 

a modified Washburn method. Different physical blends were prepared with various 

percent of Magnesium stearate and different shear and strain rates. Results showed that an 

increase in the lubricant’s concentration from 0.5% to 2% with increasing shear and strain 

significantly increased the blend’s hydrophobicity. This phenomenon is important because 

it can lead to over-lubrication during the preparation of pharmaceutical blends. J. Knapik, 

et al (41) utilized broadband dielectric spectroscopy (BDS), differential scanning 

calorimetry (DSC), and X-ray diffraction (XRD) to study the molecular mobility and 

crystallization kinetics of ezetimibe. The results showed that ezetimibe rapidly 
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recrystallized from amorphous state at temperature (T) below and above its glass transition 

temperature and the structural relaxation time of amorphous ezetimibe was exactly similar 

to the recrystallization time ezetimibe from amorphous state. Similarly, the crystallization 

tendencies of three amorphous drugs, etoricoxib, celecoxib, and rofecoxib were tested 

using broadband spectroscopy. The results of dielectric broadband spectroscopy and infra-

red (IR) indicated that etoricoxib underwent a tautomerization, which was the main reason 

behind improving its physical stability. In addition, hydrogen bonds between the single 

isomers might be existed possibly leading to stronger stabilization of etoricoxib (42). In 

another study, a robust test to characterize the physical stability and investigate the phase 

separation during the screening studies of drug development was developed. The authors 

concluded that isothermal calorimetry is an efficient test to study the physical behavior of 

spray dried dispersions, and orthogonal analytical techniques such as pXRD, ssNMR and 

FTIR were helpful keys to study the physical stability in more details(43). In another study, 

the mechanical properties, thermal properties and tableting behavior of amorphous solid 

dispersions (ASD) has been characterized. The characterization methods included 

differential scanning calorimetry (DSC) and nano-indentation (44). 

1.3 Impregnation Methods 

Impregnation has been applied traditionally in catalysis manufacturing. In this 

process, catalytic species is loaded into porous materials as a solution or a suspension  

(45,46) . However, it has been reported that this method is also suitable to load porous 

material with drugs  (16,47,48). This method simply consists of mixing the loading solution 

with the porous carrier. Penetration of the drugs into carrier’s pores occurs by capillary 

action. Then, the resulting product is dried to exclude any solvent. 
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Different methods have been developed to load the drugs into porous carriers. For 

instance, C. Charnay et al (36)loaded a drug into a template mesoporous silica (MCM 41) 

using two different loading approaches and various solvents. The results showed that the 

solvent has an important effect on the drug loading. The highest loading was obtained using 

hexane as a solvent while there was no drug loading using DMA. In another work, the 

properties of amorphous products produced by different preparation methods had been 

compared. Solid dispersions of Neusilin and Sulindac were produced using both ball 

milling (BM) and Cryo-milling (CM). The results demonstrated that BM materials 

presented better physical stability than CM materials at accelerated conditions. 

Simultaneously, amorphous dispersions of these two components were produced using a 

scalable hot melt extrusion (HME) process. The results indicated that HME materials 

showed the same physical properties as milling materials while the dissolution behavior of 

HME was better than the dissolution behaviors of milling materials  (49). Correspondingly, 

the impacts of carriers and preparation methods on the features of amorphous solid 

dispersion of itraconazole were explored. The results indicated that Neusilin showed faster 

amorphization than Veegum, and Calcium Phosphate Dibasic Anhydrous. Furthermore, 

the solvent-deposition method presented higher dissolution rate than the ball milling 

method. Consequently, these results suggested that both the type of solid carriers and the 

preparation method have a clear effect on the drug deposition, amorphization time, physical 

stability and drug dissolution rate (50). In addition, Azithromycin-Aerosil200 solid 

dispersions were produced by two methods: ball milling and hot melt extrusion. X-ray 

diffraction and DSC demonstrate that most of the products were completely amorphous. 

FT-IR showed that there was a hydrogen bond between the drug and Aerosil-200. The 
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results also suggested that hot melt extruded products were more stable than ball milled 

products(31). Maniruzzaman et al (51) developed a one-step loading method using a twin-

screw extruder. This researcher also studied the behavior of Mg Al metasilicate (Neusilin) 

as a mesoporous carrier in hot melt extrusion processing of indomethacin (IND) for the 

manufacturing of solid dosage form. All extruded products showed that IND existed mainly 

in amorphous form with fast dissolution behavior and excellent physical stability under 

accelerated conditions (40 ᵒC, RH 75%) for 12 months. Also, the impregnation of 

fenofibrate on mesoporous silica using incipient wetness and supercritical carbon dioxide 

methods was studied. The results showed that the drug loading efficiency using 

supercritical impregnation was higher than for the incipient wetness method. Also, 

supercritical impregnation reduced drug crystallinity more than for the incipient wetness 

method. From these results, one can conclude that supercritical impregnation is better than 

incipient wetness impregnation to load Fenofibrate and to reduce its crystallinity (52). 

While most of the previous methods hold promise, they also possess some 

drawbacks and limitations. Co-grinding of drugs with porous carriers needs a long milling 

time to accomplish amorphization. Hot melt extrusion (HME) mainly depends on the use 

of polymers and require a melting process to prepare the solid dispersions (SODs). 

Accordingly, HME could result in drug-polymer interaction, and chemical degradation of 

the drugs, and in some cases, the chemical degradation of the polymers. Hence, drugs, 

polymers and other excipients should be carefully selected to produce SODs with good 

properties. Furthermore, the implementation of supercritical CO2 to load drugs has 

limitations, which include the restricted solubility of most drugs in the supercritical CO2 

and the cost of its application in the large scale. Recently, lipid containing drug products 
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have been adsorbed into porous carriers to improve some properties. However, this 

approach mainly results in products with poor flowability and poor compactibility. 

Therefore, there is a significant need to develop a novel loading method that can bypass all 

the above drawbacks and limitations mentioned above. 

1.4 Fluidized bed impregnation 

Recently, Grigorov et al (53) attempted a new method to impregnate drugs into 

porous carriers. This method involved spraying the drug solution into porous carriers 

within a fluidized bed (FB). Impregnation and drying occurred simultaneously and the 

method enabled the practitioner to achieve different drug loadings independent of the 

drug’s solubility. This approach eliminated the need to repeat spraying and drying cycles, 

unlike the wet impregnation methods. Furthermore, the method displayed a uniform 

distribution of the API within the carrier, thereby resulting in a product with excellent blend 

uniformity and a narrow particle size distribution. Moreover, this method is easy to scale-

up. Fluidized bed impregnation is a single step process to load drug substances into a carrier 

and eliminates several operations from the drug substance development routine. In 

addition, fluid bed impregnation also eliminates unit operations such as blending and 

granulation from the drug product development process. Fluid bed impregnation is easy to 

integrate in a manufacturing train, and also lends itself to continuous processing.  

1.5 Continuous impregnation 

While most other industries such as petrochemicals, catalysts, and food transitioned 

large fractions of their production processes to continuous manufacturing (CM) procedures 

decades ago, the pharmaceutical industry still depends predominantly on conventional 

batch manufacturing processes. This delay in implementing CM to pharmaceutical 
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processes is due to the rigid regulatory rules to introduce new manufacturing processes. 

Until recently, this led to a “freeze”  of the process development toolbox in pharmaceutical 

manufacturing (54,55). However, batch manufacturing is not an efficient approach for 

either manufacturing or development of pharmaceuticals. This manufacturing procedure 

requires many manufacturing steps and necessitates a complex and risky scale-up studies 

(56). In recent years, large efforts have been devoted to finding alternative processes that 

are feasible, acceptable and robust. Continuous processes can be considered as a potential 

alternative to developing and enhancing the pharmaceutical manufacturing and it has 

recently got the interest of both industry and regulatory authorities (57–64). As mentioned 

above, CM were implemented in many industries such as chemicals, food, household, and 

many others. Many advantages, which mainly include reproducibility, affordability, and 

robustness, have been reported (56). Accordingly, US FDA has characterized CM as an 

emerging technology (64–68). Recently, five drugs manufacturing processes depending on 

CM methods have been approved in the USA by FDA and many others are expected in the 

coming years (69). 

Pharmaceutical companies are potentially seeking to conduct CM process in 

manufacturing of new and existing products. While approaches to implement CM 

technology may vary among practitioners, a consensus is rapidly emerging regarding the 

importance of understanding process dynamics to achieve reliable process performance 

and ensure acceptable product quality (58,66,70,71). Continuous processes offer many 

advantages including: less exposure to powders and pharmaceutical products, less 

handling, and efficient built-in quality control. Also, continuous processes could enable 24 

hour automated production line (lights-out operation) and a simple scale-up requirement, 
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which is easily achieved by elongating the production time with no need to increase the 

equipment’s dimensions as in batch processes (56). Moreover, CM offers better 

controllability, and lower manufacturing cost by decreased footprint and labor (54). For 

these and other reasons, CM has been gaining more momentum, and several techniques 

have been reported for continuous process. As continuous processing offers significant 

advantages over batch production (automation and a reduction of batch to batch variation, 

labor cost and processing time), several types of equipment providing a successful 

continuous process have been reported such as continuously operating mixers, high shear 

granulators and fluidized bed granulator (72–74). As mentioned early in this section, due 

to the rigid nature of pharmaceutical regulatory framework, the pharmaceutical industry 

has remained largely confined to conventional batch manufacturing. However, since the 

inception of the Process Analytical Technologies initiative (PAT) (75), and more recently, 

the Quality by Design (QbD) initiative (76), significant efforts in designing new 

manufacturing strategies are underway. The pharmaceutical industry can currently be 

considered in the process of undergoing a transition from conventional batch 

manufacturing production to CM. The market globalization, the reduced lifespan of patents 

and the overall decreased profitability of newly discovered drug substances are 

encouraging big pharmaceutical companies to shorten the drug development times with 

maximum throughput by adopting CM (69). Therefore, CM processes can provide an 

efficient and promising alternative for achieving these goals (77).CM provides better 

product quality assurance than batch processes, with less labor cost and development time. 

Furthermore, process analytical tools (PAT) can be easily implemented for the purposes of 

in-line process monitoring and quality control (51,78). 
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Residence Time Distribution (RTD) is a parameter, which is commonly used in 

many unit operations, such as the continuous manufacturing of chemicals, food, catalyst, 

and pharmaceuticals. RTD was first used in 1953 by Danckwerts (79) as a tool to describe 

non-ideal liquid mixing in chemical reactors. RTD is defined as the probability distribution 

of time that explains the amount of time a mass stays in a unit operation (80). One common 

method to measure RTD is to input a pulse, a rapid concentration, of material that can 

easily be detected by an analytical method.  This detectable material is referred to as a 

tracer. RTD curves can be utilized to estimate how material fluctuation will convey through 

the unit operation or to determine when the impurities or wrong added materials will 

completely leave the system, or when the ingredients in a given product unit were supplied 

(81). To clarify the RTD concept, as material enters a continuous blender during steady-

state operation, most particles stay in this blender for a time close to a certain mean value, 

defined as the mean residence time (MRT). However, some particles leave the blender 

more quickly due to faster movement in the axial direction while other particles reside 

longer in the blender due to unexpected backward mixing or staying in the dead zone of 

the blender for a while. Therefore, a group of particles moving in a continuous blender at 

steady state has a range of residence times, called (RTD) (82). 

There are two main typical residence time behaviors: plug flow and continuous 

stirred tank flow. In plug flow, particles entering the blender as a group leave the blender 

together also as a group. These particles move at the same speed along the blender axis, so 

just cross-sectional or axial mixing happens. On the other hand, continuous stirred tank 

flow suggests that when a group of particles entering the blender some of these particles 

leave quickly and some particles require a very long time to exit the blender. Therefore, 
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both axial and radial mixing can be seen in continuous stirred tank flow. The behavior of 

all blenders in real cases is in between these two typical states. Both plug flow and 

continuous stirred tank flow will be discussed in more details in Chapter 5. 

1.6 Organization of the dissertation 

The main aims of the work described in this dissertation is to disclose the use of 

fluidized bed impregnation techniques to the pharmaceutical industry, and to demonstrate 

its promising advantages over current manufacturing process for solid dosage forms. 

Effects of material characteristics, solvent properties, and processing conditions are 

investigated to explore the applicability of fluidized bed impregnation for a wide range of 

materials. Also, the effects of these factors on the properties of the resulting products were 

thoroughly studied. The robustness of the fluidized bed impregnation process, and its 

applicability for a variety of solvents were tested (Specific Aim I). In this work, we tested 

the impregnation of drug in a porous carrier using both water and methanol. The results of 

these two solvents were compared to figure out the effects of these solvents on the 

properties of impregnated products. The method of FB impregnation is further broadened 

to include other APIs and excipients to demonstrate the robustness and generality of FB 

impregnation and also to elaborate the effects of carrier characteristics on resulting 

products (Specific Aim II). In this aim, we studied the efficacy of three different porous 

carriers to prevent or reduce the crystallization of a drug. These porous carriers mainly 

differ in pore sizes and bulk properties. Continuous impregnation of drugs into porous 

carriers have been addressed as well (Specific Aim III). The effect of process parameters, 

and properties of porous carriers on the residence time distribution (RTD) was studied. 

Also, the correlation between RTDs and content uniformity have been established. 
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The work in this dissertation is accomplished in the three specific aims as follows: 

Specific Aim I: Studying the feasibility of using Fluidized Bed to impregnate active 

pharmaceutical ingredients (APIs) into porous carrier using different solvents (Chapter 3). 

Specific Aim II: Evaluating the performance of different porous carriers in fluidized 

bed dryer and studying the effects of these porous carriers on the properties of impregnated 

products (Chapter 4). 

Specific Aim III: Evaluating and Testing the applicability of continuous 

impregnation methods and studying factors affecting on RTD (Chapter 5). 
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Chapter 2 Overview of materials, equipment, processing methods, 

and analytical techniques 

2.1 Introduction 

Solid dosage forms mainly include tablets and capsules. The formulation aspects of 

solid dosage forms design depend on many factors such as drug properties, manufacturing 

and therapeutic considerations. Examples of drug properties that influence the formulation 

of tablets and capsules, include physical and chemical properties of drug substances. 

Manufacturing considerations include for example the cost of manufacturing along a 

specific method. On the other hand, therapeutic considerations, which influence the design 

of dosage forms, involve patient age, pharmacokinetic and pharmacodynamics of the drug 

substance, site of action …, etc. Although most APIs can be produced in tablet or capsule 

form, the selection of suitable manufacturing unit operations to produce a tablet or a 

capsule is restricted to API properties. The manufacturing unit operations of a tablet or/and 

a capsule include blending, extrusion, wet or dry granulation, drying and compaction. Most 

APIs require a combination of at least two-unit operations to be produced as tablets or 

capsules. All the above-mentioned unit operations have been thoroughly studied, and a 

substantial knowledge and experience are available to control successfully the 

manufacturing of almost any API using these manufacturing unit operations (83,84). 

Unfortunately, there is limited information on impregnation as a process for 

manufacturing of solid dosage forms. Although, there is recent interest in the impregnation 

process, a huge effort is still needed in order to deeply explore this process.  
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Most current research has focused on the characterization of impregnated products 

such as drug dissolution and API physical state; however, testing the robustness of this 

manufacturing process is still required to be investigated. Accordingly, establishing a 

regime map of the impregnation methods is necessary to deeply understand how this 

process could be controlled. Also, most of the current impregnation work is still at bench 

level while a manufacturing process should be conducted on a larger scale.   

Simply, an impregnation process consists of two main steps: (1) Mixing of API 

solution with a porous host, and (2) Drying the resulting product (48,85). The mixing step 

could be done in any blender such as a V-blender, a granulator, a high shear mixer, and a 

fluidized bed device while drying step could be done utilizing oven or fluidized bed dryer. 

If we can combine both mixing and drying in one step, this will reduce the unit operations, 

powder handling requirement and cost. These benefits can be obtained utilizing fluidized 

bed for impregnating API into a porous carrier and then drying the product.  

In a fluidized bed, both mixing and drying will happen simultaneously. In order to 

ensure the success of the impregnation process, the process parameters should be carefully 

selected. Four possible scenarios can occur during the spraying of an API solution or 

suspension into a porous carrier including: spray drying, coating, agglomeration, and 

impregnation. The process parameters that control these scenarios are (1) the spray rate 

(Rs), of the API solution into the porous host (2) the drying rate (Rd), which is the 

evaporation rate of the solvent and (3) the impregnation rate (Ri), which is the penetration 

rate of the API solution into the pores of the carrier. The relative rates of these three 

parameters determine the process outcomes and as the following:  
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1) Spray drying: This happens when the Rd is much higher than Rs and Ri. In this 

case, API solution will be dried before arriving the host particles. 

2) Coating: This occurs when the Rd is higher than the Rs and the Rs is higher than 

Ri. This results in a layer coating of API around the host particles because the 

penetration of API solution into the pores is slow, so API solution will be dried on 

the surface of host particles before its penetration into the pores. 

3) Agglomeration or granulation: This can be noticed either when Ri < Rd < Rs or Ri 

> Rs > Rd. In the first case, the spray rate is high; thus, a liquid layer of API solution 

will exist around the host carrier, which “glues” the particles to each other and 

results in agglomeration or granulation. In the second situation, the impregnation 

is high, which allows a high amount of API solution to penetrate the pores and leads 

to pores saturation. At the same time high Rs with low Rd results in accumulation 

of API solution at the surface of carriers and leads to (undesirable) granulation. 

4) Impregnation: This situation can be seen when Ri > Rd ≥ Rs. Impregnation will be 

achieved in this case because the penetration of API solution into the pores of 

porous carrier is high. To avoid saturation of pores and agglomeration of particles, 

the Rs should be less or equal to Rd, which lead to evaporation of solvent before 

saturation.  

In order to ensure a favorable impregnation mode, these three parameters (Rs, Rd 

and Ri) should be carefully selected. Ri is mainly related to the properties of porous carriers 

such as wettability and pore size while Rs and Rd are process properties. 
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 On the other hand, in continuous impregnation work, which is presented in this 

dissertation, drug was successfully impregnated into porous carrier using a continuous high 

shear blender. This device is an efficient mixer and it is supplied with a nozzle for spraying 

of the API solution into the porous carrier. However, there is no ability to dry the resulting 

products within this device. Therefore, the parameters of interest in continuous 

impregnation are the pumping rate (Rp) of API solution and the impregnation rate (Ri). 

There are two possible outcomes from this process: 

1. Agglomeration or granulation: Ri < Rp. API solution coats the carrier particles and 

then attaches these particles together. If the Rp is higher than Ri, then we will have 

granulation because the API solution is dropped into the porous carrier at a higher 

rate than the penetration of API solution into the pores of the carrier. Then the API 

solution fills the pores and eventually oversaturation of carrier’s pores occurs. As a 

result, a layer of API solution will be formed at the carrier’s surface, which will 

result in granulation.  

2. Impregnation: Ri > Rp. If the pumping rate is slower than the impregnation rate, 

then impregnation of API solution into the porous carrier will happen. In order to 

ensure successful impregnation, the mass or volume of API solution should not 

exceed the absorption or loading capacity of the porous carrier. For this reason, the 

pumping rate must be less than the impregnation rate.    

Accordingly, to ensure successful impregnation using a continuous blender, the 

pumping rate and impregnation rate should be controlled to keep a reasonable liquid/solid 

ratio and to avoid exceeding the loading or absorption capacity of the porous carrier at any 



24 

 

 

 

location. As mentioned previously, the impregnation rate is a carrier property while 

pumping rate is a device parameter (which should be carefully selected).  

The most common properties for excipients, APIs and solvents relevant to 

impregnation are discussed in this chapter. In addition, the general processing conditions, 

the equipment properties and the relevant characterization methods and analytical 

techniques that were used in this work, are described below in this chapter. The 

experimental set up and analytical material characterization methods that are relevant to a 

specific part of the work have been presented in the individual relevant chapters. Lastly, a 

brief preview of the data is presented at the end of this chapter to exemplify the applicability 

of using a fluidized bed and a continuous blender to impregnate a drug into a porous carrier. 

2.2 Materials and equipment selection 

Three main types of materials have been used in this work: the porous carrier, the 

API, and the solvent. In order to ensure a successful impregnation process, the materials 

used in this work were carefully selected.   

2.2.1 Porous Carriers 

The typical porous carriers for impregnation should have enough internal surface 

area, good flow properties, narrow particle size distribution, be insoluble in most organic 

solvent, and be physically stable under impregnation conditions. Impregnation is defined 

as a process of placing chemicals (including drugs) into the pores of a porous host. 

Therefore, the internal surface area and the pore size of porous carriers play crucial roles 

in the impregnation process. High internal surface area provides enough absorption 

capacity to API solution, which results in a high loading of API into the porous carrier. 
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Moreover, small pore size ensures a stable amorphization of API inside the pores of the 

carrier. Impregnation also aims to improve the flow properties of API. Selecting a carrier 

with excellent flow properties is necessary to ensure good flow properties of the resulting 

impregnated products. Furthermore, the impregnation process by itself requires an 

excipient with good flow properties because an efficient mixing step is essential to the 

success of impregnation. This property is very important especially for fluidized bed 

impregnation because fluidization characteristics of a powder depends mainly on its flow 

properties. The typical porous carrier should be in groups A and/or B of Gelart’s chart (86). 

In addition, the particle size distribution of the porous carrier is a critical property in 

impregnation. The particle size distribution has an impact on blend and content uniformity, 

which are very important (critical) material and quality attributes used in making release 

decisions of the resulting dosage form. In order to avoid segregation and poor content 

uniformity of the pharmaceutical products, the particle size distribution of the porous 

carrier should be very narrow. Also, because in impregnation, we need to dissolve the API 

in organic solvents, the porous carrier should be insoluble in such solvents. If the porous 

carrier is soluble in the organic solvents used in the process, this will destroy the internal 

structure of these carriers and also result in a granulation. Moreover, the porous carriers 

should be stable during the impregnation process. The porous carriers are also exposed to 

attrition, and potentially to high temperature. Thus, they should be stable in these 

conditions. Preserving the original particle size distribution (PSD) of the carrier is essential 

to the success of the impregnation process.  
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2.2.2 API Properties 

The API used in impregnation should possess three main properties: it should be 

stable under relevant experimental conditions, it should be soluble to a significant extent 

in different types of solvents, and it should be inert. As mentioned previously, the 

impregnation experiments include some harsh conditions such as high temperature and 

attrition. The API should be physically and chemically stable to these conditions. For 

instance, if the API is heat labile, high temperature may melt or decompose it. Also, the 

API should have a relatively high solubility in organic solvents because a key element of 

impregnation is dissolving the drug in a solvent and then spraying it into a porous carrier 

in a liquid form. Finally, the API should be inert when combined with the porous carrier. 

If there is any possible chemical interaction between the carrier and the API, such an API 

should be excluded from the impregnation study. 

2.3 Equipment requirements 

In this section, the properties of equipment, which are required to manufacture and 

characterize the impregnated products, are discussed. These equipments can be classified 

into two main classes: equipment for manufacturing the impregnated products and 

equipment to characterize these products.  

To enhance the manufacturing of impregnated products, the most important 

property that should be available in the impregnation device is providing a good mixing. 

API content uniformity is very important criterion for all regulatory agencies including 

FDA. The API should be uniformly distributed in the solid dosage forms. In order to get 

highly uniform products, the mixing device should provide efficient mixing of the porous 

carrier and the API solution. Furthermore, the most convenient impregnation devices 
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should have the capacity of drying the impregnated products. In this case, impregnation 

and drying happen simultaneously. This enhances the impregnation process with no need 

for separate drying step. In this case, all the required processes will occur in one device.  

In this dissertation, two main devices were used for manufacturing of 

pharmaceutical impregnated products: Fluidized Bed (Minglatt) Dryer and Continuous 

Glatt Blender. 

2.3.1 Fluidized Bed Dryer 

In pharmaceutical manufacturing, Fluidized Bed (FB) devices are used as dryers, 

coaters, and granulators. FB processors have low shear effect, and high mixing 

performance with high drying capacity. These properties make FB processors an ideal 

device for impregnation. Fluidizing a porous carrier using a hot air and spraying API into 

the carrier produce thoroughly dried and highly homogeneous products. In this case, 

spraying and, loading/drying happen continuously and simultaneously. 

The fluidized bed dryer selected here for the impregnation process is presented in 

Figure 2-3. It is a lab unit (Miniglatt), and its weight capacity is 500 grams. Monitoring 

process parameters such as process air pressure, atomizing air, temperature, and atomizing 

air pressure is simple and accurate. 

2.3.2 Glatt continuous powder mixer 

In continuous impregnation, we used a modified continuous blender, which is also 

utilized in dry blending. This blender is supplied with a nozzle for spraying the API 

solution. Ingredients were mixed and impregnated simultaneously. The loss-in-weight 

feeder is used to accurately dispense the host particles, which flowed to the continuous 
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blender.  The impregnation step occurs in the continuous blender, after which the powder 

falls into a transition vibratory feeder where the NIR probe scans the powder bed.   

The continuous blender (Glatt GCG-70) applies high shear and achieves excellent 

mixing performance. Figure 2-2 shows the blender tube.  The unit was set up with a one-

third forward-alternating-forward blade configuration. The first eight paddles and the last 

eight paddles all were angled in the forward direction to convey the powder forward 

through the process. The middle eight blades were angled in an alternating forward and 

backward direction, creating a zone of back-mixing where most of the blender hold up is 

located. This blade configuration was fixed throughout all the experiments Figure 2-3 

illustrates the blending shaft with the blades. 

2.4 Analytical methods   

The impregnated products should be fully characterized in order to take a complete 

idea on both microscopic and macroscopic physical properties. During and after loading of 

API into porous carriers, significant changes in the physical properties of API could 

happen. These changes can include alteration in the physical state of API (amorphous or 

crystal), particle size distribution, flow properties, internal surface area, pore volume, and 

dissolution rate of API. The characterization studies presented in our work cover most of 

the above- mentioned possible changes in the impregnated products. 

2.4.1 Microscopy 

To characterize the morphology of impregnated particles, the efficient scanning 

electron microscopy (SEM) was used. This device clarifies the presence of any coating, 

agglomeration, and change in the shape or particle size of the impregnated products. The 
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aim of the impregnation process is to preserve the original morphology of the porous 

carrier. All SEM pictures were captured using a Zeiss Sigma FE-scanning electron 

microscope. 

2.4.2 Differential scanning calorimetry (DSC) 

DSC is an efficient device to study the physical state of drugs. It can differentiate 

whether the drug is in a crystal or an amorphous form. Moreover, DSC can determine the 

crystalline form of the drug. It correlates the heat energy input into the drug to the 

temperature at which physical changes take place. This can determine the thermal behavior 

of the drug whether it is endothermic (melting) or exothermic (crystallization). If there is 

no peak observed in the measurement, it means that the drug is in its amorphous form. 

Differential scanning calorimetry (DSC) analysis was performed using a differential 

scanning calorimeter Q1000 by TA Instruments. 

2.4.3 Powder X-ray diffraction (p-XRD) 

p-XRD is also used with DSC to determine the physical state of the drug. Each 

crystalline drug has a special X-ray pattern, which is usually characterized by the presence 

of sharp peaks. If these peaks disappear or become broader, it means that the drug is in 

amorphous form. p-XRD patterns were obtained using a PANalytical X’pert. 

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

The most distinctive property of porous carriers is a high internal specific surface 

area (SSA). SSA of any material depends mainly on the size or volume of its pores. Any 

reduction in the pore size and SSA after impregnation of the porous carrier means that the 

drug is successfully placed inside these pores. Specific surface area (in m2/g) was 
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performed using Autosorb1 (Quantachrome Instruments, USA). The specific surface area 

was determined using 7- point N2 adsorption by the Brunauer-Emmett-Teller (BET) model 

(87). The specific surface area was measured across a partial pressure range of 0.05–1 and 

using seven points. All samples were degassed for at least 18 h at 40 °C before the 

measurement. 

2.4.5 UV-visible spectroscopy 

As previously mentioned, one of the main aims of the impregnation process is to 

improve the blend uniformity of impregnated products. Thus, it was imperative to measure 

accurately the API amounts in impregnated products. Measuring the actual drug loading of 

impregnated products is essential to determine the API uniformity within these products. 

The blend uniformity is an important characteristic of drug products and is closely 

monitored by regulatory agencies. The API content uniformity was measured by taking ten 

samples from the impregnated material and determining the API amount in each sample, 

defined in equation 2-1. Then, from the mean value of these data, calculate the relative 

standard deviation (RSD) can be calculated.  

𝑅𝑆𝐷 =
𝑠

𝐶
                                                                                                                   2 − 1                                                                                                                                                                                                                                           

In equation (2-1), C is the average concentration of the total samples collected in 

each experiment and s is the estimate of the standard deviation obtained using the sample 

concentrations. 

Low value of RSD (i.e., less than 3%) means high blend uniformity while high 

value of RSD (higher than 5%) means poor blend uniformity. Blend uniformity of most 

impregnated products was determined using UV-Visible spectroscopy. In this technique, 
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the absorbance of UV-light by the sample was measured. Then, the absorbance values can 

be transformed into amounts (mass) using a previously built calibration curve.  

2.4.6 Particle size distribution (PSD) 

Measuring PSD of impregnated products is important to explore any change in the 

PSD before and after impregnation. The main aim of impregnation is to keep the original 

physical properties of the porous carrier with no change. The presence of agglomeration or 

particle attrition can be detected by measuring PSD. Therefore, it is of interest to study the 

PSD of the porous carriers before and after impregnation. Particle-size distributions (PSD) 

of all materials were measured using a laser diffraction technique (Beckman Coulter LS 

13320) as shown in Figure 2-4. The working principle of this device depends on scattering 

of visible light. It measures scattered light angle and intensity. Then, the associated 

software translates the resulting data into an estimate of the PSD. 

2.4.7 Shear cell testing 

The properties of the final dosage form depend greatly on the flow properties of the 

powder used in its manufacturing. For instance, poor flow properties of the blend lead to 

high variability in tablet weight, which is very important in case of highly potent APIs 

because it can affect API content. Therefore, it was critical to evaluate the flow properties 

of the impregnated products and compare them with the original flow properties of porous 

carriers before impregnation. 

 The flow properties of pure NEU and the impregnated product were measured 

using a FT-4 powder rheometer (Freeman Technology Inc., UK). The procedure includes 

four steps: conditioning, consolidation, pre-shearing, and shearing. Conditioning was 
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accomplished by placing the tested powder into a glass cylinder. The powder bed was 

subjected to a helical rotating blade to produce a homogenous, reproducible state of the 

powder and eliminate any consolidation history. After that, a vented piston was used to 

achieve a desired consolidation state. The consolidating powder was pre-sheared to achieve 

a steady state at maximum shear stress. Then, this normal stress was reduced to a new 

normal stress and the sample was further sheared to achieve a yield point. The pre-shear 

procedure was repeated five times at different normal stresses to obtain the yield locus (88). 

All experiments were performed in triplicate. More details about the procedure can be 

found in Freeman et al. (89). 

2.4.8 Dissolution testing 

The main aim of any dosage form designed for systemic treatment is to provide an 

effective drug concentration in the blood (bioavailability). Drug bioavailability depends on 

the dissolution rate and the dissolution extent of the drug. The dissolution behavior of the 

drug is determined by the drug properties, dosage form properties, and the surrounding 

conditions (such as pH and temperature of the dissolution medium). The dissolution profile 

can be built by drawing the amount of drug released (%) versus time. In order to accurately 

study the dissolution behavior, the conditions of this study should mimic the physiological 

conditions of the body. This can be achieved by studying the dissolution behavior of the 

pharmaceutical products according to the USP (90) . All dissolution testing reported in this 

dissertation was performed in a 708-DS, 8-spindle, 8-vessel USP dissolution apparatus 

type II (paddle), with automated online UV-Vis measurement (Agilent Technologies).  
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2.4.9 Gravimetric Feeder Studies 

For the current study, a single K-Tron KT20 (Coperion K-Tron Pitman Inc., NJ) 

loss-in-weight feeder configured with a pair of twin coarse-concave screws was used to 

dispense material at a controlled mass flow rate. The KT20 loss-in-weight feeder consists 

of three parts: a volumetric feeder, a weighing platform and a gravimetric controller. The 

controller adjusts the screw speed based on the feedback from the load cell, which records 

weight change over time of the material in the hopper.  The first step was to tare the feeder 

and calibrate it with a standard weight.  Next the powder was loaded into the hopper and 

feed-factor calibration was performed according the K-Tron protocol, to determine the 

maximum mass flow (feed factor) for the given material, screw size, and screw 

configuration. Subsequently, when a set-point is given, the feeder will determine an initial 

screw speed based on the ratio between the given set point and the feed factor. 

2.4.10 Online near infrared (NIR) 

An FT-NIR Matrix spectrometer (Bruker Optics Billerica, MA, USA) was utilized 

for spectral acquisition in this study. The probe was placed approximately 9 cm above the 

vibratory feeder, which is the necessary distance to obtain clear spectra. Keeping the 

location at a fixed distance between the NIR device and the powder samples was a crucial 

step for getting reproducible data, minimizing the sampling errors, and allowing all the 

points in the sample to have the same probability in the analysis (91). The software OPUS 

7.0 from Bruker was used to control the NIR instrument and to construct the calibration 

models. Figure 2-5 shows the NIR set up used here, which included a vibratory feeder that 

transports the impregnated products continuously with no interference with the flowability. 

The calibration spectra were obtained by controlling the amount of API in the flow stream 
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while recording multiple spectra.  This was done at 5 levels of API concentration in order 

to obtain the intensity of the associated API wavelength peak to the concentration of the 

API.  This set up was utilized for both the calibration and for the actual residence time 

distribution (RTD) experiments. 

Near infra-red (NIR) spectroscopy was utilized to measure residence time 

distribution (RTD) and monitor relative standard deviation (RSD) of the content. In an 

RTD experiment, a tracer pulse of a high contrast material is introduced in the system and 

it is measured as it leaves the system, enabling the determination of residence time, back-

mixing, dead zones, and other important phenomena. The use of online real-time 

measurements was selected over other methods because it has many advantages. For 

instance, it can provide accurate and precise data while the experimental runs are occurring. 

It provides instantaneous and clear knowledge of when the tracer pulse starts exiting the 

system to when have fully exited the blender, which gives an idea about when the next 

experimental step should be proceeded (92–95). Since NIRs acquisition was fast, did not 

require any treatment, nor any sample preparation, it was the optimal device to obtain inline 

data acquisition.  Furthermore, NIR spectroscopy was flexible enough to detect the 

concentration of a tracer in the liquid phase. 

2.5 Preliminary impregnation study 

Two methods were tested: 1) Fluidized bed impregnation method and 2) 

Continuous impregnation method. These methods of impregnation were tested with the 

following goals: 

• Confirmation of concept – Assessing some advantages of FB impregnation method 
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• Extending the application of FB impregnation-Performing impregnation of two 

APIs on one porous carrier 

• Demonstrating the capability of continuous impregnation using Glatt’s continuous 

blender 

2.5.1 Fluidized bed impregnation 

In this part of our preliminary studies, the capability of a FB dryer to impregnate 

Griseofulvin (GF) and improve its solubility  was demonstrated. Also, the ability of the FB 

dryer to co-impregnate Chlorpheniramine (CPM) and Ibuprofen (IBU) into a porous carrier 

was studied. The co-impregnation of two APIs has many advantages, including accuracy 

of combined dosing, elimination of a blending step, and elimination of segregation issues. 

In these experiments, a fluidized bed granulator and dryer, the MiniGlatt, was 

utilized as an impregnation equipment. The procedure developed for the fluidized bed 

impregnation consisted of many steps. The mass of NEU loaded (220 gm) ensured that the 

bottom of the spray nozzle is reached by the fluidized powder bed. This is important to 

confirm that the nozzle is completely immersed into the fluidized powder bed during the 

impregnation. This condition is also necessary to prevent spray drying and allow a direct 

contact of the API solution droplets with solid particles of porous carrier. The impregnation 

process started by fluidizing NEU. Then, the heater was turned on and the inlet temperature 

was set at 80 ᵒC. When the porous carrier temperature approached to about 60 oC, the pure 

solvent was sprayed. Once the steady state is achieved (constant product temperature), the 

spray was switched to API solution. After achieving the desired loading, the spray was 

switched back to the pure solvent for pre-selected time. This step is necessary to rinse the 
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pumping tubes and the spraying nozzle. Then, the resulting product was dried using a hot 

air. After that, the product was unloaded and placed in a tray to collect samples. Two 

preliminary FB experiments were conducted, and the results are discussed below. 

2.5.1.1 Preliminary FB experiment #1 

In this study, Griseofulvin (GF) was impregnated into magnesium aluminum 

silicate (Neusilin US2) using the fluidized bed dryer. GF was selected as a model drug 

because GF (class II drugs) is practically insoluble in water with challenging 

physicochemical properties. Substantial efforts have been conducted to improve the 

solubility of this drug. Some of the methods used, such as micronization, improve 

dissolution at the expense of worse material properties or more complex manufacturing 

processes. Therefore, the main aim of this work is to enhance the solubility of GF while 

also improving some other physicochemical properties such as flow properties using a 

simple process, FB impregnation.  

The impregnation procedure of this experiment was the same as the procedure 

described in section 2.5.1. Since Griseofulvin has a limited solubility in methanol, the 

solvent in this experiment was composed of a mixture of methanol and acetone in a 1:1 

ratio.  

In this study, GF was impregnated in three different concentrations. 1, 5 and 10 %. 

Furthermore, the PSD, flow properties, and dissolution profile of impregnated products 

were characterized.  

Particle size distribution (PSD) testing was conducted to evaluate any changes due 

to particle breakage, particle agglomeration, particle coating, and/or spray drying. PSD 
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measurements of pure and impregnated NEU is presented in Tab 2-1. The results showed 

that the impregnated products preserved the same PSD as pure Neusilin, which suggests 

that the drug is impregnated inside the pores of the Neusilin. Also, these results indicated 

that there is no evidence of spray coating, agglomeration, or fines due to particle attrition.  

Dissolution was performed in 1000 ml of DI water at 50 rpm and 37 ᵒC using the 

dissolution apparatus type I.  Samples were withdrawn at predetermined time intervals 

(each 3 minutes) for 120 min using a peristaltic pump attached to the dissolution device. 

The amount of released IBU was determined spectrophotometrically. The Dissolution 

profiles of pure GF and 1% GF impregnated product were presented in Figure 2-6. The 

results showed a distinctive improvement in the dissolution behavior of GF after 

impregnation with NEU. The amount released of GF in pure crystal form was less than 1% 

in 3 minutes while impregnated product released about 40% of GF in 3 mins. Moreover, 

the impregnated product needed 36 min to release more than 90% while just 28% of pure 

GF was dissolved in the same period. This showed that impregnation can be an effective 

tool to enhance the solubility of practically insoluble drugs such as GF. 

2.5.1.2 Preliminary FB experiment #2 

The present study discusses the co-impregnation of two drugs, which are the 

antihistamine Chlorpheniramine maleate (CPM) and the non-steroidal anti-inflammatory 

drug Ibuprofen (IBU). The co-amorphous CPM-IBU mixture is important for many 

reasons. First, such composition could give a therapeutic benefit in the treatment of pain, 

fever, common cold, flu symptoms and allergic conditions. Second, these two drugs show 

poor compressibility, which means that there are some difficulties in manufacturing them 

as a solid dosage form. Moreover, IBU belongs to class II drugs according to the BSC, 
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which indicates that its bioavailability mainly depends on its water solubility. 

Consequently, converting of this drug into the amorphous form is expected to improve its 

bioavailability. Also, it has been shown that co-amorphization of two drugs at the same 

time could improve the physical stability of resulted co-amorphous products. Ultimately, 

since CPM is a basic drug and IBU is an acidic drug, these two drugs would be good models 

to show the applicability of co-amorphization for a wide range of drugs with different 

physicochemical properties.  

Accordingly, the main aims of this preliminary case study were: 

• To check the amenability of using FB dryer to impregnate two drugs into one 

porous carrier.  

• To study the amorphization of two drugs into one porous carrier. 

• To check the distribution of these two drugs in the blend. 

In this work, all the experimental conditions were kept the same as for the 

previously mentioned cases in section 2.5. The two APIs (CPM and IBU) were 

simultaneously dissolved in the same solvent (Methanol). Target loading was set at 10% 

CPM and 20% IBU. Then, the solution was sprayed into NEU. After that, the resulting 

products was dried.  

The impregnated product was analyzed by HPLC to determine the drugs contents 

and the blend uniformity of these two drugs. The best conditions to measure CPM and IBU 

accurately was optimized. Th mobile phase consisted of ammonium acetate buffer at pH 4 

and acetonitrile (45:55). C18 (Agilent Eclipse-XDB) column was used and the injection 

volume was 20 µl. The results shown (Tab 2-2) indicated that while the target loading 
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(w/w%) of IBU was 20%, the actual loading was 20.99%; and for CPM while the target 

loading was 10%, the actual loading was 10.63%. This means that there is no loss of either 

APIs during the impregnation step and the experiment was run smoothly. Also, blend 

uniformity was evaluated in this work. Blend uniformity is an important parameter that 

should be measured to evaluate any pharmaceutical blend. It explains how the API is 

distributed within the pharmaceutical excipients. Results showed that RSD% of CPM was 

1.21 and IBU was 0.89. The RSD% results of CPM and IBU indicated a highly uniform 

distribution of both APIs within the porous carrier. Generally, it is not an easy task to get 

a highly uniform blends, especially when working with two drugs. This is mainly due to 

insufficient mixing of ingredients or due to differences in physical properties such as 

particle size. Accordingly, complex formulation procedures and multiple unit operations 

need to be applied to obtain an acceptable blend uniformity. However, using FB dryer (a 

single unit operation) enables us to get a highly homogenous product of two APIs with no 

need to change the physical properties of these drugs.  

In order to characterize the physical state of IBU and CPM in the co-impregnated 

product, the patterns of X-ray diffraction (XRD) were established on the pure IBU, pure 

CPM, and the co-impregnated product (Co-IMP). The XRD patterns of pure CPM and pure 

IBU showed sharp peaks (crystalline forms of these drugs). However, the disappearance of 

these peaks in the Co-IMP product demonstrated that these APIs are in amorphous forms. 

Figure 2-7 shows that the XRD patterns of pure IBU, which has distinctive peaks at 16°, 

20°, and 22°, indicates that pure IBU is crystalline substance. Also, XRD patterns of pure 

CPM, which presents typical peaks at 19°, and 20°, demonstrate that pure CPM is in 
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crystalline form. However, the XRD pattern of Co-IMP product has no peaks, which means 

that both CPM and IBU were existed in amorphous forms inside NEU.  

2.5.2 Continuous Mixing Process for the Manufacturing of Impregnated products 

Continuous manufacturing process has several well-known technical and economic 

advantages over batch manufacturing. The aim of this preliminary study was to evaluate 

the feasibility of using a continuous mixing process as a tool to manufacture impregnated 

product and to examine the performance of porous carriers during this process. 

Furthermore, the purpose of this work is to investigate the improvement in some 

physicochemical properties of Ibuprofen (IBU) as an active pharmaceutical ingredient 

(API). To sum up, the main objectives of this preliminary study are: 

1) Exploring the feasibility of using Glatt continuous blender for impregnation 

2) Showing the improvement in some drug properties such as content uniformity and 

dissolution 

In this experiment, the Glatt continuous blender (GCG-70) with a granulation shaft 

was used to impregnate IBU into a porous carrier. This blender was run at two rotation 

speeds (300 rpm and 600 rpm). IBU solution was prepared by dissolving 100 g of IBU in 

1500 g of Methanol. The IBU solution was pumped through two nozzle positions:  position 

1 (at the 25% position along the axis from the entrance), and position 2 (at the middle point 

of the blender). Other experimental conditions included: pump rate: 25 ml/min; powder 

feeding rate: 5kg/h; shaft: granulation shaft (see Figure 2-8) A schematic of the continuous 

impregnation set up is depicted in Figure 2-9. 
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The mean residence time (MRT) of the Glatt continuous blender was determined 

using an independent measurement of the powder hold-up. The impregnated products were 

analyzed by UV-spectroscopy to measure average loading and blend uniformity of the 

impregnated IBU. Physicochemical characterization was conducted using a Laser-

diffraction, Scanning Electron Microscopy, FT4 (shear cell), Raman spectroscopy, XR-ray 

diffraction and dissolution behavior.  

 All the products showed good homogeneity. RSD value less or equal to 4% were 

observed (see Tab 2-3). Generally, the actual IBU loading was lower than the theoretical 

value, which was calculated based on the concentration of IBU solution and the feeding 

rate. This indicates that there was a small loss of the drug during the run of the continuous 

impregnation step. Experiments using nozzle at position 1 showed better IBU loading than 

experiments using nozzle at position 2. All the results of measured blend uniformity were 

less than 4% RSD, which indicates that a uniform blend was obtained. 

Blender hold-up was calculated by subtracting the mass exiting the blender to the 

total mass that flows into the blender, at steady state (See Figure 2-10 a&b). The hold-up 

measurements can be used to calculate the mean residence time (MRT). MRT is the time 

spent by a tracer material inside the blender. It can be calculated using equation 2-2: 

𝑀𝑒𝑎𝑛 𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒 (ℎ𝑟) =  
ℎ𝑜𝑙𝑑−𝑢𝑝 (𝑘𝑔)

𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (
𝑘𝑔

ℎ𝑟
)

                                                                 2 − 2                                                             

The calculated MRTs of GCG-70 were 47.17 seconds at 600 rpm and 177.77 

seconds at 300 rpm.  In these experiments, the feeding rate was kept constant at 5 kg/h 

while the rotation speed was changed from 300 rpm to 600 rpm. The results showed that 

the rotation speed affected both the blender hold-up and the MRT. After increasing the 
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rotation speed from 300 rpm to 600 rpm, the MRT is reduced from 177.77 sec to 47.17 sec. 

This is due to the decrease in the powder hold-up, and consequently in the value of MRT, 

as the rotation speed of the blender increases. 

The Raman spectroscopy results showed that IBU mainly existed in amorphous 

state as shown in Figure 2-11. The pure IBU has sharp peaks in the regions between (1200-

1800 cm-1) while these peaks disappeared in the IBU impregnated products. The absence 

of these sharp peaks from impregnated products indicated that the IBU was existed in 

amorphous form in these products. 

Tab 2-4 shows the D10, D50, and D90 and Figure 2-12 presented PSD of the pure 

Fujicalin (FUJ) and 2% IBU-FUJ impregnated product using high shear blender at 600 

rpm. Tab 2-4 reveals that impregnation of IBU at 600 rpm had an impact on D10, D50, and 

D90 as compared with pure FUJ before impregnation. Mixing speed at 600 rpm resulted in 

a decrease of D10 from 63 µm to 32.6 µm, D50 from 131 µm to 111.6 and D90 from 180 

µm to 146 µm. This suggests that this process was associated with a particle size reduction 

due to high shear attrition of the carrier by the blender blades. Figure 2-12 supported these 

results. It is clear that PSD of the impregnated product shifted toward small particle size. 

Figure 2-13 displays the results from the shear cell study. The curve depicts the 

shear stress (Incipient), kPa versus the applied normal stress (Incipient), kPa. The results 

of this study demonstrated that at the same applied normal stress (Incipient) both pure FUJ 

and 2% IBU in FUJ product showed approximately the same shear stress (Incipient). 

Moreover, the cohesive force for pure FUJ was (- 0.276) and for 2% IBU in FUJ product 
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was (-0.103). Both of these values are very low. This means that both products showed 

good flow properties with no substantial differences between them. 

Also, the results demonstrated a substantial improvement in the dissolution 

behavior of IBU after impregnation. Ibuprofen is classified as class II drugs (Poorly 

Soluble-Highly Permeable) according to Biopharmaceutical Classification System (BCS). 

Thus, any increase in its solubility leads to a significant improvement in its bioavailability. 

As mentioned in Chapter 1, the impregnation process could lead to a significant 

improvement in the dissolution rate of poorly soluble drugs. This improvement is due to 

two main reasons. The first reason is increasing the surface area of the drug by placing it 

in a carrier with a high surface area, which leads to increase the surface area of the exposed 

drug into the dissolution medium and eventually results in improving the dissolution 

behavior. The second reason is the possibility of changing the drug state from crystal to 

amorphous state. The amorphous form of the drug is more soluble than the crystal form. 

Thus, placing the drug particle in small pores with a high surface area leads to a clear 

improvement in the dissolution extent and dissolution rate of poorly soluble drugs. As part 

of this study, dissolution tests were performed on both pure IBU and impregnated IBU to 

check the effect of the impregnation process on the dissolution rate and extent of IBU. 

Dissolution was carried out in 900 ml of DI water at 50 rpm and 37 ᵒC using the rotating 

paddle method. Samples were withdrawn at predetermined time intervals (every 3 minutes) 

for 60 min using a peristaltic pump attached to the dissolution device. The amount of 

released IBU was quantified spectrophotometrically. The results presented in Figure 2-14 

demonstrated that the impregnated product releases about 85% of IBU within less 5 

minutes while less than about 10% of pure crystal IBU was released within 5 minutes.  
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These results suggested that impregnation method could be used as an efficient technique 

to improve the dissolution rate of a poorly soluble drug.   

2.6 Summary of Preliminary Data 

API was successfully loaded into a porous carrier using a Glatt FB dryer. This 

process was simple to run, and it was easy to manipulate its parameters to achieve different 

results. For instance, a wide range of API loading could be performed by just changing the 

spray time. Moreover, impregnation and drying happened simultaneously in this process. 

This makes FB dryer a perfect device for impregnation. Also, the preliminary results 

showed that there are no fines generated by attrition or spray coating, or agglomeration, 

which means that the process runs smoothly. However, the processing parameters of the 

FB dryer such as spray rate, flow rate of drying air, atomizing rate, pumping rate etc., need 

to be carefully controlled to achieve the desired results. 

API was also successfully impregnated into a porous carrier using a continuous 

Glatt blender containing a granulation shaft, followed by drying using a Miniglatt fluidized 

bed dryer. The API loading level can be changed by increasing the concentration of API 

solution or by increasing the pumping rate. Blend uniformity was acceptable (less than 4.5) 

with all experiments. However, the nozzle position 1 showed less API loss. The RPM has 

a clear effect on the hold –up and MRT, where 600 rpm showed lower hold-up and shorter 

MRT than for 300 rpm. However, wet masses were observed during the run of some 

impregnation experiments, especially with increasing the pumping rate. This might be due 

to the distance between the granulation shaft (thick) and the wall of the blender, which is 

relatively small. Any increase in the pump rate leads to a high local liquid to solid ratio. 

This eventually results in the formation of a wet mass. This problem could be fixed by 
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adjusting the pump rate of API solution or by increasing the solids feeding rate. However, 

the degrees of freedom available to solve this problem were limited. Accordingly, the 

blending shaft was changed from granulation shaft (thick) to a blending shaft (thin). 

Therefore, in Chapter 5, a blending shaft has been used in the continuous impregnation 

experiments instead of a granulation shaft. 

Both fluidized bed impregnation and continuous impregnation methods will be 

studied in more detail in the Chapters 3, 4 and 5, respectively. 
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2.7 Figures  

 

 

Figure 2-1 Miniglatt Fluidized Bed 

 

 

 

Figure 2-2 The continuous blender tube (Glatt GCG-70) 
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Figure 2-3 The blending shaft of the continuous blender 

 

 

 

Figure 2-4 Laser diffraction analyzer (Beckman Coulter LS 13320) 
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Figure 2-5 Bruker NIR set up 

 

 

 

Figure 2-6 Dissolution behavior of Neusilin Impregnated products containing GF in DI 

Water 
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Figure 2-7 PXRD of pure Ibuprofen (IBU), pure Chlorpheniramine (CPM), and a co-

impregnated product (Co-IMP) 

 

 

 

 Figure 2-8 Granulation shaft and its blades 
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Figure 2-9 Continuous Impregnation Set Up 
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Figure 2-10 Hold Up Measurement of Glatt Blender at (a) 300 rpm and (b) 600 rpm 
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Figure 2-11 Raman Study of Ibuprofen Impregnated Products with FUJ (Continuous 

Blender) 

 

 

  

Figure 2-12 Particle Size Distribution of Pure FUJ and 2% IBU impregnated in FUJ 
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Figure 2-13 Shear cell measurements by FT4 of Pure FUJ and 2% IBU impregnated in 

FUJ 

 

 

Figure 2-14 Dissolution Behavior of Pure Ibuprofen and Ibuprofen impregnated in FUJ 

 

 

 

 

 



54 

 

 

 

2.8 Tables  

 

Products, % D10 (µm) D50 (µm) D90 (µm) 

Pure NEU 55.10 124 205 

Pure GF 5.11 18.95 37.64 

1% GF-NEU 63.77 133.7 201.9 

5% GF-NEU 59.34 126.45 200.15 

 

Tab 2-1  Particle size of NEU, GF and impregnated products 

 

 

Sample Target Loading 

(w/w%) 

Actual Loading (w/w%) RSD % 

CPM 10 10.63 1.21 

IBU 20 20.99 0.89 

 

Tab 2-2  The loading and blend uniformity study of co-impregnated product 
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Nozzle Position 

 

Blender 

RPM 

 

Target 

Loading 

(w/w%) 

 

Loading, % 

 

RSD, % 

 

1 

300  

 

 

2 

1.82 3.1 

600 1.81 3.4 

 

2 

300 1.49 4.7 

600 1.43 2.3 

 

Tab 2-3 The loading and blend uniformity study of IBU impregnated product using a 

continuous blender 

 

 

Products, % D10 (µm) D50 (µm) D90 (µm) 

Pure FUJ 63 131 180 

2% IBU-FUJ 600rpm 32.63 111.6 146.06 

 

Tab 2-4  Particle size of FUJ, IBU impregnated products using a continuous Glatt blender 

at 600 rpm 
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Chapter 3 Manufacturing of Pharmaceuticals by Impregnation of an 

Active Pharmaceutical Ingredient into a Mesoporous Carrier: Impact 

of Solvent and Loading 

3.1 Introduction 

As mentioned in Chapter 1, impregnation is the process of placing chemical 

substances (such as drugs) inside porous carriers using a solution or a suspension. Recently, 

there has been an increasing interest in the use of mesoporous carriers (MC) in drug 

delivery (24,96) because of their amenable physical properties such as a narrow particle 

size distribution, high surface area, good flow properties, and small pore sizes with narrow 

distribution (52). The high surface area of these carriers allows them to absorb several 

compounds, including poorly flowing materials such as oily drugs. Since these compounds 

are completely embedded within the porous carriers, the physical properties of the 

impregnated products are almost identical to the carrier, thereby facilitating their handling 

and further processing (97,98). Moreover, the drug within the pores of the MC mainly 

exists in an amorphous form, which is known to improve its dissolution (99). Very small 

pore sizes of the MC, for example Neusilin US2, result in confining of the drug, which 

limits the drug’s mobility and inhibits the drug’s recrystallization inside these pores 

(41,99). Accordingly, impregnation of drugs into a MC can improve some crucial 

properties of the drugs such as its dissolution behavior (100). In contrast, other 

pharmaceutical manufacturing processes used to improve drug properties, involve many 

challenges in terms of processing steps, and controlling product quality (101,102). The 

production of drug-carrier complexes that are independent of the physical properties of the 

active ingredient, along with its dissolution behavior, makes them useful amenable for 
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development of solid oral dose product. Thus, one aim of this work is preserving the 

physical and chemical properties of the composite, which is considered as a benefit in terms 

of the drug properties. Also, MCs can be used to reduce the drug’s adverse effects. For 

example, oxybenzone, which is used in sunscreen preparations, was successfully loaded 

into a MC (MCM-41) to reduce its side effects (103). A thorough discussion about the new 

applications of mesoporous silicon dioxide and silicates in drug product development can 

be found in Qian and Borgner (104). 

Lastly, impregnation eliminates the need for several intermediate processing steps, 

in both the drug substance and the drug product development routines. Drug substance and 

drug product development are intertwined processes, where drug product development 

completely depends on properties of the drug substance. Drug product development, 

irrespective of the manufacturing route, is sensitive to change in the properties of the drug 

substance. Thus, enabling superior control of the drug substance attributes is beneficial for 

a successful drug product development. The monitoring and control of physicochemical 

properties of the drug substance is not a simple task and involves many unit operations. In 

general, it begins with choosing the state of the drug substance –crystalline or amorphous. 

This is followed by working to achieve the desired physical properties. Crystalline drug 

substances are relatively stable and pure and are preferentially used in manufacturing of 

solid dosage form over the amorphous form of drug substances.  However, achieving the 

desired properties of the crystalline drug substance is challenging and involves 

manipulating the crystallization process variables, and controlling the filtration and drying 

process steps (105). Amorphous form of drugs, albeit being good alternatives, are usually 

physically unstable. It is also difficult to control their physical properties during drug 
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substance and drug product development. As previously mentioned, using MCs improves 

the physical stability of amorphous drug substances (41,99) and facilitates control over 

some of the essential drug substance attributes such as particle size, flow properties, and 

dissolution behavior. 

Consequently, several loading methods have been developed for incorporating 

crystalline drugs into MC. Loading drugs into these carriers can be done by co-milling 

(99), melt adsorption using hot-melt extrusion (106), spontaneous evaporation and 

sublimation (107,108), co-spray drying (109), and wet impregnation (16,18). However, 

several of the previous techniques exhibit drawbacks and manufacturing challenges. For 

instance, both co-milling and hot melt extrusion may lead to a change in the physical 

structure of the drug due to elevation of the drug’s temperature above its glass transition 

temperature. In addition, some drugs show polymorphism at high temperatures, which can 

lead to loss of the drug’s stability and therapeutic effects. Furthermore, co-grinding can 

also change the morphology of both the drug and the carrier (15,99) resulting in products 

with poor flowability and poor compactability. The spontaneous evaporation and 

sublimation method were also found to be challenging from a process configuration and 

scale-up perspective. For instance, it is difficult to control process parameters, ensure 

product quality, and achieve amenable scale up of a porous dispersion, which was prepared 

using flash evaporation (110). On the other hand, wet impregnation has been found to be 

comparatively successful. It can be achieved using several different approaches. The most 

routine approach involves dissolving the drug in a suitable solvent and mixing this solution 

with a porous carrier, followed by filtering of the resultant impregnated product 

(18,48,111) One drawback of this method is the difficulty in achieving an accurate desired 
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drug load, and the large equilibration and filtration cycle times. Wet impregnation can also 

be performed by a method called ‘incipient wet impregnation’, which includes mixing the 

drug solution with the porous carrier followed by evaporating the organic solvent from the 

mixture. The mixing and drying are usually repeated more than once (36) However, like 

standard wet impregnation, this method is slow and often results in non-homogeneous 

loading of the carrier.  

Recently, Grigorov et al (53) attempted a new method to impregnate drugs into 

porous carriers. This method involves spraying the drug solution into porous carriers within 

a fluidized bed (FB). Impregnation and drying occur simultaneously, and this method 

enables the user to achieve different drug loadings independent of the drug’s solubility.  

While Grigorov et al (53,100) examined the impregnation of Acetaminophen 

(APAP) in Dibasic Calcium Phosphate and Fenofibrate in Neusilin, they used a single 

solvent (methanol) to impregnate selected drugs in a single carrier material. It is of interest 

to look at the same drug in a different carrier and look at the same drug with different 

solvents to examine the effect of solvents. In this work, the impregnation of APAP in 

Neusilin using both water and methanol were examined. The results of these two solvents 

to determine what effects these solvents will have on the properties of impregnated 

products and their dissolution behaviors were compared as well. In addition, our results for 

APAP in Neusilin can be compared to previous work for APAP in methanol impregnated 

in Dibasic Calcium Phosphate. Thus, this work aims to test the robustness of the fluidized 

bed impregnation process, and its applicability for a variety of solvents. Impregnation of 

Acetaminophen (APAP) into a magnesium/aluminum metasilicate (Neusilin R US2 (NEU)) 

has been studied in a Mini-Glatt spray fluidized bed dryer/granulator. Different APAP 
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loadings have been investigated and the physical properties of the impregnated product 

have been thoroughly characterized. 

3.2 Methods 

3.2.1 Experimental Set-up and Impregnation Procedure 

Based on the preliminary experiments, the procedure applied for the fluidized bed 

impregnation experiments using a Mini-Glatt consisted of the following steps: 

1) Load fluidized-bed dryer with NEU (about 220 g) until the top spray nozzle is 

reached. Thus, during fluidization, the nozzle is located within the bed to reduce spray 

drying. 

 2) Run the fluidized-bed dryer to a stable fluidization profile and adjust the inlet 

gas temperature to 80 ᵒC.  

3) Begin spraying the pure solvent (methanol or water). Spraying only pure solvent 

at the beginning is necessary to reach a steady state temperature of the product.   

4) After achieving a steady state (constant product temperature), start spraying the 

APAP solution.  The APAP solution is prepared by dissolving a desired quantity of APAP, 

based on the drug load, in pure Methanol or DI water. It is preferable for the API 

concentration in the solvent to be as low as possible; adding a large amount of drug in a 

short time this may lead to poor blend uniformity. At the same time, if the API 

concentration is extremely low, then the operation will take a long time. Therefore, we 

chose API concentrations that allows completion of the experiment within a few hours and 

leads to low RSD values. 
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 5) Once the desired quantity of API is sprayed in solution form, we spray pure solvent for 

20 min. Spraying pure solvent after spraying the drug solution is essential to dissolve any 

APAP at the surface of NEU and impregnate it.  

6) Dry the impregnated product until the product temperature reaches 50ᵒC.  

7) Cool down the product and discharge. 

The resulting impregnated product was placed in a tray. Ten samples were extracted 

from different random locations in the tray. These samples were stored inside glass vials 

and used for the blend uniformity study. APAP was impregnated into NEU for four 

different loadings (w/w), namely, 0.1, 1, 9, and 24 % using methanol as a solvent, while it 

was impregnated using water at three different concentrations: 0.1, 1, and 5%. Details of 

the experimental conditions and the process parameters are presented in Tab 3-1. All 

experimental conditions were kept constant except the APAP solution concentration, 

which was changed according to the target loading in the same amount of time. 

3.2.2 Analytical Methods   

The analytical methods were employed in order to characterize the impregnated 

product and the pure carrier. These methods were done using the same conditions, which 

are prescribed in Chapter 2, including:  

• SEM and Particle Size Distribution  

• Shear Cell Tests (88,89) 

• Specific Surface Area (SSA) and Pore Volume Distribution (87) 

• X-Ray Powder Diffraction 

• Raman Spectroscopy 
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• Differential Scanning Calorimetry (DSC) 

• Dissolution Behavior  

• Drug loading and Blend Uniformity                                                

Drug loading was measured using UV/Visible spectroscopy (Varian Cary 50 Bio, 

Agilent Technologies, USA). As mentioned previously, ten samples were extracted from 

each experiment to get a representative RSD value. 400 mg from each sample was placed 

in 100 ml conical flasks; and methanol was added until the 100 ml mark. This dispersion 

was sonicated for 40 minutes and left overnight at room temperature to ensure a complete 

extraction of APAP from NEU. Samples were then withdrawn from each flask using a 

millipore (0.45 µm) syringe filter. The UV readings at λ=247.5nm were acquired and 

analyzed to quantify the amount of APAP in each sample. In order to quantify the measured 

absorbance, a calibration curve was built by acquiring the UV absorbance of five different 

concentrations of APAP in methanol.  

Consequently, the APAP loading of each sample, the mean, the standard deviation 

and the % relative standard deviation (% RSD) along with the confidence intervals (C.I.) 

of the measurements for each batch were computed using equation 3-1 (112): 

𝜈 ∈ (√
(𝑛−1) 𝑉2

(𝜒/𝜇)2
1−𝛼/2,𝑛−1

, √
(𝑛−1) 𝑉2

(𝜒/𝜇)2
𝛼/2,𝑛−1

                                                                     3-1 

Where: 𝝂 is the confidence interval; 𝑽 is the expected value of the RSD measurement; 𝒏 −

𝟏 is the degree of freedom; (𝝌/𝝁)𝟐 is Chi-on-Mu-square, which is a statistical value, that 

can be obtained from a table for different significance levels and degrees of freedom. 

Raman spectra were acquired using a RAMANRXN1™ (PhAT System™) from 

Kaiser Optical Systems, Inc., MI, USA. Before starting sample measurements, the device 
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was calibrated using Cyclohexane as a standard. Measurements were performed under the 

following conditions: laser wavelength at 785 nm; spectral coverage from 150 to 1875 cm-

1, exposure time at 30 s; laser power of sample at 400 mW. Raman spectra were acquired 

for both impregnated and physical mixtures of 5%, 9%, and 24% APAP in NEU. 5%, 9%, 

and 24% physical blends (w/w) of APAP and NEU were prepared using a Lab-RAM mixer 

(Resodyn™ Acoustic Mixers, Inc., USA) at 60% intensity for 3 min vibration time. 

3.3 Results and Discussion 

3.3.1 Particle Size distribution (PSD) and SEM                                                                                                                                                     

The particle size distribution (PSD) of the pure carrier and the impregnated product 

is shown in Tab 3-2 and Figure 3-1. It can be observed that the PSD of the pure NEU is 

almost identical to that of the impregnated product. The preservation of the particle size 

distribution of the carrier and the absence of fines confirm the feasibility of impregnating 

drug into porous carriers using a fluidized bed. 

The absence of fines, indicated by no significant change in the D10 (see Tab 3- 2), 

is also indicative of a gentle process, without major attrition of the carrier particles 

(53,99).The creation of excessive fines during processing, and their subsequent presence 

in a formulation are generally undesirable. Presence of excessive fines in a formulation can 

lead to poor flow and dusting. What is also observed is that the mean particle size of the 

impregnated product lies between 128.3-136.3 µm. This makes them suitable for most oral 

solid dose unit operations. These products are also similar in particle size to a large number 

of the common pharmaceutical excipients. So, these impregnated products are compatible 

to mix with most pharmaceutical excipients, which are used in manufacturing of solid 
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dosage forms. For instance, the mean particle size of lactose monohydrate -SuperTab® 

11SD and microcrystalline cellulose-Avicel pH102 are 116 and 124 µm, respectively. This 

makes them amenable to physical homogenization with excipients, and alleviates 

segregation risk (2). Furthermore, particle agglomeration or aggregation of the 

impregnated product was not observed. The D90 of the impregnated product is 

approximately the same as the D90 of the pure NEU.                                                                                                     

SEM pictures of the pure and impregnated NEU are shown in Figure 3-2. As can 

be seen in this Figure, the impregnated products possess a spherical morphology, which is 

essential for good flow properties. SEM pictures of the impregnated product indicate that 

the morphological properties of the impregnated product are similar to pure NEU. The 

process of loading and drying of the drug particles within the carrier does not result in any 

discernable change in the external morphology of the carrier particles. There is no evidence 

of granulation, agglomeration or coating of the carrier particles during the impregnation 

process. 

The pure carrier is spherical in shape and the preservation of this sphericity is 

crucial for maintaining good flow properties of the carrier particles. The preservation of 

the particle size and morphology of the impregnated product by this method is a significant 

advantage over other impregnation processes such as co-grinding or milling of drugs with 

porous carriers (15,52,99), where strong attrition may lead to significant changes in surface 

morphology and particle size distribution.  
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3.3.2 Shear Cell Tests 

NEU US2 has good flow properties and compactibility, which are important in 

manufacturing of solid dosage forms, especially tablets. Flow properties of pharmaceutical 

solid powders are crucial requirements to successfully formulate them into final dosage 

forms. The flow properties of different impregnated products compared to pure NEU are 

shown in Figure 3-3. 

This Figure is a plot of the measured shear stress vs. the applied normal stress. The 

resultant yield loci of the impregnated product are compared with pure NEU. The flow 

properties of the impregnated product are highly comparable to the flow properties of pure 

NEU. The data also suggests that the API has been successfully impregnated inside the 

NEU. If there is any APAP at the surface of NEU, this will result in a discernible change 

in the flow properties of the product mixture due to the largely poor flow properties of 

APAP as compared to NEU. However, our results showed a negligible effect of APAP 

impregnation on the flow properties of the final products. This suggests that there is no 

APAP at the surface of the impregnated products and the APAP has been placed inside the 

pores of the NEU.   The result is in agreement with previous work on impregnation of API 

into porous carriers (53). The preservation of the flow properties of the pure NEU even 

after impregnation is an important advantage of this method, over other impregnation 

techniques.  

3.3.3 Specific Surface Area (SSA) and Pore Volume 

The BET surface area and pore volume of pure and impregnated NEU are presented 

in Tab 3-3 and Figure 3-4. The surface area of NEU, which is determined using the BET 

method, was significantly reduced after being loaded with APAP. The free surface area of 
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NEU before APAP loading was 390.4 (m2/g) while it was 264.5 (m2/g) and 226.8 (m2/g) 

after loading with 5% and 24% APAP, respectively.  This indicates that the surface area of 

5% APAP loading represents about 67.8% of that of the pure NEU while the surface area 

of 24% APAP loading equals to 58.1% of the pure NEU. Results also revealed that the 

pore volume of pure NEU (1.742 cc/g) was higher before being loaded with 5% APAP 

(1.308 cc/g) and 24%APAP (1.091 cc/g), as expected.  

These results indicated the impregnation of the drug particles within the carrier 

rather than external deposition. This study employs reduction in pore volume as an 

indicator of impregnation rather than reduction in pore size. This is because NEU has a 

very small pore size, around 5 nm, and these pores are irregular in shape. This makes it 

challenging to accurately quantify the reduction in pore size. Moreover, Greg et al. (113) 

concluded that from the shape of BET curve, one can estimate the pore shape of porous 

carriers. This means that porous carriers with different pore shapes result in different BET 

behaviors. According to these findings, the pore shape of NEU is slit type. Slit- type pores 

do not have regular dimensions. Therefore, it is better to depend on pore volume and not 

pore size in this study. 

3.3.4 Loading and Blend Uniformity 

Tab 3-4 shows the results of loadings and blend uniformity for all impregnation 

experiments. The APAP loadings of all experiments are very close to their target loadings. 

This indicates that FB impregnation is successfully able to load APAP into NEU, with little 

APAP loss.  
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FB impregnation produces a blend with high uniformity (53) and the results in this 

study confirmed that (see Tab 3- 4). The blend uniformity in this study was calculated as a 

relative standard deviation (%RSD). All impregnation experiments showed a high blend 

uniformity with an RSD value of less than 5%. Achieving satisfactory blend uniformity 

can be challenging, especially for formulations with low API content. Using FB 

impregnation, satisfactory blend uniformity was achieved even for API loads as low as 

0.1% and 1%. These results are in agreement with previous studies (53,88). 

3.3.5 Physical State of APAP loaded into NEU 

To study the state of APAP in the impregnated product, X-Ray diffraction of pure 

APAP, pure NEU, 5% APAP impregnated in NEU using DI water as a solvent, and 24% 

APAP impregnated in NEU using methanol as a solvent were conducted. The results are 

shown in Figure 3-5.  

The diffraction pattern of pure APAP presented a complete crystalline state while 

NEU US2 pattern showed a complete amorphous form. The crystalline form of APAP was 

confirmed by the appearance of several sharp peaks with high intensity: 11.97 ֯, 13.64 ֯, 

15.37 ֯, 16.54֯, 18.03 ֯, 18.78 ֯, 20.25 ֯, 23.32֯, 24.20 ֯, and 26.35 ֯ at 2 Theta (θ) diffraction angle. 

Pure NEU showed a broad halo pattern, which confirms its amorphous structure. The 

diffraction pattern of 5% APAP in NEU resemble the pattern of pure NEU US2. These 

results thus indicate that APAP is converted into its amorphous state after being 

impregnated. The pattern of 24% APAP in NEU showed some small peaks with very low 

intensity: 26֯, 24 ֯, 23 ֯, 18 ֯, and 14 ֯ at 2 θ diffraction angle. Nevertheless, this pattern did not 

show any clear sign of APAP crystallinity. In general, the observed results of the XRD 

study revealed that APAP exists mainly as an amorphous form in NEU.                                                                             
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Similar findings were obtained from the Raman study which is presented in Figure 

3-6. 

In the Raman scattering study, the spectra from 200 cm-1 to 1800 cm-1 were acquired 

for all samples. For APAP, many sharp peaks were observed in the regions of 790-900 cm-

1 and 1200-1660 cm-1. These regions were further elaborated into 797, 858, 1236, 1324, 

1560, 1611, and 1649 cm−1, which represent CNC ring stretching, ring breathing, C–C ring 

stretching, amide III, amide II, ring stretching, and amide I modes, respectively (114–116) 

However, pure NEU showed no peaks. 5% and 9% APAP in NEU have spectral pattern 

which resembles pure NEU (see Figure 3-6a and Figure 3-6b). On the other hand, the 

spectra of 24% APAP in NEU, as shown in Figure 3- 6c, revealed that there are very 

reduced peaks observed in the 790-900 cm-1 and 1200-1660 cm-1 regions. This difference 

in Raman spectra between 5%, 9% & 24% APAP in NEU might indicate that there are a 

few crystals of APAP at the surface of NEU or within the NEU particles. In order to clarify 

these results, a physical mixture of 5%, 9%, and 24% APAP in NEU were prepared by 

using a Lab-ram mixer. Raman spectra of APAP and NEU physical blends were acquired. 

Raman data of 24% APAP in NEU showed some crystallinity while other characterization 

tests did not show such behavior. Figure 3- 6a and 3-6 b showed that 5% and 9% physical 

mixtures of APAP in NEU have relatively sharp peaks in the 790-900 cm-1 and 1200-1660 

cm-1 regions while impregnated products at the same concentrations do not show any 

significant peaks in these regions. On the other hand, Figure 3-6c demonstrated the 

differences in spectra of 24% impregnated NEU and the physical mixture. The physical 

mixture showed more intensified peaks at the same previously mentioned wave number 

regions. Also, peaks intensities of the physical blends are dependent on the % of APAP 
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while the impregnated products did not show such behavior.  Although, the peak intensity 

of impregnated products was significantly lower than that of the physical mixtures, the 

results indicate that for 24% APAP in NEU crystalline APAP could exist in the product. 

At the same time the impregnation reduced the content of APAP in the crystalline form.  

DSC is an efficient technique to study the state of solids. Appearance of phase 

transitions help to recognize glassy from crystalline while disappearance of phase 

transitions means molecular dispersion (no peaks) of drugs within carriers. DSC curves are 

shown in Figure 3-7 for pure and 5% and 24% of APAP impregnated in NEU. The DSC 

study of 1% APAP in NEU has not been conducted because we would not expect that the 

presence of tiny amounts of crystalline drugs in samples (10 mg) containing 1% APAP in 

NEU could be detected by DSC. From Figure 3-7 it can be seen, that pure APAP has a 

strong endothermic peak at 170 ᵒC, which characterizes the melting point of crystalline 

APAP, while, pure NEU does not show any peak, which indicates its amorphous state. No 

peaks were also observed for 5% and 24% of APAP in NEU. The DSC curves resemble to 

a large extent that of pure NEU. The DSC results of impregnated products do not show any 

peaks (exothermic or/and endothermic) in cooling data (not shown) and heating data. The 

DSC results indicated that the drug is molecularly dispersed (no peaks in the DSC) in the 

NEU as has been explained by Mellaerts et al. (48). For a molecular dispersion, the solid 

is in amorphous form, in which the intermolecular forces are broken down and the 

molecules are separately distributed within the carrier nano-pores. Thus, the formation of 

ordered structure and re-crystallization are prevented by the confining effect of the pores. 

The results, which are in agreement with XRD and Raman spectroscopy, further support 

the argument of amorphization of APAP during FB impregnation.  
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3.3.6 Drug Dissolution Behavior  

The dissolution behavior of impregnated products was compared with the 

dissolution behavior of pure APAP using different dissolution media. Figure 3-8 shows the 

dissolution profiles of pure APAP and impregnated products in DI water.  

 

The results indicate that there is no significant difference among the dissolution 

profiles of the samples in this dissolution medium. Impregnation of API into a mesoporous 

carrier is expected to increase the dissolution rate of this API (100,117) due to its 

amorphization during the process.  However, in this study, the effect of impregnation on 

the dissolution behavior of the impregnated product is not discernible. APAP has a high 

solubility in the dissolution medium (DI water) making the profiles indistinguishable from 

pure APAP (see Figure 3-8).  However, the dissolution of impregnated APAP was 

enhanced in HCl, pH 1.2 media as shown in Figure 3-9. Samples for Figure 3-8 were tested 

over 100 min while samples for Figure 3-9 were tested over 50 min because the dissolution 

rates of APAP in impregnated products using 0.1 N HCl as a dissolution medium was faster 

than the dissolution rates of APAP in impregnated products using DI water as a dissolution 

medium. 

 APAP does not show a pH dependent solubility between a pH of 1.2 and 8.0 (118). 

However, our results showed different dissolution behaviors of APAP in impregnated 

products using 0.1 N HCl and DI water as dissolution media. This is mainly due to the fact 

that the improvement in the dissolution profiles of drug after loading it into silicate is not 

only due to amorphization. The release of silicic acid and ions (Mg2+ and Al3+) from NEU 

into the dissolution medium significantly improves the dissolution rate of drugs. The 

release extent of these products is more in 0.1 N HCl than other dissolution medium (119). 
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In addition, the impregnated products in all dissolution media showed a constant rate in the 

late stage of dissolution, at which the change in the rate of dissolution tends to zero. This 

behavior might suggest that an interaction could exist between APAP molecules and the 

NEU (silanol group) in the impregnated products. A further study is needed to explore this 

interaction in more detail. 

3.4 Conclusions 

In this study, a highly porous carrier (NEU) was successfully impregnated with 

Acetaminophen in a fluidized bed. The resulting product was fully characterized, and the 

results demonstrated that these products have properties amenable for manufacturing as 

solid dosage forms. The impregnated product showed excellent blend uniformity, good 

flow properties, and a narrow particle size distribution. In addition, the results indicated 

that the different evaporation profiles of the solvents do not affect the morphology or 

loading efficiency of APAP in NEU. Furthermore, the results showed that the blend 

uniformity did not depend on the drug loading or solvent type. The results also 

demonstrated that the APAP was present in the pores of the carrier mainly in its amorphous 

form. This was concluded from Raman spectroscopy, X-ray diffraction measurements, and 

DSC studies. Drug amorphization was observed because APAP is placed inside very fine 

pores (about 5 nm), which confined its dimensional growth, and prevented its 

recrystallization. This would be expected to improve APAP dissolution behavior in media 

where crystalline APAP shows poor solubility.  

The use of a fluidized bed to impregnate APAP into porous carriers eliminates 

many unit operations in both drug and dosage form development. Application of fluidized 

bed impregnation in pharmaceutical manufacturing is a promising tool to decrease both 
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downstream and upstream development efforts, which are necessary to adjust the 

properties of both drugs and dosage forms. However, additional work must be performed 

to study the effect of process parameters of the fluid bed operation on the properties of 

impregnated products. In addition, the conclusions of this work are based on one carrier 

and one drug substance and further work should be carried out to investigate the generality 

of our results. Future work should investigate the feasibility of the method for other active 

ingredients and porous carriers. Moreover, we expect that co-impregnation of API and 

polymer would potentially alter the properties of the resulting materials and could control 

their release profiles. Future work should examine co-impregnation of API and polymer as 

a way to further control properties of the drug product. 

 

 

 

 

 

 

 

 

 

 



73 

 

 

 

3.5 Figures  

 

 

Figure 3-1 Particle size distribution comparison for (a) pure Neusilin (NEU) and 

impregnated products using DI water as a solvent, and (b) pure NEU and 

impregnated products using methanol as a solvent. The PSD of pure NEU and 

the impregnated is comparable in both cases 
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Figure 3-2 Scanning Electron Microscope (SEM) Pictures at magnification 500x of (a) 

Pure NEU (b) 9% APAP impregnated into NEU. The results indicated that 

there are no morphological changes after impregnation 
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Figure 3-3 FT4 Measurement of (a) pure Neusilin (NEU) and impregnated products using 

DI water as a solvent and (b) using methanol as a solvent. The good flow 

properties of the pure carrier are preserved even after impregnation 
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Figure 3-4 BET curves for (a) pure Neusilin (NEU) and 5% APAP impregnated and (b) 

pure NEU and 24% IMP. There is a clear reduction in surface area after 

impregnation and it depends on APAP loading 

 

 

0

100

200

300

400

500

0 0.5 1 1.5

V
o

lu
m

e,
 c

c

P/P°

NEU

5%

0

100

200

300

400

500

0 0.5 1 1.5

V
o

lu
m

e,
 c

c

P/P°

NEU

24%

a 

b 



77 

 

 

 

(a) 

 

(b) 

 

Figure 3-5 PXRD of (a) Pure APAP, Pure Neusilin (NEU), and 5%APAP impregnated, 

and (b) Pure APAP, Pure NEU, and 24%APAP impregnated (IMP). The APAP 

in impregnated products presented an amorphous pattern 
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Figure 3-6 Raman spectra of (a) Pure APAP, Pure Neusilin (NEU), 5% impregnated APAP 

(IMP), and 5%APAP Physical Mixture (PM) (b) Pure APAP, Pure NEU, 9% 

impregnated APAP (IMP), and 9% APAP Physical Mixture (PM). (c) Pure 

APAP, Pure NEU, 24% impregnated APAP (IMP), and 24%APAP Physical 

Mixture (PM). The results showed that APAP existed in amorphous form in 

impregnated products. 
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Figure 3-7 Differential Scanning Calorimetry Study of APAP, Neusilin (NEU), and 5% 

and 24% impregnated products. Pure APAP melted at 170 ֯C while NEU and 

impregnated products did not show any melting point 

 

 

Figure 3-8 Dissolution behavior of pure APAP and the impregnated product using DI water 

as a dissolution medium. 1% and 5% were prepared using DI water and 9% was 

prepared using methanol. No discernible differences are observed between the 

dissolution profiles 
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Figure 3-9 Dissolution behavior of pure APAP and impregnated products using 0.1 N HCl 

as a dissolution medium. 5% product was prepared using Dl water, and 9% and 

24% were prepared using methanol. There is a clear difference between the 

dissolution profiles of pure APAP and impregnated products 
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3.6 Tables  

Products Pump rate 

(ml/min) 

Inlet gas 

pressure 

(bar) 

Atomization 

pressure 

(bar) 

Inlet gas 

temp. (ᵒC) 

Spray 

Time of 

APAP 

(min) 

 

Impregnated 

 

4 

 

0.1 

 

0.2 

 

80 

 

162.5 

Tab 3-1 Conditions for all fluidized bed impregnation experiments 

 

 

Products, 

% 

Solvent Mean 

(µm) 

Median 

(µm) 

S.D. D10 (µm) D90 

(µm) 

Pure NEU  129.1 128.4 56.72 55.10 205.6 

0.1  

DI water 

127.6 126.0 55.21 55.94 202.6 

1 130.7 129.3 55.78 59.01 205.9 

5 132.6 133.0 54.2 61.45 204.6 

0.1  

Methanol 

128.3 127.7 54.61 57.66 201.7 

1 131.7 131.9 53.54 60.78 203 

9 132.3 132.2 54.26 61.01 204.9 

24 136.3 135.5 52.66 69.44 206.8 

 

Tab 3-2 Particle size of Neusilin and impregnated products. The results indicated that 

particle size of pure Neusilin is preserved after impregnation 
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Target Loading Surface Area (m2/g) Total Pore Volume 

(cc/g) 

Pure Neusilin 390.4 1.742 

5% 264.5 1.308 

24% 226.8 1.091 

 

Tab 3-3  BET studies for Pure Neusilin and Impregnated products. Pore volume and surface 

area were reduced after impregnation 

 

 

Target 

APAP% 

Solvent Average RSD C.I. 

0.1%  

DI water 

0.10 2.23 1.45 - 4.15 

1% 0.93 1.76 1.15 - 3.28 

5% 5.14 2.40 1.57 – 4.47 

0.1%  

Methanol 

0.11 4.27 2.76 – 7.94 

1% 1.05 3.02 1.97 – 5.62 

9% 8.21 4.43 2.88 – 8.24 

24% 24.28 2.68 1.74 – 4.98 

 

Tab 3-4 Blend Uniformity of Impregnated products. All impregnated products showed 

good blend uniformity 
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Chapter 4 Fluidized Bed Impregnation of Active Pharmaceutical 

Ingredients: Effect of Porous Carrier 

 

4.1 Introduction 

This chapter extends the application of fluidized bed dryer for impregnating a 

different API on various porous carriers and explores their abilities for enhancing 

dissolution profiles of poorly soluble drug substances. The API under study is 

Indomethacin (IMN), a well-known non-steroidal anti-inflammatory drugs (NSAIDs). The 

porous carriers under investigation are: 

1) Magnesium aluminum metasilicate (Neusilin®, US2) (NEU) with a 5 nm pore size 

2) Granulated silicon dioxide (Aeroperl®300) (AER) with a 30 nm pore size  

3) Calcium phosphate dibasic (Fujicallin®) (FUJ) with a 73.5 nm pore size. 

          Poor drug solubility leads to numerous challenges in drug development, including 

formulation and storage. The solubility and dissolution behavior of a hydrophobic drug in 

an aqueous medium can be particularly challenging and various strategies to improve 

solubility and dissolution have been applied. Often, the solubility and dissolution rate of a 

drug are the rate-limiting step for oral bioavailability (120) and, different approaches have 

been applied to increase the aqueous solubility and the oral bioavailability of these drugs 

(121), such as size reduction, drug amorphization, spray drying (122) , complex formation 

with cyclodextrin (123), and hot-melt extrusion (HME) (124) . Another common approach 

is increasing the surface area between the drug and the dissolution medium and it has been 

verified that increasing the surface area of poorly soluble drugs is an effective tool to 



85 

 

 

 

improve dissolution rate of the drug (125). In this context, different approaches have been 

performed which include milling to fine particles (126–128), emulsification (126), and 

spray drying of the suspension to produce fine particles (127). Drug amorphization is also 

considered as a promising strategy to improve a drug’s solubility. The amorphous state has 

a greater free energy, which leads to a greater solubility and higher rate of dissolution, than 

the crystalline state. However, the high surface energy of the amorphous state is associated 

with physical and chemical stability problems. Stabilizing the amorphous state usually 

involves the addition of polymers that are often expensive and can lead to toxicity 

problems. Therefore, it is of interest to develop techniques which can increase the surface 

area of the drug, amorphize and stabilize it. A technique that can potentially achieve all 

these goals is the loading drugs into porous carriers. In particular, loading drugs into 

mesoporous and nanoporous materials has gained significant attention in the 

pharmaceutical industry (129). It is estimated that 40% of new drugs have low aqueous 

solubility, so creation and stabilization of amorphous drugs has recently acquired extensive 

attention (129–131). A silicate mesoporous carrier has recently been used for adjusting 

drug release rate, targeting drugs, and producing and isolating metastable polymorphs of 

drugs (25,132–136). Silicate mesoporous carriers display outstanding properties such as: 

stable, large surface area, small pore size with narrow distribution, and reproducible surface 

properties. Moreover, both small and large drug molecules were successfully loaded into 

the pores using an impregnation technique and the release profile from these products 

showed diffusion-controlled behavior (96). A distinctive property of the technique of 

amorphization of drugs by placing the drugs in small pores, is that the small pores provide 

good physical stability of the drug by inhibiting or suppressing re-crystallization of the 
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drug substance (129,135,136). According to International Union of Pure and Applied 

Chemistry (IUPAC) notation (137), the porous carriers can be classified depending on their 

pore sizes into micro porous for pore size below 2 nm, mesoporous for 2-50 nm, and macro 

porous for pore sizes larger than 50 nm. A crystal can only be produced and grown if a 

critical nucleation size is achieved (104) . Accordingly, the nucleation and crystal growth 

of drug molecules can be inhibited when these molecules are confined in small pores, so 

the drug/porous carrier systems exist in an inherently disordered state (138,139) and the 

resulting amorphous form shows a greater solubility and bioavailability than the crystalline 

form (140). Therefore, the utilization of inorganic excipients as drug carriers to enhance 

the dissolution behaviors of poorly soluble drugs is a promising technique, which can 

provide benefits for drug and dosage form development (141).   

Properties of the porous carrier can affect the drug loading, dissolution behavior, 

and stability. The most noticeable features are the pore size, the total pore volume and the 

surface properties including the surface area. Efforts have been made to investigate the 

effects of some factors such as pore size, surface properties, and physical properties on the 

dissolution of drugs from these carriers (135,136). Zhang et al (142) pointed out that the 

total pore volume and pore size are two important factors to determine the maximum drug 

loading capacities. Exceeding the loading capacity of the carrier results in loading of extra 

amount of drugs in the form of a crystal layer on the outside of the carrier particles, which 

reduces the drug release rate from the pores.  Further, Izquierdo-Barba et al (143) compared 

the release profiles of erythromycin and ibuprofen loaded in the same carrier. They found 

that erythromycin, which has larger molecular size than ibuprofen, showed a slower release 

rate than ibuprofen from the same pore size. This difference in the release profile was 
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clearer as the pore size was reduced. Accordingly, they recommended that the pore size 

should be at least three times larger than the drug molecule diameter in order to have 

increased rates of drug release (144). Larger pore sizes lead to an increase in crystal 

formation as the nano-confinement properties are lost. Therefore, the release rate will be 

relatively slower due to crystallization.  

As mentioned earlier in this chapter, the pore size of mesoporous carriers is very 

small, thus, nucleation and crystal growth are prevented due to insufficient space for 

crystallization (126). Although larger pore sizes allow crystallization to occur more readily 

than smaller ones, kinetic retardation of crystallization can also be noticed (127). 

Moreover, chemical stability can be improved by interaction between the drug and carrier. 

In most cases, this interaction involves hydrogen bonding which prevents chemical 

degradation (145). Despite research efforts in the area of porous carriers, many questions 

remain considering the effect of putting the same drug into different porous carriers with 

different physicochemical properties. Impregnating different porous carriers with the same 

drug allows us to answer questions about drug dissolution, blend uniformity, and other 

fundamental questions about impregnation.  Since there can be large differences in the 

prices of porous carriers/excipients, it is also important to investigate how product 

properties vary with different carriers to allow one to make cost/benefit decisions in terms 

of the different carriers. 

In this work, the efficacy of three porous carriers (Aeroperl 300, Fujicalin, and 

Neusilin US2), in terms of the impregnation of indomethacin (IMN), was studied. IMN 

was loaded into these three different carriers using a fluidized bed and the crystallization 

of IMN in the different carriers was investigated. As has been reported in previous work 
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(146), fluidized bed has successfully been used to load acetaminophen (APAP) into NEU, 

but it is of interest to also investigate the generality of fluidized bed for impregnation of 

porous carriers by examining a different drug. Since IMN is poorly soluble and is a highly 

crystallized drug, it can be considered as a good candidate for this study. Accordingly, it is 

a challenging task to implement a practical strategy, which ensures amorphization and 

stabilization of IMN at the same time. Also, it is important to look at the effects of different 

pore sizes of various carriers on the physical properties of IMN. Thus, the host systems, 

which were selected in this study, have pore sizes in three different ranges. The average 

pore size of FUJ is 73.5 nm, the average pore size of AER is 30 nm, and the average pore 

size of NEU is 5 nm. In order to accomplish this study, the product materials were 

characterized using scanning electron microscopy (SEM), laser diffraction, BET-surface 

area, and Raman Spectroscopy. Furthermore, to investigate the surface properties of 

products before and after impregnation, a droplet penetration method was applied. The in 

vitro release profiles were also studied using a dissolution apparatus.  

4.2 Materials and Methods 

4.2.1 Materials  

Neusilin® US2 (NEU) and Fujicalin (FUJ) were purchased from Fuji Health 

Science Inc, (Burlington, NJ USA). Aeroperil 300 pharma (AER) was purchased from 

Evonik (Germany). Methanol, B&J Brand® Multipurpose Grade (purity above 99%), was 

obtained from VWR International. Indomethacin was obtained from Sigma-Aldrich 

(USA).   
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4.2.2 Experimental Procedure  

All the experiments were done using the already existed procedure in Chapter 2. 

IMN was impregnated into the porous carriers NEU and AER at three different 

concentrations, namely, 5, 9, and 13% by mass whereas it was impregnated on FUJ at 1, 3, 

and 5% by mass.  We can explain why different concentrations were used for FUJ from the 

other two carriers as the following: one of important requirement to get a successful 

impregnation is to charge fluidized bed dryer with the porous carrier 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. To achieve this goal, the fluidized bed was charged 

with these three carriers separately. The required masses in gram, which are needed to 

reach the nozzle in each case, were: 220 gm of NEU; 300 gm of AER; 500 gm of FUJ. The 

differences in the required masses in each case due to the differences in the bulk densities 

among these carriers. The measured bulk densities of these carriers using FT4 were 0.18 

g/ml for NEU, 0.248 g/ml for AER, and 0.521 g/ml for FUJ. In this work, IMN loaded into 

carrier as mass by mass using methanol as a transport solvent. IMN has relatively limited 

solubility in methanol and it is easily re-crystallized when its concentration level in 

methanol reaches the saturation. Therefore, in case of NEU and AER, higher IMN loading 

concentration can be achieved comparing with FUJ using the same concentration of IMN 

solution in methanol. To sum up, the differences in the IMN loading concentrations 

between FUJ and other porous carrier are due to higher bulk density of FUJ comparing 

with AER and NEU and limited solubility of IMN in methanol. 
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4.2.3 Analytical Methods  

 All the analytical methods in this work were done depending on the already 

elaborated analytical methods in Chapter 2. The following analytical methods were applied 

in order to characterize the impregnated product and the pure carrier:  

1. SEM and Particle Size Distribution (PSD) 

2. Shear Cell Tests   

3. Specific Surface Area (SSA) and Pore Volume Distribution   

4. Raman Spectroscopy 

5. Drug loading and Blend Uniformity  

6. Droplet Penetration Study  

7. Dissolution Behavior                                                                               

Drug loading was measured using HPLC (Agilent Technologies, USA). The 

quantification method using HPLC included the following: a) column - ZORBAX Eclipse 

XDB-C18 (4.6 × 150 mm); b) mobile phase: Acetonitrile: Water (HPLC grade) 1:1; flow 

rate-1ml/min; Injection volume-20 µL; UV detection-320nm. As mentioned previously, 

ten samples were extracted for each experiment. Then, 200 mg from each sample was 

placed in 50 ml conical flasks; and the mobile phase was added to the flasks. This 

dispersion was sonicated for 40 min and left overnight at room temperature to ensure a 

complete extraction of IMN from the porous carriers. Samples were then withdrawn from 

the supernatant of each flask using a Millipore (0.45 µm) syringe filter and put in HPLC 

vials for analysis. For determining the amount of API, six standard solutions of IMN in the 

mobile phase were prepared with concentrations below and above that of the analyzed 

samples. From these standard solutions, calibration curves were built up and used in all 
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calculations. Injection volume for each sample was 20 µL. Consequently, the IMN loading 

of each sample, the mean, the standard deviation, and % relative standard deviation (% 

RSD) along with the confidence intervals of the measurements for each batch were 

determined.  

The flow properties of the pure porous carriers and the impregnated products were 

measured using a FT-4 (Freemen Technology, Wayne, PA, USA) powder rheometer. The 

normal applied stress was 3KPa in case of NEU and AER and 9KPa in case of FUJ. We 

used different normal stresses in this study because FUJ has higher bulk density than NEU 

and AER. Thus, it needs higher normal stresses than NEU and AER to get accurate and 

reproducible shear cell results. The pre-shear procedure was repeated 3 times at different 

normal stresses to obtain the yield locus (88). More details about the procedure can be 

found in Freeman et al (89). 

Droplet penetration (147) was measured by placing powder beds in a cylindrical 

container with 25 mm diameter and 20 mm height. Droplet penetration gives a measure of 

the wettability of powders. The experimental set up is shown in Figure 4-1. The FT4 

Powder Rheometer was utilized to prepare these powder beds by conditioning and 

compressing them. Then, a scraping step was necessary to flatten and smooth the surface 

of these beds. In order to determine the contact angle of water with the powders in this 

study, silicon oil (Cannon Instrument Co.), which can completely wet the materials, was 

used as a reference liquid, and deionized water, as a test liquid. A manual syringe was used 

to generate the droplets at a constant height, which is at 5mm from the powder bed surface. 

A CCD camera (AVT Gige camera) was utilized to record the penetration of the droplets 

using the StreamPix6 video recorder. The frame rate of the camera was 150 frames/second 
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and the exposure time was 0.3 milliseconds. All the recorded videos were interpreted using 

ImageJ (NIH) by removing the background and converting the pictures into binary images 

as shown in Figure 4-2. Then, the droplet volume was counted by assuming the shape of 

the droplet is axisymmetric. It was observed that the contact area between the drop and the 

powder bed remains constant during most of the penetration process. The initial volume as 

well as the contact radius was measured in each experiment and then the hemispherical 

volume (α=1), V1 = (2/3). πrc
3 was used to make the penetration volume non-dimensional. 

The time was made non-dimensional using the characteristic time given by the equation 4-

1 (147), 

                                                                         4-1 

The non-dimensional penetration curves are independent of the initial volume and 

contact radius of the drops. Once the dimensionless penetration times (and contact radii) 

were measured for both fluids, water (T) and silicone (R), and using the fact that the contact 

angle of silicone oil is 0°, the contact angle of water was calculated using equation 4-2,  

                                                              4-2 

where, rc is the contact radius; pc is the capillary pressure inside of the powder bed; 

μ is the viscosity; ϵ is the porosity; k is the permeability; θT is the contact angle of the test 

liquid; τα is the penetration time of a fluid of volume fraction α of the hemispherical 

volume, γ is the surface tension. Pure drug (IMN) is totally non wetting and as can be seen 

in Figure 4-2 the carriers (AER, NEU, FUJ) are hydrophilic; moreover, it can be seen that 
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the impregnated carriers are still hydrophilic and there is not much change in the wetting 

properties between pure carrier and the impregnated product. 

The dissolution behavior of IMN from the impregnated product was tested using a 

708-DS, 8-spindle, 8-vessel USP dissolution apparatus type II (paddle), with automated 

online UV-Vis measurement (Agilent Technologies). Dissolution tests were conducted on 

pure IMN and the impregnated products. The experimental conditions were set up as 

follows: dissolution medium - water: phosphate buffer (1:4); agitation speed – 50 rpm; UV 

detection – ʎ = 320 nm; temperature – 37oC. A calibration curve was constructed (Abs= 

17.345*conc. – 0.0022, R2 = 0.9999) by measuring the UV absorbance for five different 

concentrations of IMN in the dissolution media to quantify the measured absorbance. 

4.3 Results and Discussion 

4.3.1 Particle Size Distribution (PSD) and SEM                                                                                                                                                     

The PSD of the pure carriers and the impregnated products are shown and Figure 

4-3 and the corresponding D10, D50 and D90 are shown in Tab 4-1.  From this Tab, it is a 

clear that D10, D50 and D90 of the pure porous carriers and their impregnated products 

analogues are same. This indicated that loading of IMN into NEU, AER, and FUJ were 

successfully accomplished with no fines or agglomeration during the experiment. 

Excluding fines from solid pharmaceutical products is necessary to ensure good flow 

properties. Also, it is very important to reduce the dust formation during the manufacturing, 

especially if we have very potent drugs. Moreover, fines could influence the distribution 

of drugs within the pharmaceutical excipients during the mixing or granulation process. 

Sarang et al (148) conducted a study to investigate the causes of drug content non-
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uniformity in granules, which were prepared by wet granulation using a high shear mixer. 

They pointed out that the active pharmaceutical ingredient was concentrated in fine 

granules more than large granules. Therefore, fine granules were super potent, which leads 

to non-homogeneity of drug content. On the other hand, agglomeration of particles during 

the impregnation process results in segregation of the impregnated products into granules 

and/or particles with different particle sizes, which is considered as a failure mode for 

impregnation process. Furthermore, all the impregnated products presented the same PSDs 

as that of their corresponding porous carriers. These results support the hypothesis of 

placing the IMN inside the pores of porous carriers and not forming a monolayer at the 

surface of the carriers. 

SEM images (Figure 4-4) revealed that the impregnated products have the same 

morphological profiles as that of pure porous carriers. This indicates that fluidized bed 

impregnation process runs smoothly with no aggressive attrition or agglomeration of the 

impregnated materials. Preserving the same morphology as the pure carriers means keeping 

the same original flow properties as the pure carriers, which could be confirmed later by 

flow properties.  

4.3.2 Specific surface area and pore size distribution  

Three different porous carriers were selected for this study: NEU, AER, and FUJ. 

NEU US2 is an amorphous silica product. It consists of fluffy and highly light granules of 

magnesium aluminometasilicate. In addition, Fuji’s company develops NEU US2 to make 

it neutral that is different from traditional magnesium aluminium silicates whose pH is 

basic. Its pore diameter is about 5 nm with 390.4 (cm3/g) specific surface area. AER (300 
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Pharma) is a granulated colloidal silicon with 30 nm pore diameter and 236 (cm3/g) surface 

area while FUJ is a spherical granulated product of dibasic calcium phosphate dehydrate 

(DCPD) with 73.5 nm pore diameter and 28.7 cm3/g surface area. An important question 

could be asked during this study is: where is IMN placed exactly, inside the pores or 

forming a monolayer at the surface of porous carriers? To address this question, we first 

need to know the size of IMN molecule and the surface area of each carrier. Moreover, we 

need to do some important tests to measure the specific surface area and pore volumes of 

each carriers before and after impregnation. Bahl, D. et al (17) calculated the ratio of drug 

over porous carriers, which is required to form a monolayer coverage inside the pores. This 

could be done using the size of one drug molecule. The size of one IMN molecule is 4.27 

Å * 8.97 Å * 12.66 Å. Using these measurements, the quantity of IMN, which is necessary 

to form a monolayer on the surface of porous carriers can be calculated. Depending on the 

lowest and highest dimensions of rectangle bearing the IMN molecules, the ratio of IMN 

amount per 1g porous carrier, which is critical to form monolayer on the surface of porous 

carriers, can be calculated. From Tab 4-2, the specific surface area of each carrier was 

measured using BET-nitrogen adsorption method. The measured surface area of NEU was 

390 m²/g, so 0.21-0.61g IMN would supply a monolayer coverage on 1gm NEU. This 

equals to a ratio of IMN: NEU of (1:5-1:1.5) w/w. In the same manner, the ratio (w/w) of 

IMN over porous carriers required for monolayer coverage was calculated to be (1:6-1:2) 

for AER (surface area, 336 m²/g). According to these measurements, only high loadings 

(13% IMN in NEU or AER) are close or above monolayer coverage while low loading 

percent are below monolayer coverage. In this situation, IMN placed on the surface of 

porous carriers and not inside the pores. However, this study showed different results from 
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above calculations and conclusions. The reduction in surface area and pore volume after 

impregnation can be seen in the Table 4-2 and Figure 4-5. The surface area of pure NEU 

was 390 m²/g, and the pore volume was 1.74 cc/g. After impregnation with 13% IMN, the 

surface area of the impregnated product became 264 m²/g and the pore volume was 1.3 

cc/g. Similarly, the surface area of AER was 336 m²/g before impregnation, and it became 

136 m²/g after impregnation with 13% IMN. The pore volume of AER was 2.2 cc/g before 

impregnation, and it became 1.6 cc/g after impregnation. In addition, the surface area of 

pure FUJ was 28.7 m²/g, and the pore volume was 0.224 cc/g. After impregnation with 5% 

IMN, both the surface area and the pore volume of impregnated product was slightly 

reduced to 26.174 m²/g and 1.3 cc/g, respectively. These data indicated that the IMN was 

placed inside the pores of porous carriers due to these significant changes in both the 

surface area and pore volume of the porous carrier. The reduction in the surface area and 

pore volume of porous carriers after IMN loading means that this drug occupies a 

significant part of pores. These results come in agreement with other studies such as Raman 

spectroscopy, flow properties and dissolution studies. Thus, it is a clear that IMN was 

placed inside the pores and not at the surface of porous carriers. 4.3.3 Drug loading and 

Blend uniformity  

 The blend uniformity of all impregnated product was calculated. The results 

showed that the content uniformity of IMN in the impregnated products were discovered 

to be uniformly distributed. All the %RSD values were found less than 5 and all the % 

content values were close to the target loadings. Therefore, there is no loss in drugs during 

the loading process. Tab 4-3 demonstrates the details of drug loadings and blend uniformity 

values. 
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4.3.3 Flow properties measurement  

 Powder Flow properties play a distinctive role in manufacturing of solid dosage 

forms. All impregnated products showed (Figure 4-6) comparable flow behaviors to the 

pure carriers, which have very good flow properties. Nevertheless, 5% IMN in FUJ 

presented a little change in its flow behavior comparing with pure FUJ, which might be 

due to the presence of IMN at the surface of carrier and not inside the pores. This 

observation needs more characterization to prove the reason behind this difference in the 

flow properties.  

4.3.4 Raman Spectroscopy 

 Raman spectroscopy studies were done to investigate the physical state of IMN in 

the impregnated products. The Raman spectra of IMN impregnated products in NEU, AER, 

and FUJ were illustrated in Figure 4-7a, 4-7b, and 4-7c, respectively. The results showed 

that IMN exists mainly in amorphous form in all porous carriers. The Raman data of pure 

IMN presented several distinct peaks showing the crystalline nature of IMN. NEU and 

AER porous carriers are amorphous and do not develop any peaks, however, FUJ showed 

some sharp peaks, which indicated a partial crystallinity of this carrier. The high intensity 

signals of IMN was significantly reduced in the Raman spectra of impregnated products. 

Physical mixtures of IMN and porous carriers in different ratios presented intense peaks 

compared to impregnated products using the same components at the same ratios. While 

the intensity of sharp peaks of IMN is gradually decreasing from neat IMN to physical 

mixtures, these peaks mostly disappear from all impregnated products indicating a full 

amorphization state of IMN. This is mainly due to the presence of IMN in a crystalline 
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state in the physical mixtures. In the case of impregnated products, these products do not 

show any intense peaks pointing out a complete amorphous state of IMN inside the pores 

of these porous carriers. Nevertheless, FUJ impregnated products presented some intense 

peaks indicating a partial amorphization.  

4.3.5 In vitro dissolution studies  

The in vitro dissolution profiles of pure IMN and impregnated products of IMN in 

NEU, AER, and FUJI are shown in Figures 4-8, 4-9 and 4-10, respectively. IMN is 

practically insoluble in water (149). All impregnated products presented higher dissolution 

rate and extent than pure IMN. Dissolution behavior enhancement of impregnated products 

was noticed in the following rank IMN in NEU products > IMN in AER products > IMN 

in FUJ products > pure IMN. In general, the dissolution behavior of IMN from impregnated 

products was significantly improved compared to neat IMN. The dissolution rate 

improvement of IMN from porous carriers is mainly due to the alteration of drug state from 

crystalline to amorphous state. Amorphous form of drugs is highly energetic, and its 

thermodynamic barrier of dissolution is low, so it is easily dissolved. This high free energy 

acts as a driving force for initiating the solubility, so amorphous form is more soluble than 

that of its crystalline analogue (150). These data came in agreement with Raman 

spectroscopy. Also, the improvement in the dissolution profiles of impregnated products, 

comparing with neat crystalline IMN, is mainly due to increase of IMN wettability by 

placing it inside the pores of porous carriers. IMN is completely hydrophobic in nature. 

Inclusion of IMN inside the pores of hydrophilic porous carriers makes the outer surface 

of IMN hydrophilic, so it enhances its wettability. Moreover, the large surface area of 
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porous carriers significantly improves the dissolution behavior. Nevertheless, silicate 

porous carriers (NEU and AER) showed better dissolution profile of IMN comparing with 

FUJ. This faster rate and higher extent of dissolution of silica impregnated products are 

mainly due to high surface area of silica products comparing with FUJ. Furthermore, silica 

products possess finer pores than FUJ. Very small pores completely amorphize the drugs 

because there is not enough space to partially recrystallize while large pore size may lead 

to partial recrystallization of the drugs. The porous silica facilitates IMN to release in the 

dissolution medium in the form of very fine particles, which noticeably improve the 

dissolution rate. Furthermore, the presence of silanol groups in silica products significantly 

improves the dissolution rate of drugs in the dissolution medium(119). Moreover, Figure 

4-8 showed that 1% IMN in FUJ presented less improvement in the dissolution profile than 

3% and 5% IMN in FUJ. As discussed previously, each drug has a minimum amount, 

which is necessary to form a monolayer coverage low ratio of IMN: porous carrier results 

in placing the drug at the carrier’s surface. This critical value depends on both the 

dimensions of drug molecule and the surface area of carrier. Therefore, at low IMN loading 

i.e 1% IMN in FUJ, IMN forms monolayer coverage at the surface more. The presence of 

IMN at the surface might results in easily recrystallization of IMN, which leads to reduction 

in the solubility and dissolution rate of this product material compared to higher loading of 

IMN in FUJ. 

4.3.6 Wettability of impregnated products 

The improvement in the dissolution profile of IMN after impregnation with porous 

carriers was further explored using droplet penetration method. Tab 4-4 shows the 
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calculated contact angle of pure IMN, pure porous carriers, and impregnated products 

depending on droplet penetration. IMN was completely hydrophobic. We were unable to 

measure its contact angle because of no droplet penetration. The water drop stayed intact 

at the surface of IMN powder bed. This is an indicator of its poor solubility and very slow 

dissolution rate. On the other hand, all porous carriers showed good hydrophilicity as 

indicated by their acceptable contact angles. The contact angles of NEU, AER, and FUJ 

were 53.4°, 78.0°, and 37.8°, respectively. After impregnation, 5% IMN in NEU, AER and 

FUJ presented 69.0°, 79.9° and 81.4° contact angles respectively. From these results, we 

can conclude that loading of IMN into NEU, AER and FUJ leads to mild increase in the 

contact angle i.e. a slight increase in hydrophobicity, but impregnated products can still be 

considered as hydrophilic materials. Comparing the contact angle of IMN with 

impregnated products revealed that impregnation significantly improved the wettability of 

IMN. Consequently, the dissolution rate of IMN was noticeably enhanced after 

impregnation. These results come in agreement with the results of dissolution studies. For 

more details, see Figure 4-11. 

4.4 Conclusions 

In this work, three different porous carriers were successfully impregnated with 

IMN using a fluidized bed dryer. The impregnated products were entirely evaluated, and 

the results revealed that these products generally possess valuable characteristics, which 

are necessary for manufacturing of solid dosage forms. The resulting products presented a 

good blend uniformity, agreeable particle size distribution. However, NEU and AER 

impregnated products showed better flow properties than FUJ impregnated products. Also, 
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the results indicated that the blend uniformity did not depend on the drug load or carrier 

type. The Raman spectroscopy showed that IMN is mainly amorphized inside the pores of 

the porous carriers. The amount of small crystals percent could be pointed out in IMN-FUJ 

products. Although the dissolution profiles of all the impregnated products were better than 

pure crystal IMN, IMN-NEU and IMN-AER impregnated products presented faster 

dissolution rate than IMN-FUJ impregnated products. The differences in impregnated 

products properties are mainly relied on the differences in the pore size of these products. 

NEU and AER have smaller pore size and larger surface area than FUJ.  

In our previous work, acetaminophen was impregnated into NEU (146) while in 

this study IMN was impregnated into NEU, AER, and FUJ. Accordingly, this study 

confirms the generality and feasibility of using fluidized bed process to impregnate 

different active pharmaceutical ingredients into different porous carriers. This is very 

important in pharmaceutical industry because different excipients and varieties of drugs 

should be prepared as solid dosage forms.  However, additional work may be required to 

investigate the amenability of this method for co-impregnation of two drugs into one 

porous carrier. 
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4.5 Figures 

 

Figure 4-1 Diagram of the droplet penetration setup 
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Figure 4-2 (a) & (b) Pictures of droplets before and after excluding the background and 

binarizing the image respective for pure IMN (c) pure AER, (d) 5% IMN in 

AER, (e) pure NEU, (f) 5% IMN in NEU, (g) pure FUJ and (h) 5% IMN in FUJ. 

As it can be seen in the pictures, pure drug (IMN) is totally non wetting. The 

drug is made hydrophilic by impregnation and it can be seen that there is not 

much change in the wetting properties between pure carrier and the impregnated 

product 

 

g 

h 



106 

 

 

 

 

 

0

2

4

6

8

10

12

1 10 100 1000

V
o

lu
m

e 
%

Diameter (µm)

a

NEU

5%

9%

13%

0

2

4

6

8

10

1 10 100 1000

V
o

lu
m

e 
%

Diameter (µm)

b

AER

5%

9%

13%



107 

 

 

 

 

Figure 4-3 Particle size distribution comparison for (a) pure Neusilin (NEU) and 

impregnated products using, (b) pure Aeroperl (AER) and impregnated 

products, and (c) pure Fujicalin (FUJ). The PSDs of pure porous carriers and 

the impregnated products are comparable in all cases 
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Figure 4-4 Scanning Electron Microscope (SEM) Pictures at magnification 100x of a & b- 

Pure Neusilin (NEU) and NEU impregnated products, c & d- Pure Aeroperl 

300(AER) and AER impregnated products, and e & f- Pure Fujicalin (FUJ) and 

FUJ impregnated products. The pictures revealed that there are no 

morphological changes after impregnation  
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Figure 4-5 BET curves for (a) pure Neusilin (NEU) and 13% impregnated, (b) pure 

Aeroperl (AER) and 13% impregnated, and (c) pure Fujicalin (FUJ) and 5% 

impregnated. There is a noticeable decrease in surface area and pore volume 

after impregnation 
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Figure 4-6 FT4 Measurement of (a) pure Neusilin (NEU) and impregnated products, (b) 

pure Aeroperl (AER) and impregnated products, and (3) pure Fujicalin (FUJ) 

and impregnated products. The good flow properties of the pure carrier are 

maintained after impregnation 
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Figure 4-7 Raman spectra of (a) Pure IMN, Pure Neusilin (NEU), 5% & 9% impregnated 

IMN (IMP), and 5% & 9% IMN Physical Mixture (PM), (b) Pure IMN, Pure 

Aeroperl (AER), 5% & 9% impregnated IMN (IMP), and 5% &9% IMN 

Physical Mixture (PM), and (c) Pure IMN, Pure FUJ, 1% &3% impregnated 

IMN (IMP), and 1% & 3% IMN Physical Mixture (PM). The results presented 

that there is a clear reduction in the crystallinity of IMN after impregnation 
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Figure 4-8 Dissolution behavior study of Pure Indomethacin (IMN) and impregnated 

Neusilin (NEU) to various levels. There is a significant improvement in the 

dissolution behavior of IMN after impregnation 

 

 

Figure 4-9 Dissolution behavior study of Pure Indomethacin (IMN) and impregnated 

Aeroperl (AER) to various levels. Most impregnated products showed higher 

dissolution rates than pure IMN 
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Figure 4-10 Dissolution behavior study of Pure Indomethacin (IMN) and impregnated 

Fujicalin (FUJ) various levels. The dissolution rates of impregnated products 

are generally higher than pure IMN 
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Figure 4-11 Non-dimensional penetrated volume as a function of time for (a) pure AER, 

(b) 5% IMN in AER, (c) pure NEU, (d) 5% IMN in NEU, (e) pure FUJ and (f) 

5% IMN in FUJ 
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4.6 Tables 

Carrier Impregnated 

Products 

D10 D50 D90 

 

 

NEU 

Pure 41 124 206 

5% 56 121 192 

9% 53 122 188 

13% 56 123 183 

 

AER 

Pure 23 52 86 

5% 23 55 90 

9% 28 55 88 

13% 27 51 95 

 

 

FUJ 

Pure 64 131 180 

1% 63 130 185 

3% 62 131 184 

5% 63 130 188 

 

Tab 4-1 Particle size measurement of pure porous carriers and impregnated products. All 

sizes are in microns 

Carrier Impregnated 

Products 

Surface Area 

(m²/g) 

Total Pore 

Volume (cc/g) 

 

NEU 

Pure 390.4 1.742 

13%  264.5 1.308 

 

AER 

Pure 336.925 2.244 

13%  186.079 1.645 

 

FUJ 

Pure 28.708 2.242e-01 

5%  26.174 1.952e-01 

 

Tab 4-2 Surface area and pore volume of pure carriers and impregnated products 
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Carrier Impregnated 

Products 

%Loading %RSD 

 

 

NEU 

5% 4.80 1.2 

9% 9.59 0.73 

13% 11.89 3.22 

 

 

AER 

5% 4.67 2.64 

9% 9.28 3.65 

13% 13.07 4.36 

 

 

FUJ 

1% 0.87 3.92 

3% 2.80 4.80 

5% 4.42 3.83 

 

Tab 4-3  Loading and Blend Uniformity of impregnated products.  

Carrier Product Contact of Angle (θ) 

IMN Pure No Penetration (N. P.) 

                 NEU Pure 53.4 

5% 69 

AER Pure 78.0 

5% 79.9 

FUJ Pure 37.8 

5% 81.4 

 

Tab 4-4  Contact Angles of pure Indomethacin, porous carriers, and impregnated products 
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Chapter 5 Continuous Impregnation of APIs into porous carriers 

using a Glatt Blender CGC-70 

5.1 Introduction 

As mentioned previously in Chapter 1, the pharmaceutical industry primarily has 

still used the traditional batch manufacturing system; however, a few companies have been 

modernizing to continuous manufacturing, which has recently shown many advantages to 

batch, becoming an emerging technology in pharmaceutical industries. Traditional batch 

manufacturing needs long time from formulation to manufacturing development and it is a 

material-consuming process. On the other hand, continuous manufacturing has many 

benefits, including relatively low cost, small equipment size, flexible production volumes, 

and no need for scale up. Thus, the US FDA is encouraging the companies to adopt 

continuous manufacturing processes.  

Work presented in Chapter 3 and 4 were performed using batch manufacturing 

equipment where a pre-determined batch-size of impregnated products was produced each 

run. With the new interest in continuous manufacturing, this chapter will focus on the 

development of a continuous impregnation process. In order to get a successful continuous 

impregnation process, the window for impregnation is much shorter than for the batch 

process. In the batch process, there is a set amount of material and solution that needs to 

be sprayed over time. In the continuous process, the powder constantly moves through the 

system; therefore, the solution addition rate needs to be adjusted to the material flow rate 

to reach a desired output ratio of API impregnated in the porous material. That is why in a 

continuous impregnation process, it is important to adjust the spray rate according to the 
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mean residence time and flow rate of powder from the feeder. Also, it is important to 

determine the maximum allowed spray rate in this process to avoid agglomeration. This 

step depends highly on the properties of the porous carrier and the throughput of the 

material. Furthermore, it is of interest to study the effect of process parameters on the 

properties of the impregnated products. All these steps are necessary to determine the 

applicability of the proposed continuous impregnation method. In order to test the 

feasibility of continuous impregnation using a Glatt GCG-70, some preliminary studies 

were conducted, and the results were discussed in Chapter 2.  

In this chapter, a new manufacturing method to continuously impregnate API into 

porous carriers was investigated. Since the process is constantly in a steady state motion, 

RTD measurements were thoroughly discussed, and results presented in this chapter. RTD 

experimentation has been used in pharmaceutical manufacturing to examine the blender 

performance (151,152) and to characterize the behavior of materials with different 

properties as they move through the continuous process (153,154). The continuous Glatt 

blender (GCG-70) was used to impregnate IBU into two porous carriers: Neusilin US2 

(NEU) and Fujicalin (FUJ). The blade configurations of the blender shaft were arranged in 

order to move powder forward, upon entering the blender, to the middle third of blades, 

which were arranged in alternating angle pattern. The alternating pattern would create a 

region of hold-up in material, which is a better region to spray the solution to allow for the 

solution to be dispensed across the material. The regional mixing rate in conjunction with 

the time the powder remains inside the blender decides the efficiency of GCG-70 as an 

impregnation equipment. The final third of the blades was directed forward to continue the 

material flow. The hold up, where the impregnation occurred, was dependent on material 
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properties, throughput, blender RPM, and blade configuration. Since the configuration was 

kept constant, the remaining parameters were investigated. When optimizing the process, 

some period of residence time of the host carrier was desired. If the measured residence 

time is too fast, that would mean the material does not reside in the blender long enough to 

allow for the solution to disperse within the flowing powder system; therefore, the unit 

operation is not efficient to produce enough mixing, and the homogeneity of the resulting 

products will be very low (155).   This means that the efficiency of continuous impregnation 

process is determined by the balance between two sub-process: a radial flow (batch 

process) and an axial flow. Hence, the first step in the development and enhancement of 

any continuous manufacturing process was to examine the RTD and evaluate the effects of 

different process parameters. 

Accordingly, this chapter concentrates on the characterization of the GCG-70 

blender with consideration to the process parameters (flow rate, impeller rotation), host 

type (NEU or FUJ), and tracer amount (low, medium, and high). The characterization of 

the continuous blender depends on two main strategies. The first strategy was the 

investigation of the flow behavior of host carriers in the blender. This step was 

accomplished by conducting RTD, material hold up measurement and strain calculations. 

The second strategy is evaluating the blend uniformity of the impregnated products using 

NIR spectroscopy. These two strategies provide a good understanding of the performance 

of GCG-70 blender as an impregnation equipment.  
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5.2 Materials and Methods 

5.2.1 Materials 

Two host carriers were used in these studies, dibasic calcium phosphate (Fujicalin) 

and magnesium aluminometasilicate (Neusilin US2) were obtained from Fuji Chemical 

Industries Co., Ltd. (Japan). The API used in these investigations were Ibuprofen 70 

(BMS). Ibuprofen was the API used for impregnation and liquid phase tracer in RTD 

studies.  Analytical grade methanol was used as the transport solution, to dissolve the 

Ibuprofen, and pump it into the devices. 

5.2.2 Processing and Online Testing Equipment 

The continuous impregnation process consisted of multiple unit operations and 

online testing equipment including a loss-in-weight (LIW) feeder, a continuous blender, a 

near infrared (NIR) spectroscopy instrument, a peristaltic pump, and a vibratory feeder. 

The first operation involved the LIW feeder, which is used to dispense accurately the host 

particles.  From the feeder, the particles flowed into the continuous blender, where the 

ingredients underwent tumbling. The impregnation step occurred in the continuous 

blender, after which, the powder fell into a transitional vibratory feeder to control the bed 

height.  Above the vibratory feeder, the NIR probe was placed to obtain the spectral scans. 

This set up is shown in Figure 5-1. In this work, we utilized the Glatt continuous powder 

blender (GCG-70), a single K-Tron K-CL-SFS KT20 (Coperion K-Tron Pitman Inc., NJ) 

feeder for manufacturing of impregnated products. A FT-NIR Matrix (Bruker Optics 

Billerica, MA, USA) was used for spectral acquisition to study RTD and RSD of 

impregnated products. The description of these equipments was provided in Chapter 2. 
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5.2.3 Experimental Set-up 

These experiments started with feeding the porous carrier through the LIW feeder 

into the blender, where the impregnation step occurred immediately once the material 

reached the nozzle position inside the blender. A peristaltic pump was used to deliver the 

drug solution through a Tygon® tubing connected to the 0.1 mm diameter nozzle. Figure 

5-2 shows a schematic illustration of experimental set-up 

Next, the impregnated products were collected from the blender and were dried 

using a Miniglatt fluidized bed to exclude any residual solvent. The temperature of inlet 

air was 80 ᵒC. The air flow pressure was between 0.10-0.15 bar. Once dried, particle size 

was characterized using a Beckman-Coulter LS 13-320, with a Tornado module for dry 

powder, to determine if particle size was affected by the process. 

5.2.4 Characterization of the Blender by Residence Time Distribution, Hold-up, 

Strain, and Content Uniformity 

5.2.4.1 RTD measurement 

Residence time distribution in the blender was calculated to determine the RTD of 

the API in the liquid phase. The API (Ibuprofen) was used as the tracer as it had a clear 

and distinguishable NIR peak.  To calculate the RTD of tracers in liquid phase (Ibuprofen 

in Methanol)), the continuous process was first allowed to reach steady state by monitoring 

the exit flow rate of the system. This was done by allowing the porous carriers (FUJ or 

NEU) to be fed in the blender for 10-15 min. Once steady state was achieved, the tracer 

was added, and the time of the pulse was noted.  These experiments were performed at 150 

and 300 rpm and using 3 kg/hr flow rate. The amounts of tracer were selected such that the 



125 

 

 

 

concentration of the tracer at the exit of the mixer would be above the detection limits of 

NIR method. The Ibuprofen (IBU) solution, used as the liquid form tracer, was prepared 

by dissolving IBU into methanol to obtain a 20% w/w IBU in methanol solution. The 

solution was then added into the system using a peristaltic pump at 3 different rpm (25, 60, 

and 90). The pump was run for 1 minute for each condition. NIR spectra were subsequently 

acquired at constant time intervals from the outlet of the mixer. These spectra were 

analyzed to determine the concentration of tracers over time. Thus, a dataset of 

concentration vs. time was collected. Using this data, the residence time distribution 

function (E (t)), the mean residence time (τ), the mean centered variance (σ), and skewness 

were calculated. As mentioned in previous work (56,69), these parameters illustrate axial 

mixing in a continuous flow system. Mathematical equations for each of these terms are 

described below, equations (5-1), (5-2), and (5-3).  

Residence time distribution (E(t)) is defined by the equation: 

E (t) =
c (t)

∫ c(t)dt
∞

0

                                                                                                       5 − 1 

Where t is time, c (t) is the tracer concentration as a function of time 

Mean residence time (τ)(MRT) is defined by the equation: 

τ = ∫ tE(t)dt                                                                                                            5 − 2
∞

0

 

Lastly, the mean centered variance (𝜎𝜏
2) (MCV) is defined by the equation: 

στ
2 =  

∫ (t − τ)2E(t)dt
∞

0

τ2
                                                                                          5 − 3 
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The RTD, mean residence time (MRT), mean centered variance (MCV), and 

skewness were used in this study to estimate the flow behavior and the distribution of drug 

in the continuous mixer. The RTD was the distribution of material as it passed through the 

system at steady state, while MRT was the mean time that a particle remains inside the 

blender (156). The MCV was the variance (square of the standard deviation) normalized 

by the square of the mean value of the distribution. Standard deviation and MCV are 

qualitatively similar since both were a measure of the width of the RTD. For a CSTR 

(Continuously Stirred Tank Reactor), where it is often described as a perfectly mixed 

stirred tank, the MCV would be equal to one. For a perfect PFR (Plug Flow Reactor), which 

is often described as a perfectly unmixed system, the MCV would be equal to zero. Flow 

behavior of real cases without dead zones should fall in-between those two extremes. Thus, 

a higher value of MCV would indicate better mixing, while a lower value for MCV 

describes poor mixing conditions. Another important parameter that should be calculated 

is skewness. The skewness equals to the cubic of standard deviation normalized by the 

cubic of the mean value of the distribution. The skewness is used to investigate the degree 

of back mixing and the degree of asymmetry in the RTD curve. Its value could be positive 

or negative depending on the presence or absence of back-mixing.  

Several models have been stablished to describe the RTD in the continuous unit 

operations. Although these models were primarily developed for liquid unit operations, 

most of them can be applied for powder flow in unit operations. The examples presented 

in this study were based on “stirred-tanks-in-series” model. This model presents a mixer as 

a set of equally sized continuously stirred tank reactors (CSRTs) placed in series (Figure 
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5-3). While the CSRT model assumes that each mixing unit has perfect back-mixing, 

placing CSRTs in series results in a realistic mixing model (54).  

The Tank-In-Series model, a one parameter model, was used to describe the blender 

(54,157–161). The tracer concentration versus time of the RTD of the system was fitted 

with the Tank-In-Series model, equation 5-4, to calculate the number of ideal tanks 

(CSTRs), n, in series.   

𝐸(𝑡) =  
𝑡𝑛−

(𝑛−1)!𝜏𝑖
𝑛  𝑒−𝑡/𝜏𝑖                                                                                                         5 − 4                                           

The number of tanks, n, represents the behavior of the mixing system as shown in 

Figure 5-4, if the value was small, from a broad peak, the system behaves closer to an ideal 

CSTR, or two CSTRs in series. If the n value obtained was a larger number (sharper peak), 

it would mean that the system behaves more similarly to an ideal plug flow reactor PFR. 

‘0 n-value’ is also inversely proportional to the variance or the ‘spread’ of the RTD plot 

(54,56,82).   

5.2.4.2 Blender Hold-up and Strain measurement 

Blender hold-up was defined as the semi-constant mass of powder that resides in 

the continuous blender during steady state operation. The hold-up is commonly calculated 

by subtracting the mass exiting the blender to the total mass that flows into the blender, at 

steady state.  The total mass exiting the blender was collected in a vessel on an Ohaus 

Adventurer catch scale, while the total mass entering into the system was calculated from 

the total mass the LIW feeder deposits during the run.  The hold-up is commonly dependent 

on the blender impeller speed, the total mass flow rate, and impeller blade 

configuration(156). After the system was started, powder accumulates in the blender, 
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creating the hold-up.  Small pulses of powder can exit the blender at this time; however, at 

steady state, the mass flow rate exiting the blender is approximately constant.  When the 

mass flow exiting the blender was identified to be at a constant flow rate, steady state was 

assumed. This procedure was conducted for both NEU and FUJ at 150 rpm and 300 rpm. 

The whole line completely cleaned between the experiments to prevent contamination 

between carriers. 

The hold-up measurements can be used to calculate the bulk residence time, or what 

has also been sometimes called the space-time, which is the average amount of time 

required by the incoming material as it combines with the blender holdup before eventually 

exiting the system(156). MRT in this case can be calculated using equation (5-5): 

𝑀𝑒𝑎𝑛 𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒 (ℎ𝑟) =  
ℎ𝑜𝑙𝑑−𝑢𝑝 (𝑘𝑔)

𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (
𝑘𝑔

ℎ𝑟
)

                                                                   5 − 5  

The rotating impeller is the main source of energy in the continuous mixer. This 

energy is spent in the powder convective transport, friction forces between the powder bed 

and the impeller, and the mean strain(56). It is crucial to know the number of blades passes 

because it has an essential effect on the RTD and the rotation rate.  With the knowledge of 

MRT, the average time a particle spends in the system has been identified.  Calculating the 

average time, a particle remains in the system, and knowing the RPM of the blender, the 

total number of blades passes the average particle experiences was calculated using 

equation (5-6). 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑎𝑑𝑒 𝑝𝑎𝑠𝑠𝑒𝑠 = 𝐵𝑙𝑒𝑛𝑑𝑒𝑟 𝑅𝑃𝑀 ∗ (𝑀𝑅𝑇 (ℎ𝑟) ∗ 60 (
𝑚𝑖𝑛

ℎ𝑟
))                    5 − 6 
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Accordingly, powder hold-up in the mixer is important because it specifies the 

average residence time, and thus the total average strain experienced by the powder as it 

travels through the mixer.  

5.2.4.3 RSD measurement 

To evaluate the quality of mixing (mixing performance) over time, the relative 

standard deviation of the API content in the impregnated product was computed.  Once the 

powder flow reached a steady state, the drug solution was constantly pumped into the 

blender and allowed to reach the steady state. When the steady state was achieved by 

observing constant NIR readings, 100 spectra were collected over the course of the run. 

The average API concentration was calculated along with the standard deviation.  The RSD 

was then calculated as the ratio of the standard deviation over the average. The target was 

to obtain an RSD below 5%. 
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5.3 Results and Discussion 

5.3.1 Residence time distribution and metrics 

As mentioned previously, determining the RTD of the blender is an essential step 

to understand the characteristics of the blender. The RTD enhances the understanding of 

the flow behaviour of  the material imparted by the blender. RTD knowledge can help to 

predict how the blender can filter any noise coming from upstream units, by characterizing 

the RTD versus process parameters.This means that the RTD can help to build up a robust 

feed-forward (downstream) and feed-back (upstream) control systems.The control system 

would monitor the quality control of pharmaceutical products throughout the continuous 

line .  

The RTD’s probability distribution function (PDF) was calculated using the tracer 

concentration obtained from the NIR study and the equations mentioned in Section 5.2. 

The tracer concentrations were transferred to a standard scale i.e. into the E (t) distribution. 

This transformation step is necessary to make obvious and representable comparison 

between RTD tests at different conditions. The RTD curves for all tracer suggested that 

there are clear differences between the maximum E (t) value among these curves. The 

maximum PDF value (peak) was 0.5 s-1 in which 90 ml of IBU solution was added as a 

tracer and NEU was used as a carrier at 3 Kg/h and the lowest minimum PDF (peak) was 

0.07 s-1 in which 60 ml of IBU solution was added as a tracer and FUJ was used as a carrier 

at 3 Kg/h. Moreover, all tracer curves, which presented in this study displayed two major 

characteristics. First, a delay time was observed in all the tracer curves. Delay time is the 

time between tracer addition and the increase in the E (t) in response to increase the tracer 

concentration. This property is related to the minimum amount of time required for 
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powders to move through the blender and approach the blender’s exit. Second, a right 

skewness was observed in most curves. This skewness was identified by a long tail. These 

results came in agreement with previous studies (69,162). Using the PDF values, the RTD 

metrics were computed using the mathematical equations in 5.2. The mean residence time 

(MRT), mean centered variance (MCV), and skewness for all the experiments are showed 

in Table 5-1 and Table 5-2. All distribution presented positive values for skewness. This 

means that all distributions had a right skewness i.e. “long trailing tails”. Also, the results 

showed that increasing the rotation speed of the blender resulted in reducing the MRT 

(using the same carrier) in most cases. This indicates that increasing the RPM, for the same 

carrier, leads to an increase the speed of this carrier inside the unit and results in different 

MRT. Also, NEU and FUJ showed different RTD metrics at the same experimental 

conditions. This means that the tracer needed different times to travel through the blender 

when using carriers with different bulk properties, which travel at different speeds inside 

the whole line.  

5.3.1.1 RTD metrics using NEU as a carrier 

The following section focuses on the effect of tracer amount and rotation speed on 

the RTD measurements using NEU as a carrier.  

Figure 5-5 (a & b) shows the effect of tracer volume and rotation speed on the 

residence time distribution using NEU as a carrier at 3kg/h. All the cases presented a long 

tail and a delay time. As the tracer amount increases from 25 ml to 90 ml, using the same 

rotation speeds, the PDF curve stay almost consistent with no change in the behavior. 

However, increasing the speed rotation leads to a clear change in the PDF profile, where 

at high rotation speed, the sharpness of the peak increases. This indicates that the rotation 
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speed has a distinctive effect on the RTD curve and its metrics, while the volume of tracer 

did not show any clear effect at the same rotation speed. This is exactly what is desirable 

and demonstrates that the tracer does not affect the RTD. Figures 5-6 (a, b and c) elaborates 

the effect of rotation speed on RTD metrics. Figure 5-6 (a) illustrates the effect of tracer 

amount and rotation speed on MRT. The MRT of 25 ml, 60 ml, and 90 ml tracer at 150 

rpm were 6 .06 min, 6.12 min, and 6.29 min, respectively. While MRT of 25 ml, 60 ml, 

and 90 ml tracer at 300 rpm were 3.57 min, 3.78 min, and 3.41 min, respectively. These 

results showed that increasing the volume of tracer, at the same rotation speed, did not 

influence on MRT. However, increasing the rotation speed does lead to a significant 

reduction in the MRT. As the rotation speed increases from 150 rpm to 300 rpm, the MRT 

decreases to about the half. The result is intuitive, as the blades move faster, the powder is 

pushed through the system faster, and therefore resides within the blender for a short period 

of time. These results were in agreement with previous work performed in a continuous 

blender (56). The MCV and skewness for all cases ranged between 0.147 to 0.20 and 0.06 

to 0.133, respectively. The change in MCV values by increasing the rotation speed 

followed a different pattern than the MRT. The MCV values (as shown in Figure 5.6 (b)) 

were found to stay consistent with increasing impeller rotation rate, except in case of 90 

ml tracer, where the MCV slightly increases with increasing the impeller speed. All curves 

had positive values for skewness, as seen from the results in Figure 5-6 (c), which means 

that all RTDs have right skewness. The right skewness of all RTD curves demonstrates 

what previously mentioned in section 4.1 that all RTD curves have trailing tails. These 

results agreed with previous work (69). 
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5.3.1.2 RTD metrics using FUJ as a carrier 

Figures 5-7 (a & b) show the effect of tracer volume and rotation speed on the 

residence time distribution using FUJ as a carrier at 3kg/hour. All the cases showed a tail 

longer than that observed for NEU, as well a longer delay time. As the tracer amount 

increases from 25 ml to 90 ml using the same rotation speeds, the PDF curve showed 

inconsistency in its behavior. Figure 5-8 (a) showed that increasing the tracer amount led 

to increase the MRT for both 150 rpm and 300 rpm. As for NEU, increasing the rotation 

speed of the blender led to a reduction in the MRT. This demonstrates that both the rotation 

speed and the amount of the tracer have an influence on the RTD curve, and its metrics. 

For all cases, the MCV and skewness ranged between 0.147 to 0.207 and 0.06 to 0.133, 

respectively. The change in MCV values, by increasing the rotation speed and the tracer 

amount, followed same pattern as what we have seen in the MRT study. All curves had 

positive values for skewness, as shown in Figure 5-8 (c), which demonstrates that all RTDs 

have right skewness, indicating the curves have trailing tails. Next the FUJ experiments 

were repeated at 6 kg/h. Figures 5-9 (a and b) and Figures 5-10 (a, b, and c) presented RTD 

and its metrics using FUJ as a carrier at 6 kg/hr. Generally, increasing the speed of rotation 

reduced MRT, MCV and skewness. This means that the rotation speed has a clear effect 

on these metrics. In general, the RTD tracer data of using FUJ at 6 kg/h were better than 

using FUJ at 3 kg/h. The better RTD tracer data with the higher throughput indicated that 

at 3kg/h the carrier did not occupy enough volume within the blender, and with the increase 

in throughput, more material resided within the blender, allowing for the liquid to be 

dispensed at an improved rate.  This also decreased the trailing tail indicating that the tail 

was possibly due to solution sticking to the surface of the blender prior to reaching the bed. 
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5.3.2 Comparison between NIR-MRT and Hold up (Mass)-MRT  

Figures 5-11 (a, b, and c) illustrated the comparisons between the calculated MRT 

using NIR (NIR-MRT) and measured MRT using the mass hold up (Hold-up MRT) at the 

same experimental conditions. Figure 5-11(a) compared between the NIR-MRT and Hold- 

up MRT using NEU as a carrier. The results showed that NIR-MRTs are close to Hold-up 

MRT in most cases. However, when FUJ was used as a carrier at 3 kg/h, there is a big 

difference between NIR-MRT and Hold-up MRT (see Figure 5-11(b)). In all cases, NIR-

MRT was much higher than Hold up-MRT. This might be due to the fill level of the powder 

in the blender. The volume fill of powder was not high enough, so the powder does not 

come in contact with the nozzle and liquid. That is why it took longer time for the liquid to 

come out and that is why NIR-MRT was greater than the Hold-up MRT. To increase the 

volume fill of powder inside the blender, the feeding rate of FUJ was increased from 3 kg/h 

to 6 kg/h. The results showed that NIR-MRTs were comparable to Hold-up MRTs in most 

cases. Moreover, BET surface area of NEU is more than 300 m2/g (163) while the BET 

surface area of FUJ is less than 40 m2/g (164). Therefore, the absorption capacity of NEU 

to tracer liquid is much higher than FUJ. The addition of tracer liquid into FUJ at 3 kg/h 

could result in formation of a relatively wet mass at high tracer volume. So, the flow 

properties of FUJ might be changed and leading to a delay in the tracer coming out of the 

blender  

5.3.3 Tank-in-Series 

Tab 5-5 presents the regression results of the tank-in-series equation using NEU as 

a carrier at 3 kg/h feeding rate. The system presented a good level of dispersion. The 

average number of tanks (n-value) for all impregnated products using NEU as a carrier was 
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2.17. Two tanks-in-series has been confirmed as a relatively good fit by several previous 

studies (159,160,165–167). This value (n=2) also points out that the material disperses as 

a bulk through the blender’s length; then it undergoes back-mixing with the incoming 

material. Table 5-5 presented that the average τ delay (delay time in min) for all 

experiments using NEU as a carrier was 1.93 min. These results also indicate that n-value 

slightly increases by increasing the tracer volume at the same speed rate. However, as the 

rotation speed increases, the n value decreases, with the same tracer volume.  

Table 5-6 shows the regression results of the tank-in-series equation using FUJ as 

a carrier at 3 kg/h and 6 kg/h. At 3kg/h feeding rate the average n- value was approximately 

1.5, which means one tank and half in series. Also, the average τ delay was 2.685, which 

is higher than other studied cases. The bulk density of FUJ was measured using FT4 device 

and it was 0.52 g/ml. Therefore, when the feeding rate of FUJ was 3kg/h, the powder filling 

level was low (as discussed in the previous section). This means that the droplet of IBU 

liquid needs more time to reach the powder and mix with it. Also, because the volume of 

liquid added to the carrier exceeds the absorption capacity (specifically at 90 ml tracer 

volume), the mixing process was inefficient. According to this, the feeding rate of FUJ was 

increased from 3kg/h to 6 kg/h. As shown in Tab 5-6, the average n-series value was 2, 

which means two tanks in series. 

 This value showed better level of dispersion than using 3 kg/h. As mentioned early 

in this section, two tanks-in-series has been reported as a relatively good fit model.  Also, 

Tab 5-6 showed that the average τ delay (delay time in min) FUJ as a carrier at 6 kg/h 

feeding rate was 1.4 min, which is lower than the average τ delay using FUJ as a carrier at 

3 kg/h. Increasing the feeding rate results in an increasing of the powder fill level (mass 
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hold-up) in the blender, so that a droplet of IBU solution does not need a long time to touch 

the powder surface and mix with it. 

5.3.4 Blend homogeneity (%RSD) 

The previous sections demonstrated the characterization of GCG-70 blender on the 

macroscale level using the RTD and its metrics. Therefore, the next step of the 

characterization of the GCG-70 would be to understand performance over time. Therefore, 

experiments were conducted to monitor content homogeneity of carrier exiting the 

continuous blender. To measure the blend homogeneity of the products coming out of the 

blender, four impregnation experiments were run using NEU and FUJ as host materials, 

and at 150 and 300 rpm. In these experiments, the pumping rate was 25 ml/min and the 

feeding rate was 3 kg/hr. At the beginning, the host materials (NEU or FUJ) were fed until 

reaching the steady state by monitoring weight versus time exiting the blender. Then, the 

IBU solution was pumped for a while to reach the steady state. After that, 100 NIR spectra 

were collected for each experiment.  

After analyzing these spectra to predict the IBU amount at the steady state (see 

Figure 5-12 & Figure 5-13), the relative standard deviation was calculated. When the RSD 

value was low, concentrations of IBU in all the acquired spectra were close to the mean 

concentration. On the other hand, when the RSD value was high, concentrations of IBU in 

all the acquired spectra were far from the mean concentration. Tab 5-7 demonstrates the 

RSD values of IBU using both NEU and FUJ. In all cases the RSD% values were very low 

(equal or less than 2.5%), which indicates that the impregnated products showed very good 

homogeneity. These results confirmed our hypothesis that impregnation of API in a porous 

carrier will result in highly homogenous products (53,100,146). 
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5.4 Conclusions 

The work done in this chapter has demonstrated the feasibility of using a Glatt 

GCG-70 continuous horizontal tubular blender as a device to implement continuous 

impregnation.  Using a continuous blender allows the impregnation process to occur much 

quicker with more control than when using a batch fluidized bed device. In order to 

understand the dynamics of impregnation in a continuous blender, certain characterization 

development was carried out. 

The results showed that all tracer curves had two major characteristics: a delay time 

and long trailing tail. Also, it was observed that increasing the RPM, in all cases, led to 

reduce MRT. NEU has better flow properties and liquid absorption capacity than FUJ. In 

addition, since NEU had a lower bulk density, it was able to fill more of the blender tube 

to a higher level than FUJ, at the same feeding rate of 3 kg/h. Therefore, NEU showed 

better RTD tracer data than FUJ. Once the feeding rate of FUJ was increased to 6 kg/h, the 

RTD tracer data significantly improved. In addition, content uniformity results obtained 

over a longer period of time were comparable to those obtained from batch impregnation. 
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5.5 Figures 

 

 

Figure 5-1 Near Infrared (NIR) sampling for RTD experiments 

 

 

Figure 5-2 Schematic Diagram Experimental Set up 
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Figure 5-3  Depiction of the tanks-in series model where n=3 (54) 

 

 

Figure 5-4  Tank in series response at various n (168) 
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(a) 

 

(b) 

 

Figure 5-5 Effect of rotation rate on RTD using IBU solution as a liquid tracer (a) 150 rpm 

(b) 300 rpm. Other parameters: Flow rate — 3kg/h, and NEU as a carrier 
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Figure 5-6  Effect of tracer volume and rotation rate on (a) mean residence time (b) mean 

centered variance (c) curve skewness. Other parameters: Flow rate — 3kg/h, 

and NEU as a carrier 
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(b) 

 

Figure 5-7  Effect of rotation rate on RTD using IBU solution as a liquid tracer (a) 150 rpm 

(b) 300 rpm. Other parameters: Flow rate — 3kg/h, and FUJ as a carrier 
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Figure 5-8 Effect of tracer volume and rotation rate on (a) mean residence time (b) mean 

centered variance (c) curve skewness. Other parameters: Flow rate — 3kg/h, 

and FUJ as a carrier 
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(a) 

 

 

(b) 

 

Figure 5-9 Effect of rotation rate on RTD using IBU solution as a liquid tracer (a) 150 

rpm (b) 300 rpm. Other parameters: Flow rate — 6kg/h, and FUJ as a carrier 
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Figure 5-10 Effect of tracer volume and rotation rate on (a) mean residence time (b) mean 

centered variance (c) curve skewness. Other parameters: Flow rate — 6kg/h, 

and FUJ as a carrier 
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(b) 

 

 

(c)  

 

Figure 5-11 Comparison between Hold up MRT (Mss) and NIR-MRT using: a-NEU as a 

carrier at 3kg/h , b- FUJ as a carrier at 3kg/h and c- FUJ  as a carrier at 6kg/h 
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(a) 

 

(b) 

 

Figure 5-12  Measuring %RSD of impregnated products using NEU as a (a) 150 rpm (b) 

300 rpm 
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Figure 5-13  Measuring %RSD of impregnated products using FUJ as a (a) 150 rpm (b) 

300 rpm. 
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5.6 Tables 

Carrier RPM Tracer 

rate 

(ml/min) 

MRT 

(min) 

MCV Skewness 

 

 

NEU 

 

150 

25 6.06 0.19 0.1 

60 6.12 0.147 0.06 

90 6.29 0.173 0.066 

 

300 

25 3.57 0.177 0.08 

60 3.78 0.16 0.08 

90 3.41 0.20 0.133 

 

Tab 5-1 RTD metrics using NEU as a carrier at 3Kg/h feeding rate 
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Carrier Feeding 

rate 

(kg/h) 

RPM Tracer 

rate 

(ml/min) 

MRT MCV Skewness 

 

 

 

 

 

FUJ 

 

 

 

3 

 

150 

25 10.21 0.30 0.20 

60 15.19 0.43 0.286 

90 14.46 0.52 0.41 

 

300 

25 6.74 0.11 0.054 

60 10.58 0.34 0.173 

90 12.56 0.518 0.366 

 

 

 

6 

 

150 

25 4.4 0.27 0.20 

60 4.19 0.23 0.23 

90 4.5 0.31 0.106 

 

300 

25 3.91 0.194 0.14 

60 3.5 0.22 0.14 

90 3.73 0.21 0.135 

 

Tab 5-2 RTD metrics using FUJ as a carrier 
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Carrier 

 

RPM 

 

Pump 

Rate 

(g/min) 

 

Flow 

Rate 

(kg/h( 

 

Bulk 

Density 

(g/ml) 

 

 

MRT 

(min) 

Hold Up 

 

No of 

blades 

 

 

 

 

NEU 

 

150 

25  

 

 

 

3 

0.238 6.22 933 

60 0.332 6.1 963 

90 0.348 6.04 906 

 

300 

25 0.228 3.44 1032 

60 0.198 3 900 

90 0.326 3.67 1200 

 

Tab 5-3  Calculated MRT of NEU using Hold Up. Other experiment conditions Methanol 

was sprayed at 25, 60, and 90 ml/min in all experiment 
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Carrier 

 

RPM 

 

Pump 

Rate 

(g/min) 

 

Flow Rate  

)kg/h( 

 

Bulk 

Density 

(gm/min) 

 

 

MRT 

(min) 

Hold Up 

 

No of 

blades 

 

 

 

 

 

 

FUJ 

 

150 

25  

 

 

3 

0.588 7.17 1075 

60 0.688 8.27 1240 

90 0.713 8.48 1272 

 

300 

25 0.584 3.22 966 

60 0.698 4.78 1434 

90 0.718 5.65 1695 

 

150 

25  

 

 

6 

0.590 3.98 597 

60 0.672 4.31 646 

90 0.715 4.62 693 

 

300 

25 0.556 3.03 909 

60 0.671 3.41 1023 

90 0.724 3.71 1113 

 

Tab 5-4 Calculated MRT of FUJ using Hold Up. Other experiment conditions Methanol 

was sprayed at 25, 60, and 90 ml/min in all experiment 
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Carrier RPM Pump 

Rate 

(g/min) 

Flow Rate 

(kg/h) 

ntank 

 

tauDelay 

 

 

 

 

 

 

NEU 

 

 

 

150 

25  

 

 

 

 

 

3 

2.02 2.61 

60 2.88 2.23 

90 2.77 1.84 

 

 

 

300 

25 1.54 1.75 

60 1.7 1.75 

90 2.11 1.39 

 

Tab 5-5 Tank in series values of NEU impregnated products 
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Carrier RPM Pump Rate 

(g/min) 

Flow Rate 

(kg/h) 

ntank 

 

tauDelay 

 

 

 

 

 

 

FUJ 

 

150 

25  

 

 

3 

1.5 3.21 

60 1.3 2.6 

90 1.1 2.9 

 

300 

25 2.1 2.7 

60 1.5 2.1 

90 1.1 2.6 

 

150 

25  

 

 

6 

1.8 1.45 

60 2.1 1.2 

90 1.51 1.6 

 

300 

25 2.1 1.33 

60 2.6 1.1 

90 1.4 1.9 

 

Tab 5-6 Tank in series values of FUJ impregnated products 
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Carrier RPM Actual Loading* %RSD 

NEU 

150 5.01 1.89 

300 5.59 1.11 

FUJ 

150 5.15 2.28 

300 5.4 2.51 

 

Tab 5-7 Actual loading and RSD values of NEU and impregnated products. Other 

experimental conditions: Feeding rate: 3Kg/h and 25 gm/ml pumping rate. 

             * gm of IBU in 50 gm carrier 
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Chapter 6 Conclusions and recommendations 

 The work presented in this dissertation focused on the impregnation of APIs into 

porous excipients as a strategy for improving physicochemical properties of the APIs. In 

this work, two novel loading methods were presented including the use of a Fluidized Bed 

Dryer and a continuous Glatt-70 Blender as impregnation devices. Depending on several 

case studies presented in this dissertation, the feasibility of using these two methods to 

impregnate APIs was confirmed. Also, the benefits of these two methods over other 

conventional formulations techniques were presented. A set of analytical methods was 

developed to characterize the impregnated products. It was shown that both fluidized bed 

impregnation and continuous impregnation can successfully impregnate different APIs into 

different porous carriers. This chapter sums up all presented aims in the dissertation and 

proposes some recommendations for future work. 

6.1 Conclusions 

The first specific aim focused on achieving a successful impregnation of API into 

a porous carrier using a fluidized bed dryer. The use of this instrument to impregnate API 

into porous carriers eliminates many unit operations in both drug and dosage form 

development as shown in Figure 6-1. Application of fluidized bed impregnation in 

pharmaceutical manufacturing is a promising tool to decrease both downstream and 

upstream development efforts, which are necessary to adjust the properties of both drugs 

and dosage forms. In this aim, a complete case of FB impregnation using a highly porous 

carrier (NEU) and Acetaminophen (APAP) as a model drug was conducted. The 

methodology for a successful FB impregnation was elaborated in Chapter 2. The resulting 

products were fully characterized, and the results demonstrated that these products have 
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properties, that are suitable for manufacturing of solid dosage forms. The results of this 

study suggested several important claims about impregnating APIs (APAP) into porous 

carriers (NEU) using a fluidized bed dryer: 

• Successful proof of impregnation concept 

• The blend uniformity of the impregnated products was high and independent of the 

drug loading or solvent type. 

• The impregnated products preserve the same flow properties and particle size 

distribution compared to those of the pure carrier (NEU).  

• The different evaporation profiles of the solvents do not influence the morphology 

or loading efficiency of APAP in NEU.  

• APAP inside the pores of the carrier is mainly in its amorphous form. APAP is 

placed inside very fine pores (about 5 nm), which confined its dimensional growth, 

and prevented its recrystallization. This could improve API dissolution behavior in 

media where crystalline API presents poor solubility.  

The second specific aim figured out the generality and robustness of using the 

fluidized bed process to impregnate different active pharmaceutical ingredients into 

different porous carriers. In this study, three different porous carriers were successfully 

impregnated with Indomethacin using a fluidized bed dryer. The impregnated products 

were entirely evaluated, and the results confirmed the following observations:  

• The FB device is able to impregnate successfully different APIs in different porous 

carriers, demonstrating that the approach is robust. The resulting products generally 

showed favorable characteristics for manufacturing of solid dosage forms.  
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• Capability of the FB impregnation process to show a high blend uniformity. The 

blend uniformity was independent of drug loading or carrier type. However, NEU 

and AER impregnated products showed better flow properties than FUJ 

impregnated products.  

• Amorphization of API inside the pores of the porous carriers. 

•  Improvement of the dissolution rate of all the impregnated products as compared 

to pure crystals of IMN. However, IMN-NEU and IMN-AER impregnated products 

presented faster dissolution rate than IMN-FUJ impregnated products.  

• The differences in pore size of these porous carriers has an influence on the 

properties of the impregnated products. NEU and AER have smaller pore size and 

larger surface area than FUJ.  

     The third research aim focused on the characterization of continuous impregnation 

process using the Glatt GCG-70 blender. The study measured the RTDs using a liquid 

tracer. The important RTD measurements such as mean residence time, curve skewness 

and mean centered variance were compared. The RTD can be used as an effective tool to 

understand the impregnation process and enhance process control. Also, the RTD can be 

considered as an indicator to trace the materials and isolate them when any problem occurs 

during the process. RTDs were measured for two host materials (FUJ, NEU) using IBU 

solution as a liquid tracer as a function of process parameters (impeller speed, flow rate). 

Also, the space time (Mass MRT) from the hold-up was measured for all cases and 

compared to NIR-MRT. A tank in series model was used to model all the cases and the 

number of tanks was calculated. The results of this study showed that: 

• The MRT decreases with an increase in impeller rotation speed  
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• For FUJ, increase the feed rate reduces the residence time 

• In case of NEU, the NIR-MRTs matched the Mass-MRT for all cases while in the 

case of FUJ, the NIR-MRTs did not match the Mass-MRT at a 3 kg/h feed rate. 

However, for a 6 kg/h feed rate the NIR-MRTs were matching the Mass-MRT. 

• The results further pointed out that NEU and FUJ showed different RTDs behavior 

because these materials have different properties such as flow properties, solvent 

absorption capacity and bulk density. Therefore, these material travel at different 

speeds inside the GCG-70 blender. 

• All tracer curves measured in this study have two major characteristics: a delay 

time & a long tail 

• All tracer curves presented in this study could be modeled by approximately 2 tanks 

in series 

6.2 Recommendations for future work 

The work presented in this dissertation discussed two viable methods for loading 

of APIs into porous carriers, demonstrated suitable experimental conditions to obtain a 

successful loading, and clarified the advantages of these two methods. Nevertheless, there 

are several substantial areas for future studies and recommendations to improve these two 

methods. Recommendations for future work can be discussed in two main directions. The 

first direction could be improving and developing the batch FB impregnation process. This 

could include expanding the applicability of using the FB to include different APIs, porous 

carriers, and solvents. Also, this direction could encompass studying the effect of different 

process parameters on the impregnation process in more details. The second direction of 

future work could be further developing the continuous impregnation process. This also 
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can be done by loading a set of APIs with different properties into different porous carriers. 

Also, this direction could include developing a continuous impregnation process using 

other devices such as a continuous fluidized bed dryer. A few examples are elaborated 

below. 

6.2.1 Loading of peptide/protein into porous carrier using FB impregnation  

Over the past few decades, many peptides/proteins with therapeutic effects have 

been explored. Unfortunately, the main obstacle in delivering these medicines are short 

half-life and stability problems. Huge efforts were considered to formulate these medicines 

in stable, effective, and acceptable dosage forms. Being porous carriers has many 

distinctive properties such as high stability and high loading capacity, the use of these 

carriers to load peptides/proteins could be considered as an effective technique to solve 

their formulating problems (169,170). Work in Chapter 3 highlighted that different 

solvents (transport media) can be used in FB impregnation with no major change in the 

properties of the impregnated products. This flexibility in changing the solvent could allow 

FB dryers to be used in loading of peptides/proteins without the need to include a strong 

solvent. In addition, the operating temperature can be easily adjusted to the room 

temperature using a FB dryer. All these properties could make the use of FB dryer as an 

ideal device to load peptides/proteins. 

6.2.2 Expand FB co-impregnation of two drugs  

In Chapter 3, the conclusions of this chapter were based on one carrier and one drug 

substance and further work should be carried out to investigate the generality of our results. 

However, additional work must be performed to study the effect of process parameters of 

the fluid bed operation on the properties of impregnated products. In addition, future work 
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should investigate the feasibility of impregnation of different active ingredients and 

different porous carriers. Moreover, a distinctive property of FB was mentioned in Chapter 

2, where co-impregnation of Chlorpheinramine (CPM) and Ibuprofen (IBU) resulted in a 

complete amorphization of these two drugs with highly homogenous products (low 

%RSD). The co-loading of two drugs into one carrier using FB dryer offer many benefits 

for drug delivery. Also, this step can improve the properties of the loading drugs. Co-

loading of two or more APIs could be done by in FBs. These APIs could be dissolved in 

one solvent and spray this solution into a porous carrier, or each drug could be dissolved 

separately in a solvent. Then spray the first drug solution and sequentially followed by the 

second one. It is of interest to study the effect of different spraying methods on the 

properties of impregnated products, in specific amorphization of both drugs and blend 

uniformity. Ensuring complete amorphization of both drugs is necessary to confirm the 

successful impregnation of these drugs. The loading percent and addition step of API 

solution could influence on the amorphization of loaded drugs. For example, if a sequential 

addition method is used to load two drugs into one porous carrier and the load percent of 

the first sprayed drug was very high, this might result in a saturation of the carrier’s pores. 

In this case, there is no enough pores to load the second drug and this may lead to a failure 

in impregnation of the second drug. The un-impregnated drug in this case will stay as a 

crystal powder within the impregnated products or as a sprayed coat layer on the surface 

of the porous carrier. Accordingly, this failure mode will influence on other properties of 

impregnated products such as content uniformity, particle size distribution, flow properties, 

etc. 
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6.2.3 Continuous impregnation 

Our results in Chapter 2 demonstrated the ability of loading the drug continuously 

into a porous carrier using GCG-70 blender. These results encouraged us to expand this 

study. Therefore, Chapter 5 included an elaborated study on a continuous impregnation 

process. At this point, it was very important to study the factors affecting the RTD to test 

the performance of continuous blender as an impregnation device. In this chapter, one type 

of solvent was used as a transport medium for API. In future work, different solvents should 

be used in continuous impregnation to help developing a criterion for selecting the best 

solvent that fits the industrial requirements of a given process. For examples the use of 

water as a transport medium instead of organic solvents is more suitable for pharmaceutical 

manufacturing. Water is safe, available and cheap. However, in this case, it is necessary to 

study the effects of different properties of water to avoid any failure mode of impregnation. 

For instance, it is important to check the required liquid/solid ratio to avoid any possible 

agglomeration of porous carrier as a wet mass. Moreover, it is of interest to check the 

solubility of the drug in water. Perhaps, it is better to start additional studies with a drug 

that has a good solubility in water. This drug can be considered as a model drug to test the 

ability of using water as a transport medium in impregnation. Then, other drugs with 

different water solubilities can be used. 

Moreover, from our results in this dissertation, different factors affecting the RTD 

still need to be studied. This will result in expanding the applicability of using GCG-70 as 

an effective impregnating tool. For instance, the effect of different carriers with different 

properties on RTD are recommended to be studied. Also, it is of interest to mix two carriers 

with different bulk densities and various absorption capacities. Then, the distribution of 
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API between the carriers can be studied. This study can address the following question: 

Does the API distribute equally, or it will be concentrated in one carrier more than the 

other? Will the distribution be affected by density, porosity, and wetting properties? It is 

likely that the API will be concentrated more in a carrier with low bulk density and high 

absorption capacity. During the mixing process, the carrier with low density will be at the 

surface of the powder bed and close to the walls of the blender more often while porous 

carrier with high bulk density will be concentrated in the center of the powder bed. 

Therefore, the low-density carrier will contact API droplet faster and more often than the 

other carrier and if it has high absorption capacity, it will preferentially absorb the drug. 

Consequently, the drug will be concentrated in low density carrier with a higher absorption 

capacity. This idea emerged from some previous work, which applied on wet granulation 

(3). 

6.2.4 Continuous Impregnation using other continuous devices 

As mentioned previously, substantial work has shown the importance of the 

application of continuous processes in pharmaceutical manufacturing. There is a high 

competition among different companies to develop new manufacturing and analytical 

equipment for continuous processes. In this section, we hope to shed light on two 

equipments that could be suitable devices for continuous impregnation: hot melt extruder 

and continuous fluidized bed. 

Hot melt extruder has built-in continuous process ability. In this device, the API 

can be melted by adjusting the temperature to be a little bit above the melting point of the 

drug. As it is known that most silica porous carriers have very high melting point. This 

property will allow them to stay intact at typical HME temperatures and melting only the 
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drug. Therefore, the melted drug will deeply penetrate the pores of the porous carriers. This 

step ensures that the drug will be placed in the pores of the porous carriers. The drug will 

be changed to amorphous and stay in a physical stable form inside the pores. According to 

this, we expect that some properties of API will be improved such as the dissolution rate. 

Our results in Chapter 3 and Chapter 4 and some preliminary data in Chapter 2 were 

based on batch fluidized bed (Miniglatt). Therefore, it is of interest to expand these results 

in continuous fluidized impregnation. As we mentioned previously, API successfully 

impregnated into porous carrier using a Miniglatt. Thus, using a continuous fluidized bed 

dryer (see Figure 6-2) will combine the advantages of a fluidized bed dryer and with the 

benefits of a continuous system. Depending on the results presented in this study, some 

further research can be suggested regarding the use of this device, including: 

• Examine the bottom-spray instead of top-spray. This method enhances the spray of 

API and avoids the effect of high air pressure on the nozzle performance. Moreover, 

in the continuous process, it is better to start running the device as a batch system 

for a while, and then switch to the continuous mode. This step will ensure the setup 

of the correct experimental conditions and enhance the control of these conditions 

during the process. Therefore, before starting the continuous process, 1-2 kg of a 

porous carrier will be placed inside the insert of the fluidized bed and run it as a 

batch. This mass needs high pressure to be fluidized. If top-spray nozzles are used 

in this experiment, it will be difficult to ensure that the nozzle position is within the 

fluidization of the porous carrier. This requirement was mentioned in Chapter 2. 

Immersing the nozzle within the fluidizing bed of the porous carrier reduces the 

drying time and prevent any spray coating. In impregnation, three important 
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parameters should be considered, which are drying time, spray time, and 

impregnation time. Using bottom-spray method makes the control of these 

parameters easier. 

• Using bottom spray allows to include more than one nozzle in continuous fluidized 

bed. In continuous fluidized bed, it is better to divide the insert into four sections. 

Three of these sections are for spray and the remaining section is for drying see 

Figure 6-3. The presence of three nozzles is necessary to ensure the success of the 

impregnation process. As mentioned in Chapter 2, it is better to pump the API 

solution at slow rate. This will enhance the drying at relatively low temperature. 

Also, it ensures enough time for impregnation process. The loading percent of API 

can be adjusted at high or low level easily with no need to increase the pumping 

rate or drug concentration in the solution. We just need to use three nozzles for high 

load and one nozzle for low load with no change in other parameters. Also, the 

three nozzles can be used for low loading, but at very slow pumping rate and at 

relatively low temperature for drying. However, for high loading, the three nozzles 

run on medium to high speed of pumping rate with relatively medium to high drying 

temperature.   

In addition, it is better to use low or medium air flow in continuous fluidized bed. 

All the materials to be used in continuous impregnation should have low bulk density and 

good fluidization characteristics, requiring low to medium air flow. Increasing the air flow 

to the high-level leads to accumulation of the used carrier in the air filter, which results in 

losing fraction of the porous carrier and reducing the target loading carriers.  
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6.3 Figures 

 

 

Figure 6-1  Required unit operations to manufacture of solid dosage forms by: a-

Conventional Methods & b- Fluidized Bed Impregnation (53)  

 

a 

b 
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Figure 6-2 Continuous Fluidized Bed (GCG-2) 

 

Figure 6-3 Insert of Continuous Fluidized Bed (GCG-2) with four sections 
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Chapter 7 Appendices 

Appendix A 

7.1A Predictive Models 

 

 

 

Figure 7-1A UV prediction models: a- Griseofulvin in Sodium Lauryl Sulphate (SLS)+ DI 

water; b-Ibuprofen in DI water+2% (SLS) 
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7.2A RTD study  

 

 

 

Figure 7-2A RTD study using Compap as a dry tracer (a) 100 rpm (b) 300 rpm. Other 

parameters: Flow rate — 3kg/h, NEU as a carrier, and Rotating Shaft: 

Granulating Shaft 

 

 

 

 

a 

b 
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Amount of tracer 

(gram) 

RPM MRT min n 

120 100 8.37 4.562 

120 300 6.35 4.425 

 

Tab 7-1A MRT, n-tank in series study using Compap as a dry tracer (a) 100 rpm (b) 300 

rpm. Other parameters: Flow rate — 3kg/h, NEU as a carrier, and Rotating Shaft: 

Granulation Shaft 
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Appendix B 

7.1B Prediction Models 
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Figure 7-3B UV prediction models: a- APAP in Methanol; b-APAP in DI water; c-APAP 

in 0.1 N HCl 
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Appendix C 

7.1C Prediction Models 

 

 

 

 

Figure 7-4C UV prediction models: a- Indomethacin in Methanol, b- Indomethacin in 

Phosphate Buffer pH 7.2  
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Appendix D 

7.1D Bulk Density 
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Figure 7-5C  Effect of pumping rate on the bulk density of the impregnated product (a) 

Using NEU as a carrier at 3kg/h flow rate (b) Using FUJ as a carrier at 3kg/h 

flow rate (c) Using FUJ as a carrier at 6kg/h flow rate 
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