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Abstract 

The shelf life of pharmaceutical products depends on the stability of active pharmaceutical ingredients in the 

presence of other formulation components and environmental factors. Degradation processes can be suppressed 

by the addition of protective excipients. The present work is concerned with understanding the role of spatial 

arrangement of drug and protectant particles at the tablet microstructure level on the effectiveness of protection 

against pH induced degradation. Atorvastatin – a major cardiovascular drug – was chosen as a case to investigate 

the possibility to suppress lactone impurity formation by modifying the tablet pH microenvironment. The effect 

of the quantity added, particle size, and process route on the protective effect of Na2CO3 as a protective agent 

has been systematically investigated by accelerated stress tests under 30% and 75% relative humidity at 60 °C. 

The addition of Na2CO3 into the tablet formulation in the range from 2.5-20.0 wt.% relative to atorvastatin was 

found to be effective in suppressing degradation but the efficacy was strongly dependent on the process route 

and the particle size. The direct compression route was found to be equally or more effective than wet 

granulation. Scanning electron microscopy analysis with elemental mapping revealed that the use of fine 

Na2CO3 particles resulted in a uniform mixing with atorvastatin particles, whereas coarse particles were too few 

and far between to provide effective pH protection. Based on these results, a general framework for determining 

the appropriate particle size, quantity and route of addition of protective excipients into pharmaceutical tablet 

formulations has been proposed.  

 

Keywords:  

atorvastatin; sodium carbonate; particle size; wet granulation; direct compression; impurity. 

 

1 Introduction 

 

The chemical degradation of active pharmaceutical ingredients (API) in drug products is an undesired 

phenomenon that limits the shelf life. Degradation not only reduces the quantity of API in the drug product and 

therefore its efficacy, but some impurities produced by degradation can also be toxic, which would pose a risk 

of side effects to patients. Degradation can also cause changes in the product visual appearance, such as 

discoloration. While this may not directly affect the drug efficacy or safety, it can reduce patient trust in the 
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medication and lead to non-adherence. Therefore, the presence of degradation impurities in drug products is 

tightly regulated and it is essential to understand the mechanisms of API degradation and to master strategies 

for its prevention [1, 2]. 

 

Chemical degradation can be categorized based on different initiating factors, such as temperature and humidity, 

pH, light, and oxidation [3, 4]. These may come from the outside environment or from excipients present in the 

formulation. The chemical structure of the drug molecule primarily determines its susceptibility to specific 

degradation pathways [5, 6]. The International Conference on Harmonization (ICH) provides comprehensive 

guidelines for stability testing during drug development (ICH Q1A–Q1F and ICH Q3A–Q3E), which are widely 

adopted across regulatory regions including the European Union, the United States, and Japan. According to 

these guidelines, one key stability requirement is that the level of impurities in a medicinal product must not 

exceed a defined threshold after two years of storage under standard conditions of 25 °C and 60% relative 

humidity (RH) [7]. To facilitate the drug product development process, accelerated stability testing is conducted 

under more extreme conditions (40 °C/75% RH) for a duration of six months. Additionally, stress studies are 

conducted under more severe conditions, usually lasting two weeks, to rapidly assess the type and extent of 

degradation the product may experience [5, 8]. 

 

Protecting the API from degradation can be achieved by incorporating a stabilizing agent into the formulation 

[9, 10]. The protectant can be introduced into the formulation either by simple physical mixing or through co-

processing techniques, such as dry particle coating, fluid bed granulation [11, 12], wet granulation [13, 14]  or 

hot melt granulation [15, 16].  When the stabilizer is simply mixed with the formulation, it comes into partial 

contact with the API particles and is mainly effective against external environmental factors. However, if 

degradation is caused by interactions between individual components within the formulation itself [17], 

a different strategy is necessary to ensure effective protection of API particles at the microstructure level. 

Additional processing steps may be required in that case [18]. One approach could be drug particle coating, 

which creates a protective barrier around each individual API particle. This barrier prevents direct contact with 

reactive impurities within the formulation as well as various external degradation factors. Another approach is 

granulation, which can enhance API stability by promoting a more intimate contact with the protective excipient 

at the level of API particle clusters or granules [14, 19] and reduce the frequency of contacts between API 

particles and any formulation components that might be a source of reactive initiating factors. 

 

The present work is concerned with understanding the role of spatial distribution of stabilizing excipient within 

the tablet microenvironment on the efficacy with which it protects the API from degradation. Atorvastatin has 

been chosen as a model API for the present study due to its industrial relevance and well described degradation 

pathways. In this study, atorvastatin calcium trihydrate, the commercially used salt form, was employed as the 

drug substance. A member of the statin drug class, atorvastatin is widely used for the treatment of dyslipidemia 

and the prevention of cardiovascular diseases [20]. It was first introduced to the market in 1997 by Warner-
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Lambert Co. under the trade name Lipitor [21]. Today, it remains one of the most widely prescribed medications, 

reaching over 115 million prescriptions issued in the USA in 2023 [22]. Atorvastatin is commercially available 

as oral tablets in strengths of 10, 20, 40, and 80 mg, as well as an oral suspension containing 20 mg per 5 mL 

[20]. Atorvastatin is prone to the formation of Impurity H (lactone), and the degradation reaction is pH-

dependent [23]. In acidic pH the equilibrium shifts towards the formation of the impurity and in alkaline 

environment, the equilibrium shifts back towards atorvastatin (Figure 1). Therefore, the stability of atorvastatin 

tablets can be improved by the addition of an alkaliser to the formulation. In the present work, Na₂CO₃ is used 

as the protective agent added to the formulation. 

 

Figure 1: Conversion of atorvastatin to Impurity H (lactone) by acidic dehydration [23]. 

 

When considering the addition of a protective excipient to a formulation, three questions typically arise: 

(i) What is the minimum quantity of the protectant that must be added to ensure effective 

suppression of the degradation process?  

(ii) Is it sufficient to simply mix the protective excipient into the tabletting blend, or are more 

sophisticated co-processing steps required? 

(iii) What is the appropriate particle size grade of the protective excipient to maximise its effect? 

 

In the present work, we aim to provide a methodology for answering these questions by considering the tablet 

microenvironment and systematically varying the quantity and spatial distribution of protectant particles relative 

to the API as shown schematically in Fig. 2. Two different processing approaches are considered: simple mixing 

of protectant particles to the formulation before tabletting by direct compression (DC), and protectant particles 

co-processing with the API by wet granulation (WG). For each process route, the quantity of the protectant 

added to the formulation was systematically varied and two particle size fractions were used. The rationale was 

to systematically change the tablet microstructure as shown schematically in Fig. 2. Co-processing by wet 

granulation is expected to result in a co-localisation of the API and protectant particles (Fig. 2a) whereas direct 

compression is expected to yield tablet microstructures with both kinds of particles being randomly dispersed 

in space. For a given mass fraction of protectant in the formulation, smaller particle size is expected to provide 

a more uniform spatial coverage due to larger number of particles (Fig. 2b) whereas larger particles are expected 

to be fewer and farther in between (Fig. 2c). For each type of microstructure, the formation of impurities during 
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a 14-day accelerated stress test under 30% and 75% RH at 60 °C will be evaluated to assess the efficacy of 

protection against degradation. 

 

a)  b)  c)  

Figure 2: Schematic illustration of possible API-protectant particle arrangements in a tablet achievable by 

different processing route and particle size combination. a) Wet granulation; b) direct compression with a small 

protectant particle size; c) direct compression with a large protectant particle size. The API particles are shown 

in purple, protectant particles in blue, and other excipients in grey. 

 

2 Materials and methods 

 

2.1 Materials 

Sodium carbonate (Na₂CO₃, 99%, CAS 497-19-8) and ammonium dihydrogen phosphate (98%, CAS 7722-76-

1) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Magnesium chloride hexahydrate (98%, CAS 

7791-18-6) was obtained from Fluka Analytical. Ortho-phosphoric acid (85%, CAS 7664-38-2) was purchased 

from Penta (Prague, Czech Republic). Methanol (MeOH, CAS 67-56-1) and acetonitrile (ACN, CAS 75-05-8), 

both of HPLC grade, were purchased from J. T. Baker (Radnor, PA, USA). Hydroxypropyl methylcellulose 

(Methocel E5, CAS 9004-65-3), atorvastatin calcium trihydrate (CAS 134523-03-8, batch no. M114042, 

manufactured by Centrient Pharmaceuticals India Pvt), microcrystalline cellulose (Avicel PH 101, CAS 9004-

34-6), lactose monohydrate (CAS 10039-26-6), low-substituted hydroxypropyl cellulose (CAS 9004-64-2), 

Povidone K30 (CAS 9003-39-8), colloidal anhydrous silica (CAS 7631-86-9), and magnesium stearate (CAS 

557-04-0) were kindly provided by Zentiva, k.s. 

 

Atorvastatin used in this study was a micronized grade (Fig. 3a), with particles appearing uniform in size mostly 

around 1-2 µm. To obtain different particle size fractions of Na₂CO₃, a sample of the material was ground using 

a pestle and mortar and subsequently sieved through a series of meshes. The material passing through the 90 

µm sieve was designated as the fine fraction (Fig. 3b) and the material retained between the 400 µm and 500 

µm sieves was designated as the coarse fraction (Fig. 3c). The number- and area-weighted particle sizes d10, d50 

and d90 for all three materials are summarised in Table 1. 
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a)  b)  c)  

Figure 3: Scanning Electron Microscopy images of atorvastatin (a), fine Na2CO3 (b), and coarse Na2CO3. 

 

Table 1: Summary of particle size percentiles of atorvastatin, fine and coarse Na2CO3 evaluated from SEM 

micrographs by automated digital image analysis. 

 Number based distribution (µm) Area based distribution (µm) 
 

d10 d50 d90 d10 d50 d90 

Atorvastatin 0.4 0.8 2.1 0.9 3.1 6.8 

Fine Na2CO3 1 3 22 16 58 86 

Coarse Na2CO3 410 530 600 440 540 600 

 

2.2 High shear wet granulation 

Binary mixtures of sodium carbonate and of atorvastatin at Na2CO3 mass fractions of 2.5 %, 5 %, 10 %, and 

20 % with a total mass of 5.0 g per batch were prepared. The mixtures were processed using an experimental 

high-shear wet granulation setup consisting of a cylindrical PETG vessel with an overhead cross-shaped stirrer, 

both 5 cm in diameter. Dry mixing at 500 rpm was carried out for 2-3 minutes to achieve a homogenous blend 

prior to granulation. Subsequently, 1 mL of a 5 % (w/v) aqueous solution of HPMC (Methocel E5) was added 

dropwise to initiate the granulation process while maintaining the impeller speed at 500 rpm. The resulting 

granules were dried in an oven overnight at 30 °C. The granules were prepared using both fine and coarse 

Na2CO3. The purpose of the granulation step was not to increase the overall particle size but rather to form 

clusters of atorvastatin and Na2CO3 that will be co-localised in the tablet microstructure as shown schematically 

in Fig. 2a. Therefore, the amount of binder was kept low on purpose. 

 

2.3 Tablet formulation 

Pre-granulated or freely blended atorvastatin and Na2CO3 were mixed with other excipients according to the 

overall composition specified in Table 2. Blending of the API with excipients was performed in glass vials using 

an overhead shaker (Reax 2, Heidolph Instruments GmbH & Co. KG, Germany) for 10 minutes to obtain 

a homogeneous blend prior to compression. Tablets were pressed by the single-punch hydraulic tablet press 
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Natoli NP-RD10A using a round 5 mm diameter die and 1.5 kN compaction force. The tablet weight varied 

from 67.7 mg to 69.7 mg depending on the quantity of Na2CO3 (from 0 wt.% to 20 wt.% relative to atorvastatin). 

Tablets prepared using pre-granulated atorvastatin with Na2CO3 will further be denoted as WG 2.5%, WG 5%, 

WG 10%, and WG 20%, and those prepared by direct compression from a physical mix of ungranulated powders 

will be denoted as DC 2.5%, DC 5%, DC 10%, and DC 20%, respectively, where the numerical suffix denotes 

the mass fraction of Na2CO3 relative to that of atorvastatin. 

 

Table 2: Overall composition of prepared tablets. For tablets made by direct compression, all components were 

blended before tabletting. In the case of wet granulation, atorvastatin and Na2CO3 were pre-granulated while all 

other components were added extra-granularly. 

  Component mg / tbl 

Atorvastatin calcium trihydrate  10.00 

Na₂CO₃ 0.00 – 2.00 

Avicel PH 101   30.00 

Lactose monohydrate   11.66 

Low-substituted hydroxypropyl cellulose   10.00 

Povidone K30   4.00 

Colloidal anhydrous silica   1.00 

Magnesium stearate   1.00 

 

2.4 Stress studies and impurity analysis 

To evaluate the stability of prepared tablets, stress studies were conducted for all prepared tablets in conditions 

of 60 °C / 75 % RH and 60 °C / 30 % RH for 14 days. These conditions are known to exacerbate the progress 

of degradation processes and therefore make it possible to reveal the effectiveness of adding a protective agent 

into the formulation. The stress tests were held in open vials in a heating oven (Memmert 400) with adjustable 

temperature and RH set to 75 %. To achieve 30 % RH, samples were enclosed in a jar with an added salt solution 

of magnesium chloride. 

 

The stressed tablets were dissolved in 10 mL of 50:50 (v/v) mixture of acetonitrile and water by sonication for 

5 minutes. Insoluble excipients were removed by centrifugation at 14,000 rpm for 5 minutes. Samples from 

non-stressed tablets were analysed as a reference. The content of Impurity H was determined by Ultra 

Performance Liquid Chromatography (UPLC) analysis using an Agilent 1290 UHPLC system equipped with 

a quaternary pump, DAD detector and autosampler from Agilent Technologies (Santa Clara, CA, USA). The 

used column was Acquity UPLC CSH Phenyl Hexyl 1.7 µm, 100 x 2.1 mm (Waters). Mobile phase A (MPA) 

consisted of 1.15 g of ammonium dihydrogen phosphate dissolved in 1000 mL of water, with the pH adjusted 

to 3.0 using phosphoric acid. Mobile phase B (MPB) was a 70:30 (v/v) mixture of acetonitrile and methanol. 

The gradient elution was set to t (min)/% MPB: 0/50, 9/70, 9.3/70, 9.5/50, 12/50. The flow rate was set to 
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0.3 mL/min, and the column temperature was maintained at 30 °C. A detection wavelength of 290 nm was 

applied for atorvastatin and its impurities. The injection volume of each sample was 2 µL. All stressed samples 

were analysed in duplicate, with two tablets extracted independently and analysed by HPLC. 

 

2.5 Microscopy  

The analysis of samples for Scanning Electron Microscopy (SEM) was performed as follows. A dry sample was 

spread onto a carbon tape covering an aluminium stub, then the sample was sputter-coated by approx. 4 nm of 

platinum in a Q150R ES sputter coater (Quorum Technologies Ltd, UK). SEM images were taken by a Tescan 

Clara SEM microscope (Tescan s.r.o., Czechia) with 10 keV accelerating voltage. The spatial distribution of 

atorvastatin and Na₂CO₃ in granules and tablets was based on elemental mapping by Energy Dispersive 

Spectroscopy (EDS), using the fact that atorvastatin was present as a calcium salt. For SEM-EDS measurement 

of tablet, the tablets were first fixed in a paraffin vax, then sliced using a microtome Leica RM 2255 (Leica 

Camera AG, Germany) to the approximate centre of the tablet. After sputter-coating with approx. 2 nm of Pt, 

SEM-EDS images were acquired, and the elemental maps were processes by AZTec software (Oxford 

Instruments, UK). The particle size distribution of raw atorvastatin, fine and coarse Na2CO3 was obtained from 

SEM images using semi-automatic digital image analysis technique with manual curation for the edge detection 

algorithm. 

 

2.6 XRPD analysis 

X-ray powder diffraction (XRPD) analysis was carried out to identify any changes in the crystalline structure 

of atorvastatin. The sample was ground in an agate mortar, placed on a Si plate, and levelled using a Petri dish 

to ensure a flat, uniform surface. The measurements were performed on a Bruker D8 Advance diffractometer 

using a Bragg-Brentano geometry with a vertical goniometer (height 150 mm, radius 280) in a coupled 2θ/θ 

scan mode. The diffraction data were collected over a 2θ range of 2-40°, with a step size of 0.02° 2θ and 

a counting time of 0.6 s per step, resulting in a total of 2324 steps and a total acquisition time of 1502 s. CuKα 

radiation (λ = 1.542 Å) was employed at generator settings of 40 kV and 40 mA. The primary optics 

configuration included 2.5° Soller slits, a fixed divergence slit width of 0.6 mm, a fixed sample illumination 

area of 10 mm, and automatic antiscatter slits, with the sample spinning at 15 rpm during measurement. The 

secondary optics setup consisted of 2.5° Soller slits and a LYNXEYE_XE_T detector operated in 1D mode. 

 

3 Results and discussion 

 

3.1 Atorvastatin tablet stability 

 

The impurity level after stress test for all combinations of Na2CO3 particle size (coarse vs. fine), process route 

(direct compression vs. wet granulation) and Na2CO3 content (0-20% relative to atorvastatin) are summarised 

in Fig. 4. The limit on the content of Impurity H is indicated by a dashed line. This threshold, 0.3%, corresponds 
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to the specification established for up to six-month stability studies and serves as a reference for comparison 

with the stress test data [24].  

 

The stress test results from tablets prepared from material co-processed by wet granulation (Fig. 4a and 4b) 

indicate that pH modification of the tablet microenvironment by adding Na2CO3 indeed had the desired 

stabilising effect and suppressed the formation of the lactone impurity. Fine Na2CO3 particles appeared to be 

more effective at lower concentrations (2.5% and 5%), where already the lowest concentration was sufficient 

to drop the impurity level below the acceptance limit. In contrast, coarse Na2CO3 particles were needed at higher 

mass fractions to achieve that effect. Interestingly, while higher concentrations (10% and 20%) of coarse 

Na2CO3 particles reduced the impurity level effectively to zero, there was an observable increase in impurities 

for fine Na2CO3 at elevated concentrations. 

 

A comparable study of tablets prepared by direct compression (i.e., without co-processing) has shown that for 

low concentrations of fine Na2CO3 the increase of impurities drops close to zero, but for concentrations of 20% 

an increase of impurities was again observed, similarly as for tablets prepared by wet granulation. For tablets 

prepared by direct compression with coarse Na2CO3 the results showed the same trends as for wet granulation 

but higher quantity of formed impurities. There was a monotonous decrease of impurity level with increasing 

concentration of coarse Na2CO3 particles, reaching zero for the highest level of Na2CO3. Compared to wet 

granulation, higher concentration of coarse Na2CO3 particles are required in the case of direct compression to 

reach the same reduction of impurity level. 

 

The apparent variability observed for tablets containing coarse Na2CO3 particles is noticeably larger than for 

the fine fraction. This suggests that coarse Na2CO3 particles were not distributed evenly within the tablet blend, 

resulting in tablets with variable amounts of Na2CO3 per unit or variable spatial distribution of individual 

particles within the tablet. 

 

It should be noted that the conclusions of this study are based on impurity levels measured after 14 days of 

stress testing. While this endpoint comparison clearly highlights formulation trends, it does not allow 

discrimination between transport-limited and reaction-limited degradation regimes, nor between kinetic and 

equilibrium effects within the tablet microenvironment. 
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a) b)  

c) d)  

 

Figure 4: Increase of impurity H level in atorvastatin tablets containing Na2CO3 according to composition given 

in Table 2 after exposure to stress conditions of 60 °C / 30% RH or 60 °C / 75% RH for 14 days. a) Tablets 

prepared from fine Na2CO3 particles by wet granulation; b) coarse Na2CO3 particles by wet granulation; c) fine 

Na2CO3 particles by direct compression; d) coarse Na2CO3 particles by direct compression. The mass fraction 

of Na2CO3 is relative to atorvastatin; WG stands for wet granulation and DC for direct compression. 

 

3.2 Analysis of granule and tablet microenvironment 

 

The structure of granules prepared by the co-processing of atorvastatin with 20 wt.% Na2CO3 of either fine or 

coarse grade is shown in Fig. 5. The SEM micrographs reveal granules whose surface appears to be formed by 

fine particles of micronized atorvastatin. The atorvastatin particles could in principle be either layered on top of 

an underlying Na2CO3 carrier particle or agglomerated with each other without any Na2CO3 particle present. 

From the point of view of reducing impurity formation by creating an alkaline pH microenvironment, the former 

scenario would be preferable. To determine whether atorvastatin and Na2CO3 are co-localised within the same 
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granules, it is possible to use SEM-EDS elemental mapping with Ca indicating the presence of atorvastatin and 

Na the presence of Na2CO3. The elemental maps are shown in Fig. 5. They clearly reveal that granules made 

with fine Na2CO3 particles have a uniform composition and contain both atorvastatin and Na2CO3 (Fig. 5b) 

whereas the distribution of Na2CO3 across granules made with coarse Na2CO3 is uneven, resulting in a sub-

population of granules with no Na2CO3 at all (Fig. 5d). This spatial distribution of Na2CO3 can explain the 

inferior protective effect of coarse Na2CO3 seen in the stress tests (Fig. 4) and discussed above. 

 

To underline the SEM-EDS observation, let us consider the theoretical requirements for the co-localisation of 

both components in one granule. Taking the number-based particle size d50 reported in Table 1 and a material 

density of 1.24 g/cm3 for atorvastatin and 2.54 g/m3 for Na2CO3, respectively, a weight fraction of 20 % Na2CO3 

in a binary mixture with atorvastatin means that the mixture contains approximately 430 atorvastatin particles 

per one Na2CO3 particle in the case of fine Na2CO3 and approximately 2.5x109 atorvastatin particles per one 

Na2CO3 particle in the case of coarse Na2CO3. Theoretically, if each granule contained one Na2CO3 particle 

covered by a layer of atorvastatin particles in a random close packed arrangement, such a layer would require 

a thickness of approximately 8.5 atorvastatin particle diameters (approx. 6.8 µm) in the case of fine Na2CO3 

particles, but more than 1,540 atorvastatin particle diameters (approx. 1.23 mm) in the case of coarse Na2CO3 

particles. While the former scenario is perfectly plausible in high shear wet granulation, the latter is not. The 

granules would have to measure nearly 2.5 mm in diameter, and no such granules were obtained. Hence, in the 

case of coarse Na2CO3 particles, a major proportion of atorvastatin must have formed granules that do not 

contain any Na2CO3 particles. This is consistent with the SEM-EDS observation. 

 

a)  b)  
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c)  d)  

 

Figure 5: SEM images and SEM-EDS elemental maps of atorvastatin granules containing 20 wt.% of Na2CO3. 

a) SEM of granules with fine Na2CO3 (the scale bar represents 50 µm); b) elemental map of granules with fine 

Na2CO3 (the scale bar represents 20 µm); c) SEM of granules with coarse Na2CO3 (the scale bar represents 

100 µm); d) elemental map of granules with coarse Na2CO3 (the scale bar represents 100 µm). SEM images of 

granules for Na2CO3 mass fractions of 2.5%, 5%, and 10% can be found in the Supplementary Material, 

Fig. S1-S6. 

 

The microscopic analysis of tablets prepared by direct compression is shown in Fig. 6 and presents a similar 

scenario: fine Na2CO3 particles can be seen evenly distributed across the tablet (Fig. 6a) while coarse Na2CO3 

particles are few and distant (Fig. 6b). The ability of Na2CO3 to modify local pH in the tablet microenvironment 

and so protect atorvastatin against degradation can be expected to depend on the uniformity of its spatial 

distribution. The uniformity is clearly better in the case of fine Na2CO3 particles, which were also shown to 

provide a higher protective effect even at low mass fractions (cf. Fig. 4).  

 

a)  b)  

Jo
ur

na
l P

re
-p

ro
of



 

 

12 

 

 

 

 

Figure 6: SEM-EDS elemental maps of cross sections of tablet produced by direct compression, containing 

10 wt.% of Na2CO3 relative to atorvastatin. a) Fine Na2CO3; b) coarse Na2CO3. The scale bar represents 500 µm. 

 

3.3 Effect of particle size and concentration 

 

It has been shown in Section 3.1 above that the alkaline pH microenvironment created by the presence of 

Na2CO3 in the formulation can successfully reduce the formation of lactone impurity H during stress tests, and 

that fine Na2CO3 particles had a protective effect already at lower mass fractions than coarse Na2CO3 particles. 

This was explained by better spatial uniformity and closer contact with atorvastatin provided by fine Na2CO3 

particles. However, as seen in Fig. 4a and Fig. 4b, when the concentration of fine Na2CO3 exceeded a certain 

threshold (approx. 10 wt.% relative to atorvastatin), the quantity of impurities started to increase. We can 

hypothesise that the proximity of Na2CO3 and atorvastatin calcium particles in the presence of moisture during 

wet granulation can potentially result in partial ion exchange and the formation of atorvastatin sodium salt, 

which is known to be less stable than atorvastatin calcium. 

 

To verify whether this could be the case, samples of calcium atorvastatin granules prepared with fine and coarse 

Na2CO3 were analysed by XRPD. The x-ray powder diffractograms are summarised in Fig. 7. Two additional 

reflections that are not present in either atorvastatin calcium or sodium carbonate were observed at 2θ values of 

approximately 10° and 16°. Although the reflections are subtle, they are consistently observed in the samples 

containing sodium carbonate and are highlighted in the magnified views in Fig. 8. These reflections are similar 

to peaks reported for sodium atorvastatin in the literature [25], suggesting the possible formation of sodium 

atorvastatin through partial cation exchange during processing. A gradual increase in their intensity was 

observed as the concentration of Na2CO3 was raised. This indicates that there might be a possible partial 

conversion to another solid-state form of atorvastatin, which in turn could give rise to the increased impurity 

level seen in Fig. 4. The emergence of the new peaks is stronger in the case of fine Na2CO3 particles (Fig. 7a), 

which would be consistent with the observed trends on impurity formation. 

 

In addition to solid state transformations, the presence of moisture can influence degradation behaviour by 

increasing molecular mobility within the solid matrix. Although lactonization formally represents a dehydration 

reaction, increased relative humidity may accelerate degradation due to enhanced molecular mobility in the 

solid phase. This phenomenon is commonly described using humidity dependent terms in modified Arrhenius 

models for solid state drug stability [26]. 
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a)  

b)  

Figure 7: XRPD diffractograms of calcium atorvastatin granules prepared with a) fine, and b) coarse Na2CO3 

particles compared to unprocessed calcium atorvastatin and Na2CO3. The dashed lines highlight additional 

reflections which are not observed in pure calcium atorvastatin. 

0 5 10 15 20 25 30 35 40

In
te

n
si

ty
 (

co
u

n
ts

)

Two-theta (deg)

Atorvastatin
Atorvastatin 2.5% Na2CO3 fine
Atorvastatin 5% Na2CO3 fine
Atorvastatin 10% Na2CO3 fine
Atorvastatin 20% Na2CO3 fine
Sodium Carbonate

0 5 10 15 20 25 30 35 40

In
te

n
si

ty
 (

co
u

n
ts

)

Two-theta (deg) 

Atorvastatin
Atorvastatin 2.5% Na2CO3 coarse
Atorvastatin 5% Na2CO3 coarse
Atorvastatin 10% Na2CO3 coarse
Atorvastatin 20% Na2CO3 coarse
Sodium Carbonate

Jo
ur

na
l P

re
-p

ro
of



 

 

14 

 

 

 

a)  b)  

c)  d)  

Figure 8: Magnified XRPD diffractograms showing the regions 2θ ≈ 10° (a, c), and 2θ ≈ 16° (b, d) for calcium 

atorvastatin granules prepared with (a, b) fine and (c, d) coarse Na2CO3 particles compared to unprocessed 

calcium atorvastatin and Na2CO3. The dashed lines highlight subtle reflections which are observed in granules 

containing Na2CO3 that are not present in pure calcium atorvastatin. 

 

The reduction of impurities at low concentrations and the rise of impurities at high concentrations of fine 

Na2CO3 particles, combined with a monotonous decrease of impurities for coarse Na2CO3 particles leads to 

a question whether an “ideal” particle size of a pH protectant exists. In the specific case of atorvastatin and 

Na2CO3, the spatial relationship between the Na2CO3 particles and atorvastatin within the tablet may influence 

the local microenvironment experienced by the API. This situation can be conceptually represented as two types 
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of zones: a “stabilizing zone” and a “interaction zone” as illustrated schematically in Fig. 9. The stabilizing zone 

covers a wider area and contributes to formulation stability through local pH modification. The interaction zone 

is a smaller area close to the Na2CO3 particle surface where close proximity between Na2CO3 and atorvastatin 

may promote a reaction and formation of a different solid-state form of atorvastatin, possibly a sodium salt. 

This form seems to be less stable, thus more prone to degradation.  

 

This hypothesis may explain why the fine Na2CO3 has a good pH stabilizing effect at low concentrations, but 

an increased formation of impurities was observed at high concentrations of fine Na2CO3 particles. It also helps 

explain why at the lower concentrations of Na2CO3, the tablets prepared by direct compression had a lower 

amount of impurities than tablets containing materials processed by wet granulation. Tablets prepared with 

coarse Na2CO3 required a higher concentration of Na2CO3 to achieve a reduction of impurities. Due to large 

particle size, at low concentrations there are only a few particles per unit volume of the tablet, which is 

insufficient to have a pH stabilizing effect, while at high concentrations there are already enough particles to 

stabilize the tablets without reaching excessive sodium carbonate concentration that could promote interaction 

with atorvastatin. Hence, there exists an ideal combination of protectant particle size and concentration such 

that majority of calcium atorvastatin particles are covered by the “stabilizing” zones without being too close to 

be affected by the “interaction” zones (Fig. 9). In addition, differences in the tablet structure arising from particle 

size distribution, formulation composition, or processing route could also affect degradation behaviour [27].  

 

a)  b)  

 

Figure 9: Illustration of the concept of “stabilizing zones” (shown in green) and “interaction zones” (shown in 

red) around Na2CO3 particles (shown in blue). a) When the concentration of Na2CO3 particles is too high, 

calcium atorvastatin particles (shown in grey) the particles are protected multiple times unnecessarily, which 

increases exposure to the interaction zone. b) When the concentration of Na2CO3 particles is too low, there are 

regions of calcium atorvastatin outside the stabilizing zone. In between these two scenarios, an ideal number 

concentration of Na2CO3 particles exists that minimised the overall formation of impurities. 
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4 Conclusions 

 

This study explored the use of Na2CO3 to reduce the destabilizing impact of tableting excipients on crystalline 

calcium atorvastatin. The effect of the quantity added, the particle size, and the placement of the protectant 

particles relative to those of the API on the reduction of impurity formation during stress tests has been 

systematically investigated. Specifically, co-processing of calcium atorvastatin with Na2CO3 by wet granulation 

was compared with plain blending followed by direct compression, using fine and coarse particles size at mass 

ratios ranging from 0 % to 20 % in each case. The ability of Na2CO3 to suppress the formation of impurity has 

been proven but the effectiveness was found to be strongly dependent on particle size. For tablets made with 

fine Na2CO3 particles the protecting effect was observed already at the lowest quantity of Na2CO3 added, 

whereas tablets containing coarse Na2CO3 particles required higher mass fractions of protectant for the same 

effect to be achieved. This behaviour was explained by microstructure analysis of the tablets and granules, 

highlighting the importance of spatial uniformity and particle proximity at the microstructure level. While finer 

Na2CO3 particles were found to be superior in this respect, the downside of a high frequency of interparticle 

contacts is potential reaction or solid-state transformation, which was seen in this case by XRPD analysis. Thus, 

there appears to be an ideal range of protectant particle size that ensures effective protection against pH included 

degradation, without causing undesired side reactions. This experimental observation lead us to postulate a 

“zone” hypothesis that could be used to rationalise decisions on the addition of protectant excipients to 

pharmaceutical formulations. The combination of particle size, mass fraction and process route determines the 

proportion of API particles found within a given distance of the protectant particles and therefore exposed to its 

effects. Cation exchange between calcium atorvastatin and sodium carbonate could also be prevented using 

calcium carbonate, as practiced in the commercial product. 
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Highlights 

• Modification of tablet pH microenvironment reduces degradation 

• Proximity of protectant and drug particles controlled by co-processing  

• Particle size strongly affects protective effect 

• Microstructure-based rules for particle placement to minimise impurity formation 
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