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Figure IV-80. Radial Tensile Strength of 1.3 cm Round Compacts of Cellulose II and 

Commercial Cellulose I (Avicel
®
 and Prosolv

®
) Stored at Different 

Relative Humidities at 25ºC. 
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In those cases, the moisture content of these materials was < 3%.  These results show that 

the decrease in the mechanical properties might be due to water disrupting hydrogen 

bonding and crosslinking in hydroxyl groups on the cellulose chains, weakening 

interparticulate bonding. It is important to take into account this aspect during the drug 

development phase, especially when selecting the packaging system to avoid sorption of 

water during storage. Water vapor enters the pores of compacts to a larger extent as the 

relative humidity increases. As a result, after 30 days at 100% RH, compact volume 

expanded due to water uptake and porosity increase.  It is plausible that as water 

penetrates the pores, binding sites between particles are weaken because of preferential 

hydrogen bonding with entering water molecules. The overall result is a decrease in the 

mechanical properties of the compacts. Further, storage of compacts prepared from these 

excipients should not be allowed at high relative humidities (> 75% RH).  If the relative 

humidity cannot be well controlled after manufacture, the compacts should be packed 

quickly into an appropriate primary container with desiccant to minimize the loss of 

mechanical strength. 

Brittle Fracture Index 

The brittle fracture index indicates the ability of a compact to relieve stress caused 

by the presence of a defect region in the compact (hole in the center).  

The BFI equation is:  

 

          
 

 
        Eqn. III-31 

If t/0 (tensile strength of compact with no center hole/ tensile strength of compact with 

center hole) = 3, the BFI is 1 and the material does not relieve stress by plastic 

deformation. On the other hand, when t/0 is 1, the resulting BFI is 0 and the stress 
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relief occurs solely by plastic deformation (Hiestand and Smith, 1984). These researchers 

also showed that an increase in the compression pressure will increase the apparent 

plasticity of most pharmaceutical powders. This means that the increase in compression 

pressure could be associated with a decrease in BFI of the resulting tablets (Hiestand and 

Smith, 1984). The compact mechanical properties are given in Table IV-21.  Known 

highly plastic deforming cellulose I materials such as Prosolv
®
 SMCC 50 and Prosolv

®
 

SMCC 90, Avicel
®
 PH-101 and Avicel

®
 PH-102 had BFIs of 0.04, 0.02, 0.14, and 0.13, 

respectively.  These results indicate that a 2% silicification reduced the 

capping/lamination tendency of cellulose I. Surprisingly, CII did not follow the same 

trend and only a silicification level of 10% rendered a large BFI (0.44).  

Hiestand and Smith found the BFI for Avicel
®
 PH-102 to be 0.04-0.09 in square 

compacts made at a solid fraction between 0.8-0.9 (Hiestand and Smith, 1984). Williams 

et al. found BFI values for Avicel
®
 PH-101 to be 0.03-0.08 in square compacts made at a 

solid fraction of 0.65. Both researchers concluded that the differences were due to lot-to-

lot variations (Williams et al., 1997).  Likewise, Majuru and Wurster found a BFI for 

Avicel PH-101 of 0.11 on square compacts made at a 0.83 solid fraction (Majuru and 

Wurster, 1997). These studies suggest that for Avicel
®
 a large range in solid fraction 

(0.65-0.9) did not affect significantly the resulting BFI (0.03-0.11) since the variability of 

BFI could be attributed to differences between lots. On the other hand, in this study, a 

solid fraction of 0.6 and 0.7 was used for cellulose I and cellulose II materials, 

respectively. In fact, a solid fraction larger than 0.6 was not employed for cellulose I 

materials due to the high values of tensile strength, which exceeded the maximum 

allowed limit obtained from the Q-test universal tester.   
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Table IV-21. Mechanical Properties Derived from the Stress-Strain 

Curves of Square Compacts (3.84 cm
2
) of Cellulose II 

and Commercial Cellulose I (Avicel
®
 and Prosolv

®
). 

 

 

 

Sample Brittle 

Fracture 

Index
a
 

Toughness 

modulus 

(MPa)
b
 

Young’s 

Modulus 

(GPa)
c
 

 n=3 n=3 n=3 

CII 0.22  0.00 0.017  0.001 0.08  0.01 

SDCII 0.14  0.01 0.019  0.000 0.15  0.02 

SD-CII:SiO2(95:5) 0.27  0.03 0.042  0.001 0.20  0.01 

WGCII 0.27  0.03 0.023  0.000 0.16  0.02 

WG-CII:SiO2(90:10) 0.44  0.11 0.027  0.001 0.18  0.01 

Avicel
®
 PH101 0.14  0.03 0.034  0.001 0.20  0.01 

Avicel
®
 PH102 0.13  0.01 0.034  0.000 0.18  0.04 

Prosolv
®
 SMCC 50 0.04  0.01 0.046  0.001 0.20  0.00 

Prosolv
®
 SMCC 90 0.02  0.00 0.049  0.001 0.18  0.00 

 

a
Obtained from 3.84 cm

2
 square compacts. 

 
b
Obtained from the AUC of stress (GPa)-strain (%) curves. 

 
c
Obtained from the linear region of stress-strain curves.  
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Except for SDCII, cellulose II materials had a BFI of 0.20-0.44 and the highest 

value was found for WG-CII:SiO2(90:10) (0.44). In this case, only a SiO2 content of 10% 

increased the tendency for capping by decreasing the plasticity of CII. Nevertheless, no 

capping/lamination was seen when either the square compacts (3.84 cm
2
) or the 1.3 cm 

dia. round compacts (used for the compaction studies described under compaction 

characteristics) were produced. Technological problems occurred when compromised 

square compacts of a highly silicified material [WG-CII:SiO2(90:10)] were made. In this 

case, most of these square compacts broke into two halves when the retractable pin was 

removed. 

Table IV-21 lists toughness modulus calculated from the area under the curve of 

the stress-strain curves obtained from the square compacts (Figure IV-81). Toughness 

measures the resistance of a material when stressed until rupture. It has been reported that 

cellulosic I materials behave as plastic deforming materials and hence, their mechanical 

properties are expected to be larger than those of less plastic deforming materials 

(Alderborn and Nyström, 1996; Hancock et al., 2000).  The toughness values indicate 

that cellulose II materials can withstand less than 0.017 MPa of pressure before 

fracturing, except for SD-CII:SiO2(95:5) which resisted up to 0.042 MPa. Toughness also 

increased with processing such as spray drying and wet granulation as seen for SDCII 

and WGCII, and also increased with silicification, as discussed earlier under compaction 

characteristics. The combination of cellulose’s plastic deformation and the brittle 

component of fumed silica led to a material able to form strong compacts. The high 

toughness of SD-CII:SiO2(95:5) and cellulose I materials is indicative of their high ability 

to absorb energy before fracturing.  

Young’s modulus is a measure of the resistance of a material to elastic 

deformation by bending, compression or stretching. In this case, the load-deformation 



275 
 

 

curves determined on the square compacts (area, 3.84 cm
2
) were normalized to cross-

sectional area and the percentage deformation. These normalized load-deformation 

curves are also called stress-strain graphs. The Young’s modulus was found from the 

slope of the elastic linear region of the stress-strain curves. All cellulose II materials had 

a Young’s modulus of 0.08-0.18 GPa except for SD-CII:SiO2 (95:5) (0.20 GPa). 

Conversely, cellulose I materials exhibited an elastic modulus of 0.18 to 0.20 GPa. These 

results suggest that cellulose I materials had higher moduli of elasticity and toughness 

than cellulose II products. Even though SD-CII:SiO2 (95:5) presented a high brittle 

fracture index, the appropriate combination of a plastic and brittle deforming material, 

along with increased compact surface area, due to silicification might be responsible for 

the formation of more binding sites for particles and perhaps dislocation or sliding of 

crystal planes of cellulose during compression, resulting in a material with the best 

mechanical properties among cellulose II materials. These results are in agreement with 

the tensile strength results discussed under compaction characteristics. 

 Figure IV-82 shows the change in the specific surface area (SSA) with 11 mm 

round compact porosity. These compacts were dried at 60 C and at a reduced pressure of 

40 mm Hg for 24 h before testing. Further, Table IV-22 list the bonding surface area 

found at the largest compression pressure (185 MPa).  In order to analyze the surface area 

involved in particle bonding, the effective bonding surface area can be obtained by 

subtracting the initial powder surface area from the surface area of the compressed 

particles in a compact. Cellulose I materials and unsilicified CII materials had a small 

decrease of surface area upon compression.   
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Figure IV-81.  Stress-Strain Curves of Square Compacts of Cellulose II and Commercial 

Cellulose I (Avicel
®
 and Prosolv

®
). 
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On the other hand, compact surface area was higher for silicified CII materials. These 

results revealed that the highly synergistic effect of fumed silica on CII compactibility 

was due to its contributing fragmenting character which was accompanied with a larger 

bonding surface area available for particle bonding. As seen under compact elastic 

recovery, fumed silica also prevented the typical high elastic recovery of CII, which 

could be explained by the increased particle surface area available for bonding. 

 In most cases, there was a decreasing trend of compact surface area with 

decreasing compact porosity. Nilsson and collaborators also reported a decrease in 

compact surface area with increasing compression pressures for Avicel
®
 PH-101 by using 

the BET N2 adsorption method. Nilsson used round compacts of 11.3 mm diameter and 

degassed those compacts at 70 C for 8 h before testing (Nilsson et al., 2006).  

Figure IV-82 also shows two trends for compact surface area, the high one formed 

by silicified materials such as Prosolv
®
 SMCC 50, Prosolv

®
 SMCC 90, SD-

CII:SiO2(95:5) and WG-CII:SiO2(90:10) which showed a sharp decrease of compact 

surface area with decreasing compact porosity. These results agree with the high 

fragmentation tendency, low volume reduction of particles, and low apparent plastic 

deformation, especially found for the last two materials.  On the other hand, unsilicified 

materials presented a low bonding surface area. For these materials it is possible that a 

decrease in compact porosity with increasing compression pressure involves some initial 

rearrangement, followed by dislocation, sliding of the crystal planes and a very low level 

of fragmentation.  
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Figure IV-82. Change in Specific Surface Area with Compression Pressure (1.1 cm dia. 

round compacts) of Cellulose II and Commercial Cellulose I (Avicel
®
 and 

Prosolv
®
). 
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Table IV-22. Bonding Specific Surface Area (1.1 cm dia. Round  

Compacts) of Cellulose II and Commercial Cellulose I 

 (Avicel
®

 and Prosolv
®

). 

 

 

 

Sample Bonding surface area (m
2
/g)

a
 

 n=1 

CII 0.31 

SDCII 1.36 

SD-CII:SiO2(95:5) 8.1 

WGCII 0.1 

WG-CII:SiO2(90:10) 13.3 

Avicel
®
 PH101 1.22 

Avicel
®
 PH102 0.79 

Prosolv
®
 SMCC 50 5.3 

Prosolv
®
 SMCC 90 4.1 

 

a 
Obtained by subtracting powder surface area from surface  

area of compacts made at 185 MPa.  
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CHAPTER V 

CONCLUSIONS 

Particle and tableting properties of CII were susceptible to processing and 

silicification as summarized in Figures V-1 and V-2. Spray drying and wet granulation of 

CII generated more regularly-shaped and more densified particles. These properties were 

reflected in improved flow, better compactibility and low friability. On the contrary, 

spheronized materials had the worse compactibility, but the best flow due to its large and 

densified particles.  

Processing did not affect the rapid disintegration properties of CII since it did not 

change its water affinity and disintegration mechanism. The processed CII products and 

CII compacts disintegrated primarily by a water wicking mechanism similar to that of 

Polyplasdone
®
 XL, whereas, a swelling mechanism was dominant for Primojel

®
 and Ac-

Di-Sol
®
. Disintegration times of water wicking materials such as spray-dried cellulose II 

(SDCII), CII and Polyplasdone
®
 XL were faster than highly swelling materials such as 

Primojel
®
 and Ac-Di-Sol

®
. Since SDCII and CII do not have a carboxylic acid moiety 

which is responsible for ionization and swelling; their disintegration was not affected in 

acid pH. Tablets containing the spray-dried material (SDCII) and CII (or a commercial 

disintegrant) and magnesium stearate alone and in combination with commonly used 

binders/fillers (Avicel
®
 PH-102, Fast Flo

®
 316, Starch 1500

®
, mannitol and dicalcium 

phosphate) were effective at concentrations  10%. SDCII and CII had comparable 

functionality to commercial disintegrants different from highly swelling disintegrants in 

which  10% levels hindered compact disintegration. Ibuprofen release from Avicel
®
    

PH-102 compacts required disintegrant levels  10% for CII and SDCII, whereas for 

swelling disintegrants, levels  5% were sufficient.  
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Silicification increased the true density, Hausner ratio, porosity, specific surface 

area and ejection force of CII. Conversely, bulk and tap densities decreased with 

silicification. Silicification had a minimum effect on spheronized materials. Silicified 

products had a low sensitivity to a lubricant (magnesium stearate) due to SiO2 competing 

with magnesium stearate to coat the cellulosic particles. Furthermore, silicification 

decreased the affinity of CII for water only at the 20% level due to the few hydroxyl 

groups (silanols) available for hydrogen bonding compared to CII alone.  

Compressibility studies demonstrated that silicification decreased the apparent 

plastic behavior and relaxation tendency of CII. Further, silicification increased powder 

porosity and hence, the volume reduction capacity of spray-dried and wet granulated CII 

materials. Tensile strength and energy at break of compacts demonstrated that silicified 

spray-dried materials had the best compactibility followed by the wet granulated and 

spheronized products. The latter are not good direct compression excipients since they 

produced the weakest compacts.  

The dissolution properties of compacts made with silicified CII were faster than 

those prepared with cellulose I materials (Avicel
®
 PH-101, Avicel

®
 PH-102, Prosolv

®
 

SMCC 50 and Prosolv
®
 SMMCC 90) because their compacts had a higher affinity for 

water. Thus, the polymorphic form of cellulose, drug solubility and cellulose affinity for 

water played a major role in drug release. 

Compact tensile strength decreased when tablets were stored at relative humidities 

75%. This was attributed to water uptake causing partial swelling. As a result, cellulosic 

materials suffered from a loss of compactibility, especially cellulose II materials due to 

their high water affinity. For most materials, the optimum relative humidity to store 

compacts having the largest tensile strength was from ~11 to 22% and from 0 to 11% for 

cellulose II and cellulose I materials, respectively.  
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The brittle fracture index of silicified CII materials was higher than that of CI 

materials. This could indicate a higher capping tendency for these materials. Likewise, 

the modulus of elasticity and modulus of toughness showed that CI materials and SD-

CII:SiO2 (95:5) had the best mechanical properties, and for the latter it was due to the 

optimal combination of apparent plastic deformation of CII with the particle 

rearrangement/fragmentation caused by SiO2. 

SD-CII:SiO2 (95:5) and WG-CII:SiO2 (90:10) were selected as optimal excipients 

between spray-dried and wet granulated materials for direct compression due to their 

good mechanical properties, good flow, fast disintegration properties, low lubricant 

sensitivity and low ejection forces. These materials have a potential for use as a direct 

compression excipient, especially when fast compact disintegration or a double 

compression method is required. The co-processing technique was successful to improve 

the functional properties of CII avoiding the need for costly and toxic crosslinking agents. 



283 
 

 

 
 

 
 

 

 

Figure V-1. Effect of Processing on the Powder Properties of CII. 
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Figure V-2. Effect of Processing on the Tableting Properties of CII. 
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Future Directions 

This study proved that processing and CII co-processing with SiO2 can be used to 

improved CII functionality and showed several advantages over cellulose I. Further 

studies need to be conducted to get a complete understanding of the mechanisms 

involved on these changes. First, AFM studies are suggested to evaluate the magnitude of 

the adhesion forces taking place between fumed silica and CII compared to that of 

cellulose I and fumed silica. Likewise, studies of the shear forces taking place in the 

powder bed should be conducted in order to understand the magnitude of the 

cohesion/frictional forces of CII upon silicification. In-die studies must be carried out in a 

compact simulator to collect real time measurements of powder volume reduction and 

compression pressure altogether to determine possible contribution of elastic recovery 

and energy of compaction. Finally, scale-up studies should be conducted if these products 

want to be taken to the manufacturing industrial scale to see the reproducibility of these 

results. 
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APPENDIX A 

CALIBRATION CURVES FOR DRUGS EMPLOYED IN DISSOLUTION STUDIES 
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Figure A1. Ibuprofen HPLC Calibration Curve at 221 nm in pH 7.2 Phosphate Buffer. 

 

 

 

 
 

 

 

Figure A2. Griseofulvin UV Calibration Curve at 291 nm in Methanol:Water (4:1). 
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Figure A3. Diphenhydramine
 
HCl HPLC Calibration Curve at 254 nm in Distilled 

Water. 
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APPENDIX B 

ANOVA TEST FOR PARTICLE SIZE OF CII AQUEOUS DISPERSIONS 
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The ANOVA Test Results 

The analysis of variance is used to separate the variation of data into groups with 

a specific variation. It tests whether the means of two groups are equal. Thus, the total 

variance is due to the error plus the one attributed to the treatments. The F-test 

decomposes variability in terms of sum of squares. The test statistic is an F-test with the 

ratio of two scaled sums of squares reflecting different sources of variability: 

 

   
                  

                    
  Eqn. B1 

According to the number of independent factors it could be one-way or two-way 

(orthogonal) test. The two-way ANOVA analyzes a dependent variable in terms of 

groups formed by two independents factors. The test is conducted using an F-distribution 

to test the strength of association between data. The disadvantage of the ANOVA F-test 

is that if the null hypothesis is rejected, we do not know which treatments are 

significantly different from the others. Further analysis will be needed to uncover the 

results. Table B1 list the results from the two-way ANOVA test to see if particle size was 

affected by the type of homogenization process and time employed. In this case, both, the 

type of homogenization and time length affected particle size. Further, the 95% interval 

of confidence indicate that homogenization produced the largest size followed by colloid 

milling at 60 aperture, and colloid milling at 6 aperture. Moreover, processing times 

longer than 20 minutes reduced particle size. 
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Table B1. ANOVA Test for Cellulosic Dispersions (See Table IV-2) 

 

 

Two-way ANOVA: Geometric Mean Diameter (Dg) versus Process and Time  

Source   DF       SS       MS      F      P 

Process   2  19147.0  9573.49  53.34  0.000 

Time      4   6539.6  1634.91   9.11  0.000 

Error    38   6820.6   179.49 

Total    44  32507.2 

 

 

Individual 95% CIs For Mean Based on Pooled StDev 

Process   Size  -+---------+---------+---------+-------- 

1        70.98                                 (---*----) 

2        21.40  (---*----) 

3        54.62                       (---*----) 

                -+---------+---------+---------+-------- 

                     16                32                  48              64              80 (µm) 

 
1. Homogenization 

2. Colloid milling (aperture 6) 
3. Colloid milling (aperture 60)  

 

 

 

Individual 95% CIs For Mean Based on Pooled StDev 

 

 

Time    Size+---------+---------+---------+------ 

 1    56.8667                         (------*-------) 

 5    59.3667                           (------*-------) 

10    59.2000                           (------*-------) 

20    39.7333           (------*-------) 

40    29.8333  (-------*------) 

               ---+---------+---------+---------+------ 

                   24           36          48           60 
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APPENDIX C 

RESPONSE SURFACE ANALYSIS OF TENSILE STRENGTH AS A FUNCTION OF 

RELATIVE HUMIDITY AND TIME 
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Modeling Tensile Strength Data According to a Response Surface Methodology 

In order to understand the effect of storage time and relative humidity (RH) on the 

tensile strength of the resulting compacts, a Response Surface Methodology was 

employed by using Minitab
®
 v. 16 (Minitab Inc., State College, PA). In this method, the 

relationship among several explanatory variables (time and RH) and a dependent variable 

(tensile strength) was explored using a quadratic model fitted to the data using the least 

square method. In this case, a second-degree polynomial model was created for each 

material and these models were used to determine the optimal storage conditions of 

cellulosic excipients in terms of time and RH. The time levels used were 5, 10, 20 and 30 

days and the levels of RH were 0, 11, 22, 33, 56, 75 and 100%, respectively. Table C1 

shows the coefficients of the quadratic model for each material along with their 

respective correlation coefficient. Several transformations were conducted on the 

response data in order to get the best fit as determined by the determination coefficient 

and these coefficients were found by the least square method. In general, commercial 

cellulose I materials presented a better fit using a cubic root transformation of tensile 

strength (r
2
 > 0.94). On the contrary, cellulosic II materials had the best fit using a 

quadratic transformation (r
2 
> 0.75). However, none of the models used passed the lack of 

fit test indicating that other more complex models yet to be found. However, as a fitting 

exercise, these models will be sufficient to show the variation of tensile strength with 

time and relative humidity.  

Figure C1 shows the response surface plots for cellulose II materials. In all cases, 

a parachute shape graph was obtained.  The tensile strength initially increased between   

11 to 33% RH followed by a sharp decrease with increasing RH.  On the contrary, the 

storage time had no effect on compact tensile strength (p> 0.05). Thus, the tensile 
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strength of the CII compacts can be ranked as: SD-CII:SiO2(95:5)  WG-CII:SiO2(90:10) 

>> SDCII > WGCII >> CII. This indicates that silicification not only increased the 

compact tensile strength of cellulose II materials, but by forming strong compacts helped 

resisting the weakening effect caused by water. Figure C2 shows the surface response 

plots for commercial cellulose I materials. Opposed to the behavior of cellulose II 

materials, curves showed a slide-shape. In this case, the tensile strength remained 

unchanged at RH from 0 to 10%, but decreased steadily after 10%. As seen for the 

cellulosic I materials, the effect of storage time was not significant (p> 0.05).  The tensile 

strength of cellulosic compacts can be ranked as: Prosolv
®

 SMCC 50  Prosolv
®
     

SMCC 90 > Avicel
®
 PH-101 > Avicel

®
 PH-102.  The combined rank of decreasing  

tensile strength of cellulosic I and II materials was: Prosolv
®
 SMCC 50  Prosolv

®
 

SMCC 90 > Avicel
®
 PH-101 > SD-CII:SiO2(95:5)  Avicel

®
 PH-102 > WG-

CII:SiO2(90:10 ) > SDCII > WGCII > CII.  

The above results from the quadratic models suggest that the optimum storage 

condition at 25C to maintain compacts with the highest tensile strength (i.e., by 

maximizing this response from the model) during the 30 days varied for each sample. For 

example, it was between 17 to 30% RH for CII, from 30 to 43% RH for WGCII, between 

26 to 38% for SD-CII:SiO2(95:5),  from 26 to 44% for SDCII and between 33 and 49% 

for WG-CII:SiO2(90:10), respectively. On the contrary, the predicted optimal storage 

conditions for commercial cellulose I materials was from 0 to11 % RH for cellulose I 

materials (Avicel
®
 and Prosolv

®
). This indicates that these materials are more susceptible 

to the loss of tensile strength with RH than cellulosic II products.   
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Table C1. Coefficients of the Quadratic Model from Response Surface Analysis for 

Tensile Strength as a Function of RH and Time. 

 

 

 

Term Coef.
a
 T

b
 RH

c
 T

2d
 RH

2e
 T*RH

f
 r

2g
 

CII
h
 1.140 0.005 0.003 -1E

-4
 -3E

-4
 -1E

-5
 0.7462 

SDCII
h
 1.598 0.002 0.011 -2E

-5
 -1.4E

-4
 -1.7E

-4
 0.8966 

CII-CII:SiO2(95:5)
 h
 1.567 5E

-4
 0.006 -1E

-5
 -8E

-4
 -2E

-4
 0.8628 

WGCII
h
 1.997 -0.002 0.015 2E

-4
 -2E

-4
 -4E

-4
 0.8991 

WG-CII:SiO2(90:10)
 h
 1.469 -0.009 0.011 3E

-4
 -1.2E

-4
 -2E

-4
 0.8671 

Avicel
®
 PH-101

i
 168.0 -0.051 -0.637 0.04 -0.004 -0.04 0.9522 

Avicel
®
 PH-102

 i
 99.08 -0.638 -0.269 0.031 -0.004 -0.017 0.9573 

Prosolv
®

 SMCC5
 j
 253.5 -1.91 -1.58 0.079 0.001 -0.044 0.9576 

Prosolv 
®

SMCC90
 j
 243.5 0.132 -1.649 0.014 0.001 -0.040 0.9390 

 
a 
Coefficient. 

 
b 
Time. 

 
c 
Relative humidity. 

 
d 
Time square. 

 
e 
Relative humidity. 

 
f 
Interaction between time and relative humidity. 

 
g 
Correlation coefficient. 

 
h 
Cellulose II materials. 

 
I 
Microcrystalline cellulose I materials. 

 
j 
Silicified

 
microcrystalline cellulose I materials. 

 

Note: The predicted individual tensile strength data can be seen in the surface plots 

depicted in Figures C1 and C2. 
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A: CII 

 

B: SDCII 

 

C: CII:SiO2(95:5) 

 

D: WGCII 

 

 
E: WG-CII:SiO2(90:10) 

 

 

 

 

Figure C1. Response Surface Plots for Tensile Strength of the Cellulosic II Materials as 

a Function of RH and Time.  
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A: Avicel® PH-101 

 

B: Avicel® PH-102 

 

C: Prosolv® SMCC 50  

 

D: Prosolv® SMCC 90 

 

 

 
 

Figure C2: Response Surface Plots for Tensile Strength of Unsilicified (Avicel
®
) and 

Silicified (Prosolv
®

) Cellulosic I Materials as a Function of RH and Time. 
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Table C2. ANOVA Analysis for Response Surface Methodology for Tensile Strength as 

a Function of RH and Time. 

 

CII Response Surface Regression: Tensile Strength versus Time and RH 
 

Estimated Regression Coefficients  

Term          Coef   SE Coef       T      P 

Constant   1.13850  0.025164  45.243  0.000 

T          0.00478  0.002981   1.602  0.113 

RH         0.00296  0.000635   4.668  0.000 

T*T       -0.00010  0.000081  -1.217  0.227 

RH*RH     -0.00003  0.000006  -6.194  0.000 

T*RH      -0.00009  0.000016  -5.287  0.000 

 

 

S = 0.0481830   

R-Sq = 74.62%  R-Sq(pred) = 69.05%  R-Sq(adj) = 73.00% 

 

 

Analysis of Variance  

 

Source          DF   Seq SS   Adj SS    Adj MS      F      P 

Regression       5  0.53252  0.53252  0.106504  45.88  0.000 

  Linear         2  0.37513  0.05367  0.026837  11.56  0.000 

  Square         2  0.09250  0.09250  0.046251  19.92  0.000 

  Interaction    1  0.06489  0.06489  0.064891  27.95  0.000 

Residual Error  78  0.18108  0.18108  0.002322 

  Lack-of-Fit   22  0.13751  0.13751  0.006250   8.03  0.000 

  Pure Error    56  0.04358  0.04358  0.000778 

Total           83  0.71360 
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Table C2 (Continued). 

 

SDCII Response Surface Regression: Tensile Strength versus Time and RH  
 

Estimated Regression Coefficients  

Term          Coef   SE Coef        T      P 

Constant   1.59802  0.047613   33.563  0.000 

T          0.00146  0.005641    0.259  0.796 

RH         0.01081  0.001201    8.999  0.000 

T*T       -0.00002  0.000153   -0.109  0.914 

RH*RH     -0.00014  0.000011  -13.539  0.000 

T*RH      -0.00017  0.000031   -5.435  0.000 

 

S = 0.0911674   

R-Sq = 89.66%  R-Sq(pred) = 87.97%  R-Sq(adj) = 88.99% 

  

Analysis of Variance  

 

Source          DF   Seq SS   Adj SS    Adj MS       F      P 

Regression       5  5.61993  5.61993  1.123986  135.23  0.000 

  Linear         2  3.85069  0.67630  0.338149   40.68  0.000 

  Square         2  1.52371  1.52371  0.761854   91.66  0.000 

  Interaction    1  0.24553  0.24553  0.245531   29.54  0.000 

Residual Error  78  0.64830  0.64830  0.008311 

  Lack-of-Fit   22  0.59179  0.59179  0.026899   26.66  0.000 

  Pure Error    56  0.05651  0.05651  0.001009 

Total           83  6.26823 
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Table C2 (Continued). 

 

SD-CII:SiO2(95:5) Response Surface Regression: Tensile Strength versus Time and 

RH. 
Estimated Regression Coefficients  

 

Term          Coef   SE Coef       T      P 

Constant   1.56677  0.039437  39.728  0.000 

T          0.00050  0.004673   0.106  0.916 

RH         0.00624  0.000995   6.274  0.000 

T*T       -0.00001  0.000127  -0.104  0.918 

RH*RH     -0.00008  0.000009  -9.204  0.000 

T*RH      -0.00016  0.000026  -6.144  0.000 

 

 

S = 0.0755121   

R-Sq = 86.28%  R-Sq(pred) = 83.61%  R-Sq(adj) = 85.41% 

 

Analysis of Variance  

 

Source          DF   Seq SS   Adj SS    Adj MS       F      P 

Regression       5  2.79797  2.79797  0.559594   98.14  0.000 

  Linear         2  2.09962  0.22589  0.112945   19.81  0.000 

  Square         2  0.48309  0.48309  0.241545   42.36  0.000 

  Interaction    1  0.21525  0.21525  0.215255   37.75  0.000 

Residual Error  78  0.44476  0.44476  0.005702 

  Lack-of-Fit   22  0.43398  0.43398  0.019727  102.49  0.000 

  Pure Error    56  0.01078  0.01078  0.000192 

Total           83  3.24273 
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Table C2 (Continued). 

 
WGCII Response Surface Regression: Tensile Strength versus Time and RH 
 

Estimated Regression Coefficients  

 

Term          Coef   SE Coef        T      P 

Constant   1.99664  0.081997   24.350  0.000 

T         -0.00221  0.009715   -0.228  0.820 

RH         0.01496  0.002069    7.233  0.000 

T*T        0.00016  0.000264    0.621  0.536 

RH*RH     -0.00020  0.000018  -11.041  0.000 

T*RH      -0.00038  0.000053   -7.085  0.000 

 

 

S = 0.157004    

R-Sq = 89.91%  R-Sq(pred) = 87.84%  R-Sq(adj) = 89.26% 

 

 

Analysis of Variance  

 

Source          DF   Seq SS   Adj SS   Adj MS       F      P 

Regression       5  17.1286  17.1286  3.42572  138.97  0.000 

  Linear         2  12.8771   1.3111  0.65554   26.59  0.000 

  Square         2   3.0142   3.0142  1.50711   61.14  0.000 

  Interaction    1   1.2372   1.2372  1.23724   50.19  0.000 

Residual Error  78   1.9227   1.9227  0.02465 

  Lack-of-Fit   22   1.6974   1.6974  0.07715   19.17  0.000 

  Pure Error    56   0.2253   0.2253  0.00402 

Total           83  19.0513 
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Table C2 (Continued). 

 

WG-CII:SiO2(90:10) Response Surface Regression: Tensile Strength versus Time 

and RH  
 

Estimated Regression Coefficients  

 

Term          Coef   SE Coef        T      P 

Constant   1.46917  0.037242   39.449  0.000 

T         -0.00867  0.004412   -1.964  0.053 

RH         0.01063  0.000940   11.317  0.000 

T*T        0.00028  0.000120    2.338  0.022 

RH*RH     -0.00012  0.000008  -14.033  0.000 

T*RH      -0.00016  0.000024   -6.483  0.000 

 

 

S = 0.0713094   

R-Sq = 86.71%  R-Sq(pred) = 84.33%  R-Sq(adj) = 85.86% 

Analysis of Variance  

 

Source          DF   Seq SS   Adj SS    Adj MS       F      P 

Regression       5  2.58868  2.58868  0.517736  101.82  0.000 

  Linear         2  1.34585  0.69950  0.349750   68.78  0.000 

  Square         2  1.02911  1.02911  0.514553  101.19  0.000 

  Interaction    1  0.21373  0.21373  0.213728   42.03  0.000 

Residual Error  78  0.39663  0.39663  0.005085 

  Lack-of-Fit   22  0.37505  0.37505  0.017048   44.23  0.000 

  Pure Error    56  0.02158  0.02158  0.000385 

Total           83  2.98531 
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Table C2 (Continued). 

 

Avicel
®
 PH-101 Response Surface Regression: Tensile Strength versus Time and RH  

 

Estimated Regression Coefficients  

 

Term         Coef  SE Coef       T      P 

Constant  167.961  6.85988  24.485  0.000 

T          -0.051  0.81277  -0.063  0.950 

RH         -0.637  0.17305  -3.678  0.000 

T*T         0.042  0.02207   1.899  0.061 

RH*RH      -0.004  0.00153  -2.741  0.008 

T*RH       -0.036  0.00446  -8.173  0.000 

 

 

S = 13.1350     

R-Sq = 95.22%  R-Sq(pred) = 94.53%  R-Sq(adj) = 94.91% 

 

 

Analysis of Variance 

 

Source          DF  Seq SS  Adj SS   Adj MS       F      P 

Regression       5  267934  267934  53586.7  310.60  0.000 

  Linear         2  254492    2350   1174.8    6.81  0.002 

  Square         2    1918    1918    958.9    5.56  0.006 

  Interaction    1   11524   11524  11523.7   66.79  0.000 

Residual Error  78   13457   13457    172.5 

  Lack-of-Fit   22   10234   10234    465.2    8.08  0.000 

  Pure Error    56    3223    3223     57.6 

Total           83  281391 
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Table C2 (Continued). 

 

Avicel
®
 PH-102 Response Surface Regression: Tensile Strength versus Time and RH  

 

Estimated Regression Coefficients  

 

Term         Coef  SE Coef       T      P 

Constant  99.0823  3.58322  27.652  0.000 

T         -0.6381  0.42454  -1.503  0.137 

RH        -0.2689  0.09039  -2.974  0.004 

T*T        0.0309  0.01153   2.677  0.009 

RH*RH     -0.0037  0.00080  -4.698  0.000 

T*RH      -0.0166  0.00233  -7.127  0.000 

 

 

S = 6.86098     

R-Sq = 95.73%  R-Sq(pred) = 95.00%  R-Sq(adj) = 95.45% 

 

 

Analysis of Variance  

 

Source          DF  Seq SS   Adj SS    Adj MS       F      P 

Regression       5   82250  82250.1  16450.03  349.46  0.000 

  Linear         2   78483    486.4    243.21    5.17  0.008 

  Square         2    1376   1376.3    688.14   14.62  0.000 

  Interaction    1    2391   2390.9   2390.90   50.79  0.000 

Residual Error  78    3672   3671.7     47.07 

  Lack-of-Fit   22    2566   2566.1    116.64    5.91  0.000 

  Pure Error    56    1106   1105.6     19.74 

Total           83   85922 
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Table C2 (Continued). 
 

Prosolv
®

 SMCC 50 Response Surface Regression: Tensile Strength versus Time and 

RH  
 

Estimated Regression Coefficients 

 

Term         Coef  SE Coef       T      P 

Constant  253.460  8.73735  29.009  0.000 

T          -1.908  1.03521  -1.843  0.069 

RH         -1.580  0.22042  -7.167  0.000 

T*T         0.079  0.02811   2.805  0.006 

RH*RH       0.001  0.00195   0.358  0.721 

T*RH       -0.044  0.00568  -7.744  0.000 

 
 

S = 16.7299     

R-Sq = 95.76%  R-Sq(pred) = 95.04%  R-Sq(adj) = 95.49% 

Analysis of Variance  

 

Source          DF  Seq SS  Adj SS   Adj MS       F      P 

Regression       5  493368  493368  98673.6  352.55  0.000 

  Linear         2  474344   14748   7374.1   26.35  0.000 

  Square         2    2238    2238   1119.0    4.00  0.022 

  Interaction    1   16786   16786  16786.2   59.97  0.000 

Residual Error  78   21831   21831    279.9 

  Lack-of-Fit   22   18380   18380    835.5   13.56  0.000 

  Pure Error    56    3451    3451     61.6 

Total           83  515199 
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Table C2 (Continued). 

 

Prosolv
®

 SMCC 90 Response Surface Regression: Tensile Strength versus Time and 

RH  

 

Estimated Regression Coefficients 

 

Term         Coef  SE Coef       T      P 

Constant  243.508  10.4554  23.290  0.000 

T           0.132   1.2388   0.107  0.915 

RH         -1.649   0.2638  -6.253  0.000 

T*T         0.014   0.0336   0.412  0.681 

RH*RH       0.001   0.0023   0.427  0.670 

T*RH       -0.040   0.0068  -5.920  0.000 

 

 

S = 20.0195     

R-Sq = 93.90%  R-Sq(pred) = 92.96%  R-Sq(adj) = 93.51% 

 

 

Analysis of Variance 

 

Source          DF  Seq SS    Adj SS   Adj MS       F      P 

Regression       5  481203  481203.3  96240.7  240.13  0.000 

  Linear         2  467018   15879.2   7939.6   19.81  0.000 

  Square         2     141     141.3     70.6    0.18  0.839 

  Interaction    1   14044   14044.4  14044.4   35.04  0.000 

Residual Error  78   31261   31260.8    400.8 

  Lack-of-Fit   22   22900   22899.8   1040.9    6.97  0.000 

  Pure Error    56    8361    8361.0    149.3 

Total           83  51246 
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APPENDIX D 

TENSILE STRENGTH OF REPROCESSED MATERIALS 
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Reprocessing Susceptibility 

Figure D1 shows the tensile strength of ~1 g of round size compacts prepared at 

~0.1 porosity with acetaminophen:excipient mixtures (1:1) before and after reprocessing 

or recompression. In general, reprocessing had a negative impact on the compact tensile 

strength since the binding ability of the particles was reduced after the first compaction 

(p= 0.00).  It has been reported that the loss of compactibility is due to the increase in the 

yield pressure. In other words, materials become less plastic after compression followed 

by milling (Kochhar, 1994). Tensile strength of these compacts showed the rank: 

Prosolv
® 

SMCC 50  SD-CII:SiO2 (95:5) (p= 0.99) > Avicel
®
 PH-102  Avicel

®
 PH-101 

(p= 0.99) > Prosolv
® 

SMCC 90  WG-CII:SiO2(90:10)  SDCII (p= 0.24 and p= 0.33) > 

CII  WGCII (p= 1.00). The loss of compactibility was more pronounced for cellulose I 

materials. For instance, Prosolv
®
 SMCC 90 and Prosolv

®
 SMCC 50 had initially different 

tensile strength, but upon reprocessing their tensile strength were comparable.  It is 

possible that the Py of these highly plastically deforming materials increased due the loss 

of plasticity of cellulose I and the contributing brittle character of acetaminophen. Some 

studies suggest the work of hardening as the cause for the loss of compactibility. For this 

reason, the pre-compression process also contributed to a decrease in compactibility 

similar to that reported for dry granulation (Herting and Kleinebudde, 2008). After 

recompression the tensile strength of Avicel
®

 PH-101, Avicel
®
 PH-102, Prosolv

®
 SMCC 

50 and Prosolv
®
 SMCC 90, SDCII and WG-CII:SiO2(90:10) were comparable. After the 

second compression process only SD-CII:SiO2(95:5) showed comparable values to the 

unprocessed material suggesting that a 5% SiO2 counteracts the acetaminophen ability to 

induce relaxation and loss of compact strength of cellulose compacts. However, this 

protective effect was not seen for WG-CII:SiO2(90:10) due to the large SiO2 component 
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which also interacted with the brittle deforming acetaminophen resulting in weak 

compacts after recompression.  

Figure D2 depicts the percentage of loss of compactibility with reprocessing. In 

this case, the loss of compactibility is defined as the inverse of reworkability. 

Reworkability refers to the capacity of the materials to withstand reprocessing without 

losing their compactibility. Two major trends for the loss of compactibility are shown. 

The first one composed by Avicel
®
 PH-102, CII, Prosolv

®
 SMCC 50 and Avicel

®
 PH-

101 which lost from 60 to 70% of their original compactibility. The second trend is 

composed by Prosolv
®
 SMCC 90, SD-CII:SiO2(95:5), WGCII, WG-CII:SiO2(90:10) and 

SDCII which lost from 15 to 30% of compactibility. It is reported that the loss of 

reworkability is due to the “work hardening”. This theory establishes that during 

compression or roller compaction a great amount of defects in the particles and 

entanglement of new dislocations occurs while being deformed plastically. These defects 

harden particles and makes plastic deformation more difficult for the subsequent 

compaction process (He et al., 2007; Sun and Himmelspach, 2005). The overall trend of 

compactibility loss was Avicel
®
 PH-102 > CII > Prosolv

®
 SMCC 50  Avicel

®
 PH-101 

>> Prosolv
®
 SMCC 90 > SD-CII:SiO2(95:5)  WGCII > WG-CII:SiO2(90:10) > SDCII.  

Thus, most plastic deforming materials which exhibited a high initial tensile strength 

presented a high loss of compactibility except for CII. Results indicate that the 

reinforcing role of SiO2 was very important to avoid a major loss of compactibility due to 

reprocessing. Since SiO2 makes materials less plastic, the impact of work hardening 

produced by reprocessing will be less pronounced than that of unsilicified materials. 
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Figure D1. Radial Tensile Strength of Processed and Reprocessed Round Compacts of 

Acetaminophen:Excipient (1:1) for Cellulose II and Commercial Cellulose I 

(Avicel
®

 and Prosolv
®
) Materials. 
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Figure D2. Decrease in Compact Tensile Strength with Reprocessing for Cellulose II and 

Commercial Cellulose I (Avicel
®

 and Prosolv
®
) Materials.  
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