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Abstract 

 

The determination of a product shelf life is an important issue in the pharmaceutical and food industries. 

This is done by storing the product and follow its degradation. In accelerated tests the product is 

submitted to harsher conditions to increase degradation and reduce experimental time. A correlation is 

made with what is expected at normal storage conditions. 

The present work analyzes the degradation of formulations of Vitamin X. A product from the factory was 

stored at different temperatures and humidity. All the experiments were analyzed by high performance 

liquid chromatography. Mathematical modelling of the isoconversion times (time it takes to reach a 

certain level of adulterant) and the Arrhenius parameters were also performed. 

As expected the appearance of degradation products increases with time, while potency decreases. 

The product revealed high sensitivity to temperature and humidity inducing physical changes or changes 

in the degradation profiles. An unknown molecule appears at high temperatures and low humidity, but 

its chemical structure is unknown. 

Finally, the time taken to product failing the specification limit were given by mathematical estimation of 

the product stability. This is a useful information to plan future stability trials. 

 

KEYWORDS: Vitamins; Chemical degradation; Accelerated storage studies; HPLC; Isoconversion 

method; Arrhenius law 
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Resumo 

 

Uma questão importante na indústria farmacêutica e alimentar é a degradação de vitaminas durante a 

armazenagem. Normalmente, os produtos são armazenados por um extenso período, acompanhando-

se a sua degradação. De modo a optimizar o tempo são usados testes acelerados nos quais o produto 

é submetido a condições mais severas, para aumentar a degradação, sendo depois correlacionado 

para as condições ambientais. 

Procurou-se estudar a degradação de formulações de Vitamina X. Um produto da fábrica foi submetido 

a diferentes temperaturas e humidades. Tudo foi analisado por cromatografia líquida de alta eficiência. 

Os tempos de isoconversão (tempo que demora a atingir uma dada quantidade de adulterante) foram 

determinados matematicamente, assim como os parâmetros da lei Arrhenius. 

Tal como é esperado, a quantidade de adulterantes aumenta com o tempo, enquanto a potência diminui. 

O produto revelou-se muito sensíveis à temperatura e à humidade, alterando-se a morfologia e os perfis 

de degradação. A altas temperaturas e baixa humidade aparece um composto desconhecido, cuja 

estrutura química também o é. 

A determinação matemática da estabilidade do produto teve como resultado os tempos aos quais o 

produto falha os limites especificados. Esta informação é útil para planear ensaios de estabilidade 

futuros. 

 

Palavras-chave: Vitaminas; Degradação química; Estudos acelerados de estabilidade; HPLC; Método 

de isoconversão; Lei de Arrhenius 
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1. Introduction 

 

Due to confidentiality issues, the identity of the vitamin used, its formulation and the process 

variables used cannot be disclosed. For this reason, results that could relate with its identity were 

not shown. 

 

The product consists in a Vitamin formulation in a form of oil droplets dispersed in a dry matrix 

made with polysaccharides and sugar. During storage, the Vitamin (from now on called X) loses 

its potency by appearance of two major adulterants referred as Y and Z. 

The product consists in a powder obtained by drying the emulsion made between the aqueous 

and oil phases (containing the vitamin) by fluidized bed drying. In this process, the emulsion is 

sprayed and the powder coalesces and forms particles with a larger size than normal spray dried 

products, while it is continuously coated with a protective agent. The final product is called a 

beadlet and it is a free flowing powder (see Figure 1-1). 

 

Figure 1-1: Cross section of a conventional beadlet formulation.1 

To access the product shelf life, the powders are stored at normal and accelerated conditions, 

being the latter 40ºC and 75% moisture. The rule of thumb used is that the stability of the product 

after storage for 3 months in accelerated conditions is roughly correlated to the stability after 1 

year of storage at room conditions. 

The challenge proposed by BASF, was about the understanding of the different aspects related 

with storage conditions and stability testing, with the possibility of improving this process. In 

parallel the investigation of the possibilities behind the degradation was also performed, to be 

possible to improve the formulation of the product. This second part is not shown due to 

confidentiality issues. 
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1.1. Mathematical modelling 

 

A product is considered stable for as long as its characteristics like potency, concentration, level 

of impurity and by-products are maintained. When, for instance, the potency of the product decays 

below a certain level, it does not correspond to the value stated by the manufacturer and it is 

considered out of its shelf life (time at which it is considered stable).  

The common way to determine shelf life is by submitting the product through stability tests. These 

tests are protocols where the product is maintained in controlled conditions, for a specific amount 

of time, being its characteristics analysed periodically. By analysing its properties throughout the 

time of the experience, it is possible to understand how the degradation of the products develops 

with time and then correlate it with what would be its expected shelf life at room conditions. There 

are currently two types of tests to determine shelf-life: real-time stability tests and accelerated 

stability tests. In the first ones, the product is submitted to the recommended storage conditions 

(the conditions commonly founded in the client’s shelf) whereas, in the second ones, it is 

submitted to stress conditions (conditions that increase the velocity of the degradation reactions).  

The truthful answer to the question “what is the product shelf life?” is obtained from the real-time 

stability tests, but it is required long periods of storage until an answer is obtained. This is not a 

practical way to obtain answers, since these tests can take up to 2 years to be completed and it 

is even more problematic when its final formulation and/or chemical structure are not yet defined. 

In this early stage, stability tests are used, by trial-and-error, to understand what is the best final 

composition of the product. In this way, accelerate stability tests have an important role since they 

allow a faster decay of the product, making it possible to develop and produce it without waiting 

for the entire shelf life to elapse before assigning a value. This is performed by the usage of 

correlations that allow to predict what would be the shelf life at recommended conditions, based 

on the results on stability tests.2,3 

 

1.1.1. Traditional way to determine shelf life 

 

The traditional way to determine the shelf life of a product consists in two steps: an order of 

reaction is determined by fitting a mathematical model to plots of drug content/potency/impurity 

level vs time, with consequent determination of the rate constants (k) for each study condition; 

considering that the reaction follows an Arrhenius behaviour, the values of k, obtained at different 

storage conditions, are plotted against the inverse of temperature, to determine the Arrhenius 

parameters (specific of the reaction) and furthermore predict what would be the degradation at 

normal storage conditions.  

An ordinary chemical reaction follows the power rate law (Equation 1): 

𝑑𝜃

𝑑𝑡
= 𝑘𝜃𝑛 

1 

 

Where θ represents the characteristic of interest (potency, concentration, mass, etc), t represents 

time and n the reaction order. The most common reaction orders are zero and first order, which 
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makes the derivation of Equation 1 linear (Equation 2) and exponential (Equation 3), respectively: 

𝜃 = 𝜃𝑡=0 − 𝑘𝑡 2 

 

𝜃 = 𝜃𝑡=0𝑒−𝑘𝑡 3 

 

Typically, for low conversion (early stage of degradation, when the exponential term does not 

have a strong significance), the reaction rate can be approximated to a zero order kinetics and 

treated as well. When the limiting value at which the product is considered expired is within the 

“zero-order range”, referred before, k can be easily obtained by a linear regression. The same is 

applied for the linearized form of Equation 3.3–5  

When a model is established for a given degradation reaction, then the shelf life will be the time 

at which the product fails a specific requirement (as when potency falls below a certain amount). 

The final step in the process is to make a statistical evaluation of the model to obtain errors and 

lower and upper limits for the prediction. 

 

1.1.2. The Arrhenius law 

 

The most common way to accelerate a stability test is by submitting the product to elevated 

temperatures, owing to the relationship between degradation and temperature being explained 

by the Arrhenius law. In a chemical reaction, there is a combination of collisions and molecular 

reorganization, that requires a minimum of energy for something to happen. This is represented 

by the activation energy (Ea), as being the energetic barrier that needs to be surpassed to be 

possible for reactants to be transformed into products. At every instant, a given group of molecules 

will have a distribution of energy among them and only the molecules that have enough energy 

to surpass Ea will react. The higher the energetic barrier between reactants and products, the 

slower the rate of degradations will be, since there will be less molecules with the demanded 

energy to overcome the barrier and react. The distribution of energy between the different 

molecules is related with temperature, in which for increased temperatures the number of 

molecules with sufficient energy to react will be higher, resulting in faster rates of degradation. 

This is explained by the Arrhenius equation (Equation 4): 

𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  

4 

 

where A is the collision factor, R is the gas constant and T is temperature. A is a factor that is 

related with the amount of molecules that have the probability to be arranged in the “reaction 

media” with the right orientation and configuration to collide and react.3,6 

The values of A and Ea are difficult to be obtained experimentally, but can easily be obtained by 

the linearized version of Equation 4 (Equation 5), where Ea is determined from the slope and A 

form the interception. By storing the product at different temperatures, k can be determined and 

then there is experimental data to proceed with the determination and obtain the values of the 
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constants.  Typical values of Ea range from 10 to 30 kcal/mol.3 

ln(𝑘) = ln(𝐴) − (
𝐸𝑎

𝑅
) ×

1

𝑇
 

5 

 

Based on the Arrhenius law, there is a known relationship between the degradation at real-time 

stability studies and accelerated ones. Assuming that the degradation at one temperature is going 

to happen in a similar way, just with a different extension, to another temperature it is possible to 

predict the shelf life based on an accelerated factor (λ), as it is expressed in Equation 6: 

𝜆 =
𝑘′

𝑘′′
= 𝑒[

𝐸𝑎
𝑅

(
1

𝑇′′
−

1
𝑇′

)]
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In this way the value of the rate constant at normal storage conditions can be calculated based 

on the values at accelerated conditions and furthermore give an estimation of the shelf life.2 

The Arrhenius law is a truthful relationship for most of kinetic reactions, but has some restrictions 

of application. In some cases, the Arrhenius law cannot be applied due to the complexity of the 

system under study and a prediction of the product shelf-life is not possible. Some of the reasons 

are listed below:3,4 

1. Phase changing: if there is a change in physical state, due to the exposure to a high 

temperature, this will result in a different “environment” for the reactants, affecting the 

diffusion and transport phenomena and thus affecting the degradation kinetics. This will 

make it difficult to correlate a product that at high temperature presents a physical state 

that it is different form the one at room-conditions. Additionally, there is more than one 

specific Ea in the system, one for the phase change and another one for the reaction, 

while the analysis does not distinguish between them, since it is only possible to observe 

the general result.  

2. pH shifts: buffering solutions are dependent on temperature and can change their pKa 

over the tests. This will affect the degradation processes, promoting the extension of 

certain reactions, particularly the ones with equilibriums. 

3. Uncontrolled relative humidity: This issue is going to be addressed afterwards, but for the 

Arrhenius law to be linear with temperature, the humidity should be maintained constant. 

4. Complex reaction mechanisms: When there are more than one reaction happening at the 

same time, the degradation observed can be related with the result of more than one 

reactions, that will have independent values of Ea and A. When the degradation is 

observed, there could be no evidence of what was the predominant reaction, and even 

though, each independent reaction can follow the Arrhenius law, the group together can 

present a non-Arrhenius behaviour. The set of reactions that dominates at low 

temperatures can be different from the one that dominates at higher temperatures, 

resulting in inaccurate predictions and in a curvature in the Arrhenius law plot. This issue 

takes special interest when the accelerated test is performed under a wide range of 

temperatures, disenabling the extrapolation to room-condition. 

5. Instability of Ea and A: Both Ea and A are normally considered constant and independent 

of temperature, even though, for wide ranges of temperature they may vary.6 
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When a non-Arrhenius behaviour is observed, there are options to solve this issue. A change can 

be made in the equation to accommodate a temperature correction term as seen in Equation 7, 

where ρ has a value between 0 and 1. In a same fancy as before, the linearized form of the 

equation (Equation 8) allows for an easier calculation. In the equation α, β and γ are fitted 

parameters. This will allow for a better prediction/extrapolation for room-temperature since it 

accounts with a curvature of the equation.4 

𝑘 = 𝐴𝑇𝜌𝑒
−𝐸𝑎
𝑅𝑇  

7 

 

ln(𝑘) = 𝛼 − 𝛽 ln (
1

𝑇
) − 𝛾 (

1

𝑇
) 

8 

 

 

1.1.3. Humidity-corrected Arrhenius Law 

 

Humidity is an important factor to study the decay of a product. The water activity of a product 

can have an intrinsic effect on the product structure and reactivity. This statement has even a 

stronger importance, when dealing with dried drug formulation (like tablets), where changes in 

humidity can affect the physical structure of the excipients, plasticising them. This phenomenon 

will lower the glass transition of the material and increase the mobility of the different compounds. 

Besides that, there is also the effect on the chemical reactivity of the reaction, through changes 

in aw, increasing or decreasing the rates of reactions such as hydrolysis and oxidation, but with a 

less pronounced effect.  

The effect of relative humidity (RH) can be introduced in the Arrhenius law by the humidity 

sensitive factor, B, as seen in Equation 97. This factor is more related with the interception of the 

plot rather than the slope (Figure 1-2), which means that humidity has a stronger relationship 

with A, rather than with Ea, not affecting the degradation with temperature. This statement is in 

line with what was said before about A and its relationship with the mobility of the components. 

When Equation 9 is analysed more strictly, it is possible to understand that for increased humidity 

levels, the degradation will increase as a consequence. This means that, accelerated tests 

performed at higher RH will degrade faster, resulting in quicker answers, making the analysis of 

stability more user friendly. Of course that the traditional Arrhenius equation is also right, since it 

is normally performed at room-moisture, which means that RH is constant in all studies. In this 

situation, B will come hindered in the value of A, obtained in the intercept of the plots. Additionally, 

this demonstrates an independent behaviour with temperature. 

 

 

ln(𝑘) = 𝐿𝑛(𝐴) − (
𝐸𝑎

𝑅
) (

1

𝑇
) + 𝐵(𝑅𝐻) 
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Figure 1-2:Rate of degradation of commercial aspirin tablets as a function of temperature and relative humidity. From 

Waterman 2004.4 

There is a critical RH at which every accelerated stability test can be executed. This is the RH 

above which the components of the formulation start to dissolve (deliquesce). This happens 

because above the critical value, the water activity of the sample no longer equilibrates with the 

air moisture, while instead will retain water and dissolve the constituents of the matrix of the 

product. If the constituents get dissolved, the physical state of the product will change and the 

Arrhenius behaviour will not be observed, as said before, making it impossible to extrapolate to 

room-conditions. For sucrose formulations, the critical values of RH are 86% and 83% for 20ºC 

and 40ºC, respectively.4  

 

1.1.4. Isoconversion paradigm- an alternative way to determine shelf-life 

 

The determination of shelf life is an old issue with a lot of different technics being tried in the past 

to make the process less time consuming and more precise and accurate. There are non-

traditional methods that employ an non-linear fitting of the stability data5,7 and others that try to fit 

other types of equations, like a polynomial function to the data.8 

Another one of the methods that has proven a better performance in the accelerated tests is the 

isoconversion paradigm. This concept appeared has a way to overcome the difficulty of determine 

a reasonable value for the shelf life of solid state formulations. When the molecule of Active 

Pharmaceutical Ingredient (from now on called API) is dried in the form of powders or tablets, its 

physical state can vary between different conformations. The forms of the molecule can be 

crystalline bulk, crystalline surface, amorphous material and dissolve material in a solid solution. 

Each one of these states has a specific rearranged structure, with different orientations and 

freedom inside the matrix, which result in different degradation kinetics. The conformation of the 

molecule will make the length and energy of the chemical bonds to change and also the 

distribution and easiness of movement inside the matrix. These change will affect the values of 

Ea and A, generating different Arrhenius behaviours for each individual conformation. The 

changes in Ea are not very significant, but the collision factor will suffer a considerable change. 
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Normally, the reaction rate of amorphous forms is orders of magnitude higher than for crystalline 

structures, since they are more weakly bounded. Since, chemically, they are all the same 

molecule, the analysis of its content will not distinguish between the different forms and an overall 

degradation will be observed, sometimes presenting deviations to the Arrhenius law (as stated 

before, complex reaction cannot sometimes be explained by the Arrhenius law). 

Instead of fitting the power law (Equation 1) to the dataset, the isoconversion paradigm ignores 

that a function can describe the data and instead aims to determine the time at which the product 

fails the limit value to be considered stable. The foundation of the paradigm is that if the same 

degradation profile, at different time scales, is observed for different temperatures, then it is 

possible to correlate the time it takes to reach a certain level of adulterants at one temperature 

with another one (see Figure 1-3). The only requirement is that the reactions of degradation 

maintain the same degradation profile at the temperatures considered.  

 

Figure 1-3: Production of an adulterant of a product during storage. Two degradation curves from different temperatures 

were overlapped, adjusted so as to target the amount of adulterant correspondent to the specification limit.9 This situation 

was purely exemplar, not corresponding to the Vitamin product from BASF. 

By the historical approach, the model is fitted to the entire dataset and if there are different 

physical states of API, only observes the overall development of the dataset, regardless of what 

is the physical state of the powder. This is not the most correct way to proceed, since the forms 

that are more “reactive” are firstly consumed and this “preference” of consumption can vary with 

temperature. For example, crystalline structures tend to react last and slower than amorphous 

ones, due to the strength of their bonds, originating two “power law functions”, one for each 

structure. When an equation is obtained for this set, the power law will fit to behaviour that 

accounts with both of the physical forms, in an overall behaviour, originating a certain error The 

isoconversion paradigm neglects this and accounts with the same contribution of the different 

states at every condition.  

This has been studied beyond the solid state case and has demonstrated valid application to 
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other cases, where the degradation does not follow the power law, such as in the presence of an 

inhibitor, that originates a delay in the degradation. As long as the requirements for the 

isoconversion paradigm are met, in can be applied to every situation, regardless of its behaviour. 

This has made the isoconversion paradigm a useful tool to determine the shelf-life of products 

with complexed degradation kinetics that otherwise would be impossible to be obtained in the 

traditional way. 

But being adaptable to every situation is not the only asset of this methodology, the way of 

performing the experiments is also bonus. Since the limiting values for stability are normally low 

(less than 10% of decrease in characteristics), this concept only takes into account the early stage 

of degradation, at accelerated conditions, avoiding the prolonged time of storage required to have 

an effective fit to the power law. This makes it a desired experimental set, since the experiments 

only need to be followed until the speciation limit is disrespected, taking just some weeks to be 

performed. 

This paradigm continues to use the Arrhenius law. The methodology has been study with the use 

of the humidity factor to make the decay of the product faster, so then the trial can be made in the 

timeframe of some weeks. Since the level of adulterant is the same for each condition, the value 

of k that would be used in Equation 9, will be proportional to the inverse of the isoconversion time. 

As a result, the prediction to room conditions can be made by using Equation 10.8,10,11 

 

  

𝑡𝑖𝑠𝑜𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ′

𝑡𝑖𝑠𝑜𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛′′
= 𝑒[

𝐸𝑎
𝑅

(
1

𝑇′′
−

1
𝑇′

)+𝐵(𝑅𝐻′′−𝑅𝐻′)]
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2. Aim of the project 

The aim of this thesis is to determine a better storage condition for a product containing a Vitamin 

(from now on called X). The work is divided in two main parts, consisting of the study of the 

chemical reactions related with the degradation of X and the improvement of the process of shelf-

life determination, both experimentally and mathematically. For confidentiality issues only the 

second part is disclosed. The desired outcome is to find a way to improve the determination of its 

stability, in order to make it more efficient and fast. 

Regarding the improvement of the stability determination a new set-up was designed with the aim 

of making the determination faster. In this way, the product was stored at different temperatures 

and humidity ranging from 50 to 80ºC and 11 to 75% Relative Humidity (from now on called RH), 

respectively. This made it possible to test how harsh the stability test could be performed to obtain 

reasonable results. With these results and the data existing at BASF from previous works, an 

attempt of using the isoconversion paradigm was performed. 
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3. Materials and methods 

3.1. Emulsification 

 

Process variables and the products formulation are not shown due to confidentiality issues. 

To produce a stable emulsion, the product needs to meet certain requirements in terms of 

viscosity and temperature of process, in order to obtain the desired droplet size.  

Before starting the emulsification, first the aqueous and oil phases were prepared by addition of 

the different compounds to the solvent in a stirred and heated system, until dilution. The addition 

of the different compounds was done slowly to avoid the creation of lumps and assure a 

homogenous distribution. 

Once the solutions were prepared, they were mixed in a vessel with a mechanical stirrer with a 

safety lid, to avoid spilling. The agitation system used was a Pilvad-Diaf Minibatch 20 VH. The 

aqueous phase was prepared in the emulsification vessel and when the oil phase was poured, 

the rotor was at a low velocity to avoid spilling. After that, the lid was closed and the agitation 

increased. After this part, the viscosity was measured and corrected by addition of water, being 

then stirred again until homogeneity, until the viscosity reached a desired value. There is any 

restriction regarding pH. 

It is important to refer that in between additions and after each “period” of agitation the velocity of 

the motor, the viscosity and the pH of the emulsion were measured. The motor velocity was 

measured with a regular optical tachometer and in its measurement it makes use of a reflexing 

label that it is incorporated in the agitation system. The pH was measured by a regular pH-meter. 

The viscosity was determined with a viscosimeter from the brand Brookfield Dial Reading 

Viscosimeter, model HAT.  

 

3.2. Spray drying 

 

The information disclosed in this chapter was based on (Kiørboe,2015) and on (GEA Niro).12,13 

3.2.1. Equipment 

 

The spray drying plant is composed by an assemble of different parts of equipment (with distinct 

purposes) in a way that allows for a continuous production of powder. The process starts by 

feeding the solution to spray dry through a membrane pump that leads to the top of the spray 

drier. Inside the spray drier, the solution is sprayed by a rotating atomizer and it is dried in the 

drying chamber by absorbing part of the heat supplied by the hot air. The drying chamber is then 

connected to a cyclone that recovers the powder produced and separates it from the air stream. 

After this process, the air passes through a filter bag, where the particles that were not recovered 

in the cyclone (which are smaller than the cut point of the device) are retained before the air is 

exhausted to the outside of the building. The entire system is equipped with temperature, flow 

and pressure indicators that make it possible to follow the process and control it. There is also a 

moisture analyser placed on the exhaustion duct and a weather station placed in the plant that 
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allow the determination of the air properties. A P&I diagram of the described spray drying plant is 

presented in the attachment 8.1. 

The spray drier is a Production Minor from the brand GEA Niro. The inside chamber is a junction 

between a cylindrical top with a conical bottom. The cylindrical part measures 119.5 cm in 

diameter and heights 78 cm, while the conical bottom has a vertical height of 90 cm, having in 

total a volume of 1.21 m3. It comes equipped with an air heater with a maximum output of 36 kW.  

The spray drier is connected to a cyclone with an exhaustion fan. The cyclone dimensions are 31 

cm in cylindrical height, 30 cm in cylindrical diameter and 50 cm in height of the bottom cone. 

The plant was operated with a rotating atomizer from the same brand. The atomizer speed can 

range from 15.000 to 24.000 rpm and it is controlled with a frequency converter which can vary 

between 32 to 50 Hz, according to Equation 11, where the atomizer rotation comes in rpm and 

frequency in Hz. 

The Feeding vessel had the outlet in the bottom, to guarantee the consumption of the entire 

solution and was placed on top of a scale. The size of the feed depends on the size of the batch, 

but it is advisable not to exceed 50L. 

The membrane pump was adjustable and was from the brand Kemi teknik, with a CSM 

Membrane. 

 

3.2.2. Process 

 

Any abbreviation used in this subchapter can be understood by looking at the attachment 8.1. In 

the referred attachment, there is a scheme of the plant and contains all the abbreviations used. 

Before starting the operation, some precautions were taken into account. 

For a proper measurement of the air properties, the humidity analyser and gas velocity probes 

were placed inside the ducts, far from the walls and introduced completely. The filter bag (F2) was 

weighted and the scale under the feeding (WE1/WT1) was set to zero. The proprieties of the 

atmospheric air (that was used as drying air) were checked in the weather station, in order to 

know the initial moisture and vapour pressure.  

All the valves were checked to see if they were in the right position, to prevent leakages, misuse 

of solution or wrong direction of flow. 

A spray drying process does not begin with direct spraying of the solution to dry. Prior to that, the 

system needs to reach different steady states, with the different variables constant for a certain 

period, to guarantee that the powder recovered is not varying. 

The process started when the exhaustion fan (P2) and the heat exchanger (HE1) were turned on, 

to start the hot air inlet. When the temperature of the chamber (that was assumed that was equal 

to the value in the outlet duct, TI3) reached the boiling temperature of water, the feed of water 

started (from the tank T2). At that point, the feed rate and the output of HE1 were adjusted until 

TI3 reached the value set for this specific product. 

𝐴𝑡𝑜𝑚𝑖𝑧𝑒𝑟 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = 462 × 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 
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After stabilization with water the feeding stream changed to the emulsion by adjusting F1 to the 

tank T1. Since the emulsion has a lower amount of water, there is less water to evaporate and 

thus the heat supplied by the air stream will increase the outlet temperature. Due to this, the feed 

rate and the power supplied by the air heater were readjusted, to return TI3 to the set value. After 

the plant had stabilized, the product is collected, since at that point, the system was assumed to 

be in stationary state. The different variables of the process were registered, in order to access 

the amount of water that was being extracted in the spray drier and the characteristics of the 

powder produced. This information is especially important in the case under study, where the 

parameters were not settled and it was required to discover the best conditions for the process. 

In the end of the process, the feed was changed to water again and HE1 was turned off. The plant 

ran for a while, with V3 closed, until TI3 was below 100ºC. At that point the feed stream and the 

atomizer were considered clean and the feed was shut down and the plant stopped. It was then 

the moment to weight again the filter bag to check for losses of powder. 

After the plant was finally stopped, the cleaning process started. The inside of the chamber was 

first vacuumed, to remove any possible residues of powder, and then everything was clean with 

warm water and soap and afterwards flushed with mineral water. The ducts that connected to the 

cyclone and the cyclone itself were dismantled and cleaned in the same way. Since there were 

other projects running in the same plant and Vitamin Xpowders have a low, but existent, risk of 

toxicity, in the end of the experiments the ducts after the cyclone were cleaned, together with the 

filter bag house. 

 

3.3. Fluidized Spray Drying 

 

Alternatively, to the method presented before, the product was also obtained by fluidized bed 

drying. This method was used due to the negative results obtained for the spray drying process 

as it will be explained in the results. 

This method was performed at BASF’s pilot plant by one of the technicians and by this reason it 

is not going to be extensively described. 

After the emulsification process described in chapter 3.1, the emulsion is connected to an 

atomizer and sprayed into a drying chamber. At the moment of spraying the chamber is already 

at stationary state with hot air and a constant flow of coating agent. The spraying process is fast 

and after it, the powders remains in the fluidized bed (connected to the drying chamber), where 

they are continuously dried. This part of the process is made at low temperature and for an 

extensive period of time, which allows to dry the product at mild conditions, while a continuous 

flow of coating is covering it.  

In BASF (2014) a video of the production process for vitamin A product is shown. The process of 

fluidized spray drying shown in the video is similar to one used.14 
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3.4. HPLC analysis 

 

The method used for the determination of the potency of the vitamin as much as for the 

fractionation of its adulterants, was a normal phase HPLC determination. This method is able to 

separate and identify the different compounds in a mixture, by passing them through a packed 

column. The compounds are exposed to a beam with a specific wavelength. The mixture that 

enters the column is separated owing to the affinity of the compound to the column together with 

the mobile phase. These two conditions will dictate the degree separation between the different 

compounds, increasing the resolution of the analysis and easing the identification process. In an 

already established method as the employed, these variables are fixed and the different 

compounds elute around the same retention time, showing equal degrees of separation between 

different analysis. When the molecules elute from the column they pass through the detector. 

They are going to absorb part of the radiation and an absorbance spectrum will be drawn. 

Depending on the shape of the spectra, the different molecules can be identified or related with 

one already known species.  

The method was developed and optimized by BASF’s analytical laboratory and for this reason 

cannot be shown for confidentiality issues. 

 

3.5. Droplet size measurement 

 

To guarantee that the emulsion maintains its physical stability during the duration of the studies, 

it is required to make particle size analysis to see if the emulsion stays equally dispersed and if 

the surface area is maintained constant. This will guarantee that the interactions between the 

aqueous and oil phase are consistent throughout the duration of the studies. 

The equipment used is called Mastersizer 2000 from Malvern. Its main concept is to pass a diluted 

solution of the sample through a narrow channel that is exposed to a laser. When the particles 

pass through the laser they will scatter the light beam and based on that, their size is evaluated. 

The program displays the distribution of the different sizes in the solution and it also determined 

the mean droplet size. 

To consider that the emulsion is stable, the droplet size should not change during the studies. 

 

3.1. Determination of the isoconversion times and the adapted method for Arrhenius 

determination 

 

This experiment was designed to determine the isoconversion time using both the influence of 

temperature and humidity. It is intentioned to cover a large specter of both parameters. This 

protocol was design taking into account different experiments performed employing the same 

methodology.3,9,10,15–17 Using this information a set of temperatures and humidity were chosen for 

a wide application of the Arrhenius law.  

Since the isoconversion paradigm implies that an experiment is run at least until the specification 
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limit is exceeded, the experiments were projected so as to narrow this time frame. This was 

possible by using Equation 10, so as to estimate how long it would take to reach the isoconversion 

time (at each temperature and humidity of the entire experiment), considering that the product 

surpasses 1.2% of Y and Z after one year of storage at 25ºC, as a reference. It was used the 

average values 22 kcal/mol for Ea and 0.04 for B, taken from Waterman (2007)16. Based on this 

estimation of the time of decay, time intervals for collection were planned. The information referent 

to each experimental set is presented in Table 3-1, showing the values used during the 

experimental procedure. 

 

Table 3-1: Experimental set considered for the adapt method for Arrhenius determination. 

T (ºC) 

planned/practiced 

RH (%) 

planned 

RH (%) 

practiced 
Measurements 

(days) 

Expected day of 

Decay 

50 75 75 0, 5, 12, 15 11 

60 50 48 0, 5, 12, 15 11 

70 11 20 0, 12, 15, 19, 24 20 

70 75 75 0, 2, 3, 8,12 2 

80 30 26 0, 3, 8, 12 4 

 

Samples of the product were taken into open flasks (in order to be exposed to humidity) and 

placed in thermostable cabinets, inside desiccators with the equilibrium RH being controlled by 

different dehydrated salts. The salts used are present inTable 3-2. 

 

Table 3-2: Dehydrated salts used to obtain the different desired moistures. 

Salt used RH (%) 

Potassium acetate 11 

Magnesium chloride 30 

Magnesium nitrate 50 

Sodium chloride 75 

 

 At each time-point, a sample was taken and analysed by HPLC, as it is explained in chapter 3.4. 

Desirably, this experiment should be continued until the level of a certain by-product or the 

potency of the vitamin surpasses the limiting value at which it is considered out of its shelf life. If, 

at the expected day of decay, this requirement is not met, the sampling process should be 

continued until it is observed. In the latter situation, it is suggested time gaps of 3-5 days. 

Unfortunately, this was not possible due to time limit of the project, since it was the performed 

weeks before the end of the project. Hence to this, only the time point specified in  

Table 3-1, were considered. 
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3.2. Differential analysis 

 

To obtain the order of magnitude of the reaction of degradation, by the traditional methodology, 

the differential analysis was used. This type of analysis, allows to predict n, assuming that the 

power law can be applied, by doing approximation to the velocity of reaction. The velocity of the 

reaction as explained before, can be determined by the derivation of the function that describes 

concentration in time (see chapter 1.1.1). 

Since, when the data are collected, the equation that describes them is still not established, there 

is the necessity to make approximations. The concept beneath this approach is based on the 

approximation that the velocity of the reaction can be roughly determined by the ratio of the 

observable ranges of concentration against time (see Equation 12). 

To use this approach, for each two couples of data, both the values of their average concentration 

and the value of the velocity are determined and then linearized, as it is shown in Equation 13. 

By plotting the two variables, 𝑟′ and ln (𝐶)̅̅ ̅, it will give a straight line, where it is possible to obtain 

an estimation of the values of k and n, from the interception and the slope, respectively. 

𝑟 =
𝑑𝐶

𝑑𝑡
~

Δ𝐶

Δt
= 𝑟′ 
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ln(𝑟′) = 𝑙𝑛(𝑘) + 𝑛𝑙𝑛(𝐶̅) 

 

13 

 

The values of k and n obtained as explained before, are an initial estimation and need to be 

optimized. To have a close model to the data, new values of the same data points obtained are 

hypothesized using equation 14. This equation is an integration of the general power law 

(Equation 1). For each time point the hypothetic value is calculated using the same time as the 

measurement and the values of n and k, obtained from Equation 13. In each case, the error 

between the real value and the one obtained by the model are calculated by the least squared 

error approach (Equation 15) and summed up to give an estimate of the total error. Then by using 

the excel tool, Solver, the error is minimised by changing the value of n and k, until a suitable 

value for the error is obtained. 

 

{
𝐶 = ((1 − 𝑛)𝑘𝑡 + 𝐶0

1−𝑛)1 (1−𝑛)⁄ , 𝑛 ≠ 1

𝐶 = 𝐶0𝑒−𝑘𝑡 , 𝑛 = 1
 

14 

𝜀 = |𝑥𝑟𝑒𝑎𝑙 − 𝑥𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑|
2
 

15 
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4. Results and Discussion 

4.1. Production of powders  

 

The main purpose of this project was not to define a proper way to spray dry this product, but to 

observe the degradation of the product during storage. In this way the objective of this part of the 

report is just to describe the way to achieve the production of the powder, rather than to extract 

any value-added knowledge for the project. 

The product was first produced according to chapter 3.1 and then the objective was to spray dry 

it, according to chapter 3.2. Two trials were made in the spray drier one with an air broom and 

another one without. 

 

4.1.1. First attempt (without the air-broom) 

 

In the first trial with the spray drier, the process was run as it is explained in chapter 3.2. Besides 

being intended to only access the best rheology and process variables for the process, which 

would not require the presence of the vitamin, it was used emulsion from the production plant at 

BASF, with vitamin, which saved some time.  

The emulsions to be sprayed were made according to chapter 3.1. The emulsion was too viscous 

to be possible to pump it with the installed system. Because the composition of the product cannot 

be changed to be able to compare it with the commercialized product at BASF, the only action 

possible was to dilute it by adding more water. Diluting the feed will not alter the droplet size, since 

the agitation is not vigorous and the water added will be evaporated in the end, not affecting the 

dried product. This said, the emulsion was diluted until a dry matter (DM) of 37.47%. 

Against all the expectation, with the set parameters, the spray drying did not work well. The 

emulsion was well sprayed and the powder obtained had satisfactory results in regards to DM, 

but almost the totality of the powder produced remained inside the drying chamber (photos of the 

end of the process can be seen in the attachment 8.2), unable to be recovered. Besides the 

amount recovered being so low, this situation can hinder the results obtained, since every time a 

sample was collected it could have contained product from different drying conditions, that could 

have been released over the operating period. The product retained inside is exposed to higher 

residence times, resulting in higher DM. 

Nonetheless, the results obtained for different velocities of the atomizer tested are displayed in 

Table 4-1. These data were based on the small amount of powder collected in the cyclone. The 

data points were collected in the following order: 50 Hz, 45 Hz and 32.7Hz. When the experiment 

was operated at 32.7 Hz the level of liquid in the feeding tank was at the level of the outlet tube, 

not being pumped properly. This resulted in a decrease of the feedrate and an increase in the 

outlet temperature. Even though the chamber was at steady state since the beginning of 

operation, it was necessary to readjust the flow rate as seen in the table, to maintain the outlet 

temperature of the chamber. It is important to maintain this temperature low, to avoid the 

possibility of igniting the powders when exposed to higher temperatures. 
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It would be expected to find an increased DM for increased atomizer’s velocities, since for 

increased velocities the size of the droplets should decrease, it is easier for the heat to penetrate 

into the droplet, resulting in a more efficient drying. However, this was not observed and the 

powders sprayed at the highest frequency (first in time) were the ones with lower DM. This is in 

line with what was said previously, about the retained powder being exposed to higher drying 

times. For instance, when the sample for 45 Hz was collected, the walls of the spray dryer had 

been hammered previously, releasing a lot of stored powder. The results of the DM analysis were 

higher than the ones obtained for the rest of the frequencies.  

Above all the setbacks, the DM obtained in the powders was similar to the products obtained at 

BASF by fluidized bed drying, being its dryness acceptable. 

 

Table 4-1:Results obtained in the first trial. In this trial, different velocities of the atomizer were tested, to check which one 

fits better the system. 

Atomizer’s 

Frequency (Hz) 

Atomizer’s 

velocity (rpm) 

DM,outlet 

(%w/w) 

Tchamber 

outlet (ºC) 

RHoutlet 

(%) 

Qvinlet 

(kg/min) 

50 23100 96.84 81.5 16.1 0.37 

45 20790 98.12 82.6 13.0 0.09 

32.7 15107 97.78 100.7 6.8 0.08 

 

Concerning the morphology of the powders, in general they obtained a normal spherical shape 

with very few air bubbles inside, which means that the atomizer worked properly. The size of the 

powders observed ranged from 0.7 to 1.4 μm, 0.7 to 2.1 μm and 1.4 to 2.1 μm (rough 

measurement on the microscope), for the frequencies of 50 Hz, 45 Hz and 32.7 Hz, respectively. 

For higher frequencies (situation of 50 Hz) the powder do not seem to agglomerate showing a 

higher fluidity, in opposite to what happened for low frequencies (32.7 Hz). All the powders present 

a smaller size than what is obtained by fluidized bed drying, as expected. 

In consideration to the accumulation of powder, the powder collected was submitted to a melting 

point determination, in order to understand if it was melting inside the chamber getting stuck onto 

the chamber walls (Figure 4-1). From the figure, it is possible to understand that the powders 

only start changing its physical state at around 130ºC, changing to liquid state completely at 

around 180ºC. At the temperature that the powder leaves the drying chamber its physical state is 

solid and, besides the air inlet temperature being higher than the outlet temperature registered, 

there is no evidence that the environment inside the chamber is above the outlet temperature (the 

water evaporation will absorb energy, lowering the overall temperature). 



 

33 

 

Figure 4-1: Analysis of the physical state of the powders over a linear increase in temperature. 

In some of the pictures of the attachment 8.2, a “ring” can observed. The latter can be the result 

of the deposition of non-dried emulsion on the walls of the spray drier, which are continuously 

dried over time. This is often the result of low outlet temperature, or by other words, not enough 

“drying force” to dry the emulsion before reaching the walls of the chamber. When the droplet 

reaches the edge of the chamber it is not completely dried, adhering to the surface of the metal. 

Once adhered, it will stay in place being submitted to an extended drying period. Upon discussion 

with experts from BASF, it was suggested to increase the outlet temperature of the chamber to 

around 90 to 95 ºC in the following trial, by either increase the air inlet temperature or reduce the 

feedrate of emulsion (less water to evaporate). 

 

4.1.2. Second attempt (with the air-broom) 

 

To tackle the incapability of recovering the powder from the chamber an air- broom system was 

introduced inside the spraying chamber. The air-broom system consists in a spinning pipe that is 

installed on the bottom of the spray drier, that flushes compressed air through nozzles that are 

mounted on the pipe against the walls of the chamber. The equipment comes with an external air 

heater that heats the air to around 50-60ºC, in order to minimize the reduction of temperature 

inside the chamber, when the air is flushed. In theory, when the compressed air is freed from the 

nozzle and reaches the walls the powder that adheres to the surface is blown away and falls into 

the bottom of the chamber. It was used compressed air at 0.8 atm, which is the maximum 

recommended by the manufacturer.13 

As discussed before, in addition to the air broom, some of the settings were also adjusted. It was 

chosen to maintain the air inlet temperature for safety reasons and only to increase the outlet 

temperature. In order to achieve this new set-point the amount of water in the feed was reduced 
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to a DM of 51% instead of the 37.47% of the previous study.  

Unfortunately, in the end of the process, the problem with retention of powder remained almost 

unchanged. The introduction of the air broom had just a slight effect on the powder recovery. Only 

circa 14% of the DM pumped was recovered. Still, the powders recovered had a DM of 96.49%, 

which is similar to the previous studies. 

After the failure of these trials and since there was the possibility of using powders from BASF 

produced by fluidized bed drying, no further investigation was done in regards to the spray drier. 

Nevertheless, if there was more time left to work on the spray drier, more trials should be held. 

The DM of the powder collected was satisfactory, what leads to the conclusion that the system 

can work. There was no possibility of increasing the air pressure in the air broom, since it was 

running at the maximum recommended by the manufacturer and thus, the changes would need 

to be made in the solution or in the process parameters. In a next study the system used could 

be the same (same set parameters), but during the process the plant could have to be stopped 

and some samples of the powder in walls must be analysed to understand if the DM in this powder 

was equal to the DM that was being obtained in the outlet. Another thing that could be tried is to 

run the plant for an extended period of time, to try to see if the amount of powder recovered is 

constant or if it presents fluctuations. If it happens, it could mean that in a first stage, the entire 

wall of the spraying chamber needs to be covered with powder until it reaches a stationary state. 

At that point the flowrate will become constant and the collection of powder will be possible. 

 

4.2. Study of stability at different temperatures and humidity- adapt method for 

Arrhenius determination 

 

This experiment was performed according to the method described in chapter 3.1. 

To have a nice correlation to the Arrhenius equation, it is desired to have a broad range of 

temperatures and humidity to make the correlation as best as possible. It is also desired to 

understand to what conditions can the accelerated tests be performed, in order to make the 

determination process faster. The higher the temperature and humidity, the faster will be the 

degradation.  

Prior to this experiment the effect of humidity on the powder was never established. Even though 

the powders are placed in humidity-controlled desiccators with different values of humidity, they 

are normally stored in sealed aluminum bags. This does not give a clear image on how the product 

reacts to humidity, since the aluminum bags do not allow for moisture to completely pass through, 

so the powders are never truly exposed to it. 

Hence to the latter statement, there was no clear prediction about how the powder would 

physically endure the effect of humidity. The results obtained during the time of the experiment 

are represented in Table 4-2. When the powders are produced they are free flowing white colored 

particles. In the study, the physical state of the powders varied between three different states:  

 Powder: free flowing particles that do not stick together. This situation was observed at 

low humidity; 
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 Paste: particles of powder that stuck together, due to humidity absorption, that present a 

“paste-like” aspect, texture and thickness. The higher the humidity, the more fluid and 

sticky the paste becomes; 

 Solid matrix: the powders transformed in a solid block, impossible to extract.  

 

Table 4-2:Physcal state and aspect of the powders tested in the method adapt to the Arrhenius law. 

 

As it is observed in the table, the powders physical state changed in some experiments. In the 

case of humidity being 75%, the powder immediately transforms into a paste, while when the 

humidity is 20% it stays in the original state. In between these two values, there is a gray area, 

where the product is neither a powder or a paste. At 26% humidity the powders transformed into 

a hard and compact structure whereas at 48% it stayed in a state in which it did not assembled 

neither to a paste or to a powder, but something in the middle. A clear difference between this 

effect is observed at 80ºC, where two experiments at different humidity, had completely different 

physical states. This situation demonstrates that the powder is very sensitive to humidity, strongly 

affecting its physical stability. This becomes an issue in regards to the determination of shelf life. 

Set-ups that start the experiment as powders and then changed their physical state throughout 

the experiment cannot be used to assess the values of Ea through the Arrhenius relationship. As 

stated before (see 1.1.2), a change in physical state will add an additional “reaction” to the product 

that will not be manifested when chemically analyzed. So, if these powders were to be included 

for the determination, the Ea value obtained would be false since it would account for both 

chemical and physical reactions. This discards the experiments that were not in a powder state 

as suitable for the study. 

Regarding the color of the powder, the powders that were exposed to higher temperatures (70 

and 80 ºC) changed their appearance, darkening during storage. This could be due to Maillard 

reaction, also known as non-enzymatic browning. The Maillard reaction happens mostly in food 

products, that can lead to the production of different volatile and non-volatile compounds, 

responsible for altering their color and aroma. It is a reaction between free protein-linked 

aminoacids and reducing sugars (a sugar with ketone or aldehyde groups exposed). This reaction 

is influenced by temperature and humidity. For the product in question, in the matrix exists 

complexes containing protein that have amino acids that could undergo this reaction. In regards 

to the sugar, no free reducing sugar is readily present in the formulation. It only exists bound 

Temperature 

(ºC) 

Humidity 

(%) 

Physical state 
Color 

Powder Paste Solid Matrix 

50 75  X  Maintains its color 

60 48 X X  Maintains its color 

70 20 X   Maintains its color 

70 75  X  Darkens after 8 days 

80 20 X   Darkens after 15 days 

80 26   X Darkens after 12 days 
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reducing sugars that, if hydrolyzed thermally, can be released. 18,19 

Even though the Maillard reaction is normally manifested for very high temperatures (like in the 

baking process), the product has all the components for the phenomenon to happen. This would 

take place in the “aqueous” phase, close to the interface (where the arabinogalactan protein 

exists). It should not have an impact on X, directly, since the vitamin exists in the oil phase, but 

maybe it could secondly originate a molecule that could interact with the vitamin. Notwithstanding, 

there is no evidence that the adulterants are originated form Maillard reaction. 

 

4.2.1. Degradation by-products 

 

The analysis of the adulterants that appeared during storage was performed in the time frames 

stipulated in chapter 3.1. The analysis was made for two batches: one that showed high values 

of degradation (A) and another that did not (B). 

Potency was not followed in this study, because the determination with the Arrhenius law targeted 

the appearance of the by-products, instead of potency directly.  

Recalling what was said in the previous chapter, some of the samples changed their physical 

state throughout the course of the experiment. For this reason, it was not possible to use all of 

them for the Arrhenius determination. Nevertheless, the analysis of the different set-ups was 

made so as to see how the powders respond to temperature and humidity. This brought issues 

with the analysis, since it was impossible to extract samples from the experiments in the “matrix” 

state. For the latter, no results were obtained for this scenario. The rest of the cases are going to 

be discussed below  

Unfortunately, not all the set-ups decayed to the limiting value (1.2% of adulterant) as it was 

planned in chapter 3.1. As for the set-ups at 50ºC/75%RH and 60 ºC/48%RH no relevant 

degradation was observed. Some peaks appear isolated, neither having a gradual increase 

throughout time or continuing to grow after appearance. In addition to this, the appearance of the 

regular adulterants seen in the product is almost neglected. Therefore, they were discarded as 

relevant and by this reason they were not included in the discussion (the relative distribution of 

adulterants in the chromatograms for these situations can be found on chapter 8.3 of the 

attachments). 

The remaining set-ups are depicted in Figure 4-2, Figure 4-3 and Figure 4-4. In all the three 

cases, the major adulterants were Y, Z and an unknown peak appearing at the relative retention 

time of 0.55. There was also the appearance of other known and unknown adulterants, but they 

were not considered relevant, since they appear isolated or in lower amounts. In some of the 

cases they do not show a consistent increase with time and were not present in all the set-ups. 

In regards, to Y appearance, the values assume two different patterns. While at low humidity 

(70ºC/20%RH and 80ºC/20%RH) the values of Y increase and then remain at a constant level 

throughout time, for higher humidity (70ºC/75%RH) it shows a clear increase with time for batch 

A and no clear tendency is observed for batch B.  

In respect to Z, two patterns can also be depicted. At 70ºC the values of Z increase and then 
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remain more or less stable throughout time, while at 80ºC no Z production was observed. 

Finally, the unknown peak seems to increase in every set-up, even though in some of the 

experiments it was only observed in the last measurement. While at the two set-ups at low 

humidity its relative amount was high, at high humidity its was low. It is also worth to point out that 

between the two set-ups at 20%RH, the increase of temperature increased the degradation 

process, as it is normally expected for a chemical reaction.  

Looking at the differences commented above some conjectures can be made. The production of 

this unknown peak is stimulated by low water contents, since in the set-up at 75%RH, almost no 

production was observed. This makes the appearance of this peak relevant since the product in 

question is dried. The results also suggest a possible reaction pattern. When the unknown peak 

appears, the levels of Y and Z maintain stable, whereas when it does not appear, the levels of Y 

and Z tend to increase. This could indicate that the unknown compound is coming from a 

competing reaction with the reactions that form the other two, or it is a reaction that uses them as 

reactants. This makes some sense, because at 80ºC no Z was observed, but the unknown 

compound had its higher appearance. 

The appearance of this unknown peak makes the pattern of reaction different than the one that is 

observed in the product at low temperature (including room conditions). If the reactions happening 

at high temperatures are different from the ones happening at low temperatures, the profiles of 

degradation are not similar and the application of the isoconversion paradigm is impossible. As it 

is explained in chapter 1.1.4, the paradigm assumes that, regardless of the mathematical 

relationship represented in the degradation reaction, if the proportions of adulterant maintain 

similar in different set-ups, they can be correlated. Since this does not happen, this experiment is 

considered a failure (in regards to the Arrhenius determination), because the set-pus changed 

physical state, presented a different degradation profile or were not enough degraded, rendering 

the results impossible to be used for the determination. Nevertheless, important conclusions can 

be made regarding the conditions at which the accelerated stability studies are performed. 

Regarding %RH, the products should not be tested at values above 20%, to assure its physical 

stability, and in terms of temperature, it should not be submitted to temperature above 70ºC to 

guarantee that the degradation profiles are the same. 
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Figure 4-2: Degradation profile observed for the accelerated storage experiment at 70ºC and 20%RH, with two different 

batches of products, labeled as A and B. The bars represent the amount of a given adulterant at a specific time. The table 

below shows the specific amount of that specific adulterant. They are sorted by their relative retention time in the HPLC, 

which are sorted by color. 

 

Figure 4-3: Degradation profile observed for the accelerated storage experiment at 70ºC and 75%RH, with two different 

batches of products, labeled as A and B. The bars represent the amount of a given adulterant at a specific time. The table 

below shows the specific amount of that specific adulterant. They are sorted by their relative retention time in the HPLC 

which are sorted by color. 
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Figure 4-4: Degradation profile observed for the accelerated storage experiment at 80ºC and 20%RH, with two different 

batches of products, labeled as A and B. The bars represent the amount of a given adulterant at a specific time. The table 

below shows the specific amount of that specific adulterant. They are sorted by their relative retention time in the HPLC 

which are sorted by color. 

4.3. Mathematical determination 

 

In order to predict the shelf life of the product, the determination requires mathematical modelling 

of the data. Prior to this work, at BASF, the determination of shelf life was made by submitting the 

product to accelerated storage condition at 15ºC/room conditions, 25ºC/60%RH, 30ºC/65%RH 

and 40ºC/75%RH (it was not mandatory for the product to be stored at all these conditions). The 

determination is based on heuristic correlations that are based on the results obtained from the 

powders at 40ºC/75%RH. The rest of the conditions work as a confirmation (even though they 

represent situations closer to the reality), since they take longer to obtain answers. 

In Figure 4-5, it is observed the development of Y in accelerated tests in production campaigns 

at BASF. As it is observed, the appearance of Y (the major adulterant observed in storage) starts 

by having a lag phase, where a slow or even no increase is observed, then it starts to increase 

rapidly and by the end the rate of decay decreases again as it is reaching some kind of plateau. 

Depending on each product specifically, the degradation developed differently. While some 

products remained stable for an extended period without any degradation being observed (lag 

phase), others increased immediately, which shows a lot of variability between the different 

production campaigns. This supports the entire theory that the problem with degradation resides 

in the raw materials. Notwithstanding, the results are similar in development, which indicates that 
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common phenomena are happening and that mathematical modelling could be performed. 

 

Figure 4-5: Relative amount of Y throughout the time of storage. The products were stored in aluminum bags that were 

stored at a specific set of temperatures and humidity. Each series of data represents a batch of product made at BASF. 

 

4.3.1. Traditional determination 

 

In order to make the mathematical modelling of the data, the traditional methodology of 

determining shelf-life was employed, as a first attempted to determine self-life. In this 

methodology, the data-points collected at a given accelerated conditions are adapted to an 

already established equation and the parameters for each individual case are determined. In 

general, isolated reactions follow the power law (Equation 1), being this the equation applied to 

the data. Once the order of the reaction is determined for a specific reaction, the parameters are 

easily obtained.  

In Figure 4-6 it can be observed the fit of the three most usual kinetic orders to one of the powders 

obtained in production. The product displayed was chosen as a representation of the rest of the 

dataset, since it presents a considerable degree of degradation and follows the same tendency 

of decay as the rest. For each case, the mean square error of each point was calculated, summed 

to the total error and then minimized using the solver tool from excel. In Table 4-3 are the total 

mean square values obtained for the regressions observed in the figure. As it is observed, the 

data poorly fit to any of the equations used.  

Hence to the latter statement, the differential method was used, as it is explained in chapter 3.2. 

The purpose of using the differential method is to estimate the order of reaction together with the 

value of k, by making a differential approximation of the rate of the reaction.  

%
 Y

Time
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However, when the method was applied, the results were not satisfying. For the error to converge 

to zero, the order of reaction would go to values between zero and first order, without obtaining a 

decent value for the total error (the data are not shown, since it do not give any interesting 

information to the discussion). For this reason, the power law was considered not applicable to 

the data and another method was used, the isoconversion method. 

 

 

Figure 4-6: Application of the power law to a representative product form BASF database. The continuous line represents 

the real data for the amount of Y, while the dashed lines represent the most common order kinetics, applied to this 

experimental data. 

Table 4-3: Error obtained for the fitting of zero, first and second order kinetics to the experimental data presented in Figure 

4-6. 

Kinetic order Equation Total error (%) 

Zero 
 

1.16 

First 
 

13.11 

Second 

 

19.08 

4.3.2. Distribution of Ea, A and the different isoconversion times in the project 

database 

 

Due to the failure of the experiment discussed in chapter 4.2, the only data possible to apply the 

isoconversion paradigm, in order to obtain the parameters from the Arrhenius equation, are the 

ones at BASF database.  

Besides the interest in the Arrhenius determination, finding the isoconversion times will make it 

possible to predict the sampling times best suitable for the powders and aid the experimental 

work. Hence, the future experimental work would be less time consuming and the isoconversion 
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determination easier, to avoid events like the one that happened in the chapter 4.2, where at 

50ºC/75%RH and 60ºC/48%RH no degradation was observed. 

Albeit being a possible task, this determination was somewhat complicated. Because previously 

it was not an issue to find the isoconversion times for each scenario, most of the experiments 

were not held for enough time. For the determination, it was considered that the limiting value of 

adulterant would be when Y or Z surpass 1.2%, what was not observed in all the situations.  

The determination of the isoconversion time is done by an interpolation around the limiting value. 

These brought two issues: first, the data not always had a constant increase, sensing some 

variation around the limiting value; second, when the experiment was not held for enough time 

the limiting value was not surpassed and the isoconversion time was extrapolated, what is not 

desired. The solution for these problems was to pick up the intervals for the 

interpolation/extrapolation manually, which is a concern for future application of the method. On 

top of this, not every product was at the same conditions. Some products were tested at only 

25ºC/60%RH and 40ºC/75%, while others were also tested at 15ºC/room conditions and 

30ºC/65%RH, which reduced a lot the number of cases considered. This resulted in many cases 

that were not possible to obtain a reasonable value for the parameter, being these situations 

discarded. 

With the isoconversion times values obtained, a distribution was made, so as to see what was 

the expected value (µ) obtained and its deviation (σ). It was assumed a that a normal distribution 

would fit this type of data. In this way a normal distribution was adapted to the data in each 

scenario and, by minimizing the total mean square value, the parameters were obtained. For the 

initial values of the regression it was used the highest frequency value for µ and a random value 

for σ. Since the statistical estimation of the parameters was not a core issue of this work, the 

theory was not addressed in the main text. For a better understanding see chapters 8.4 and to 

assess the histogram for the distribution of the isoconversion times for each scenario in chapter 

8.5.20 

The converged values for the parameters can be seen on Table 4-4 and Table 4-5. The values 

obtained for 15ºC/room conditions were discarded, since the number of cases was small and the 

values disperse. On top of that, for the case of Z, no degradation was observed whatsoever. By 

analyzing the tables some comments can be done. The values from the accelerated studies at 

30ºC/75%RH are not reasonable. Besides being the situation with a higher total error (which is 

by itself an undesired situation), the mean value increased, from 25ºC to 30ºC, for both Y and Z. 

This does not make any sense and it is in complete discordance with the Arrhenius law. Since it 

was also the set-up with the smallest number of samples, it can be considered that the sampling 

group is too small and an increase number of experiments should be performed, to increase the 

confidence in the result. It is also worth to mention that only two data-points were taken at this 

condition, what makes the calculation of the isoconversion time very uncertain. For all these 

reasons, these data should not be considered. 

As it was expected the isoconversion times obtained for Z are higher than the ones obtained for 

Y. This is totally in line with the background of the project, in which Z appears at lower amounts 
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and later than Y during storage. This means that it takes longer to reach the same level of 

adulterant, resulting in higher degradation times. 

The values obtained for each situation are important for the prediction of future experiments. As 

the isoconversion methodology just requires to find the window of values where the product fails 

the specification limit, the values obtained in Table 4-4 and Table 4-5 allow to narrow the window 

of time for collection of samples, to have less measurements and make the process less time 

consuming. For this reason, it was considered that 95.45% of the cases approximated by a normal 

distribution will fall into the interval between two standard deviations of the expected value. The 

results are presented in Table 4-6. Having this results in mind, the next experiments can be 

planned by starting the collection of samples at the lower end of the interval and being continued 

until the limit is compromised. 

 

Table 4-4: Statistical estimation of the distribution of the isoconversion times for Y. 

Temperature 

(ºC) 

Relative Humidity 

(%) 

Number of 

samples 

µ 

(months) 

σ  

(months) 

Total error 

(%) 

25 60 38 10.1 0.4 7.4 

30 65 14 10.1 0.9 13.3 

40 75 83 3.6 1.2 0.5 

 

Table 4-5: Statistical estimation of the distribution of the isoconversion times for Z. 

Temperature(ºC) 
Relative 

Humidity (%) 

Number of 

samples 

µ 

(months) 

σ 

(months) 

Total 

error (%) 

25 60 15 10.8 0.7 2.9 

30 65 14 14.0 0.9 11.2 

40 75 59 4.3 0.9 3.4 

 

Table 4-6: Time intervals suitable for the determination of the isoconversion time for 25ºC/60%RH and 40ºC/75%RH, for 

both Y and Z. 

Adulterant 
Temperature 

(ºC) 

Humidity 

(%RH) 

Lower end 

(months) 

(µ-2σ) 

Higher end 

(months) (µ+2σ) 

Y 
25 60 9.3 10.9 

40 75 1.3 5.9 

Z 
25 60 9.4 12.2 

40 75 2.6 6.1 

 

Even though it is not fully correct, a determination of the Arrhenius parameters was made using 

the mean values for the isoconversion time. The calculation of these parameters should be 
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determined for each product individually, with the conditions tested for that specific case. 

Unfortunately, to do so the regressions made to obtain the Arrhenius relationship, would be done 

with very few data, which would not give a reasonable result. Due to this issue, the determination 

was done with the mean values of the isoconversion times for both cases. This determination was 

just an estimation of what the values of Ea and A could be, since it was made with only values 

obtained at 25ºC and 40ºC, which makes the linear regression very poor, as stated before.  

Because the samples were stored in aluminum sealed bags as said before, the humidity in these 

two cases, should be considered the same, by the reasons stated before. 

The results were obtained by linear regression of equation 16 and are present in Figure 4-7 and 

Figure 4-8.The mean values of Ea obtained were not expected. Since in the product Y appears 

faster and in higher amounts, than for Z, it is expected that the value of Ea for the first to be lower 

than the one for the second, since it is required less energy for the reaction to take place, resulting 

in increased reaction velocity. However, this is not what has been observed, which reflects the 

uncertainty of determining the Arrhenius law by only two data points. 

Either way, in the introduction it was stated that the values of Ea should range between 10 and 

30 kcal/mol, and the mean values obtained fall within the expectation. If the lower limits are 

considered, they are even below the expected. This means that the reactions at issue present a 

low value of Ea, meaning that they react faster than the general behavior expected. 
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Figure 4-7: Determination of Ea and A for Y. By applying equation 16 and linear regression, the mean values of Ea and A 

were respectively 13 kcal/mol and 3×108 (continuous line). The upper and lower limits (dashed lines) correspond to the 

values obtained considering an error equal to one standard deviation, as presented in Table 4-4. Considering both 

scenarios, Ea varies between 8 and 25 kcal/mol. 

 

Figure 4-8: Determination of Ea and A for Z. By applying equation 16 and linear regression, the mean values of Ea and A 

were respectively 11 kcal/mol and 2×107 (continuous line). The upper and lower limits (dashed lines) correspond to the 

values obtained considering an error equal to one standard deviation, as presented in Table 4-5, Considering both 

scenarios, Ea varies between 9 and 16 kcal/mol.  
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5. Conclusions 

 

The present work tried to understand how and why the degradation of Vitamin X in dried 

formulation occurs. The degradation kinetics of powders stored at accelerated conditions was 

studied, in regards to both its variation with temperature and humidity. 

In the study, the same powder was submitted to different temperatures and humidity. From all the 

set-ups made, only the ones at low humidity (20%RH) maintained its physical state, being the 

only exception the ones at 60ºC and 48%RH. From this it is possible to conclude that the powders 

were very sensitive to humidity, compromising their physical stability. All the powders that changed 

during storage, could not be used for the Arrhenius determination being discarded. 

For the remaining set-ups (70ºC and 80ºC), it was observed an increasing production of 

adulterants with temperature. It is worth to mention the appearance of an unknown peak at the 

relative retention time of 0.55 in all of the scenarios. This peak appeared strongly in the set-ups 

at low humidity. increasing with time, while Y and Z remained at a stable level, suggesting that it 

is interfering with the production of Y and Z. Nether less, no conclusion could be made about its 

relation with X, without knowing its chemical structure. 

It was concluded that the accelerated tests should not be performed at temperatures higher than 

70ºC, since changes in the degradation profile are against the isoconversion paradigm. 

Finally, the mathematical determination failed to implement a method of accurately determining 

shelf life. It was impossible to use the traditional methodology for shelf life determination since 

the degradation kinetics did not follow the power law, so the isoconversion method was applied 

to the information at BASF’s database. Even though the determination was only made with the 

results for 25ºC/60%RH and 40ºC/75%RH, it was possible to determine average values for when 

the product fails the specification. For Y the specification limit is reached around the 9th and the 

1st months at 25ºC/60%RH and 40ºC/75%RH, respectively, while in the case of Z it is around the 

9th and the 2nd months. This is a very important information to plan future accelerated trials. 

With the values stated before, the parameters of the Arrhenius law were determined. It was 

obtained a value of Ea of 13 and 11 kcal/mol for Y and Z, respectively. They suggest that Z 

appears by a faster reaction than Y, because it presents a lower value of Ea, which should not be 

true. This reflected the lack of confidence in the Arrhenius correlation with just the values for 

25ºC/60%RH and 40ºC/75%RH.  

  



 

47 

 

6. Future work 

 

It was not expected the appearance of unknown molecules in this study and the fact that it 

happens can bring more knowledge into the chemical pathway that relates to X. These unknown 

molecules should be analysed through mass spectroscopy, or any other method that allows the 

identification of their chemical structure, to make it possible to identify them and chemically relate 

them with the vitamin. They were never observed before in the product and therefore can create 

new knowledge about the vitamin chemical reactions.  

It would be also interesting to repeat the experiments at 70ºC and 80ºC with more batches, to see 

if the appearance of that specific unknown molecule is consistent, or if it was just an isolated case. 

The influence of reducing sugars in the formulation was not in the scope of this study. Maybe this 

should be investigated in the future, since in some situations it is probable that the product 

suffered the Maillard reaction. In this way methods to measure the release of reducing sugars 

from the dry matrix over time and the relation between these sugars and the appearance of 

adulterants should be assessed. 

Since the experiments at different humidity and temperatures could not be fully used, tests at 

different moistures (with follow-up of aw) and temperatures should be performed. This should be 

done with each parameter isolated and all together, to then obtained the Arrhenius parameters.  

In consideration to the background of this project, many trials were performed in different set-ups 

at BASF. Some of the results are very peculiar whereas there are other results that do not show 

any distinct behaviour. One thing that would be extremely important is to apply multi-variable 

analysis to these data to try to find more specific similarities and differences within the data set. 

The results obtained in this thesis can also be used, to check if they are consistent with the 

previous data from BASF.  
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8. Attachments 

8.1. P&I diagram of the spray drying plant 

 

Figure 8-1:P&I Diagram of the spray drying plant. 

KEY: TI stands for temperature indicator; PI stands for pressure indicator; FI stands for Flowrate indicator; HI stands for humidity indicator; V stands for valve; M stands for motor;  WT/WE corresponds 

to the scale used to indirectly measure the flowrate; T1 and T2 are the two feeding tanks; U1 is the stirring device placed on top of the tank; P1 corresponds to the membrane pump; U2 is the rotating 

atomizer; U3 is the two fluid nozzle; SY is the frequency converter; HE1 is the heat exchanger connected to the spray drier; TAH is the Temperature Alarm-High; T3 is the vessel where the samples 

are collected; P2 is the exhaust fan; F2 is the filter bag.  
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8.2. End of the spray drying process 

 

  

A 

B C 
Figure 8-2: Photographs taken to the inside of the spray drier in the end of the process. In photograph C it is possible to 

observed a “ring” of over dried emulsion at the level of the atomizer. 



 

52 

 

8.3. HPLC profiles for the different experiments performed in chapter 3.1 

 

Figure 8-3: Degradation profile observed for the accelerated storage experiment at 50ºC and 75%RH, with two batches 

of products, labeled as A and B. The bars represent the amount of a given adulterant at a specific time. The table below 

shows the specific amount of a given adulterant. They are sorted by their relative retention time in the HPLC.  

 

Figure 8-4: Degradation profile observed for the accelerated storage experiment at 60ºC and 48%RH, with two batches 

of products, labeled as A and B. The bars represent the amount of a given adulterant at a specific time. The table below 

shows the specific amount of a given adulterant. They are sorted by their relative retention time in the HPLC. 
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8.4. Statistical estimation 

 

To explain the statistical determination, the values obtained for the distribution of the 

isoconversion times obtained at the conditions 25ºC/60%RH for Z are shown and analyzed. 

After obtaining the values for the isoconversion times for each case scenario, these values were 

distributed in a histogram as shown in Figure 8-5. The plot shows the absolute frequency of the 

isoconversion times obtained in function of time. It was considered 7 time intervals with an 

overflow bin for values above 17 months. It is considered that the values higher than 17 are from 

products that showed extreme degradation, being considered irrelevant for the estimation of the 

mean value of the isoconversion time.  

 

With the values obtained, the relative frequency of the distribution was determined. This 

calculation is considered to be equal with the probability distribution. For each interval of time, an 

average value was considered and a value of the absolute frequency was assign to that time. To 

optimize the normal behavior of the function, for the determination it was only considered values 

of time until 15 months. To calculate the relative frequency, the value of the absolute frequency 

was divided by the total number of cases considered for the study. The values range from 0 to 1. 

Figure 8-5: Distribution of the isoconversion times for the powders stored at 25ºC and 60%RH. The histogram was done for a 

total of 21 samples. 
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Considering this case scenario, where independent discrete values for a measurement and 

calculation are distributed in an almost symmetric behavior, it can be approximated to a 

continuous normal distribution. The only requirement for this distribution to describe the data is to 

show a symmetrical distribution, thus being possible to apply it to this situation. A normal 

distribution is represented by a bell shaped function, centered at the expected value for the 

estimation. Equation 17 is the equation that describes the probability distribution function (𝑓𝑋) for 

a value x, where in this case x represents the isoconversion times. 

 

 

Using equation 17, the theoretical value of the probability is calculated for each average time. It 

was used the highest frequency as µ, which in this case was 11, and a random value for σ. The 

mean square error for the difference between the relative frequency and the prediction by the 

function was determined for each time-point and summed. In the end the total error was minimized 

with the excel tool solver, by changing the values of µ and σ, proposed initially. For this case, in 

the end, the values of µ and σ obtained were 10.828 and 0.029 months, respectively, with a total 

error of 0.029 (see Figure 8-7).20 

𝑓𝑋(𝑥) =
1

√2𝜋𝜎
𝑒

−
(𝑥−𝜇)2

2𝜎2  
17 

 

0

0.2

0.4

0.6

0.8

1

8 9 10 11 12 13 14

R
e
la

ti
v

e
 f

re
q

u
e
n

c
y

Time (months)

Figure 8-6: Relative distribution of the isoconversion times. A total of 15 samples was used. 
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Figure 8-7: Real and approximate normal distributions of the data. 
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8.5. Distribution of the isoconversion times 

8.5.1. Adulterant Y 

 

 

 

Figure 8-8: Distribution of the isoconversion times for the powders stored at 15ºC and room conditions. The histogram was 

done for a total of 12 different batches of product. 

Figure 8-9: Distribution of the isoconversion times for the powders stored at 25ºC and 60%RH. The histogram was done 

for a total of 49 different batches of product. 



 

57 

 

 

 

  

Figure 8-10: Distribution of the isoconversion times for the powders stored at 30ºC and 65%RH. The histogram was done 

for a total of 18 different batches of product. 

Figure 8-11:Distribution of the isoconversion times for the powders stored at 40ºC and 75%RH. The histogram was done 

for a total of 95 different batches of product. 
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8.5.2. Adulterant Z 

 

 

 

 

 

 

 

 

 

Figure 8-12:Distribution of the isoconversion times for the powders stored at 25ºC and 60%RH. The histogram was done 

for a total of 21 different batches of product. 

Figure 8-13: Distribution of the isoconversion times for the powders stored at 30ºC and 65%RH. The histogram was done 

for a total of 16 different batches of product. 
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Figure 8-14: Distribution of the isoconversion times for the powders stored at 40ºC and 75%RH. The histogram was done 

for a total of 71 different batches of product. 


