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every hour. The sample was also dried in oven under different temperature (i.e. 40 to 

80 °C) for 4 hours before compression. 

 

 Physical appearance of batch 4 granules collected 

 

 

Figure 5-17: Physical features of batch 4 of EFA/CTRC 

 

Batch 4 (Figure 5.17) resulted in a powdered sample with highly clustered particles. 

The sample was observed to be wet despite the extended drying time. The colour of 

batch 4 changed from white to pink. The shape of the particles were spherical and 

waxy in texture. 

 Scanning electron microscopy (SEM)  

 

 

Figure 5-18: SEM analysis of batch 4 of EFA/CTRC 

 

In Figure 5.18, the SEM micrograph image of batch 4 showed clustered particles with 

random sizes and different shapes. The particles were observed to be mostly non-

spherical with ‘sheet-like’ shape which existed as smaller sizes, the surface of the 
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particles were fairly smooth. The batch 4 did not indicate needle-like shaped particles 

(batch 1) and there was no presence of spikes compared with batch 2. The preference 

in shape, particle size and distribution could be as a result of prevailing environmental 

effects due to high moisture present in the sample. 

 

 Hot stage microscopy (HSM) 

 

 

Figure 5-19: HSM analysis of batch 4 of EFA/CTRC 

 

The HSM result (Figure 5.19) for batch 4 indicated that the sample was affected by 

temperature at 105 °C (b) with the presence of bubbles and the sample began to melt 

at 118 °C (c). The continuous heating of the sample resulted in an increase in melting 

with several bubbles as seen in (d) which represents 123 °C. The presence of bubbles 

at 105 °C was associated with the moisture while above this temperature, the release 

of other solvents with higher melting point or volatile compounds present in the sample 

was considered. The decomposition of the sample resulted in discoloration which was 

observed at 230 °C (f). 
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 Differential scanning calorimetry (DSC) 

 

 

Figure 5-20: DSC analysis of batch 4 of EFA/CTRC 

The DSC result of batch 4 (Figure 5.20) showed the presence of several multiple 

endothermic peaks with the first peak showing a broad endotherm between 98 °C and 

110 °C along with a peak located at 105 °C (Figure 5.20). A similar endotherm was 

observed for batch 3. The second peak showed a triple headed endotherm in a 

temperature range between 120 °C -140 °C. The first endotherm located between 120 

°C – 125 °C suggested the EFA/CTRC co-crystal. The third head indicated EFA, 

observed between 131.9 °C -140 °C. Alternatively, the sample could be experiencing 

early degradation, given the many peaks followed by the melted. 

 

 Thermal gravimetric analyses (TGA) 

 

 

Figure 5-21: TGA analysis of batch 4 of EFA/CTRC 
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The TGA analysis of batch 4 (Figure 5.21) showed three (3) distinct degradation stages 

experienced by the sample. The first stage of the TGA result between 28 °C and 125 

°C showed a mass loss of 1.176 %. In the second stage of the TGA showed a mass loss 

of about 6.98 % observed between 125 °C and 210 °C and this degradation temperature 

is associated with the onset of the melt of the batch 4. Followed by decomposition. 

The third stage of batch 4 was observed between 220 °C and 280 °C with a single 

thermal profile and mass loss of over 90 %, suggesting further degradation of the 

sample. 

  

 Batch 5 

 

 Preparation of EFA/CTRC 

In batch 5, the same amounts of EFA, ethanol 99.9 % and CTRC were used as in batch 

4. However, a new rotary vapour was used in this batch to prepare the co-crystal. The 

choice of using a new rotary vapour was to determine if the rotary vapour was 

functional or faulty. Interestingly, batch 5 showed different results compared to batch 

4.  

 

 Physical appearance of granules collected  

 

 

Figure 5-22: Physical features of batch 5 of EFA/CTRC 

 

The physical appearance of batch 5 (Figure 5.22) showed similar change in colour 

from white to pink as previously observed in batches 3 and 4. The particles were 

observed to exist in clustered forms and coarse in texture. The presence of moisture in 
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batch 5 could be associated with the unique change in colour from white to pink which 

also indicates that the prepared sample has the ability to absorb moisture from the 

environment.  

 

 Scanning electron microscopy (SEM)  

 

 

Figure 5-23: SEM analysis of batch 5 of EFA/CTRC 

 

The SEM micrograph image of batch 5 (Figure 5.23) showed an irregular surface 

morphology without the distinct presence of needle-like, spiked or spherical particles. 

Also, the surface morphology of the batch 5 showed that the particles are highly 

clustered and not mono-dispersed or separated. The particle surfaces are relatively 

rough and their sizes are undefined.  
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 Hot stage microscopic analysis (HSM) 

 

 

Figure 5-24: HSM analysis of batch 5 of EFA/CTRC 

 

The HSM images of batch 5 (Figure 5.24) showed that the melting of samples started 

at 121 °C (b) while the final melt occurred at 125 °C (d). Although a great portion of 

the sample melted, a fragment of the sample was observed to be unaffected and this 

left-over quantity was observed up to 125 °C from the initial 123 °C. Also, the 

decomposition of batch 5 was observed by the presence of bubbles as well as physical 

discoloration which occurred from 224 °C. 

 

 Differential scanning calorimetry (DSC)  

 

 

Figure 5-25: DSC analysis of batch 5 of EFA/CTRC 
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The DSC indicated a peak melting point of batch 5 (Figure 5.25) at 112 °C along with 

a broad endotherm between 100 °C and 118 °C. In addition, a small endothermic peak 

appeared at 165 °C. The DSC analysis did not show the presence of endotherm peaks 

at 141 °C and 154 °C which are characteristic of EFA and CTRC. The endothermic 

profile located at 112 °C is consistent with the melting temperature region of 

EFA/CTRC co-crystal.   

 

 Thermal gravimetric analyses (TGA) 

 

 

Figure 5-26: TGA analysis of batch 5 of EFA/CTRC 

 

Thermogravimetric profile of the sample showed that the batch 5 (Figure 5.26) 

experienced thermal stability up to 76 °C. Between 76 °C and 125 °C a mass loss of 

2.235 % appears. The mass loss in this region was attributed to the presence of water 

and ethanol which were used during the preparation stage of batch 5. Moreover, there 

is another step at 225 °C which suggested the further degradation. This mass loss in 

this batch was significant which was above 90 % as observed in other batches 

previously reported. 

 

 Batch 6 

 

 Preparation of EFA/CTRC 

To improve the quality of the co-crystal, batch 6 involved the use of similar ingredients 

used in the preparation of previously reported batches i.e. 1,2,3,4 and 5. However, 
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batch 6 involved the use of the same brands of EFA and CTRC but with different batch 

numbers. Also, the new rotary vapour equipment was used. The motivation was to 

attempt reproducibility studies of the EFA/CTRC co-crystal obtained from previous 

batches.  The characterization of the EFA/CTRC co-crystal sample prepared from 

batch 6 is presented and discussed below.  

 

 Physical appearance of granules collected  

 

 

Figure 5-27: Physical features of batch 6 of EFA/CTRC 

 

It was observed from the physical characteristics of batch 6 (Figure 5.27) that the 

samples surface was a highly coarse powder which changed from a white to pinkish 

colour. The sample was waxy in texture and wet with solvent which could have been 

either water or ethanol. In addition, the sample did not indicate the presence of finely 

defined particles but irregular cracks were observed on the surface of the sample. 
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 Scanning electron microscopy (SEM)  

 

 

Figure 5-28: SEM analysis of batch 6 of EFA/CTRC 

 

The SEM micrograph images of batch 6 (Figure 5.28) indicated the presence of needle-

like shapes as well as clustered smaller particles. The surface of the particles as well 

as the needle-like shaped particles was smooth without any distinct morphological 

features such as pores. The particle size for the needle-like particles of batch 6 was 

measured and found to be 11.03 µm X 1.727 µm.  

 

 Hot stage microscopic analysis (HSM) 

 

 

Figure 5-29: HSM analysis of batch 6 of EFA/CTRC 

 

The HSM images in Figure 5.29 (b) shows that the heating of batch 6 did not cause 

any noticeable change such as melting or presence of bubbles until 110 °C. The first 
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indication of bubbles in the HSM analysis occurred from 117 °C as seen in (c) which 

could suggest the presence of moisture in the sample. The amount of EFA/CTRC 

decreased in size from (c) and complete melting occurred at 124 °C (e). The onset of 

decomposition of batch 6 was indicated by the appearance of bubbles at 190 °C 

accompanied with a colour change.  

  

 Differential scanning calorimetry (DSC)  

 

 

Figure 5-30: DSC analysis of batch 6 of EFA/CTRC 

 

The DSC analysis of batch 6 (Figure 5.30) showed that the sample registered a single 

endotherm between 109 °C and 120 °C peaking at 114.33 °C. The DSC analysis did 

not reveal the presence of endotherms that are characteristic of the melting points for 

EFA or CTRC. However, the decomposition of the EFA/CTRC sample occurred from 

180 °C. This decomposition temperature corresponds with the HSM result previously 

reported in Figure 5.29.  
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 Thermal gravimetric analyses (TGA) 

 

 

Figure 5-31: TGA analysis of batch 6 of EFA/CTRC 

 

The TGA result of batch 6 (Figure 5.31) indicated that the sample experienced a 

negligible amount of mass loss of approximately 0.546 % in the temperature range 

between 30 °C and 123 °C. The thermal studies further revealed that batch 6 was 

thermally stable up to 200 °C after which decomposition of the sample occurred. The 

decomposition of batch 6 was observed at 190 °C with a mass loss of approximately 

96 %. At this decomposition temperature, the results of HSM agreed with the TGA 

analysis of the sample.  
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Table 5-2: Summary of large laboratory scale production of EFA/CTRC  

Batch Physical 

appearance 

SEM HSM 

M.P. 

DSC 

M.P. 

TGA 

Mass loss (%) 

Compressibility Hardness Disintegration 

1 White Needle-like 123 °C 119 °C 1.6 X X X 

2 White Spike shaped 123-143 °C 118 °C 0.75 Compressed 120 N Failed 

3 Pink Irregular and clustered 123 °C 110 °C, 120 °C 1.8 Compressed 39 N-44 N Failed 

4 Pink Sheet-like 118 °C 105 °C, 131.9 °C, 

140 °C 

1.176 X X X 

5 Pink Clustered 125 °C 112 °C 2.235 X X X 

6 Pink Needle-like 

highly clustered 

124 °C 114. 3 °C 0.546 X X X 

Key:  

X represents analysis was not performed. 
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 Variation in physical properties of co-crystals after preparation 

 

 Shape, particle size and moisture effects   

The principle of rational formulation depends on adequate understanding of the 

physicochemical properties of any active pharmaceutical material. Similarly, it is 

essential to determine the mechanical properties at an early stage especially during the 

development process. This is mainly because the properties of the newly formed 

sample often result in changes such as particle size and morphology during 

development and these properties ultimately affect the compaction properties of the 

prepared material. Aside of the aforementioned properties i.e. particle size and 

morphology, other factors such as humidity or moisture content from the environment 

can affect the manufacturing process of co-crystals formulation.5 These environmental 

factors will be discussed in relation to the efavirenz co-crystals prepared in this study. 

One of the main challenges in the laboratory preparation of efavirenz co-crystals was 

to ensure that all environmental conditions for moisture-sensitive materials and 

products were carefully controlled. This is because previous studies have shown that 

seasonal humidity variation may affect product quality during manufacturing or 

packaging processes.6 For instance, a manufacturing environment may facilitate the 

ease of drug preparation such that the presence of humidity (low or high) ultimately 

determines the physicochemical properties of a product. As a result, all environmental 

conditions must be considered and reported where possible, since they must be 

controlled. 

 

 Effects of environmental conditions on the prepared efavirenz co-crystals 

 

 Colour change 

The observed colour change from the prepared co-crystals can be used to identify or 

describe the prevailing environmental factors. This characteristic (i.e. colour change) 

can serve as an indicator to indicate the presence of solvent, sample degradation and 

variation in particle size distribution of efavirenz co-crystals. 

The reason for the colour change in this study has been attributed to the different 

weather conditions during the preparation of these EFA/CTRC batches. For instance, 
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the small scale EFA/CTRC as well as EFA/CTRC obtained in batches 1 and 2 

experiments were prepared in the summer season in South Africa and this season is 

known with low humidity and high temperature conditions, hence the presence of 

moisture will be relatively low. Batches 3, 4 and 5 of EFA/CTRC were prepared during 

the winter season and the colour changes associated with these newly formed 

EFA/CTRC products was due to the high humidity conditions and variation in 

moisture in the environment as discussed by Armin H. Gerhardt.6 This variation in 

moisture seemed to have affected the EFA/CTRC sample on a batch-by-batch basis, 

hence the colour change that was observed for batches 3, 4, 5 and 6. Also, the SEM 

surface morphology and particle distribution, shape, size and texture of the 

EFA/CTRC was different from one batch to another. In batches 1 and 2, it was 

observed that the EFA/CTRC particles were in the form of needles and spikes, 

respectively whereas in other batches i.e. batches 3, 4, 5 and 6, these particles took the 

shape of an irregular and highly clustered morphology with relative smoothness. 

However, based on Table 5.2, the HSM, DSC and TGA analyses for all the batches 

showed good agreement in the thermal properties such as melting point and mass loss 

of the EFA/CTRC. 

 

Selection of the most “ideal” batch from Table 5.2 for tableting formulation purposes 

was decidedly very difficult. Every batch resulted in the EFA/CTRC co-crystal. 

Reproducibility was finally proven but with slight imperfections in particle size, shape, 

moisture content and colour. During the life-span of a product it is imperative that the 

production pharmacist becomes aware of these imperfections which will not 

necessarily deem the product as unworthy. However, with each of these imperfections 

the production pharmacist has to be acutely aware of how to deal with a specific batch 

when the opportunity presents itself. Table 5.2 made two suggestions with two of the 

batches (batch 2 and 3) upon compression of the sample. Batch 2 and 3 failed the 

compression exercise which took the production pharmacist back to the drawing board. 

Every other batch will have the same implication upon formulation of the product into 

a dosage form. The careful selection of excipients would now be imperative to the 

success of each batch for its formulation into a dosage form. Thereafter, quality control 
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testing would be the standard of acceptance for the particular batch to ensure 

acceptance or recall of the batch. 
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6 CHAPTER 6 

 

Conclusions and recommendations 

 

 Summary of findings 

 

The review of the various co-formers of efavirenz co-crystals and cyclodextrin (CD) 

inclusion complexes and the different methods for the improvement of their 

physicochemical properties was achieved. According to the investigated variables in 

this study, it was found that the citric acid monohydrate (CTRC) was the preferred 

option to proceed to large scale laboratory preformulation of tablets. The flowability 

property of both the CTRC and hydroxypropyl-beta-cyclodextrin (HP-β-CD) showed 

that they exhibited excellent flow which lies within USP acceptable range. As for the 

Carr’s index analysis of CTRC, its value was 37.59 was very poor flow whereas the 

flow value of HP-β-CD was 22.41 which is considered as passable. The moisture 

content result showed that there was a relatively low percentage in moisture content of 

CTRC compared with the HP-β-CD. The disintegration analysis for CTRC show that 

its disintegration time was 110 seconds while the HP-β-CD disintegrated within 300 

seconds. The manufacturing problem encountered during the process of making tablets 

was such that the HP-β-CD did not compress easily unlike the citric acid monohydrate. 

Hence, the small scale laboratory preparation of EFA/CTRC was successfully 

accomplished after several attempts of preparation by varying selected variables not 

mentioned in the official method of the EFA/CTRC co-crystal in literature. 

 

The preparation of the EFA/CTRC co-crystal was successfully prepared on a larger 

laboratory scale in batches 1, 2 and 6 whereas in batches 3, 4 and 5, the preparation of 

EFA/CTRC was not successful, hence reproducibility was not guaranteed. In batch 2, 

tablets of the EFA/CTRC were prepared of which the hardness and disintegration tests 

indicated the tablets have acceptable hardness properties but did not disintegrate after 

several hours. The different analytical techniques used to analyse the prepared 

EFA/CTRC was by SEM, HSM, DSC, TGA showed general agreement in the thermal 

properties but significant particle morphologies was observed from the SEM analysis. 
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The reason for the batch-to-batch variation in the physicochemical properties of the 

batches was attributed to the different weather conditions during the preparation of the 

batches. For instance, batch 1 and 2 were prepared in the summer season in South 

Africa. This season has a low humidity with high temperature, hence the presence of 

moisture in the prepared EFA/CTRC was very low. Batches 3, 4, 5 and 6 of 

EFA/CTRC were prepared during the winter season and the colour changes associated 

with these newly formed products was due to the high humidity conditions and 

variation in moisture in the environment as discussed by Armin H. Gerhardt.1 This 

variation in moisture seemed to have affected the EFA/CTRC samples on a batch-by-

batch basis including the colour change that was observed for batches 3, 4, 5 and 6. 

The SEM surface morphology, particle distribution, shape, size and texture of the 

EFA/CTRC also differ from batch to batch. For example in batch 1 and 2, it was 

observed that the EFA/CTRC particles were in form of needle and spikes, respectively 

whereas in batches 3, 4, 5 and 6, the SEM analysis showed that the particles were 

mostly of irregular shapes with highly clustered morphology and a relative smooth 

surface. The HSM, DSC and TGA analysis for all the batches showed good agreement 

in the thermal properties such as melting point and mass loss of the co-crystal. 

 

 Recommendations 

 

The following recommendations should be considered for a successful preparation of 

EFA/CTRC at large scale laboratory quantity.  

 

a. The laboratory environmental conditions must be controlled especially 

for humidity 

b. The preparation of EFA/CTRC must be considered for all seasons and 

the prevailing conditions for successful preparation may require 

intervention during alternate seasons for formulation into dosage form.   
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