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Abstract

This research investigates supercritical carbon dioxide (scCO:) technology as an
alternative way of efficiently drying active pharmaceutical ingredients (APIs).
Potential benefits of this green process technology include the minimisation of
the solvent residues in the drug substance to a degree not achievable by
conventional methods, milder process conditions and shorter drying times, which
might lead to more energy-effective process. Another benefit for pharmaceutical
materials processed in organic solvents is that using supercritical CO. offers a

possible route to a sterile product.

This study conducts a comparative experimental analysis between supercritical
CO» extraction/drying and conventional drying using an agitated filter dryer
(AFD). The focus of this research is the removal of a challenging organic solvent,
named dodecane, from paracetamol cakes. Apart from the drying performance,
the study also evaluates the final product properties and energy consumption
associated with each method. To conduct this experimental analysis, a Design of
Experiments (DOE) methodology is employed to optimise both the conventional
drying and supercritical CQOs treatment. In conventional drying, -critical
parameters such as temperature (50-70 °C), N, flow rate (0.2-0.8 L/min), solid
loading (60-150 g), and drying mode (static or agitated) are systematically

studied, while maintaining a fixed pressure of 500 mbar. In the case of



supercritical CO; treatment, the study focuses on optimising temperature (50-70
°C), pressure (80-200 bar), CO; flow rate (10-30 g/min) and solid loading (60-

150 g).

The findings revealed that, in the case of the AFD, the solid loading significantly
influenced the drying performance. Dodecane residues were successfully reduced
down to 8 - 10°mg/g within a drying period of 3 hours using a 60 g cake sample.
In contrast, 150 g cakes failed to meet the defined criteria (> 12.5 mg/g) even
after an extended drying period of 5 hours. Supercritical CO, treatment
consistently minimised the solvent concentrations (2-10% to 25-10° mg/g)
across various cake sizes, demonstrating faster (2 to 4 hours) and more complete
drying than the conventional method. Particle size changes in particular
agglomeration were observed in both drying techniques, but scCO; resulted in
softer agglomerates with a higher brittleness index. The best combination of
factors in the case of the AFD was 60 g cake, 70 °C, 0.8 L/min N, flow rate and
intermittent agitation. For the scCO; extraction/drying, the optimal conditions
were 150 g cake, 200 bar, 60 °C, and 20 g/min CO; flow rate. Finally, the energy
analysis showed that scCO; technology was substantially more energy-efficient
than AFD. At the optimal conditions, the normalised energy consumption for
scCO; was around 21 kWh/kg iias/Kg soivent, whereas AFD required a considerably

higher energy input of 147 kWh/kg wiias/Kg solvent.
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1 Introduction

1.1 Context of research

Drying plays a crucial role in the downstream processes of API production. It
often has a large impact on the subsequent stages of manufacturing including
powder blending and tabletting while also playing a crucial role in determining
the critical quality attributes of the API and the formulated medicine. This
complex separation technology aims to remove volatile substances from wetted
solids via heat and mass transfer mechanisms. Its primary goal is to reduce
solvent residues to safe levels that are set according to patient safety and product
stability requirements. Simultaneously, it is imperative to attain specific physical
property characteristics in the isolated API, including the formation of free-
flowing powder with the required particle size distribution, and facilitating

preservation and storage [1].

Although, drying is recognised as a unit operation of high importance, it often
remains as a bottleneck during API manufacturing. Most APIs are organic
compounds that are heat sensitive and decompose when exposed to high
temperatures. Additionally, these substances may lack a crystalline structure,
exhibit very fine particle sizes, and require the elimination of toxic solvents.

Achieving a low solvent content during drying, typically below one percent, is



often challenging for such products. The drying process is further complicated
by the tendency of the material to form lumps during the process, leading to
potential hardening issues [2]. Consequently, meeting the required low solvent
content becomes difficult and prolonged drying cycles are required to achieve
satisfactory results. Moreover, drying is an energy-intensive unit operation, with
approximately 20% of the energy consumption in the pharmaceutical industry
attributed to it [1]. Thus, there is a clear need to improve existing drying
technologies or explore alternative drying methods to achieve a balance between

product quality and drying time.

1.1.1 Current conventional drying techniques

The conventional methods of drying that are used in pharmaceutical
manufacturing are classified according to the mechanisms by which the heat is
transferred; convection (direct) and conduction (indirect) [3]. In convection, the
material is exposed to an inert heated gas that flows through the bulk wet solid
and helps to evaporate and remove residual solvent. Whereas, in conductive
drying the solvent wet product material comes directly in contact with heated
surfaces. A number of different dryer types currently used in the pharmaceutical
industry are referred in Table 1.1 and their basic principles are described

extensively in many textbooks and handbooks [4]. Compared to convective type



of dryers, contact dryers offer better thermal efficiency, consume less energy and

in combination with vacuum are favourable for heat sensitive materials [5].

Table 1.1. Conventional type of dryers used in pharmaceutical manufacturing.

Techniques

Agitated filter

dryers

Vacuum tray

dryer

Lyophilizer

Fluid bed dryer

Spray dryer

Rotary dryer

Advantages

Easy to operate, high content
uniformity due to agitation, high
capacity of solids, high containment

minimizing the risk of human exposure

Efficient for heat sensitive materials,
wide input solvent level accommodated
oxidation protection (possibly true for

all dryers using nitrogen)

Good for volatile and thermally labile

substances, oxidation protection

Continuous system, possible

automation, uniform drying process

Preferred method for thermally
sensitive products, continuous process,
can bhe used to make amorphous
material to enhance patient exposure

to the drug substance

Large capacity production, continuous

operation

Disadvantages

Attrition due to agitation, heel removal is

difficult

High operating costs due to cost of
generating a vacuum in a GMP
environment, low efficiency of the
equipment, lack of agitation tends to favor
lumping and uneven impurity distribution,
manual discharge presents human exposure

hazard

Long duration of drying, high energy

consumption, high cost of the equipment

Not suitable for friable materials and large

particles

Thermal efficiency is relatively low, high
energy demand, potentially high
maintenance costs, may be difficult to

control solid state form

Low thermal efficiency, heat loss is large,
use generally confined to bulk chemicals
generally not used in pharmaceutical

manufacturing.



However, the main challenge related to contact dryers is that it is difficult to
design and engineer them [6]. Convective and conductive drying could be also
combined for superior heat and mass transfer performances. This drying mode
involves a hot gas flow through the solid bed, which at the same time is heated

through the walls of the dryer.

1.1.2 Conventional drying: Agitated filter dryers (AFD)

Different types of equipment, such as fluidised bed dryers, filter dryers, and
conical dryers can be used for APIs depending on the product specifications and
safety requirements. However, the agitated filter dryer (AFD) is widely favoured
in pharmaceutical companies, particularly for API production involving highly
toxic substances [7]. The agitated filter dryer is widely used due to its capability
to perform filtration, washing and drying in a single plant unit, reducing
potential for human exposure during material handling and losses during
transfer. Its key feature is the multipurpose agitator, which ensures high
uniformity of content. Additionally, it offers flexibility with various drying modes
including cold or hot air blowing, pressure, or vacuum drying, depending on

specific requirements [7].

Despite the benefits of using agitated filter dryers in drug production, there are
notable drawbacks. A significant disadvantage is the powder's susceptibility to

agglomeration, a persistent issue in the pharmaceutical industry. This



phenomenon leads to the formation of hard, unbreakable lumps, and product
degradation due to moisture content (residual solvent) within these lumps,
causing common downstream challenges [7]. Another challenge associated with
agitated drying is particle attrition, which can generate a significant amount of
small particles. These fines typically exhibit poor flow properties [8] and can
affect blending in drug product manufacturing, as well as the final tableting or

encapsulation process [9].

1.1.3 An alternative drying technology: Supercritical CO.
extraction/drying

The current study suggests the use of supercritical CO, extraction/drying to
separate organic solvents from APIs. So far, there are a few reported applications
of supercritical fluids on solvent removal from API solids. Kamihiri et al. [10]
explored the removal of seven organic solvents from antibiotics using
supercritical CO,, while Bettini et al. [11] investigated the extraction of ethyl
acetate from an alkylating anticancer drug under supercritical CO2 conditions.
Additionally, Falk and Randolf [12] conducted research on solvent extraction,
focusing on the removal of DCM residues from gentamycin-loaded poly (I-lactide)

microparticles.



While these studies show that scCO, extraction/drying is a feasible process for
solvent removal from APIs, a more in-depth investigation is necessary to
evaluate its efficacy compared to conventional drying methods. In this context,
AFD is selected, because it is commonly employed in the pharmaceutical
industry and extensively studied. If further investigation reveals that
supercritical CO, technology offers superior separation performance compared to
conventional methods, its development and adoption would be recommended.
Several advantages of supercritical CO, technology make it a promising option

for solvent removal from APIs, including:

1. Supercritical CO, is a dense gas with excellent physical properties
(mentioned in section 2.2.1) that facilitate the mass transfer resulting
in high extraction rates.

2. The relatively low critical temperature of CO, allows for processing of
heat-sensitive compounds, for example antibiotic manufacturing.

3. Supercritical CO; has sterilisation capabilities, making it suitable for
pharmaceutical applications.

4. Furthermore, the scCO, extraction technology has been used successfully
at commercial scale for over two decades including processes such as

decaffeination of coffee beans and tea (see section 2.2.4 ).



1.2 Aims and objectives of the thesis

This thesis aims to experimentally evaluate the efficacy of supercritical COs
extraction/drying in comparison to conventional drying of APIs. This assessment
will encompass various aspects including drying performance, final product
properties, and energy consumption. By undertaking this comprehensive
analysis, the aim is to contribute to a deeper understanding of supercritical CO»
extraction/drying as a potentially superior alternative to conventional drying

techniques such as agitated drying.

To fulfil the goals of this project, the following research objectives were

established:

e Designing and constructing a laboratory-scale agitated filter dryer
capable of accommodating the scCO, extraction basket, thereby ensuring
consistency in the properties of the wet cakes produced for both drying
methods.

e (Conducting a parametric study to optimise conventional drying using the
laboratory-scale agitated filter dryer.

¢ Implementing an online analytical method to determine the endpoint of
supercritical CO, extraction/drying, facilitating process optimisation.

e Investigating the impact of various parameters on supercritical COs

extraction/drying and optimising the process accordingly.



e Performing an energy consumption analysis for both supercritical CO-
extraction/drying and conventional drying methods.

e Comparing the drying performance, final product properties, and energy
consumption of both drying approaches to identify advantages and

limitations.

1.3 Thesis outline
The thesis comprises eight main chapters that systematically investigate and
compare the two studied drying technologies: agitated filter drying and

supercritical CO, extraction/drying.

Chapter 2 establishes a theoretical foundation by exploring the fundamental
aspects of drying, particularly using agitated filter dryers. The parameters
influencing drying performance are comprehensively examined, and analytical
processes and modelling approaches are reviewed. A substantial portion of the
chapter is dedicated to supercritical fluids, emphasising on scCO. extraction

principles as an alternative solvent removal method.

Chapter 3 adopts an experimental approach using MODDE software to
optimise drying performance in a lab-scale agitated filter dryer. Various
parameters, such as jacket temperature, drying mode, cake size, and nitrogen

flow rate, are varied to identify optimal conditions for drying wet paracetamol



powder filter cakes. The results of this chapter are utilised to support the

investigation of scCO» extraction/drying.

Chapter 4 focuses on employing supercritical CO, extraction for drying
paracetamol particles post-washing. Selected Ion Flow Tube Mass Spectrometry
is coupled with the process for real-time monitoring of organic solvent
concentration changes. Preliminary experiments explore the impact of cake
preheating on extraction kinetics, validating the use of SIFT-MS as an online

analysis method.

Chapter 5 presents a parametric study to optimise the extraction/drying
process for solvent removal introduced in Chapter 4. Variables such as pressure,
temperature, CO- flow rate, and mass of substrate in the wet cake are evaluated.
A mathematical model is applied to generalise experimental results, and

MODDE software assesses the influence of operating variables on the process.

Chapter 6 conducts an energy consumption analysis for both drying
technologies at studied operating conditions. For conductive drying under
vacuum, energy consumption involves heat, nitrogen, and vacuum generation.
In scCO; extraction/drying, energy consumption includes chiller, high-pressure

pump, CO, heater, extraction vessel, and CO, compression. Optimal conditions



are used for energy calculations, and the impact of different parameters on energy

consumption is investigated.

Chapter 7 evaluates the two drying technologies based on efficiency, final

product properties, and energy consumption.

The main findings and recommendations for future work are summarised in

Chapter 8, providing a comprehensive overview of the project.

10



2 Literature review

This current chapter provides a theoretical background of the various
technologies used and studied in this thesis. The first sections are limited to
conduct drying using agitated filter dryers. A summary of some drying
fundamental aspects is briefly reviewed and a comprehensive description of the
parameters affecting the drying performance is provided. Next, a review of
relevant available analytical processes and recent modelling approaches are
discussed. As the main core of this work is to study scCO, extraction/drying as
a potential alternative way for solvent removal, a big part of this chapter is

dedicated to supercritical fluids and their main principles.
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2.1 Conventional drying

2.1.1 Agitated filter dryers (AFD)

Agitated filter dryers are classified as contact dryers and are widely used in
pharmaceutical manufacturing as they allow filtration and drying to happen in
one operation unit [13],[14]. Traditionally, those two processes were carried out
in separate equipment and therefore, demanded considerable product handling
during transportation. By combining those two unit operations into one, it
eliminates the product loss/contamination including human exposure to potent
drug substances [6]. Additionally, AFDs offer process flexibility and control to
the manufacturer. Their compact design allows for minimal space requirement
and they can be easily integrated in sterile environment, which is a frequent
consideration in process plants. Moreover, these units are favoured in the
pharmaceutical industry due to their ability to operate under reduced-pressure
conditions [15]. This is particularly beneficial for drying thermally labile
compounds, in which case a rigorous temperature control is implemented to

avoid product degradation.

A typical AFD is designed as an enclosed cylindrical vessel, which contains a
multipurpose agitator. The agitator operates through movement in both parallel

and perpendicular axes. The cylindrical shell is usually made of stainless steel
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material and integrated with a heated jacket, which controls the temperature of
the vessel. A typical operating procedure for an AFD consists of three regimes;
filtration, washing and drying. During filtration, the slurry is loaded into the
filter vessel chamber and it is deliquored by removing the mother liquor either
under pressure or under vacuum. The agitator is used at this stage for smoothing
the cake’s surface and sealing likely cracks before washing [3]. During the next
regime, a solvent is spayed on the top of the cake allowing the packed bed to be
washed uniformly. To this extent, the wash solvent displaces the mother liquor
in a “piston-like” way and largely removes any dissolved impurity, which remains
from the previous steps. After a defined number of washing steps and smoothing
cycles, the cake is deliquored to reduce the solvent prior drying. A nitrogen blow
through step tends to further reduce the cake moisture. When the third regime
is initiated, the agitator slowly rotates to scrape and de-lump the cake while

relatively gentle heating is supplied from the jacket.

2.1.2 Fundamentals of drying

By using conduct dryers, the heat is transferred into the wet product through
conduction with the heated walls [14]. In the case where unstable compounds at
elevated temperatures are dried, it is necessary to combine conduct drying with

reduced pressure to lower the boiling point of the solvent. At the same time, the



Literature review

vacuum carries away the evaporated solvent through a vent line whereas in the
absence of it, the solvent is commonly removed by an inert carrier gas, usually
nitrogen [16]. The solvent content is monitored over time throughout drying and
is usually expressed as a percentage related to the weight of the dry media. The
collected data can be plotted and presented in different ways. Figure 2.1 shows
typical drying curves for moisture content and drying rate versus time.
Depending on the mechanism that dominates the rate of solvent removal, these
plots are divided in three periods; the preheating, constant rate and falling rate
[3]. In the preheating period A-B Figure 2.1, the unbound or free moisture,
which saturates the surface of the particles, is evaporated. This period accounts
for the time taken for the system to reach the temperature set point controlled
by the jacket. After the warm up period, the drying rate reaches its maximum
and remains constant up till the unbound moisture is evaporated, period B-C,
Figure 2.1. The dominant drying mechanism at this stage is the heat transfer,
after which the drying rate decreases as solids dry out. At the point C, where
the constant period ends, the moisture content reaches a critical value, which
refers to bound moisture. Bound moisture is the solvent physically or chemically

adsorbed to the product and is eliminated during the falling rate period, C-E
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Figure 2.1. While drying rate decreases at this stage, simultaneously the bed

temperature increases to approach the temperature of the wall surface.

ar [,

(a) (b)

Figure 2.1. Drying curves for moisture and drying rate against time [16].
Regarding drying time, the initial period is usually neglected, as it lasts for a
short time when compared to the other two following stages. During the constant
rate period, the drying force is mainly driven by the temperature difference
between the jacketed walls and the solvent to be removed. Assuming that the
mass transfer rate, ®,, is independent on the moisture content and by
integrating Eq. (2.1), the drying time for the constant period can be estimated

as follows, Eq. (2.3) [17].

XAz% andYA=%
c B
— _1.,dma_ _mc dXa
CDA TR TR ry 1t Eq (21)
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The moisture or solvent content in the cake per unit mass of solids is denoted as

Xa, while Y, is the water or solvent vapour pressure per unit mass of dry gas.

_ mc XAt
T= - [idX,  Eq.(2.2)

_ mc(Xao—Xar) _ M (Xao—Xar) Eq.(2.3)

T4 = =
1 DpA Ku'A(Yay,er—Ya)

where Ky is mass transfer coefficient expressed by relative mass fractions (kgAm?s ?),
m, is mass of dry filter cake (kg), A is surface area (m?), T4 is drying time at constant

rate period

In the falling rate period, the drying rate decreases exponentially as depicted in
Figure 2.1 and the heat transfer is no longer the dominant drying mechanism.
Instead, mass transfer controls the solvent removal rate and the drying time
during this period is obtained by integrating numerically the expression below

[17].

me: Xat dXA

2="x L o,

Eq.(2.4)

Xao

where T, is drying time in the falling rate period

2.1.3 Parameters affect drying performance
For maintaining the product quality, it is necessary to understand the
parameters that influence drying and achieve the most favourable process

conditions for an optimal result. There are several papers [6], [18], [19], [15], [20]
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that deal with vacuum contact dryers. Some of them investigated experimentally
the effect of key process parameters on drying kinetics and on final properties of
the solid material. Those parameters involve pressure, jacket temperature, bed

geometry, agitation and particle size [5].

2.1.3.1 Temperature and pressure
As it would be expected, an increase in temperature can speed up the drying
process. High temperatures result in greater heat transfer between the heated
wall and the bed, which therefore increase the evaporation rate inside the dryer.
However, an acceptable temperature set point should be identified considering
an upper limit to assure thermal stability of the product. In the case where low
temperatures are required for drying APIs, the drying times can be minimised
by varying the headspace pressure. Reducing the pressure results in a decrease
in the boiling point of the solvent. When drying operates at temperatures above
the solvents boiling point, the drying rate is improved significantly until the rate
of solvent removal is limited by mass transfer phenomena [16]. Therefore, it is
useful to understand the relationship between pressure and temperature. The
pressure required for a particular solvent to be removed during a drying

operation can be estimated by Antoine’s equation. Eq. (2.5). This relationship
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is used for most applications in pharmaceutical manufacturing and it provides a

reasonable approximation.

Inpsat = A — - Eq.(2.5)
where P53t is the vapour pressure, T is temperature and A, B and C, constants which
are determined empirically.
When vacuum is applied, it should also be noted that it is necessary to
appropriately size the vacuum pump for the system [16]. Setting the pressure too
low, the solvent vaporisation rate might be too high for the pump to remove the
solvent, whereas higher pressure than the desired value may reduce the drying

rate.

On the other hand, extreme drying conditions could influence the material
physical properties. For example, increasing the drying temperature and/or
reducing the pressure amplifies agglomeration of the solid material. In such cases,
the drying time decreases as the drying rate is enhanced and when agitation
occurs in the system, particles are exposed to shearing for shorter periods [21].
Therefore, the reduction in particle size due to attrition is less prominent. In
addition, high temperatures increase the extent of agglomeration and the
strength of the clusters by increasing API solubility in solvent. Fine crystals

dissolve in the solvent phase and recrystallize during vaporisation of the liquid.
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In this way, solid-liquid bridges are formed between particles, which tend to

agglomerate in a larger lump.

Moreover, high temperatures increase the energy consumption. Opposed to this,
low temperatures are not an efficient option either, because this results in very
long drying times. A favourable combination of reduced pressure and
temperature is advised with the second ranging between 40-60°C depending on

the chemical stability of the drug substance being dried [3].

2.1.3.2 Bed geometry
Based on Kohout’s [18] experimental investigation on the kinetics of vacuum
contact drying of wet non-porous particles, the drying rate decreases with
increasing bed depth. Additionally, Sahni [22] recently studied the trends for
effect of fill level (25 %, 45 % and 75 %) on the drying performance in the filter-
dryer as a function of bed temperature. The rate of solvent loss was greater for
lower fill loads (25%) and decreased as the fill load increased under similar
conditions. As the fill increases this provides more resistance to both heat and

mass transfer through the bulk, resulting in longer drying times.

2.1.3.3 Agitation
Studies performed in agitated beds showed that the increased agitation speed

reduce the drying time [6]. Stirring improves the heat and mass transfer rates by
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inducing homogeneous mixing of particles in the dryer. The enhanced particle
renewal rate increases the evaporation rate at the free surface, leading in shorter
drying times. Furthermore, agitation is necessary for drying materials, which are
sensitive to high temperatures, as it prevents the occurrence of hot spots in the
bed, which would result from increased conduct time. On the other hand,
agitation induces many processing issues. When it occurs continuously, there is
substantial attrition due to the increased frequency of particle-particle and
particle-impeller collisions [13]. Lekhal [21] showed that particle shearing usually
dominates close to the impeller while in the low shear rate regions, agglomeration
prevails resulting in broad particle size distribution. Birch and Marziano [23]
reported that the formation of agglomerates is maximised if agitation is initiated
at the beginning of the process, where the residual solvent content is above the
critical level of solvent. Agglomeration is also prominent when wet particles
undergo severe compression by the agitator at the initial drying stage.
Compared to continuous stirring, intermittent stirring is proved a better drying
method for preserving the product attributes due to minimum particle breakage

and agglomeration phenomena.
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2.1.3.4 Particle size
The particle size has a great impact on the drying rate and it cannot be neglected
when studying the drying kinetics. As a rule of thumb, smaller particles have a
greater surface area to volume ratio than larger particles; as a result, they dry
much quicker for the same solvent loading. However, the increased wetted
surface area is likely to result in an increased solvent loading per unit mass of
solids. According to Papageorgiou et al. [24], micronised particles have higher
potential to form agglomerates than the powder and granulated crystals. A
possible explanation to this phenomenon is that drying micronised particles is
hindered by recrystallization due to Gibbs Thomson effect [25]. The Gibbs
Thomson equation, Eq. (2.6) shows that the decreasing particle size results in
increasing solubility in the solvent. When recrystallization occurs, the ratio of
surface area to cake volume increases, which therefore changes the surface energy
of the solids. In order to maintain their surface energy, the unbound moisture in
the wet cake becomes bound, impeding the solvent removal. Li [26] also reported
that surface energy plays a key role in strengthening the solid-liquid bridges,
leading to agglomeration. In addition, micronized material tends to have some

degree of amorphous content, which also favours increased solubility. Therefore,
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in micronised powder, recrystallisation counteracts the effect of decrease in

drying time when the surface area increases.

2yVi
Xeq = Xeqoo ' exp (ﬁ) Eq (2 6)

where X¢q is the solubility of particles at radius r, Xeqeo is the normal solubility at
equilibrium, y is the surface energy, Vp, is the molar volume, T is the temperature and
R is the molar gas constant

2.1.4 Drying end point

The end point of drying may be monitored by determining the residual solvent
content in the solids which can be measured through direct methods such as loss
on drying (LOD), gas chromatography (GC) and Karl Fischer coulometric
titration(KF) [5]. An LOD instrument is commonly used for quick measurements
that are undertaken by simply heating up samples to a high enough temperature
to vaporise any solvent which remains at 1bar (e.g. 120 °C is typically used) [27].
In this way, the mass loss is recorded and usually expressed as a percentage. GC
also quantifies volatile compounds, but it demands a prior calibration using
standards of known concentrations of the compounds to be measured. KF
titration is another offline technique which is used specifically for water content
in the samples and it can measure quite low concentration levels (down to parts

per million). Other offline techniques include thermogravimetric analysis (TGA),
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high performance liquid extraction (HPLC), nuclear magnetic resonance (NMR)
and gravimetric analysis. When the sample is wet with multiple solvents it is
desirable to use one of the analytical methods, which allow the identity of the
released solvents to be known. Although these methods are simple to operate,
there are many disadvantages related to offline measurements. For example,
periodic sampling of the wet cake requires breaking in to the drying operation
multiple times to snatch a sample and is time-consuming. Also, the sampling
must be done carefully, since it may not be representative of the bulk cake
depending on the location where the sample is taken. Additionally, if the
substance to be dried is toxic, there is risk of exposure to the operator while

sampling.

Therefore, particular attention is paid to replacing the conventional methods
with modern online process analytical tools (PAT) [28]. By implementing on-line
and in-line tools for monitoring drying, the cycle time and the cost are reduced
allowing for advanced process control. Mass spectrometry is a popular technique
for identifying various solvents in the vapor phase by continuously sampling
from the outlet vent of the dryer. Its method relies on the molecular masses of
the ionised species derived from the solvent and the solvent ratios are determined

from the obtained mass spectrum. The solvent quantification is possible through
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calibration with the use of standards. Such spectroscopic methods are near-
infrared spectroscopy (NIR) [29] and Raman spectroscopy [30], which are
beginning to be used in pharmaceutical manufacturing for monitoring drying
operation units. These methods allow rapid quantification without sample
preparation and can provide additional information associated with physical
properties of the particles such as particle size and shape. Compared to NIR,
Raman spectroscopy provides narrower spectra and simpler interpretation.
However, its main drawback is that it requires chemometric models, which are

typically system specific and require considerable development effort.

2.1.5 Contact drying kinetic models

Drying models have been developed to help understanding the systems behavior
by using a set of equations, which correlate process parameters and material
properties. Some of these models, namely penetration theory, discrete element
method, pore networks and population balances are useful tools in optimizing

drying processes.

2.1.5.1 Penetration theory
The penetration model was first proposed by Schliinder and coworkers [31], [20],
back in 1980 and since then, it has been further developed and considered as

present industrial standard. Their work was focused on contact drying in packed
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beds as well as in mechanically stirred granular beds under vacuum or normal
pressure. The findings on vacuum contact drying showed that the drying rate
was a function of vapor pressure, heated surface temperature, stirring speed and
moisture content. They showed as well that the supplied heat and vapor removal
must overcome heat and mass transfer resistances (Eq. (2.7) to Eq. (2.11)).
The heat transfer resistances include the contact resistance of the heated wall,
the bulk and particle penetration resistance, while the mass transfer needs to
overcome the permeation resistances of the particles and the bulk. For a static
bed, all below resistances exist in series; however, this is not the case when it

comes to agitated beds.

Heat transfer resistances

Contact:

— =22 Fq. (2.7)
Bulk penetration:

1 To—Tp

—=—— Eq.(2.8

Usb o 1 ( )
Particle penetration:

1_T

=0T gq.(2.9)
qzT

Up
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where oy is contact heat transfer coefficient, (Wm? K™), og, is bulk heat transfer
coefficient, (Wm?K™), ap is particle heat transfer coefficient, (Wm?K™), g, heat flux
into drying front, (Wm?), q is heat flux into bed, Ty, is hot surface temperature, K, Ty,
is bulk temperature, (K), T is saturation temperature, (K) and T, is interfacial

temperature, (K)

Mass transfer resistances
Particle penetration:
1

L _ Ps7Pp
=2 Eq.(2.10)

Bulk penetration:

1 _ppp
B m Eq.(2.11)

where B, and By, are particle and bulk permeation coefficient respectively, (m s'), ps and
Pp are saturation pressure at drying front and bulk pressure, bar, p is pressure in dryer,
(bar) and m is drying rate,(kg m?* s7)

In 1984, Schlinder and Mollekopf [19] further expanded the model considering
the argument that the granular bed is randomly mixed. The penetration model
is able to incorporate the random distribution of wet, partly wet and dry particles
on the penetration heat transfer as illustrated in Figure 2.2 [5]. According to
the theory, the continuous mixing and drying process is switched between static
and mixing periods. The bed is considered as a quasi-continuum with effective

properties. The temperature at the heating surface is assumed to be known. The
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heat penetrates from the heated wall to the bulk of the bed and is described as
distinct front, Figure 2.2 (b). Between the heating surface and the drying
front, the particles are dry, while beyond that, the particles remain wet. In the
wet part of the bed, the temperature is uniform and equal to the saturation
temperature (T) of the liquid at the operating pressure. In the dry part of the
bed, a temperature profile exists between the heating wall at Ty and the drying
front at Ts. When the static period ends, perfect macro mixing is attained and
the drying front penetration starts again Figure 2.2 (c)-(e) [32]. Even though,
the penetration model has been known for quite a long time and is successfully

used as an industrial standard, it fails to describe inter-particle interactions [20].

t=0 I Ty t=ty IID T, t=tg ]l T,
Q Q Q
START BEFORE MIXING AFTER MIXING
X=X, X=X,
i
— DD —
Ziy
t=2tg " T,
Q
BEFORE MIXING AFTER MIXING
X=X, X=X,
d e

Figure 2.2. Graphical representation of the penetration theory
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2.1.5.2 Discrete element method (DEM)
Condall and Strack [31], [33] were the pioneers of the discrete element method
in late 1970s. This approach describes the dynamic behavior of individual
particles such as particle positions, velocities and accelerations with the aim of
modelling and optimizing the process. This information can then be used for
calculating many parameters of interest including moisture content, local
temperatures as well as study phenomena that are related to inter-particle
interactions such as agglomeration or segregation [1]. DEM offers improved
understanding of the process and reduces the number of experiments by
providing accurate predictions outside the available experimental range. Other
parameters such as equipment geometry, baffles design etc. can be modelled
precisely, contributing significantly to process and product engineering using
conduct dryers. Up until now, DEM approach was used either two-dimensional
or in static granular beds due to limited computational power required to model
more complex systems. However, with the assistance of supercomputers and
other computing techniques, is possible to model larger and more complex

systems with non-spherical particles.
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2.1.5.3 Pore network
Pore network modelling is used to describe microscale flow and transport
phenomena occurring during drying. Typically, they were helpful for simulating
land drainage issues, however in the recent years they became very valuable in
drying processes [1]. In a porous media, the network consists of randomly located
pores, which are interconnected by throats. In order to produce realistic
predictions, the selected networks should have representative size or a number
of smaller network simulations are needed to get a general behavior. Pore
network  models can  accurately  predict for local  transport
(diffusion/permeation), and by varying the system's parameters such as pore
space geometries, fluid properties, and boundary conditions, enables to assess

their influence, that is difficult to be achieved experimentally [17].

2.1.5.4 Population balance models
Population balance modelling is an approach that provides an insight into the
temporal change of particle property distributions with respect to internal and
external variable spaces [34]. As particles go through a process, their external
and internal coordinates change; the external because their physical location is
altered and the internal because the particle characteristics such as size, shape,

chemical composition etc. change through processing. Drying process simulations
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have applied population balances to provide the time and spatial evolution of
particle properties including temperature and moisture content. The applications

of population balances to drying processes are discussed in the literature by

various authors [34], [35].

2.2 Supercritical fluid technology

2.2.1 Supercritical fluids
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Figure 2.3. Pressure-Temperature phase diagram of CO..

Fluids where both temperature and pressure are above the critical point are
defined as supercritical fluids (scF) [36]. As indicated in the phase diagram of
pressure-temperature in Figure 2.3, the critical values T. and P. define the
highest boundary where the vapour-liquid and liquid of the pure component are

at phase equilibria. The dashed line area defines the supercritical region of the
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substance. Within that area, no further condensation occurs increasing the
pressure of the fluid. At these high pressures, the fluids combine liquid like and

gas like properties. The density is similar to that of liquids but the diffusivity
and viscosity are comparable to those of gases (Table 2.1). Hence, supercritical

fluids have the solubilising power of conventional liquid solvents but with
significantly better transport attributes [37]. Small modifications to the operating
pressure or temperature can be used to fine-tune the solvation power of the fluid
[38]. Additionally, the low surface tension enables the fluid to penetrate easily

into porous materials, and even microporous materials [39].

Supercritical fluids are the most widely used industrial green solvents. They are
characterised as environmentally benign, safe, cost efficient and recyclable. They
offer a solvent-free and environmentally friendly alternative compared to
conventional methods that often involve hazardous solvents. A particularly
attractive characteristic is their ability to separate and dry a product by
expansion where the gas can be easily recovered and reused directly [40]. In

Table 2.2 the critical conditions of some substances are presented.
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Table 2.1. Characteristic properties of gas and liquid in comparison to those of
supercritical fluids [41].

Properties Gas Supercritical Liquid
Fluids
Density (kg/m?®) 1 100-800 1000
Viscosity (cP) 0.01 0.05-0.1 0.5-1
Diffusivity (m?/sec) 1-10° 1-107 1-107

Table 2.2. Critical temperature, T. and pressure, P. of some substances [41].

Fluid T. (°C) P. (bar)
CO» 31.1 73.8
H-O 374.2 221

CH;OH 239.9 80.8
CoHg 31.9 48.7
CsHg 96.7 42.5

2.2.2 Supercritical CO.

The supercritical carbon dioxide (scCO») is the most widely used green solvent
across the industry, due to its excellent properties [42]. It is chemically inert,
non-flammable, non-toxic (though it can cause asphyxia) and it has low critical
point (near ambient temperature 31 °C and pressure 73.8 bar) which is a very

valuable characteristic in the case of thermally labile compounds. Also, because
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it is a non-polar small linear molecule it has the ability to diffuse faster than the
common liquid organic solvents. Additionally, it is cheap and readily available

in bulk quantities with a high degree of purity.

One of the most notable properties that can be quite easily adjusted with slight
changes in the supercritical region is the density. In the density-pressure phase
diagram (Figure 2.4), the projection of CO, phase diagram is shown. Close to
the critical temperature e.g. 310 K and around the critical pressure, the line is
nearly vertical (highlighted in a red box in Figure 2.4). This means that a slight
pressure increase in this region leads to a significant rise in the density of the
supercritical phase [41]. In comparison to pressure, temperature has the opposite
effects while keeping the pressure parameter constant. Many other physical
properties also show large gradients with pressure near the critical point, e.g.

viscosity and the solvent strength, which are all closely related to the density.
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Figure 2.4. Density- pressure phase diagram of carbon dioxide.

2.2.3 Physical and chemical properties

Cubic equations of state are applied to estimate the physical and chemical
properties of substances over a wide range of pressures and temperatures. In
general, an equation of state is a thermodynamic expression that correlates the
pressure with volume and temperature in order to describe the phase behaviour
of pure components as well as mixtures. The name ‘cubic’ derives from the
expanded equation which contains volume terms raised to the first, second and
third power. The origin of cubic equations of state stems from the van der Waals
equation, which was published in 1873 and was the first equation to represent
qualitatively both vapour and liquid phases of mixtures [43]. Van der Waals

equation accounts for the molecular volume and intermolecular forces of
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attraction; parameters that were not included in the ideal gas law (PV=RT).
Thereafter, several modifications of this equation have been suggested and are
applicable in providing satisfactory predictions of vapour-liquid equilibrium of
mixtures. Three well-known cubic equations are Redich-Kwong, Soave and Peng-

Robinson [44].

Besides cubic equations of state, more sophisticated models based on statistical
mechanics, such as the Statistical Associating Fluid Theory (SAFT) [45], [46]
and Perturbed Chain-SAFT (PC-SAFT) [47], [48] have been developed to handle
systems with hydrogen bonding compounds. However, they may not consistently
surpass cubic equations of state, especially in high-pressure systems involving
CO; and alkanes (12-14 carbon atoms) and alcohols [49]. The preference for
cubic equations of state stems from their robustness and ease of implementation,
making them suitable for initial modelling efforts concerning complex mixtures.
Here, the Peng-Robinson cubic equation of state (PR-EOS) [50] is used to
estimate the CO, properties at different pressures and temperatures. The PR-
EOS is used since it requires little input information and little computational
effort. The PR-EOS equation is written as:

RT a

P=o3- V-(V+b)+b-(V—b)

Eq.(2.12)
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For pure substances, the parameters o and b can be calculated by the critical

properties and acentric factor.

R?-TZ
o= 0.457235 - =% - Eq.(2.13)
b =0.077796 - = Eq.(2.14)

a=[1+m-(1- Tz)]2 Eq.(2.15)

c

m = 0.37464 + 1.54226 - w — 0.26992 - w? Eq.(2.16)

For mixtures, the van der Waals mixing rule is used; a and b are calculated from

the equations:

o = i X Xj. X -Jai . aj(l — ki]-) Eq.(2.17)
b=3%05 x.x;- (b +bj) - (1-1;) Eq.(2.18)
where x; is the mole fraction of the i component; o and b; are the pure substance
parameters defined by Peng and Robinson; and k; and 1 are the binary interaction
parameters for the (i, j) pair. The physical property information (Tc, Pc, and w) used
for the pure components are available in the literature (e.g. NIST library)
The binary interaction parameters ki and lj .. are empirical values that can be
obtained by minimising the average absolute deviation for bubble and dew point
pressures. Jaubert and coworkers [51] developed a group contribution method

that allows the estimation of kj between two components at any temperature.
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This method relies widely on PR-EOS and is a predictive approach, named
PPR78 (predictive 1978, Peng Robinson EOS) [52]. For example, the PPR78
model could be used to calculate the ki between two components in any mixture

containing paraffins, naphthenes, aromatics and COs.

2.2.4 Applications of supercritical CO,
Supercritical fluid technology, particularly utilising carbon dioxide, has found
diverse applications across various fields due to its advantages. Here is a

summary of some of its applications along with a few examples:

a) Aerogel Production: Supercritical fluid drying is widely used in the
production of aerogels, which are highly porous materials with applications
in insulation, catalysis, and drug delivery systems [53], [54], [55], [56]. The
advantage of using supercritical COs lies in its ability to efficiently remove
solvent from the gel matrix without causing structural collapse, resulting in
aerogels with high porosity and low density.

b) Extraction and fractionation: Supercritical fluid extraction and
fractionation are commonly employed in various industries [57]. Examples
include the extraction of natural antioxidants from wine industry by-products
[58], extraction of essential oils from various herbs and plants [59], [60], [61],

[62], [63] and the extraction of bioactive compounds [64], [65], [66].
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c)

Chromatography and analytical chemistry: Supercritical fluid
chromatography is a powerful technique for separating and analysing various
compounds, including pharmaceuticals and natural products [67], [68]. It
offers advantages such as rapid analysis and environmental friendliness.
Crystal engineering and polymorph control: Supercritical fluid
processing is applied to control the crystalline form of drugs, enhancing their
solubility and bioavailability. Techniques like rapid expansion of supercritical
solutions (RESS) [69], [70], [71], [72] and supercritical anti-solvent (SAS)
precipitation [73], [74], [75] are utilised for polymorph control.

Food and beverage processing: Supercritical CO, is utilised for the
decaffeination of coffee and tea, extraction of flavours and fragrances, and
the removal of lipids from food products [76], [77], [78], [76], [79]. It offers
advantages such as mild processing conditions and solvent-free extraction.
Additionally, supercritical CO, drying has emerged as an effective alternative
to traditional drying methods, particularly for enhancing food safety and
quality. This technique has been successfully applied to various food
products, demonstrating both drying efficiency and microbial inactivation.

For example, scCO.drying has been used for coriander leaves, apple slices,
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strawberry slices, and carrots, achieving significant reductions in microbial
contamination [80], [81], [82], [83].

Environmental applications: Supercritical fluids are applied in
environmental remediation for the extraction of contaminants from soil and
water [84], [85]. They offer efficient removal of pollutants while minimising
the use of organic solvents and reducing waste generation.

Drug encapsulation and delivery systems: Supercritical fluids are
employed in the encapsulation of drugs within carriers or matrices, enhancing
drug stability and bioavailability [86], [87]. For instance, supercritical COs is
used to form lipid-based nanoparticles or liposomes for drug delivery [88].
Sterilisation and cleaning: Supercritical CO, is utilised for terminal
sterilisation of pharmaceutical products, offering an effective and

environmentally friendly alternative to conventional methods [89], [90], [91].

These examples illustrate the versatility and significance of supercritical fluid

technology across various industries and research fields. Other possible uses of

supercritical CO; can be found in a review by Ramsey et al. [45].
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2.2.5 Supercritical fluid extraction (SFE)
This thesis reports an experimental investigation of the extraction of organic
solvents from APIs with scCO,; this can be seen as an extension of the

supercritical fluid extraction (SFE) processes applied to natural products.

During a SFE process, the targeted compound is extracted from a fixed bed
loaded into an extraction chamber by using supercritical or near-critical CO..
The pressurised gas flows continuously through the bed, where CO, molecules
diffuse into the pores and interact with the compound to be extracted. Then,
the analyte is transferred in the pressurised CO. phase and carried over at the
exit of the unit where the fluid is depressurised to a gaseous state and the solute
precipitates in a collection vessel. Typically, the process is conducted until the

mass of the accumulated solute remains constant.

2.2.5.1 Extraction curves
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Figure 2.5. General extraction profile.
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Overall extraction curves are generated by plotting the accumulated amount of
the extract versus time. Figure 2.5, shows an example of a typical extraction
curve, which consists of three extraction periods. At the early moments of the
process (A-B), the extraction rate is constant as the easily accessible solute is
extracted. Subsequently, the extraction is hindered (B-C) due to depletion of
easily accessible solute, and at the later stages (C-D), it becomes diffusion-
controlled process. This last stage continues until the entire solute is extracted
and is represented by a flat line in the curve indicating the endpoint of the

process.

2.2.6 Parameters that affect the supercritical CO, extraction

Many authors [92], [37], [93], [94], [95], [96] have discussed the parametric effects
on scCO; extraction yield. The main parameters affecting the solute recovery are
pressure, temperature, flow rate, bed length as well as the particle size of the
solids. Other factors that have a great influence on the extraction yield of
material extracted from a porous solid natural substrate are the pre-treatment
of the substrates such as drying and milling, apparent density of solid loaded
and initial analyte content in the substrate, which will not be discussed in the

sections below.
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2.2.6.1 Pressure and temperature
Pressure and temperature affect directly the physical properties of supercritical
fluids including density, viscosity and diffusivity. High pressure increase the
density and the solvation power of the fluid, which therefore result in better
recovery yields [36]. On the other hand, temperature has an inconsistent effect
on the fluids properties. High temperatures increase the diffusivity and the
apparent volume; while at the same time reduce the “solvent” strength of the
supercritical fluid. However, low temperatures decrease the vapour pressure of
the solute and raise the density of the fluid [97]. These competing events result
in a phenomenon called the “crossover effect” where high temperatures can result
in low yields, while low temperatures exert the opposite effect. Previous studies
have shown that close to the critical pressure the yield tends to decrease with
increasing temperature [98], [99]. While at pressures >200 bar, the solubility of
the substance to be extracted in the supercritical fluid phase becomes

temperature independent [92].

2.2.6.2 CO; flow rate
By varying the gas flow rate, no changes to the physical properties of the
supercritical fluid are expected [92]. A faster flow rate though, leads to a faster

extraction particularly in the early stages of the process where the solute

31



Literature review

concentration is high. Moreover, a sufficiently high flow rate is essential to
overcome mass transfer resistance that limits the amount of solute transported
into the fluid phase. However, very high flow rates reduce the scCO- residence

time and the fluid exits the extractor without reaching saturation.

2.2.6.3 Bed height
Lu et al. [100] investigated the effect of different bed lengths on supercritical
fluid extraction. It was observed that the increase of the bed length results in a
noticeable increase in the extraction rate and recovery yield. The extended
residence time of COs in the case of longer beds explains the closer approach to

the saturation limit and hence the improved extraction yield.

2.2.6.4 Particle size
Yin et al. [101] performed extraction experiments on samples with different sizes
of particles. They concluded that extraction from smaller particles resulted in
greater yields, since the decrease in the particle size enhances the mass transfer.
The surface area available for extraction increases and there is more exposure
and contact with the fluid allowing a higher extraction rate. However, the use of
small particles is not always preferable, as agglomeration or channelling may
occur in tightly packed beds especially in the case of fine particles, leading to a

poor performance. On other hand, Ozkal et al. [102] reported that the mass

32



Literature review

transfer coefficients decrease with large particles due to the decrease in the

specific surface area.

2.2.7 Mathematical modelling for supercritical fluid extraction
Many mathematical models have been developed to describe the overall fixed
bed behaviour during SFE and the most valuable ones are based on differential

mass balance equations. Of these models, some are classified as hot sphere,

broken and intact cells (BIC) and shrinking core (SC) models [103].

2.2.7.1 Hot sphere diffusion model
Bartle et al. [103] proposed the hot sphere model for describing the supercritical
fluid extraction process by analogy to heat transfer phenomenon. This model
assumes that the extracted particles are like hot spheres that cool down in the
surroundings. The uniformly distributed solute diffuses through the matrix in a
similar manner to heat diffusion following a number of stages in a sequence.
Initially the CO- diffuses in the scCO, solution film that surrounds the spherical
particle and then it is adsorbed on the particle surface and diffuses into the solid
matrix. The analyte is dissolved in the solvent phase and diffuses out of the
particle. Finally, the analyte diffuses through the scCO; solution film into the
bulky solvent phase. The hot sphere model is useful for calculating diffusion

coefficients, since up until now there is lack of available diffusivity data for solid
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matrices. Many applications of the model on SFE processes can be found in the

literature [104], [105].

2.2.7.2 Broken and intact cell (BIC) model
Sovova [106] introduced the broken and intact cells (BIC) model to
mathematically describe scCOs extraction processes in natural materials that
have been pre-treated by milling, grinding or crushing before being loaded into
the extractor. This model is based on Lack’s [103] plug flow model and is mainly
applied for extraction of analytes from ruptured cells where some solute is easily
accessible at the surface of particles while the rest is located in the solid matrix
and less accessible. The easily accessible solute is extracted quickly by convection
and diffusion in the solvent phase and the less accessible is extracted from the
intact cells slowly due to the high mass transfer resistance. The BIC model finds

many applications in oil extraction from seeds, leaves, flower roots and fruit peels

[107], [108].

2.2.7.3 Shrinking core model (SCM)
The shrinking model assumes that the solute inside the particle is located within
a core that shrinks as the extraction progresses. When the mass transfer rate of
the solute in the non-extracted inner part is much slower than that in the outer

part, where most of the solute has been extracted, or solute concentration is
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much higher than the solubility of the solute in the solvent phase, a sharp
boundary may exist between the outer and inner regions. These situations can
be modelled using the SC model [103].

The model takes into account the resistance in one or both of the bulk phases.
It includes particle and bed characteristics via porosity and diameter. Although
the model implies many assumptions and/or determination of several coefficients
involved in the equations, it reflects the various mechanisms that contribute to
the overall behaviour of an extraction process. Some of its applications on natural
matter extraction can be found in the literature [109], [110]. Moreover, Orlovic
et al. used shrinking core models to simulate the diffusion of solvent through the
pores of alumina/silica gels during drying [111], [112].

2.3 Summary

Agitated filter dryers offer a combined solution for filtration and drying in
pharmaceutical ~ manufacturing, enhancing process control, reducing
contamination risks, and minimising product handling. Understanding the
fundamentals of drying, including drying kinetics and parameters affecting
performance, is crucial for optimising AFD operations. Key parameters such as
temperature, pressure, bed height, agitation, and particle size significantly

influence drying kinetics. Advanced techniques like online process analytical
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tools (PAT) enable real-time monitoring and control of drying processes,
reducing cycle time and enhancing product quality. Additionally, various drying
kinetic models, such as penetration theory, discrete element method (DEM), pore
network, and population balance models, provide insights into the complex

phenomena occurring during drying processes.

Supercritical fluid technology has revolutionised various industries due to its
unique properties and environmentally friendly nature. Supercritical fluids
possess a balance of liquid-like and gas-like properties, offering enhanced
solubilising power and excellent transport attributes. Among these, supercritical
CO; stands out as the most widely used solvent due to its chemical inertness,
low critical point, and availability. Moreover, the physical and chemical
properties of substances in supercritical conditions can be accurately estimated
using cubic equations of state, particularly the Peng-Robinson equation. This
allows for precise modelling and prediction of extraction processes, essential for
various applications. Supercritical CO, is extensively used in aerogel production,
food processing, environmental remediation, and pharmaceuticals, excelling in
extraction, fractionation, chromatography, and crystal engineering.
Understanding the parameters affecting supercritical COs extraction, such as

pressure, temperature, flow rate, bed height, and particle size, is crucial for
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optimising extraction processes. Mathematical models like the hot sphere, broken

and intact cell, and shrinking core models aid in describing and predicting

extraction behaviour, facilitating process optimisation and scale-up.
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3 Agitated filter dryer (AFD)

This chapter demonstrates an experimental approach that utilises MODDE
software for optimising the drying performance using a lab-scale agitated filter
dryer. Given a fixed geometry setup, several parameters are varied to determine
the desired process conditions for drying paracetamol powder filter cakes wet in
dodecane. Such parameters are jacket temperature, drying mode, cake size and
nitrogen flow rate. Their effect on the final product attributes is also investigated
and the results obtained are used to support the research of scCO, extractive

drying as a potential new drying technique.
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3.1 Materials

Paracetamol powder (Dy=24 um, D5=64 pm and Dy=179 um particle size and
1.24 g/cm?® true density) was supplied by Mallinckrodt, propan-2-ol (= 99.5 %
purity) by Sigma Aldrich and n-dodecane (= 99 % purity) by Alfa Aesar. All the

materials are used without any further purification.

3.1.1 Active pharmaceutical ingredient (API)

Paracetamol powder, a pharmaceutical of major importance, was chosen as a
model compound to study. Paracetamol, also known as acetaminophen, is a
medicine used commonly as a pain killer and antipyretic [113]. The drug is
commercially available in various forms including tablets, capsules, liquid

suspensions, and suppositories [114].

It is slightly soluble in nonpolar and chlorinated hydrocarbons, whilst highly
soluble in solvents of medium polarity. For instance, polar compounds such as

alcohols are very good solvent candidates for the dissolution of paracetamol

[115].

Because it is a widely used medicine, there is a large body of useful data available
in the literature [116]. Additionally, paracetamol has low toxicity and is a

relatively cheap compound, making it a good candidate for research purposes.
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3.2 Apparatus

A lab-scale 500 mL agitated filter dryer was fabricated by Alconbury Weston
Ltd (AWL) to perform conventional thermal drying under vacuum, Figure 3.2.
The equipment is a copy of a common industrial dryer, designed to accommodate
the cylindrical stainless-steel basket Figure 3.1, which was manufactured for
the supercritical CO, setup. The basket is equipped with a 5-micron frit at the
bottom enabling filtration, washing and drying to take place in a single
container. Thus, API cakes of similar properties were formed by using the AWL
kit and dried in two different ways. In the case of supercritical CO, extraction/
drying, the basket was transferred carefully in the high-pressure vessel,

maintaining the cake structure untouched.

Main body

Wi 8§87
wi g6

44.3 mm

Fric —— (- ° v
—

53.54 mm

Figure 3.1. Stainless-steel extraction basket used for the supercritical CO,
extraction/drying.
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The main body consists of a heavy stainless-steel cylindrical chamber and a lid
with an agitator (d=4.1 ¢cm) that seals the vessel from the top. The chamber is
heated through a water jacket that surrounds the surface of the vessel. This
closed-loop heated jacket creates excellent heat transfer and rapidly achieves the
required temperatures. By introducing agitation, it is possible to facilitate the
heat exchange between the vessel and the particles within the filter cake due to

the increased temperature homogeneity of the cake in the basket.

§ Heated jacket
6 J

Agitator

Extraction basket
b) c)

Figure 3.2. Agitated filter dryer constructed by AWL; (a) Main body (internal
height ~ 200 mm and internal diameter ~56 mm), (b) USB-camera lid and (c¢) Nozzle-
spay lid.

Moreover, two extra lids were designed to complement the existing one with the
agitator; each lid used at different stages of the isolation process. The first one
contains a spraying nozzle of 45° degrees spraying angle. This permits gentle cake

washing and uniform displacement of the mother liquor without disturbing the
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packed bed of the cake. The second lid contains a USB camera that serves to
select the filtration and washing endpoint to be dryland or breakthrough. On
breakthrough, a deliquored cake is obtained, while on dryland the cake remains

saturated with the solvent phase.

The chamber is connected to a vacuum pump and a house nitrogen supply that

will be further discussed in the following subsections.

3.3 Methods

3.3.1 Selected filtration and washing conditions

Previous experimental studies have been conducted in the Centre for Continuous
Manufacturing and Crystallization (CMAC) to develop best practice of the
isolation process steps using a range of lab scale filtration technologies. The
Biotage VacMaster is probably the simplest filtration design, and has been
applied in many scientific projects that aimed to investigate the optimum
separation conditions for a variety of systems. A reliable experimental database
was created based on these projects, which covers a large number of factors for
different combinations of crystallisation and wash solvents [17]. Acetaminophen
has already been studied extensively in CMAC focusing on the upstream

crystallization processes for the reasons mentioned in section 3.1.1.
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In this work, filtration and washing parameters were selected according to the
experimental research that has been executed by a masters student, Martin
Simurda [17] whose thesis was focused on solvent selection for isolation processes.
Specifically, he tested a wide spectrum of factors using a DOE methodology in
order to investigate the agglomeration occurring under various operating
filtration, washing and drying conditions. These factors included a number of
crystallisation and wash solvents, different cake preparations regarding particle
size and solid load, filtration/washing endpoints and drying methodologies. The
main responses were the level of impurities in the final product, the extent of
particle agglomeration and the agglomerate hardness with the latter being
strongly related to the isolation process efficiency. Although he concluded that
particle agglomeration could not be totally avoided, his research offers a
complete and useful guideline for optimising the isolation process steps. Table
3.1 shows the best combination of factors that resulted in high quality product

using the Biotage VacMaster work station.
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Table 3.1. Optimum combination of factors for the best isolation performance

for 9 g, paracetamol cake.

Pressure (mbar) 500 Number of washes 2x

Crystallisation Ethanol Solid load 30 vol%

solvent

Wash solvent Cyclohexane = Material grade Paracetamol
powder

3 void cak
Volume of wash vole cake Filtration /washing Dryland
solvent volumes end point

While Simurda’s findings delivered good isolation performance, some of these
parameters have been adjusted to serve the purposes of this thesis. According to
Table 3.1, cyclohexane displaces the mother liquor effectively and can be easily
removed by means of conventional drying. Switching it though for dodecane,
provides a challenge for both supercritical CO. extraction/drying and
conventional drying. Dodecane is a high boiling point solvent with relatively low
vapour pressure [117] which makes it extremely difficult to dry the wet filter
cake. Additionally, dodecane is a competent wash solvent candidate and the
amount of four cake void volumes is adequate for delivering a successful cake
washing. Another adjustment related to API cake washing is the number of
washing steps. In the present study, the entire amount of solvent is continuously
pumped into the basket due to equipment limitations. The lab-scale agitated

filter dryer is designed in a way that can fit only one lid mounted tool at a time.
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Splitting the washing in two consecutive steps would require swapping the
spraying nozzle with the USB camera multiple times. Hence, continuous washing
is more practical and also, opens up new considerations for cake washing
performance. Other alterations to Simurdas’ procedure involve the slurry
preparation. Propan-2-ol is preferable crystallisation solvent, since it has very
similar properties to ethanol and is commonly used in many CMAC projects.
Lastly, the percentage of solids in the suspension was 25%, slightly less than 30
vol % of the saturated solution. A less dense slurry filters more rapidly giving a
shorter cake formation time. Thus, the final filtration and washing factors are

gathered together and presented in Table 3.2, as fixed parameters.

Table 3.2. Filtration and washing fixed parameters.

Pressure (mbar) 500
Crystallisation solvent Propan-2-ol
Solid load 25 vol %
Wash solvent n-Dodecane
Volume of wash solvent 4 void cake volumes
Number of washes Continuous wash

addition
Material grade Paracetamol powder
Filtration/washing

Dryland
endpoint
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3.3.2 Selected drying conditions

The conventional way of drying used in this study, includes thermal drying under
vacuum by using the agitated filter dryer showed in Figure 3.2. This way of

drying is well established in the pharmaceutical sector and extensively researched
in chemical engineering [26], [13], [22]. Experimental studies [1], [26] show that
the efficiency of drying is not only closely related to the effectiveness of the

previous process steps, but also to the selected operating drying conditions.

Parameters like temperature, gas flow rate, agitation and solid mass are the
variables studied. The vacuum applied to the vessel could be also considered as
a manipulated factor, but in practice, it was best to use a fixed moderate pressure
~ 500 mbar for all the experiments, preventing in this way likely cake cracking
at small solid volumes. Furthermore, achieving a vacuum of less than 500 mbar
and simultaneously maintaining a flow of nitrogen posed challenges attributable

to equipment leakages.

In most drying processes, vacuum drying is combined with a small flow of an
inert gas, in this case nitrogen that removes the residual vapour from the sample.
One factor that could affect drying is the gas flow rate that is worth to be

investigated. Values taken from literature [26] are modified according to the
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cross-sectional area of the cake (A=0.00154 m?) formed into the extraction

basket Table 3.3.

Table 3.3. Calculated nitrogen flow rates in lab scale.

Industry Laboratory

500-1000 L/min/m? 0.8-1.5 L/min

From preliminary experiments, the nitrogen flow rate of 1.5 L/min was found to
be quite high, as the vacuum pump could not reach the set point; therefore
values ranged between 0.2-0.8 L./min were used for investigation. A second factor
that influences the drying performance is the temperature of both the heated
nitrogen and vessel. Introducing heated nitrogen into the system is anticipated
to increase the drying efficiency due to better heat and mass transfer rates. The
nitrogen temperatures investigated varied between 50-70 °C and were the same
as the ones chosen for supercritical CO; extraction/drying. In this way, it was
possible to compare the effectiveness of the two drying methods under similar
conditions. Agitation is another factor of significant importance; a downside of
its application is the undesirable particle attrition. The simplest solutions to
minimise this effect, is to use low stirring speed or reduce the time of the

agitating period. Thus, continuous and intermittent agitation were examined
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using the minimum rotational speed of 5 rpm. Finally, three different API cake
sizes of 60 g (30 %), 105 g (50 %), and 150 g (70 %), were dried in order to
observe the effect of solid load and solvent content on drying kinetics. The 150
g cake represents the maximum size that allows sufficient headspace for washing

to be conducted, whereas the selection of 60 and 105 g was arbitrary.

3.3.3 Design of experiments (DOE)

After identifying the parameters with the most influential effect on drying, an
experimental plan was carefully prepared using statistical analysis DOE
methodology. DOE uses applied statistics to examine complex problems that
involve a large number of variables. It is a useful tool for planning and executing
a set of representative experiments that provide a detailed picture of the system
by eliminating a number of possible combinations of factors. This strategy is a
quick approach and less laborious, considering the cost for conducting each

experiment [118].

There are many capable and user-friendly software packages for design of
experiments. The University of Strathclyde provides access to MODDE Pro
V11.0.1 software, which is developed by MKS Umetrics AB. The experimental
screening is represented by factors and responses. Factors are the parameters to

be varied such as; temperature, nitrogen flow rate etc., whilst responses are the
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outputs acquired from the experiments (residual solvent content, drying time,
LOD, ABI factor, extent of agglomeration). The next step is the selection of the
DOE objective, which in this case is the optimisation of the process. Thus, a D-
optimal design was selected to generate a worksheet of the subset of all possible

combinations Table 3.4. When all the experiments had been performed and the

responses were obtained, a series of steps of data analysis were followed to give
an overview of the model performance and predictions of the most suitable

operating conditions for optimising the drying process.
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Table 3.4. A D-optimal experimental design produced using MODDE software.

Experiment Temperature Nitrogen Solid mass . .
No. (C) Flow Izate (2) Drying Mechanism
(L/min)
1 50 0.8 60 Static
2 70 0.8 60 Static
3 70 0.8 60 Continuous'
4 50 0.2 60 Continuous'
5 50 0.8 60 Intermittent™!
6 70 0.2 60 Intermittent™!
7 50 0.2 60 Intermittent™
8 70 0.8 60 Intermittent™!
9 70 0.2 105 Static
10 50 0.5 105 Static
11 50 0.8 105 Continuous'
12 70 0.2 105 Continuous'
13" 60 0.5 105 Intermittent”™!
14" 60 0.5 105 Intermittent”™!
15" 60 0.5 105 Intermittent™
16 50 0.2 150 Static
17 70 0.8 150 Static
18 70 0.2 150 Continuous'
19 50 0.8 150 Continuous'
20 50 0.2 150 Intermittent™
21 50 0.8 150 Intermittent™
22 70 0.2 150 Intermittent™!
23 70 0.8 150 Intermittent™!

* Experiments 13, 14, and 15 serve as the central points in the Design of Fzperiments (DOE), and they
will be utilised to assess the reproducibility of the process.

**The cake is stirred for ten minutes and then left to dry in static motion for another ten minutes, following
which a new round of stirring begins.

For experiments that involve agitation, the stirring speed is sct at 5 rpm.
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3.3.4 Experimental procedure

The experimental procedure was separated into four process steps; sample

preparation, filtration, washing and drying, Figure 3.3.

2. Filtration under vacuum 4. Conventional drying
1. Preparation of the slurry 3. Cake Washing

Figure 3.3. Experimental procedure of the isolation process.

3.3.4.1 Preparation of slurry
To begin with, fresh slurry was prepared from paracetamol/propan-2-ol
saturated solution. Given the solubility of paracetamol in propan-2-ol at room
temperature [119], an excess amount of material was introduced into the
crystallisation solvent. After allowing the suspension to equilibrate overnight
with stirring, the remaining solids were removed with a Buchner filter to isolate
the saturated solution. Next, extra paracetamol was added to form cakes of
different sizes, shown in Table 3.5. The solid load constituted approximately

25 vol %. of the saturated solution. Then, the suspension was stirred for five
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minutes to ensure all the particles were well wetted and dispersed and then it

was transferred into the stainless steel extraction basket, which had been placed

into the AWL filter dryer body beforehand.

Table 3.5 The quantities used to prepare saturated solutions for the three different

cake sizes.
60 g cake 105 g cake 150 g cake
Density = Mass Volume  Mass Volume @ Mass Volume

(g/cm?) (8) (ml) (8) (ml) (2) (ml)

Propan-2-ol 0.786 180.4 230 316 402 452 575
Paracetamol 1.242 19.6 15.8 34.3 28.3 49 39.5

*The solubility of paracetamol powder in propan-2-ol at 20 °C, is 0.109 (g solute/g solvent).
3.3.4.2 Filtration

The following step involved the isolation of particles from the mother liquor by

filtering the slurry under vacuum at room temperature. A KNF diaphragm moist

gas vacuum pump (N.860.3 FT.40.18) (1) with maximum pumping speed of 60

L/min was connected to the AWL unit as presented in Figure 3.4.
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Figure 3.4. An illustration of the AWL pocket filter drier equipment connected to the
vacuum pump; 1. Vacuum pump, 2. Vacuum controller, 3. Pressure gauge, 4. Mother
liquor container, 5. Wash solvent /impurities container, 6. Valve-1/Nitrogen connection,
7. Valve-2/Vacuum connection, 8. Lid that contains a USB camera, 9. Thermocouple.

The pressure was set at 500 mbar through a regulator (2) that kept the vacuum
level constant. When the total amount of slurry had been poured into the basket,
the pump was switched on and the bottom valve (7) of the vessel opened,
allowing the filtrate to flow through PTFE tubing into the collection container
(4). During filtration, the particles settled in layers on top of the filter medium
and after a while, the solid formed a cake. Only the layer adjacent to the filter
underwent the entire amount of pressure while the top layer remained

uncompressed. It was advantageous to leave the cake saturated before washing
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in order to avoid cake cracking that would have had an effect on the subsequent
stages. For this reason, the use of camera (8) was essential to observe from the
top the cake evolution during filtration. When the surface of the cake was
exposed to the air, the valve was shut within few seconds and the system was
isolated from the vacuum pump. Both the sample and the collected filtrate were

weighed with an electronic balance, which could be read with 0.01 g accuracy.

3.3.4.3 Washing
Any remaining mother liquor in the cake was removed during washing. An ample
amount of dodecane slowly displaced the mother liquor that wetted the surface
area of the particles or was occluded in the filter cake. This step was vital for
the drying efficiency as particle agglomeration is associated with the presence of
crystallisation solvent in the cake [13]. It is noteworthy to mention that the
solubility of paracetamol in dodecane at room temperature is approximately

0.072 mg/g of solvent which means insignificant amount of API is lost during

washing [120].

After filtration, the height of the formed bed was measured with a ruler inserted
into the filter basket in order to determine its volume. This allowed the target
quantity of the wash solvent to be estimated from Eq. (3.1). One cake void

volume is the space occupied by mother liquor (or partially by gas) in between
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the particles and can be calculated by subtracting the volume of paracetamol
powder added from the overall volume of the wet cake. As mentioned above
(section 3.3.1), the total amount of wash solvent refers to four times the wet

cake’s void volume.

2 ms
Vioid = Vwet cake — Vsolid = T T“ - he — p_, Eq. (3' 1)
s

where r is the inner radius of the basket, h. is the height of the cake mg is the mass of

the solid and pg is its density

Table 3.6. The total amount of dodecane used for each cake size,
calculated with Eq. (3.1).

Mass of cake (g) 60 105 150
Height of cake (cm) 55 9.5 135
One void cake volume (ml) 36 63 87

Total volume (ml) 144 252 350

The exact amount of wash solvent was made ready for use (13) (Figure 3.5),
and it was introduced into the system through a peristaltic pump (11). A Tygon
flexible tube was chosen for pumping the wash solvent as it has high chemical
resistance towards dodecane. The speed of the pump rotor was tuned to achieve
a smooth, consistent flow of the solvent, which was sprayed in fine mist through

a nozzle (12) on the top of the cake.
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Figure 3.5. A peristaltic pump connected with spray nozzle for gentle cake washing;
11. Peristaltic pump, 12. Lid that contains a spray nozzle, 13. Wash solvent.

At the beginning of each washing step, approximately one cake void volume of
dodecane was spayed into the basket. The surface of the cake was re-wetted with
solvent and a layer of pure wash liquid was formed above it. Then, the bottom
valve (7) was opened and vacuum was applied to the system. Mother liquor was
slowly driven into the second container (5), and was simultaneously replaced in
the cake by dodecane, which thereby kept the cake saturated without disturbing
the inner packing. The rest of the solvent was constantly pumped, until the
whole amount was added. Finally, the lid with the camera was used enabling the

filtration to stop to dryland and the mass of the washed cake was recorded.
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3.3.4.4 Conventional thermal drying under vacuum
The last step of the particle isolation process was drying. This experimental
approach coupled conductive and convective drying means to achieve fast and

effective solvent removal.
v / 16.
|

14. 15. Uﬁ m - 4= Hot water inflow

== wm) Hot water outflow

Figure 3.6. A schematic diagram of the heater unit connected with AWL kit; 14.
Valve-3/nitrogen inlet, 15. Pressure regulator, 16. Air flow meter, 17. Water
circulation system, 18. Copper coil.

A heater circulator unit (Lauda) (17) was assembled in the way it is illustrated
in Figure 3.6 and was connected through water piping with the AWL kit
(Figure 3.4). The main heating source consisted of water circulation system
that fed the jacket of the vessel with a closed water loop circuit. This unit
contained an internal pump with a constant flow rate, a water bath of 5 L
capacity and a thermostat, which sustained the temperature to set point. Also,
nitrogen was introduced into the vessel after it was heated to the corresponding
temperature of the equipment. The pressure and the flow rate of the gas could

be easily manipulated with the use of a regulator (15) and a simple rotameter
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(16) respectively, following the order presented in Figure 3.6. Moreover, a
flexible thermocouple (9) was located close to outlet of the vessel (Figure 3.4)
and was connected to a digital indicator. The displayed values represented

temperature measurements of nitrogen throughout drying.

Before drying began, the wet cakes were preheated for approximately 30 minutes
by circulating the heat transfer fluid through the filter jacket. When the nitrogen
supply was opened, the valve (14) was turned, and nitrogen passed through the
pressure controller (15) which reduced its pressure from 2 bar down to 0.5 bar.
Then, the gas flow was adjusted to the chosen rate and the nitrogen passed
through a heated copper coil (18) that was immersed in the water bath. The
temperature of the gas reached the desired value and hot nitrogen entered
directly into the filtration unit from the inlet valve (6). Once the bottom valve
opened (7), the vacuum pump was connected back to the system. The pressure
in the filtration kit was measured by a gauge (3) placed on the top of the vessel.
In the early stages of drying, a significant amount of solvent was collected into
the container within few minutes and the cake was almost completely deliquored.
The rest of the solvent was carried away via heated nitrogen that flowed
continuously through the bed. The outlet gas temperature was recorded at

regular time intervals to generate a temperature profile of nitrogen throughout
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the procedure. The completion of the process was determined by periodically
tracking the mass loss of the cake with the use of a balance. In each
measurement, the nitrogen supply and the vacuum pump were disconnected from

the system in order to get the sample out for weighing.

Impeller of 45°

19.

20.

Figure 3.7. Agitation system; 19. Peristaltic pump motor, 20. Lid that contains an

agitator.

Based on the DOE plan, there were sets of experiments that involved both
continuous and intermittent agitation. An agitator shaft with two four-blade
impellers (20) (Figure 3.7) was mechanically driven using a peristaltic pump
motor which could be set to achieve suitably low rotation speeds (19). Before
drying initiated, the stirrer was carefully positioned inside the cake while it was
still wet with solvent. In each experiment, the impeller stirred the powder slowly
at 5 rpm. In the case of intermittent agitation, the stirring period was switching
every ten minutes from agitated to static drying and vice versa. Because particles
tended to adhere to the impeller blades, making it challenging to detach the

agitator and weigh the basket with the sample due to potential losses, it was
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decided to measure the mass of the collected solvent within the predetermined

period.

3.3.5 Dried cake analysis and mechanical properties

On completing the final stage of the isolation process, it was essential to check
the quality of the drug substance. A number of factors with a major impact on
the safety and efficacy of the API, included final impurity content, crystal
morphology, particle size distribution and so on. Findings from previously
published research [121], [122], [13], [123], show changes on crystal properties
due to filtration, washing and agitated drying. For example, pressure filtration
and agitated drying can decrease the size of large particles and increase the
percentage of fines. This phenomenon is particularly observed on needle-shaped
particles that undergo mechanical stresses through applied pressure or agitation.
Agglomeration in contrast, enlarges the particle size and it is commonly reported
to occur during drying. Additionally, incomplete removal of solvent and

impurities during washing and drying can affect the product quality attributes.

In this study, there were no added impurities related to byproducts or reagents
coming from the API synthesis. Therefore, attention has been paid on the
crystallisation solvent removal and the residual wash solvent content in the final

sample. Ideally, all the organic solvents should be completely removed from the
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material, but this is almost impossible in real-life applications with current
drying technologies. Thus, to evaluate the process efficiency, it was important
the levels of residual solvents to meet the product specifications according to
safety and stability requirements [124]. Additionally, powder characterization
analysis was necessary to determine particle size distribution (PSD), aspect ratio,
and extent of particle agglomeration. In this way, it was possible to identify the
best operating conditions that would deliver the desired quality of the final

material.

3.3.5.1 Selected-ion flow-tube mass spectrometry (SIFT-MS)
Selected-ion flow-tube mass spectrometry (SIFT-MS) is an analysis technique,
which quantifies volatile organic compounds in the gas phase using chemical
ionisation. Positive and negative reagent ions are produced by electrical
discharge using a microwave water vapour source. These reagents are separated
inside a quadrupole mass filter according to their mass per charge ratio and the
selected cations or anions are transferred into the flow tube by a carrier gas,
usually helium or nitrogen. In SIF'T-MS three standard reagents, H;O", NO*™ and
O," are preferably used for the detection of a wide range of compounds. Each of
these reagents reacts in different way with the analyte and gives a unique

“fingerprint” that enables a variety of compounds to be easily defined. The
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reactions take place in the flow tube where a continuous stream containing
carbon dioxide and traces of solvents is injected. The product ions from the
reactions including the reagents that do not interact with the analytes, enter to
a second quadrupole where they are filtered and transmitted to a detector. There,
the product ion analytes can be detected and quantified instantly with very high

sensitivity. [125]

This analysis technique is very direct and simple as sub-samples from the bulk-
dried product can be analysed without any preparation. Around 200 mg of the
processed material were transferred in 20 mL headspace vial and sealed properly
with a lid. The vial containing the sample was incubated at 80 °C for 20 minutes
and then with the use of a 2.5 ml syringe that was held at 150 °C, vapour gas
from the headspace was injected to the inlet of the instrument at 3 mL/min flow
rate. An analysis scanning of the present components in the sample was

generated and monitored for 90 seconds.

3.3.5.2 Particle size distribution and aspect ratio
The Morphologi G3 (Malvern) is one of the most reliable automated image
analysis tools that provides high quality particle size and shape information. Its
powerful microscopes have the capability to capture images of hundreds

thousands individual particles ranging in size from 0.5 microns to several

62



Agitated Filter Dryer (AFD)

millimeters. The system consists of the microscope itself, computer software that
automatically stores images, analyses them, and gives statistically based
measurements of morphological particle characteristics (circular diameter, aspect

ratio, circularity, convexity).

Before starting the image analysis, a subsample (taken with a 15 mm? spatula)
of dried powder was placed in the carrier of the instrument. The software was
activated and ran a method, driven by SOP file (standard operating procedure)
which contained adjusted parameters for dispersion conditions, sample focus,
light intensity, magnification etc. Then, the carrier dispersed the particles on the
slide and the area was scanned through microscope, which instantly produced
digital images of each individual particle. The sample scanning procedure usually

lasted from 10 to 30 minutes.

The raw input material was used as a reference sample to study the changes on
the particle size and shape after experiments. The circular equivalent (CE)
diameter describes the size of the particles, while image visualisation shows the
presence of broken particles, aggregates, foreign particles and so on. In terms of
agitated drying, it was expected that sheared particles with rough edges would
be found along with an increased number of fines. Information related to attrition

is also provided from the particle aspect ratio. The aspect ratio represents the
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proportion between the width and length of a particle and it ranges from 0 to 1.
For example, a needle-shape particle has very low aspect ratio compared to a
spherical. After attrition occurs, needle-shape particles exhibit higher aspect

ratios.

3.3.5.3 Loss on drying (LOD)
A quick and simple way to evaluate the moisture content of the processed
material straight after drying is the LOD, Eq. (3.2), methodology using MA160
Electronic Moisture Analyser (Sartorius). This device is an analytical balance
that continually weighs whilst heating a sample for a rapid gravimetric moisture
analysis. Compared to traditional methods such as oven drying, it has the
advantage of time and automation. This technique is suitable for liquids, pastes
and solid substances that contain volatile components for instance water, organic
solvents, alcohols etc. Generally, the moisture analyser finds applications in the
food, chemical and pharmaceutical industries since the moisture content affects

the shelf-life and stability of many products.

Initial weight of the sample — Final weight of the sample

LOD(%) =
(%) Initial weight of the sample

-100 Eq.(3.2)
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Following drying, approximately two grams of the processed material were
uniformly distributed in a disposable aluminum pan of the moisture analyser
equipment. For reliable results, it was better to take representative samples from
different cake areas including surface, core and bottom. Next, a standard method
of analysis was created based on the material and solvent properties.
Paracetamol along with most pharmaceutical products is quite a heat sensitive
compound so delicate heating at 40 °C was recommended. In the present analysis,
the semi-automated mode stopped the method as soon as the weight loss per 24
seconds was below the defined detection limit (2 mg/24 s). After the end of each
analysis, the current moisture percentage with the initial and the final weight of
the sample were displayed on the screen. If the amount of moisture was high
enough (with a maximum acceptable moisture content of 0.15% which
corresponds to moisture of raw paracetamol), it often indicated significant
residual solvent content in the sample. In other words, the drying process, which

was performed, was incomplete.

3.3.5.4 Nuclear magnetic resonance (NMR) analysis
Subsamples from the washed material were obtained to examine how pure the
product was after washing. For determining the content and the purity of these

samples, Nuclear magnetic resonance (NMR) spectroscopy was chosen as an
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appropriate analytical tool. Broadly speaking, NMR can provide information
about structural and chemical composition of various components, which rely on

their nuclei’s unique behavior in a magnetic field.

The instrument comprises of a superconducting magnet, which produces high
intensity magnetic field and a spectrometer for analysing the frequency of the
electromagnetic radiation. Once the substance is exposed in the magnetic field,
the nuclei are electrically charged and forced to move from lower to higher energy
level. In the absence of radiation, they return to their initial state, which is
followed by energy release. The transition between the two states of energy is
described with a peak in the spectrum and is distinctive for each nucleus. Here,
the 'H-NMR type of spectroscopy was used to get signal information from
different kinds of hydrogen present in the molecules. The intensity of these
signals provided quantitative data related to proportions of different substances

in the sample.

By adopting the previous methodology, standard cakes of 60 g, 105 g and 150 g

were prepared after being washed with dodecane. A few milligrams from different

cake levels, Table 3.7, were taken with the use of a micro spatula and

transferred into NMR glass tubes. The samples were dissolved in 0.75 mL pure

deuterated DMSO and placed carefully in the instrument. An AVII4+600 NMR
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Spectrometer BRUKER, Advance 2+ (Bruker, UK) was used to collect proton
NMR spectra. Each sample was analysed in duplicate. NMR spectra were
recorded and processed using Topspin3.5 (Bruker). Figure 3.8 shows an
example of a spectrum obtained from paracetamol measurements and displays
the chemical shifts of the compounds present. The plot was calibrated using as
a reference the d-DMSO peak seen at 2.5. From the spectrum, it was possible to
identify the types of protons and calculate the ratios of each compound by

integrating the area under the peak.

Table 3.7. Subsampling from different levels of a 150 g cake.

Cake levels Mass of subsamples

(mg)
(1) Surface 10.6
(2) Few c¢m below surface 20.9
(3) Middle 13.9
(4) Few c¢m above the frit 14.9
(5) Bottom 10.2
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Figure 3.8. H-NMR spectra of paracetamol and its impurities dissolved in d-DMSO
solvent.

Previous investigations on similar cakes (up to 9 g) subjected to washing with
four void cake volumes of dodecane revealed a ratio of 99.8% for the wash solvent
and 0.2 % for the crystallization solvent [11]. Likewise, in this case, the four void
cake volume protocol is anticipated to maintain efficient cake washing, yielding
similar or slightly higher isopropanol ratios, given the larger size of the cakes. It
is important to mention here that there are no added impurities, meaning that

there is not an acceptable impurity limit to achieve during washing. However,
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the reduction of propan-2-ol to nearly zero aims to minimise undesirable

interparticle bridge formation resulting from recrystallization during drying [7].

3.3.5.5 Extent of agglomeration and calculation of agglomerate
brittleness (ABI) index
Particle clustering is strongly linked with the presence of mother liquor in the
sample at the start of drying. Even a tiny amount of it is enough to fuse two or
more particles together with a crystalline bridge of material deposited producing
unwanted lumpy material. This phenomenon typically occurs during drying
although it is a consequence of a combination of factors which also impact the
size and brittleness of the clusters. There are many techniques used for testing
the agglomerates mechanical properties [17]; the most popular and reliable one
is sieving. Here, sieving was used for determining the extent of agglomeration

and checking the friability index.

Initially, the dried product was visually inspected to characterise the
agglomerated parts. It is very common to find a blend of cluster sizes in the
samples varying from very small pieces to large solid blocks. There is no standard
size for classifying a particle cluster as an agglomerate. Since, the particle size
distribution of paracetamol powder was smaller than 1mm it was arbitrarily

decided that clusters of maximum length greater than this size were considered
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as agglomerates. Medium scale sieves of 200 mm diameter and 50 mm depth,
were used to separate the agglomerated material into three size categories; the
original size of paracetamol (A < 1 mm), small to medium size agglomerates (1
mm < B < 20 mm) and large paracetamol lumps (C > 20 mm). When the
processed sample was removed from the carrier basket, it was transferred to 1
mm mesh sieve, which was attached to the collection pan. The material that
could not pass through the sieve was reported as agglomerated and was manually

split in two additional fractions, B and C. An example of agglomerated
paracetamol is demonstrated on Figure 3.9. The mass of A, B and C fractions

was recorded and the extent of agglomeration was calculated by simply divide
the mass of the agglomerates (B and C) by the total mass of the sample (A, B

and C).
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Figure 3.9. Agglomerated paracetamol separated into three size categories. The
material was dried with supercritical COs,

For friability analysis, this project followed the Birch and Marziano approach
[23]. As a first step, the agglomerated material (B and C) was put into the 1 mm
mesh sieve, which was placed onto the collection pan. The sieve set with the
sample was covered with a clamping lid on the top and fastened on a digital
sieve shaker (Fritsch) to accomplish consistent sieving. Through experimental
trials, the vertical oscillation amplitude was set to 1.1 mm, as higher amplitudes
were breaking the agglomerates quite rapidly. Measurements were performed by
activating the sieve shaker and executing four consecutive shaking cycles each

of 1-minute duration. In each cycle, the agglomerates were constantly subjected
to vibration and shattered into fragments due to collisions (Figure 3.10). The

smallest pieces passed through the sieve and were accumulated in the sieve pan,
while the material retained on the sieve was weighed after the defined period of

sieving cycle. The acquired data were plotted and fitted using power curve where
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the exponent value of the power function indicated the agglomerates brittleness

index. Samples with high index number were soft agglomerates.

Before sieving 1" cycle 2" cycle 3" cycle 4" eycle

Figure 3.10. Four shaking one-minute cycles for measuring the brittleness index of the

paracetamol agglomerates.

3.4 Results and discussion

Table 3.8 shows an updated version of the design of experiments created by
using MODDE. The experiments 19 to 23 that involved continuous and
intermittent agitation of 150 g of cake were removed from the experimental plan.
These changes were made to address issues encountered with the agitation of
large wet cakes. An extra experiment involving drying 105 g of cake under higher

flow rate was added to investigate further the effect of nitrogen flow.
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Table 3.8. Updated design of experiments.

Experiment Temperature Nitrogen Cake size Drying
No. (°C) Flow r.ate (g) Mechanism
(L/min)
1 50 0.8 60 Static
2 70 0.8 60 Static
3 70 0.8 60 Continuous'
4 50 0.2 60 Continuous'
5 50 0.8 60 Intermittent ™!
6 70 0.2 60 Intermittent ™'
7 50 0.2 60 Intermittent ™'
8 70 0.8 60 Intermittent ™'
9 70 0.2 105 Static
10 50 0.5 105 Static
11 50 0.8 105 Continuous'
12 70 0.2 105 Continuous'
13 60 0.5 105 Intermittent ™!
14’ 60 0.5 105 Intermittent ™!
15 60 0.5 105 Intermittent ™'
16 70 0.8 105 Static
17 50 0.2 150 Static
18 70 0.8 150 Static
19 70 0.2 150 Continuous'

"Experiments 13, 14, and 15 serve as the central points in the Design of Experiments (DOE), and they will
be utilised to assess the reproducibility of the process.

“The cake is stirred for ten minutes and then left to dry in static motion for another ten minutes, following
which a new round of stirring begins.

’For experiments that involve agitation, the stirring speed is set at 5 rpm.
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3.4.1 Filtration and washing efficiency

Table 3.9 to Table 3.14 present the results of the 'H-NMR analysis for
assessing the washing efficiency. Clearly, the amount of dodecane used for
mother liquor displacement can ensure effective cake washing, since only small
quantities of propan-2-ol were detected in the samples after washing. The
presence of IPA solvent shows consistency across the cake’s vertical profile with
the exception of the surface, where the quantity of crystallisation solvent was a
little bit higher. This could be due to the immiscibility between the two solvents.
At the early moments of washing, it is assumed that a portion of the mother
liquor located on the cakes surface, was disturbed and suspended on the top of
the layer of the solvent [120]. However, the obtained solvent ratios are
comparable to previous experimental measurements taken for the same model
system of much smaller cake sizes [17]. Post filtration, the solvents occupied
approximately the 20 wt.% of the wet cake. This percentage aligns with typical
moisture content values (20-25%) obtained after filtration using an AFD [126].
Also, from Table 3.10, Table 3.12 and Table 3.14, the solvent phase in the
sample increases from the top to the bottom part of the cake due to applied

vacuum and gravity forces.
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Table 3.9. Wash and crystallisation solvent ratios after 60 g paracetamol cake
washing according to "H-NMR spectroscopy.

Cake levels % of dodecane % of propan-2-ol

(1) Surface 99.54 0.46
(2) Middle 99.6 0.4
(3) Bottom 99.75 0.25

Table 3.10. Ratios of each compound in the subsamples taken from 60 g cake.

Cake levels = % of dodecane % of propan-2-ol = % of paracetamol
(1) Surface 4.79 0.02 95.19
(2) Middle 5.22 0.02 04.76
(3) Bottom 741 0.02 02.57

Table 3.11. Wash and crystallisation solvent ratios after 105 g paracetamol cake
washing according to "H-NMR spectroscopy.

Cake levels % of dodecane % of propan-2-ol
(1) Surface 98.99 1.01
(2) Few cm below surface 99.92 0.08
(3) Few cm above the frit 99.84 0.16
(4) Bottom 99.79 0.21
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Table 3.12. Ratios of each compound in the subsamples taken from 105 g cake.

Cake levels 7 7 7%
of dodecane of propan-2-ol of paracetamol
(1) Surface 5.34 0.06 94.60
(2) Few cm below surface 5.88 0.03 94.09
(3) Few cm above the frit 6.06 0.03 93.91
(4) Bottom 10.11 0.03 89.85

Table 3.13. Wash and crystallisation solvent ratios after 150 g paracetamol cake
washing according to "H-NMR spectroscopy.

Cake levels % of dodecane = % of propan-2-ol
(1) Surface 87.16 12.84
(2) Few cm below surface 97.66 2.34
(3) Middle 09.51 0.49
(4) Few cm above the frit 98.59 1.41
(5) Bottom 99.73 0.275
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Table 3.14. Ratios of each compound in the subsamples taken from 150 g cake.

% % %

Cake levels
of dodecane of propan-2-ol of paracetamol

(1) Surface 2.91 0.43 96.66
(2) Few cm below surface 1.35 0.03 98.62
(3) Middle 6.5 0.02 03.48
(4) Few cm above the frit 1.74 0.03 98.23
(5) Bottom 8.77 0.02 91.21

3.4.2 Drying results

The main goal of this study is to identify the best combination of factors that
yields a high-quality product in short drying times. Even if the highest applied
temperatures and long agitation drying periods facilitate the drying rates, the
final product’s physical properties might be severely affected. Thus, a big part
of the experimental results is focused on the investigation of the effects of the

operating conditions on drying performance.

3.4.2.1 Drying kinetics

To better understand drying kinetics, the use of mathematical models is essential

for describing the systems behaviour at a microscopic level. Since various types

of materials are dried by different drying means, there is not such a simple

77



Agitated Filter Dryer (AFD)

modelling approach that could explain the drying phenomena. In a recent survey
the contact vacuum drying is consider one of the most complex drying processes
[6]. This way of drying entails heat transfer from the heated surfaces and the
nitrogen-drying medium to the wet particles, heat and mass transfer within the
bed and transport properties that change as drying proceeds. By introducing
mechanical agitation these phenomena can be further complicated. At the
moment there is a number of applied models for contact vacuum drying in the
literature [127], [31], [18], [128] each one constitutes of specified set of equations
and has a degree of complexity depending on process parameters and systems

properties addressed.

In order to describe the present drying curves gathered under different
experimental conditions, two simple mathematical equations Eq. (3.3) and Eq.
(3.4) were used to find a correlation with the experimental drying data,

regardless of the equipment, drying mode and cake characteristics.

The linear fall equation, Eq. (3.3), was used at the beginning of the drying
curve, where most of the solvent was depleted. This period was quite short
compared to the next one and it could be neglected. The slow drying step which

was the most important step here, is expressed by a falling exponential equation,
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Eq. (3.4), that serves to describe the decrease in the rate of drying which usually
leads to long drying times [129].
y=1—a-t Eq.(3.3)
y=a'-exp(—b'-t) Eq.(3.4)

where y is the normalised residual solvent :—;, Xg is the initial mass of solvent in the cake
and X, is the mass of the residual solvent at time t during drying;a, a’ and b’ are
adjustable parameters, which are estimated through a Matlab curve-fitting tool
Typically, in conventional drying operations, the drying cycle is divided in three
stages; the initial, constant rate and falling rate periods. Here, the drying process
is separated in two periods instead. Initially, abundant solvent drained pretty
quickly by cake deliquoring through nitrogen blow down under vacuum. While
in the second stage, the mass transfer rate reaches very low values as most of

the solvent has been removed.

The differences between the stages of drying described above are linked to drying
operation mode. Generally, the most common filter dryers have a vapour line
leaving the top of the drier, which is connected to the vacuum pump to remove
the solvent from the system. They often have an inert gas line providing a slow
flow of nitrogen to ensure that the vaporised solvent is carried away. However,

the available lab-scale setup was connected to a vacuum point beneath the wet
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cake held on the filter. Simultaneously hot nitrogen flowed through the bed in

the same direction as the filtrate, possibly increasing the solvent removal rate.

3.4.2.1.1 Fitted data using an exponential function

The recorded mass values of residual solvent were normalised by the initial
amount of solvent and plotted against time to establish drying curves.
Normalising the solvent content enables comparison across different factors since
the initial solvent content deviated for similar cakes. In the following subsections,
the role of wall temperature, solid load, drying mode and nitrogen flow on the
the evaporation rate are discussed. Additionally, the variable parameters of the
fitted equations provided valuable information for further analysis. Table 3.15
shows the identified parameters a , a’ and b’ of the mathematical equations Eq.
(3.3) and (83.4). The intercept parameter a’ is the initial value of the function
Eq. (3.4) and here, expresses the critical residual solvent in the cake with
respect to the initial solvent content in the sample. The critical solvent content
refers to the average residual solvent when the fast drying period ends. The a
and b’ parameters determine the rate at which the solvent content decreases.
The statistical parameter predictions of Eq. (3.4) exhibit R? and RMSE values
between 0.952-0.997 and 0-0.036 respectively, which indicate the equation fits

quite well.
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Table 3.15. Obtained values of the drying rate constants by fitting the experimental
data in Eq. (3.3)-(3.4).

y=1—a-t y=a'-exp(-b’-t)
Exp. . ' '

No a RMSE R? a b RMSE R?
1 0.095 0 1 0.699 0.017 0.032 0.985
2 0.082 0.128 0.823 0.535 0.036 0.011 0.996
3 0.293 0 1 0.439 0.026 0.009 0.997
4 0.102 0.182 0.766 0.432 0.068 0.015 0.974
5 0.123 0.255 0.689 0.134 0.024 0.014 0.908
6 0.231 0 1 0.395 0.115 0.016 0.971
7 0.174 0 1 0.134 0.010 0.007 0.973
8 0.201 0 1 0.425 0.032 0.010 0.996
9 0.087 0.133 0.832 0.399 0.020 0.016 0.980
10 0.098 0.165 0.793 0.365 0.032 0.016 0.993
11 0.182 0 1 0.537 0.075 0.012 0.988
12 0.088 0.108 0.892 0.393 0.008 0.014 0.962
13 0.147 0.209 0.761 0.566 0.048 0.035 0.976
14 0.115 0.209 0.761 0.289 0.068 0.009 0.961
15 0.107 0.179 0.795 0.243 0.024 0.015 0.952
16 0.171 0.125 0.829 0.441 0.032 0.035 0.975
17 0.082 0.125 0.822 0.408 0.021 0.022 0.974
18 0.083 0.132 0.815 0.403 0.019 0.020 0.981
19 0.148 0 1 0.518 0.014 0.027 0.994
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3.4.2.1.2 Effect of temperature
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Figure 3.11. Effect of temperature on drying rate for a 60 g paracetamol cake at 0.8
L/min nitrogen flow rate and static drying mode.

The effect of two different drying temperatures was investigated at 60 g fill load,

0.8 L/min flow rate and static mode. From Figure 3.11, it is shown that the

solvent content drops to 20% after 40min drying for the highest wall temperature
of 70 °C. The time required to achieve 20% residual solvent in a similar cake at
50 °C is 110 min. Hence, higher wall temperature increases the drying rates due
to greater heat transfer between the medium and the cake, resulting in shorter
drying times. The effect of temperature is also noticeable on the exponent b’

drying constant, which is higher at 70 °C (0.036 vs 0.017).
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3.4.2.1.3 Effect of cake mass
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Figure 3.12. Effect of cake mass on drying time at 70 °C, 0.8 L/min nitrogen flow

rate and static drying mode.

The influence of cake mass, i.e. fill level on drying behaviour of paracetamol has
been investigated at 70 °C and 0.8 L/min nitrogen flow rate. As shown in Figure
3.12, faster solvent removal is observed for a lower fill load of 60 g as compared
to 105 g and 150 g. This is mainly due to the presence of a smaller mass of
particles for the 60 g fill load, which more quickly attain a uniform temperature.
As the fill load increases, provides more resistance to both heat and mass transfer
through the bulk, resulting in longer drying times. By observing the drying

constants, the b’ value decreases with an increase of cake mass. However, it is
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important to highlight that the model fit is poor at the later stages of drying,

especially evident in experiments 16 and 18.

3.4.2.1.4 Effect of drying mode (static or dynamic)
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Figure 3.13. Static and dynamic drying modes compared for 60 g paracetamol wet
cakes at 70 °C and 0.8 L/min nitrogen flow rate.

For 60 g cakes, the differences between the measured drying curves with and

without mixing are not as obvious as expected. When deliquoring the samples in

the first ten minutes of the drying cycle, it seems that agitation speeds up the

removal of the unbound solvent and this is reflected in the fast period of the

drying curve, which is very steep. Moving to the slow drying period, all three

drying modes, continuous, intermittent and static give similar curves. In Figure
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3.13, the samples are fully dry approximately at the same time. The parameter

b is slightly higher in static drying than in the other two modes.

Generally speaking, for large filter dryers, agitation is known to facilitate both
heat and mass transfer rates through mixing, ensuring temperature homogeneity
across the cakes. However, in most of the experiments reported here the samples
that dried in the static mode, have shorter drying times and a lower moisture
content when compared to the agitated samples of the same solid load. This
could be a result of many factors that affect the heat transfer rate through
thermal conduction, which is assumed to be the dominant drying mechanism
here. One possible factor is the geometry of the vessel and therefore, of the
formed cake. The high ratio of height to diameter is greater than 1 as seen in

Figure 3.2. This effect becomes more prominent when the solid load increases.
In static drying the particles are in close contact with each other (Figure 3.14)

and this results in greater heat transfer rate through conduction. In this
equipment, the distance from the wall to the centre of the wet cake is relatively
small, around 22 mm. In a more typical scenario where the height to diameter
ratio is < 1, it would be expected the opposite effect where mixing would result
in lower drying times compared to static drying mode. Another factor could be

granulation occurring through mixing. When filter cakes are substantially wet
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and agitation is introduced, agglomerates/large granules can be formed as a
consequence of the combination of agitation and evaporation depositing dissolved
product achieved by the heating. Such granules are likely to be more difficult to
dry and therefore, extend the drying times. Additionally, the generation of
transient voids in the cake during agitation would offer further resistance to the
heat transfer between particles. However, the negative effect of mixing on the
rate of solvent removal will be further evaluated through MODDE software

where all the obtained values will be assessed.

=

Vacuum Vacuum

Figure 3.14. Particle arrangement in agitated and static drying.
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3.4.2.1.5 Effect of nitrogen flow rate
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Figure 3.15. Effect of nitrogen flow rate on 105 g paracetamol cake drying at 70 °C
and static drying mode.

As shown in Figure 3.15, the comparison of the drying curves does not show

any significant deviation in the rate of solvent removal achieved by varying the
nitrogen flow rate. This is because the dominant heating mechanism here is
conduction. However, the parameter b is greater at the highest flow rate.
Generally, it is expected that high velocity of gas flow around the particles
reduces the diffusion limitations and the evaporated solvent is carried away more

rapidly.
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3.4.2.2 Statistical evaluation of the experimental data using
MODDE
This approach of examining the drying curves give only qualitative
understanding of the effects of different operating conditions on drying kinetics.
To gain a further insight into the current system, it is necessary to use specialised
software to describe better the experimental results and investigate regions for
design space of high experimental performance. MODDE software provides an
array of useful tools for data analysis, optimisation and prediction. By simply
adding the collected data in the DOE worksheet, MLR models can be fitted for
each response. The model evaluation is described through model fit R?, precision
of prediction Q?, reproducibility and validity. If the model shows good fit and
reliability, a robust optimal point can be predicted using the software’s optimizer

tool.

In order to analyse the results, regression coefficient plots were used to observe
factors with great influence on the two responses. Each bar represents an
important factor and illustrates the average effect on each response. A significant
term is one with a large distance from y=0 as well as having an uncertainty level
that does not extend across the y=0 value. The error bar represents the 95 %

confidence interval related to the coefficient. Figure 3.16 summarises the main
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takeaways from drying paracetamol cakes with the use of a lab-scale agitated

filter dryer.

Agitation Temperature

Agglomeration

Attrition Reduces drying
Prolongs drying time
time

Cakes above 60 g

No effect is
require long drying observed
times
Cake size

N2 flow rate

Figure 3.16. Summary of key findings from drying paracetamol cakes wet in
dodecane at different drying modes and experimental conditions.

3.4.2.2.1 Loss on drying (LOD)

From overall data observation, Table 3.19, it seems that 60 g paracetamol
samples dried in static mode, have the lowest values of moisture content,
approximately 0.05%. More than half of the runs in the experimental design
present moisture levels above 0.2%, which technically they are considered low.
However, knowing the relatively low volatility of dodecane and the gentle

operating conditions used during LOD methodology, it is expected these numbers
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to be quite small. Raw paracetamol measurements taken at 40 °C of gentle drying
show approximately 0.15% moisture content. Thus, when compared to untreated
material, experimental samples with moisture less than 0.15% are identified as
completely dried. This could be verified from the headspace results using SIFT-

MS analysis.

The effects of the varied operating parameters on the final moisture content are
assessed by applying an MLR model through MODDE software. Figure 3.30,
demonstrates a bar graph of R? (model fit), Q® (predictive indicator),
reproducibility and model validity. For a model of high significance, the bar
values should be greater than 0.5 which in this case they are, with the exception
of the reproducibility bar. The variance of LOD measurements between replicas
is justified since the samples did not dry completely and the initial amount of
wash solvent deviated slightly from each experiment. The regression coefficient
plot, Figure 3.17, shows that many factors affect drying efficiency, three of
which have stronger influence. The increase in temperature as well as drying in

static mode, yield the targeted LOD values, whereas the increase of cake size

impedes the drying process.
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Figure 3.17. Regression coefficients of LOD after removing no-significant terms from
the model (Temp=Temperature, Agi=Agitation, Nit=Nitrogen, Cak=Cake size).

3.4.2.2.2 Residual solvent content (SIFT-MS)

The removal of dodecane is quite challenging particularly for cakes above 60 g.
Figure 3.18 presents concentration levels of dodecane and IPA, detected in the
samples headspace after drying. For less than half of the experiments, the
dodecane residues vary from 0.008 to 1.15 mg/g, while the rest exhibit more than
9mg/g. Samples equal to or above 9 mg/g of dodecane have reached the
saturation point that the equipment can measure, therefore the results obtained
for the experiments 4, 5, 7, 11, 13, 14, 15, 17, 18 and 19 are not representative
values of the actual dodecane concentration in the headspace. However, this

limitation does not impact the overall results including the model validity, since
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they are considered as wet samples. At the same time, propan-2-ol concentrations

are very low and range within 1-6.10® mg/g in all the cases.

Based on the ICH guidelines, the daily exposure concentration limit for alkanes
of similar properties with dodecane, such as heptane, is 5000 ppm, which is
equivalent to 50 mg per day or less. Similarly, propan-2-ol is classified as Class
3 solvent with the same permitted exposure level. Considering that the maximum
allowed daily dose of paracetamol is 4 g, then the concentration upper-limit of
both dodecane and propan-2-ol should be around 12.5 mg of solvent per g of

API. Thus, only 10 out of 20 samples meet the ICH criteria.

By modelling the dodecane concentrations using MLR regression model, resulted
in a very good fit with high prediction power, model reproducibility and validity.
The resulting regression coefficient plot, Figure 3.19, shows that many process
parameters influence the residual solvent. Generally, high temperatures, static

drying, and small cake sizes ensure low solvent content of the powder.
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Figure 3.18. Dodecane and propanol levels measured in the headspace of samples
after drying using SIFT-MS analysis (number of repetitions, n=1).
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Figure 3.19. Regression coefficients of dodecane residues after removing no-
significant terms from the model (Temp=Temperature, Agi=Agitation, Cak=Cake
size).
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3.4.2.2.3 Drying time

The influence of drying process parameters on drying time was assessed. At first
sight, the shortest drying times (~ 180 min) are reported for 60 g cakes dried at
highest temperature, 70 °C and nitrogen flow rate, 0.8 L/min. Increasing the
solid load and therefore the dodecane content in the cake, prolongs the drying
times which sometimes exceeded the 350 min without reaching the upper residual
solvent limits. Agitation seems to significantly speed up the removal of the
unbound solvent in the first minutes of the drying cycle; however, its influence
on drying time during the falling rate period is not as beneficial as expected for

the reasons mentioned on subsection 3.4.2.1.4.

Fitting the MLR regression model in the experimental data results in a good fit
regarding the prediction power, validity, and model reproducibility. The
obtained regression coefficient-fitting plot, Figure 3.20, comes in agreement
with our first assumptions, as cake size and temperature are the two most
influential factors. Thus, low solid loads and high temperatures facilitate the

drying kinetics.
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Figure 3.20. Regression coefficients of drying time after removing no-significant
terms from the model (Temp=Temperature, Agi=Agitation, Nit=Nitrogen,
Cak=Cake size).

3.4.2.2.4 o' and b’ parameters

The experimental data points fit quite well in the mathematical equation;
however, the dependence of parameters o' and b’ on DOE factors is not so clear
by comparing a few experiments only. A wider picture of the impact of different
factors on the drying rate and critical moisture content in the bed can be
obtained through MODDE software. For the adjustable parameter a’ = x; the
actual mass of the solvent remaining in the cake at the beginning of the falling
rate period is used, as estimated through experimental data. From the summary
fit plot Figure 3.30 (page 112), the model fit, and prediction power are above

0.5 and their difference is less than 0.3 for both responses. At the same time,
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the values of reproducibility and model validity are sufficient resulting in a good
model. The coefficient regression plots show the relationships between the input

factors and the adjustable parameters a' and b’.

Regarding the parameter o', Figure 3.21, it seems to increase at high solid
loads and static drying mode. The higher the bed size, the more solvent residues
it contains. Compared to static drying, intermittent and continuous agitation
reduces the initial unbound solvent more effectively in the first drying period
resulting in less critical solvent in the cake. For instance, the critical moisture
content for cakes in experiments 1 and 5, as presented in Table 3.19, is 7.6 g

under static conditions and 1.4 g during intermittent agitation.

The parameter b’ is observed to have greater values under the presence of
intermittent agitation and at high temperatures. Whilst static drying seems to
have negative impact on the drying rate, and this is opposed to our first
assumptions. As it is observed from the drying curves, the exponential equation
fits quite well in the first data points of the falling rate period and this first stage
seems to determine the value of the adjustable parameter b’. However, in some
cases, at the later stages of drying where diffusion dominates and the drying
times are long, the data points are a bit far from the curve. Hence, the

exponential equation might not be ideal for describing the later stages of the
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falling rate period and this could lead in wrong interpretation of the experimental

data.
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Figure 3.21. Regression coefficients of a' and b' parameters after
removing no-significant terms from the model (Temp=Temperature,
Agi=Agitation, Cak=Cake size).
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3.4.2.2.5 Extent of agglomeration and attrition

Agglomeration was present in all the dried samples and ranged between 30% and
76%. As it is shown in the obtained regression coefficient plot, Figure 3.22, it
is mainly dependent on two factors; cake size and drying mode. Cakes dried
under static mode display a substantial degree of agglomeration, ranging from
55% to T6%, whereas cakes subjected to agitation during drying show lower
percentages, approximately 33% to 40%. As anticipated, the introduction of
agitation, leading to increased mechanical collisions within the bed, mitigates
the agglomeration phenomenon. Conversely, by increasing the size of the bed
appears to promote the formation of clusters. This may be attributed to the
slightly higher residual amounts of crystallization solvent in the larger cakes after
washing. In addition, nitrogen flow is observed to reduce agglomeration as it
might be connected with the quick removal of propa-2-nol during drying.
Generally, the summary fit plot shows a good fit of the MLR regression model
to the data which means it is a rather useful model for agglomeration predictions

in this case.
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Figure 3.22. Regression coefficients of agglomeration extent after removing no-
significant terms from the model (Temp=Temperature, Agi=Agitation, Nit=Nitrogen,
Cak=Cake size).

In this section it is worth to mention particle attrition as it counterbalances the
rate of agglomeration. It is predominant at the later stages of the drying as most
of crystals are aggregated by liquid-bridges when more solvent is present at the
beginning of drying. To comprehend the impact of agitation in the studied
conditions, the final particle aspect ratio and the particle size distribution were
measured in the way described before. As illustrated in Figure 3.23, particles

with low aspect ratio have a needle-like shape.
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0.204 0.206 0.218 0.207 0.210

Figure 3.23. Aspect ratio of needle-shape untreated paracetamol particles.

The collision between the particles and the impeller leads to the breakage of
needles into smaller fragments which therefore increases the aspect ratio of the

particles.

Figure 3.24, shows the particle aspect ratio distribution of samples that dried
at the three different drying modes, along with a reference sample corresponding
to raw paracetamol (blue line). Figure 3.21 (a) and (b) correspond to 60 g
samples which present very low moisture content at the end of drying. As
observed in the distribution plots, there is a small shift to the right in the
experiments where agitation is applied, suggesting that a number of particles
have a relatively less elongated shape, which normally occurs due to the breakage
of needles. Figure 3.24 (c) compares aspect ratio distribution plots of 105 g
samples. Particle attrition in agitated experiments, is less profound here due to
relatively high solvent content in the samples after drying. At low moisture

levels, the attrition increases in the cakes, while high solvent content acts as
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lubricant [130]. However, it can be concluded that particle attrition is not so

prominent in these experiments since the stirring speed was really low.

This is also confirmed from Figure 3.25 which shows the variations in particle

size for all percentile values, D1y, D5 and Dy using as a reference point the raw

paracetamol (dashed line). As it is seems, the particle size deviates from the

reference value in all the cases, but within an acceptable limit.
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Figure 3.24. Aspect ratio distribution plots: (a) and (b) 60 g paracetamol cakes dried
at three different modes, (c) 105 g paracetamol cakes dried in three modes (number of

repetitions, n=1).

101



Agitated Filter Dryer (AFD)

2.5
[ ]D[10]
[ 1DI[50]
3297 EEY
o
;
5 1.5 o
@) _
= o I
§ . ) i o ~
3 1.0 | ot e e e o st e o -,—..i._;-i-: e o= i e o | o e 4 o o e
2 I
~
~ 0.5+
0.0 %

T T T T T T T T T
1 2 3 4 56 7 8 9 10111213 14 1516 17 18 19
Experiment (No)

Figure 3.25. Changes in particle size after drying; the dashed line corresponds to raw
paracetamol and is used as a reference point (data for sample 17 is missing, number of
repetitions, n=1).

3.4.2.2.6 Agglomerate brittleness index (ABI factor)

At the moment there is not any precise technique used for measuring the
agglomerates mechanical properties. Birch and Marziano are the first to publish
a valid appoach that can test the agglomerate hardness. Based on this method,
the % of the initial mass retained on the sieve is recorded after four shaking
cycles and then plotted against the number of cycles. By fitting power equation
to the experimental data points, the ABI factor is obtained from the power value

b. The bigger this value is, the softer the agglomerated material and vice versa.
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Although this method provides quite satisfactory data, there are cases where the
results are questionable. One of the pitfalls in measuring the agglomerate
britleness index is the large deviation between individual agglomerates within
the same sample. Since clusters are formed in different parts of the cake this
feature is inevitable and is reflected on the average agglomerate hardness of the
sample. In experiments where the majority of the agglomerates are totally
shattered at the beginning of the analysis, only a small percentage define the
average brittleness index of the material. Such an example is experiment 6, where
the 68% of the agglomerates are soft, while the rest of the material constists of
much harder pieces, which therefore determine the ABI. Compared to
experiment 6, experiment 12 has less soft agglomerates (36%), but the loss of
mass in the last three cycles is higher resulting in greater ABI value (Figure
3.26). The same issue is observed between samples 7 and 14 in Figure 3.27.
By using the power function to model the data, the b value is independent of
the initial amount of agglomerates which leads to inaccurate results.
Additionally, for agglomerates that show weak fragmentation in the first cycle

followed by strong ones, the curve demonstrates quite low quality fit to the data.
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Figure 3.26. Power function fit for samples 7 and 14.
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Figure 3.27. Power function fit for samples 6 and 12.
As an alternative, this study uses an exponential decay equation Eq. (3.5). In
mathematics, this formula is used to describe a process where the initial amount
a is reduced by a decay factor b over time x. In this case, factor b is the average
percentage rate that the original amount of agglomerates decreases during four

identical cycles.

y=a-'(1-b)* Eq. (3.5)

104



Agitated Filter Dryer (AFD)

Comparing the two equations, the exponential decay results in more reliable ABI
data and in most of the cases it has similar or greater R? values, Table 3.16.
Furthermore, by ranking the b values from higher to lower, there are major
differences on the agglomerate softness based on the equation is used. This is
demonstrated on the Example 1 below, where the experiments from Figure
3.26Figure 3.27, highlighted with red colour, are placed in different orders.
Particularly, experiment 6 appeared to have soft agglomerates in case A,

contrary to case B where it exhibits hard clusters.

Example 1

A) Exponential decay

9>6>10>7>4>15>13>12>14>9>3>1>2>8>11>18>16>17>19

B) Power function

5>15>10>14>3>13>4>12>1>8>7>11>9>6>2>18>16>17>19
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Table 3.16. R? values obtained by fitting the experimental points to power function

and exponential decay.

R? b factor

Exp. b _ x -b - x
No y=a-x y=a-(1-Db) y=a-x y=a-(1-Db)
1 0.786 0.893 0.73 0.26
2 0.905 0.983 0.51 0.25
3 0.846 0.927 0.81 0.28
4 0.917 0.993 0.79 0.38
5 0.995 0.993 1.23 0.74
6 0.975 0.924 0.51 0.52
7 0.956 0.963 0.60 0.38
8 0.874 0.967 0.62 0.24
9 0.983 0.973 0.52 0.29
10 0.967 0.997 1.04 0.48
11 0.75 0.932 0.54 0.23
12 0.998 0.986 0.77 0.35
13 0.991 0.987 0.80 0.36
14 0.972 0.999 0.81 0.33
15 0.998 0.984 1.05 0.37
16 0.857 0.977 0.40 0.17
17 0.861 0.946 0.39 0.15
18 0.989 0.988 0.43 0.22
19 0.989 0.991 0.26 0.11
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Figure 3.28. Exponential decay fit to the experimental data points obtained from
sieving. The b parameter indicates the softness index of the agglomerated sample. The
higher this value, the softer the agglomerates in the samples and vice versa.

According to Figure 3.28, only three out of nineteen samples display relatively
high ABI values ranging between 0.48 and 0.74. In these three cases, a rapid
breakup was observed in the initial cycle, resulting in 50 % of the initial mass of
agglomerates being retained on the sieves. The subsequent cycles showed small

amount of material left, not exceeding 20% of the initial mass, Figure 3.28 (a).
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The rest of the experiments exhibit ABI values in the range of 0.113-0.38. The
notably low ABI values of samples 17, 18, and 19 are closely linked to the
presence of solvent residues (above the SIFT-MS quantification limit), as the

agglomerates were slightly damp before sieving.

In order to correlate the b factor with the varied parameters, MLR model is
fitted to the experimental data and Figure 3.30 presents a summary of the fit.
For a robust model, the R? should be higher than 0.5 and the difference between
R?* and Q? should be preferably less than 0.3. Additionally, the model validity
should be larger than 0.25 to avoid lack of it. Hence, the model shows poor fit
to the ABI data. This could be a result of an incorrect model or due to the large
variation in brittleness of individual agglomerates within the same sample. The
latter leads to incostistent measurements that are impossible to be predicted by

modelling.

After tuning and removing the insignificant terms, the model consists of three
significant parameters with the most influence on the ABI factor, Figure 3.29.
By far the most important parameter here is the cake size, followed by agitation
and temperature. It was expected that continuous agitation would have the
opposite effect on the ABI. Its contribution on forming strong agglomerates in

the bed might be a result of granulation through mixing and inefficient thermal
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conduction between the particles and the jacketed walls. At the same time,
temperature tends to increase the agglomerates hardness. A possible explanation
might be that the solubility of paracetamol in propan-2-ol could increase with

higher temperatures [115], thus formation of solid bridges may be more likely.
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Figure 3.29. Regression coefficients of ABI index after removing no-significant terms
from the model (Temp=Temperature, Agi=Agitation, Nit=Nitrogen, Cak=Cake size).

3.4.2.3 Model optimisation
MODDE software provides an Optimiser toolbox that finds and analyses the
optimal conditions for maximising the drying performance considering the final
product quality. To calculate the best combination of factors, all four parameters
were included within the limits that set before and the targeted/desired values
are specified for each response. The best combination of factors and the models’

predicted values are shown in Table 3.17 and Table 3.18 respectively. The
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optimiser’s results are confirmed experimentally, as small cakes that dried

intermittently at the highest temperature resulted in low dodecane levels with

relatively low extent of agglomeration.

Table 3.17. Best combination of factors selected by optimiser tool.

Factors Values
Temperature (°C) 70
Mass cake (g) 60
Drying mode intermittent
Nitrogen flow rate (L/min) 0.8

Table 3.18. Quality targeted and predicted product profile.

Responses Objectives Predicted values
LOD (%) Minimise 0.20
Dodecane (mg/g) Minimise 1.47
Time (min) Minimise 166
Agglomeration (%) Minimise 39
ABI Maximise 0.31
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Table 3.19. Overall experimental results fitted to the MLR regression model.
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3.5 Conclusions

The current study successfully demonstrated the optimisation of conventional
drying using a lab scale filter dryer. To achieve this a DOE methodology was
implemented and a descriptive model was developed through MODDE software.
Along with this, the influence of key process parameters such as temperature,
nitrogen flow rate, mass of cake and drying mode was examined extensively.
From overall observations, the parameters with the highest contribution factor
in determining the drying performance were the mass of cake and the
temperature of jacketed walls. Cake sizes of 60 g dried completely at 70 °C with
minimum drying time, 180 min. Moreover, the geometry of the setup favoured
the static drying mode. It is assumed that greater heat transfer rates were
achieved through static as compared to agitated drying (see sections 3.4.2.1.4
and 3.4.2.2.4). On the other hand, mechanical agitation eliminated
agglomeration and when it occurred intermittently, increased the brittleness
index of the clusters. The effect of nitrogen flow rate is yet to be understood, as
there was not a clear correlation with the drying kinetics. Finally, the developed
descriptive model was suitable to select the best combination of factors for
generating dry paracetamol samples with predefined characteristics, as confirmed

experimentally. The selected optimised process conditions for the studied system
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were 60 g paracetamol cakes, intermittent drying mode, 70 °C wall temperature
and 0.8 L/min nitrogen flow rate. The results of this chapter support a bigger
objective of this work and are used for the investigation of scCO, extractive

drying as an alternative drying technology of APIs.
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4 Supercritical CO; extraction/drying
coupled with Selected Ion Flow Tube Mass

Spectrometry (SIFT-MS) analysis

In this chapter, supercritical CO, extraction is used as an alternative way of
drying paracetamol particles after being washed with dodecane. To determine a
satisfactory drying endpoint, Selected Ion Flow Tube Mass Spectrometry is
coupled with the extraction/drying process. SIFT-MS is a sensitive analysis
technique that has the capability to track concentration changes of VOC in real-
time. By using online probe sampling at the later stages of the extraction/drying,
the endpoint of the process can be monitored, allowing for the final solvent

concentrations in the product to be minimised.

A core aim of this chapter is to demonstrate the use of online monitoring by
SIFT-MS as a tool for optimising solvent extraction using supercritical CO,. A
set of preliminary experiments were conducted to examine the cake preheating
effect on the extraction kinetics along with the SIFT-MS capability and
reliability to be used as an online analysis method. To validate both techniques

being coupled, the supercritical CO, treated samples were analysed at the end
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using SIFT-MS headspace analysis to determine the final concentrations of

solvents in the product.
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Supercritical CO extraction/drying coupled with Selected Ion Flow Tube Mass
Spectrometry (SIFT-MS) analysis

4.1 Why SIFT-MS is an important online analytical tool for the
scCO; extraction/drying process
The maximum allowable daily solvent intake set out in ICH Q3C [124] translates
into maximum allowable solvent concentrations in the API when the dose is
taken into account. This makes it important to define an acceptable
extraction/drying endpoint and measure the residual solvent concentration
during the drying process. Conventional monitoring by gravimetric methods such
as periodic offline weighing does not provide real time information, is not
sensitive enough to reliably determine solvent residues at the required levels and
hence the true extraction/drying endpoint. For this reason, Selected Ion Flow
Tube Mass Spectrometry (SIFT-MS) analysis has been investigated as a novel,
online process analytical tool to support the investigation of supercritical CO,
extraction technology used as a drying method. To achieve the goal of online
monitoring a SIFT-MS system with a 250 ms-sampling rate was coupled to the
exit of the supercritical CO, extraction vessel during the later stages of process.
During the early stages of process, the solvent loading exceeds the maximum
threshold for the instrument. SIFT-MS has the ability to detect and accurately
quantify concentrations of solvent down to between 100 ppm to a few parts per

billion in the gas phase. The technique has been implemented in several fields of
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research including biomedicine [131], health and safety [132], food technology
[133] and environmental science [134], [125], [135]. Gas Chromatography (GC) is
also being used broadly across industries as an analytical tool for identification
of various compounds and as a separation method of multicomponent mixtures.
However, SIFT-MS has the advantage of time and simplicity since no reference
standard samples are required for the quantification of the compounds of
interest. As compared to other spectroscopic methods, it offers ability to detect
and quantify multiple solvents off-line and real-time without using chemometric

models that require considerable data, time and expertise (i.e. NIR and MIR).

4.2 Materials and methods

4.2.1 Materials

Paracetamol powder (D1y=24 pm, D3;=64 pm and Dyp=179um particle size and
1.24 g/cm? true density) was supplied by Mallinckrodt, propan-2-ol (= 99.5 %
purity) by Sigma Aldrich, n-dodecane (= 99 % purity) by Alfa Aesar and liquid
CO: (> 99.8 % purity) by BOC. All the materials were used without any further

purification.
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4.2.2 Experimental procedure

The experimental procedure includes the preparation of the slurry,
filtration/washing and supercritical CO, extraction/drying (Figure 4.1). For
the first three steps, similar methodology to that of the AFD experiments was
followed (see sections 3.3.4.1, 3.3.4.2, and 3.3.4.3). In the last step of the
experimental procedure, the basket containing the dodecane-soaked cake was
filled with glass wool to reduce dead volume and was mounted in the supercritical

COs rig where the wash solvent was extracted.

2. Filtration under vacuum 4. Supercritical CO2 extraction

co,

1. Preparation of the slurry 3. Cake Washi
. Cake Washing

Figure 4.1. An illustrative example of the experimental procedure.
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4.2.3 Supercritical CO; extraction/drying

 §

1 2. 4.

CO, l

Figure 4.2. Schematic diagram of the supercritical CO, extraction/drying process
coupled with SIFT-MS; (1) High pressure pump (Flow rate= 20 g/min), (2) Electrical
heat exchanger (Temperature= 60 °C), (3) Temperature controlled pressure vessel, (4)

E'J(

Back pressure regulator ( Pressure= 140 bar), (5) Cyclone (Temperature=25 °C and
Pressure= 7 bar), (6) Metering valve ( Pressure= 1 bar and Flow rate = 30 mL/min),
(7) SIFT-MS equipment.

An overview of the extraction process coupled with SIFT-MS is presented in
Figure 4.2 Liquefied carbon dioxide was pumped (1) at controlled flow rate
through a heat exchanger (2) in the pressure vessel (500 mL) (3). There is a
backpressure regulator (4) that held the pressure inside the vessel to the set
point while CO, was continuously flowing through the cake at a constant rate.
The COs-solvent mixture was throttled to 7 bar pressure into a cyclone to
separate the two phases. As a result, the solvent precipitated in the cyclone and
the gas went to the exhaust. The exhaust was constantly sampled via a side

stream to the SIFT-MS (7). A metering valve (6) was connected to the stream
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to reduce the pressure to 1 bar and control the flow rate of sampling for reliable

measurements.

4.2.4 Selected Ion Flow Tube Spectrometry, SIFT-MS
Previous papers have described in detail the SIFT-MS technology [136-138]. The

principles of the technique are briefly summarised in section 3.3.5.1.

In the present work, SIFT-MS Voice200ultra equipment was provided by
Anatune. Before each experiment, the flow rate of sampling was regulated to
30ml/min and the method was validated by using standard analytes of known
concentrations, for accurate measurements. The temperature of the sample inlet

was set to 120°C to maintain a vapour phase of the sampled mixture.

4.2.5 Online monitoring of the supercritical CO; extraction/drying
endpoint by using SIFT-MS

To determine the endpoint of drying by supercritical CO- extraction, extraction

curves were generated by measuring the amount of solvent collected at the exit

of the cyclone at different time intervals. An example of them is illustrated on

Figure 4.3 (a) where the percentage of the extracted solvent, in this case

dodecane, is plotted versus time. When most of the solvent was removed from

the cake, the extraction/drying rate became slow and the quantity of solvent
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precipitated in the vessel was so small that was difficult to be collected and
measured with a balance. As it is shown from the Figure 4.3 (a) a rough
approximation of the extraction/drying endpoint was given gravimetrically at

around 110 minutes and this was where online SIF'T-MS analysis was applied.

A shut off valve connected to the stream after the backpressure regulator opened
and continuous sampling took place with the use of SIFT-MS online probe.
Solvent concentration changes were tracked in real time in the gas phase and
data concentration points were recorded every 3 seconds. Figure 4.3 (b) gives
a graphical representation of dodecane concentrations in ppm obtained from
SIFT-MS analysis. At the beginning of the graph, the amount of dodecane in
the CO, phase decreased over time and after around 170 minutes of
extraction/drying the curve reached a plateau, which means no more solvent
was removed and indicated the end of the process. In many instances, solvent
precipitation and accumulation in the sampling line occurred during extraction,
leading to inaccurate measurements. As a result, the concentrations recorded by
the instrument do not accurately reflect those in the extraction vessel, explaining
why the concentrations at the end of the scCO, extraction/drying often differ
significantly from offline measurements. Furthermore, as stated earlier in section

4.1, the instrument's limit of detection ranges from 100 ppm to a few parts per
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billion in the gas phase. This signifies that measurements above 100 ppm may
not be reliable. Nevertheless, from Figure 4.3 (b), it can be concluded that
once the concentration stabilises, the extraction/ drying process is complete. In
this experiment, the extraction/drying stopped at around 180 minutes and the
system was depressurized gradually obtaining at the end the solvent free sample.
The cake was weighed before and after the extraction/drying allowing for the
total amount of the solvent removed from the sample to be estimated (shown in
blue colour Figure 4.3 (a)). After the extraction/drying, offline SIFT-MS
headspace analysis was used for rapid quantification of the actual solvent

concentrations remained in the cake.

120 - 300 -

=140 - 80P =20 i =
P=140kbar, T=40°C and F=20g/min E;l Dodecane
100 A Ak A o 250
3 4 t
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Figure 4.3. (a) Percentage of extracted dodecane versus time; at P=140 bar, T= 60
°C and F=20 g/min (b) Dodecane concentration changes over time obtained from
SIFT-MS online analysis.
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4.3 Results and discussion

Samples of 120 g paracetamol powder wet in dodecane, were dried at P=140 bar,
T=60 °C and F=20 g/min. The supercritical conditions were chosen with respect
to the critical point of CO.. From previous initial experiments, it was noticed
that at the beginning, the extraction/drying of dodecane was quite slow. It was
assumed that the main cause could be the time taken for the system to reach
the desired temperature and achieve a single phase. Since the formed cake is at
room temperature before it is introduced into the chamber, heat is transferred
from the preheated vessel to the wet cake. An approximation of time for the

cake to reach the 60 °C was estimated experimentally to confirm this assumption.

Three out of four samples were preheated for different periods before the
supercritical CO, extraction/drying started. In the first experiment, the system
was pressurised straight after the cake was placed in the chamber while in the
rest of the cases, the samples were left for 30, 60 and 90 minutes to reach the
predefined temperature. Due to limitations of the technique and the design of
the equipment, it was difficult to obtain the temperature profile of the cakes
during preheating. For example, the structure of the equipment does not allow
the use of thermocouples inside the vessel and potential modifications might

affect the sealing of the vessel. Any cake disturbance caused by locating the
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thermocouples inside the sample, should be avoided for even and efficient

extraction/drying.

From the experimental measurements, extraction curves were produced in the
way that was described in the subsection 4.2.5. Figure 4.4 shows clearly the
differences between the four cases. In the first two experiments, (1) and (2), the
fast extraction/drying zone where easily accessible solvent is removed, started
after 40 minutes, whereas in the experiments (3) and (4) slow extraction/drying
occurs for the first 20 minutes. Furthermore, the endpoint is significantly shifted
to the left when preheating the cake for at least 60 minutes and the total time

to carry away the solvent from the sample is reduced by half.

Table 4.1 presents the total time taken for the solvent removal including the
amount of CO, spent for the experiments (1)-(4). When considering the total
time of both the preheating and extraction/drying stages, the time taken for all
solvent to be removed was comparable to that without the pre-heating stage.
Through pre-heating, it was found that the amount of carbon dioxide required
was greatly reduced. In addition to this, it is less energy intensive than the
extraction/drying process, leading to less energy being expended. This results in

lower operating costs while increasing the efficiency of the process, highlighting
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the potential of including a pre-heating stage. There are few published examples
of preheating the substrate prior to commencing supercritical extraction none of

them relate to extractive drying as exemplified here [139], [140], [141].
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® (1) Exfraction started directly
(2) Exiraction started affer leaving the cake for 30 minutes to reach 60°C
4 (3) Exfraction started after leaving the cake for 60 minutes to reach 60°C

¢ (4 Exiraction started after leavina the cake for 90 minutes fo reach 60°C

Figure 4.4. Extraction curves showing the effect of preheating the cake before
extraction on the kinetics. The final point was determined using on-line SIFT-MS

analysis.
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(1)

(2)

(3)

(4)

Total mass
of removed
solvent (g)

37

37

34

37

Table 4.1. Total extraction/drying time and amount of CO spent for the

experiments (1)-(4).

Extraction/drying

time (min)

152

146

76

80

Total time

Preheating Total
. for solvent
period ) mass of
remova
i CcO
(min) (i) 2 (8)
0 152 3021
30 176 3098
60 136 1768
90 170 1754

4.3.1 Samples analysed using offline SIFT-MS headspace analysis

Concenfratfions of solvents in

the headspace (ppm)
.

2]
L

(3%
L

(1)

- Propan-2-ol
I »-Dodecane

(3) (4)

Samples

Figure 4.5. Dodecane and propan-2-ol concentrations in the headspace given by
SIFT-MS for samples (1)-(4) (number of repetitions, n=1).
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For the validation of the endpoint, the processed samples were analysed using
SIFT-MS headspace analysis to determine the final solvent concentrations in the
product. The solvent residues in experiments (1)-(4) were within the range 4-7
ppm in the headspace, (shown in Figure 4.5). These measurements represent
the relative solvent concentrations in the samples and in all cases, the solvents
had been removed to a satisfactory level. At the moment, there is no provided
data in the literature for allowable concentration limits of dodecane per daily
dose. For this purpose, an assumption was made considering the hazards and the
properties of the solvent. According to the ICH [142], solvents of similar
properties with dodecane such as heptane, are classified as Class 3 solvents and
the permitted daily exposure is 5000 ppm. Thus, these values verify that the
product is successfully dried and indicate the feasibility of SIFT-MS to monitor
online the supercritical CO, extraction/drying endpoint. Furthermore, Figure
4.5 shows the capacity and consistency of both techniques separately and being

coupled.

4.4 Conclusions
The work presented in this chapter shows that supercritical CO» extraction is a
very promising technique for the removal of organic solvents from APIs. When

coupled with SIFT-MS online analysis, the process can be monitored in real time
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at the later stages of the extraction/drying to a scale of scrutiny not possible by
existing techniques, allowing for the solvent residues in the final product to be
reduced down to a few ppm, whilst minimising process time and CO
consumption. This has been proved through the experimental work conducted,
in which four paracetamol cakes were successfully dried after being washed with
dodecane. The dry cakes were analysed using SIFT-MS headspace analysis,
which showed negligible amount of residual solvents ranged within 4-7 ppm in
headspace. The narrow range of final concentrations indicates the reliability and

reproducibility of the coupled techniques.

At the same time, the effect of pre-heating prior to extraction/drying process
was investigated. It was concluded that leaving the cake to reach the defined
temperature enhances the efficiency of the process by reducing significantly the
extraction/drying time. This lowers both the amount of CO,required for the
removal of dodecane and the energy consumption of the process. In the next

step, a parametric study for optimising the process was carried out.
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5 Optimisation of supercritical CO-
extraction/drying

Chapter 5 presents an experimental parametric study which aims to optimise
the extraction/drying process for solvent removal as proposed in chapter 4, by
evaluating important variables including pressure, temperature, CO, flow rate
and mass of substrate in the wet cake. A simple mathematical model is applied
to the measured extraction/drying data in order to generalise the experimental
results and understand the behavior of the system. Moreover, the influence of
the operating variables on the extraction/drying process including the final
particle characterisitics is investigated using MODDE software. The
experimental procedure as well as offline and in-line analytical and
characterisation techniques are thoroughly descibed in the previous chapters and

are not mentioned here.
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5.1 Experimental design

For the experimental design, four factors were selected: pressure, temperature,
CO; flow rate and mass of the substrate in the wet cake. The pressure and
temperature values investigated represent a relatively broad range of operating
conditions within the supercritical CO, region. The lowest pressure and
temperature conditions were defined by the CO, critical point, while the highest
conditions were arbitrarily chosen. Although more extreme values could have
been selected due to the low solubility of paracetamol in scCO, [143], the purpose
of the study was to perform supercritical CO- extraction/drying over a wide
range of operating conditions, but not necessarily the most forcing conditions
possible. The CO, flow rate ranged between 10-30 g/min and the mass of cake
varied between 60-150 g, to achieve similarity with the AFD experiments
reported in chapter 2. The CO, flow rate was determined in accordance with
the equipment's capacity (maximum flow rate 50 g/min), with careful
consideration given to both upper and lower limits. For example, excessively
high flow rates can lead to insufficient contact time between the CO, and wet
particles. Conversely, excessively low flow rates may prolong the

extraction/drying process. The preheated periods for 60, 105 and 150 g cakes
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were 60, 90 and 120 min respectively. All the ranges of operational variables

evaluated are illustrated in Table 5.1.

Table 5.1. Investigated parameters using supercritical CO, technology.

Pressure (bar) 80 -200
Temperature (°C) 50 -70
CO; flow rate (g/min) 10 -30
Mass of cakes (g) 60- 150

Following the same methodology as reported previously, MODDE Pro V11.0.1
software was used to optimise the extraction/drying process and to determine
which process inputs have the most significant influence on the process outputs.
A D-optimal method was selected to create a reduced number of extraction/
drying experiments including 3 repetitions to evaluate the reproducibility of the
process (Table 5.3). The measured responses were; residual solvent content,
extraction/drying time, Cpg+ concentration (see section 5.2.1), extent of
agglomeration, agglomerate brittleness index (ABI) and particle size. Table 5.2
lists all the responses and the corresponding offline techniques used for

evaluating the process efficiency.
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Table 5.2. Offline techniques used for cake analysis and mechanical properties.

Residual solvents in the dried cake Offline SIFT-MS
Extent of agglomeration Birch and Marziano’s method
ABI index Birch and Marziano’s method
Particle size Morphologi G3 (Malvern)

Table 5.3. A D-optimal experimental design produced using MODDE software.

Exp. Temperature Pressure CO, flow rate Cake size
No. (°C) (bar) (g/min) ()
1 50 200 10 60
2 50 140 10 60
3 70 200 10 60
4 60 140 20 60
5 50 80 30 60
6 70 80 30 60
7 60 200 30 60
8 70 80 20 60
9 70 200 20 60
10 50 80 10 150
11 70 80 10 150
12 60 200 20 150
13 50 200 30 150
14 70 200 30 150
15 60 80 30 150
16 60 140 20 150
17 50 200 10 105
18 70 140 10 105
19 50 80 20 105
20" 60 140 20 105
21" 60 140 20 105
22° 60 140 20 105

* Experiments 20, 21, and 22 serve as the central points in the Design of Experiments (DOE),
and they will be utilised to assess the reproducibility of the process.
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5.2 Results and discussion

The experimental design of experiments, Table 5.3, was modified by removing
experiments involving the lowest pressure due to very slow extraction/drying
rates. As it is seen from Figure 5.1, small mass fractions of solvent (0.15-0.3)
were removed after 2 hours of extraction/drying at 80 bar. A possible
explanation is that the solubility of dodecane near the critical point of CO, is
quite low. Thus, the experiments 4, 5, 6, 10, 11 and 15 were excluded from the
experimental design and an extra one involving drying 60 g of cake at conditions
similar to the DOE middle point was added. In this way, it was possible to
compare different cake sizes and to investigate the effect of solid load on

extraction/drying process. The updated version of the DOE is presented on

Table 5.4.
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Figure 5.1. Extraction/drying curves at low supercritical CO, conditions.
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Table 5.4. The updated version of the experimental design.

Exp. Temperature Pressure CO; flow rate Cake size

No. (°C) (bar) (g/min) (2)
1 50 200 10 60
2 20 140 10 60
3 70 200 10 60
4 60 140 20 60
5 60 200 30 60
6 70 200 20 60
7 60 200 20 150
8 20 200 30 150
9 70 200 30 150
10 60 140 20 150
11 20 200 10 105
12 70 140 10 105
13 60 140 20 105
14 60 140 20 105
15 60 140 20 105

"This experiment was added to the DOE in order to investigate the effect of solid load.
"Experiments 13, 14, and 15 serve as the central points in the Design of Experiments (DOE),
and they will be utilised to assess the reproducibility of the process.
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5.2.1 Applying an existing mathematical model to the CO,
extraction/drying experimental data

There are a variety of published models that differ from mathematical and mass
transfer mechanism point of view [144]. Many papers characterise the
supercritical fluid extraction of liquids as a drying procedure [106] while others
relate it to gas absorption or solvent-extraction mass transfer. Generally, the
initial extraction rates are dominated by the solubility of the solute in the
supercritical fluid phase and from the aspect of maths, all the equations rely on
differential mass balance integration of Eq. (5.1) with some assumptions. The
main differences between these models lie in phase equilibrium description, fluid

flow mode, and solute diffusion in matrices [144].

dCf dCf dZCf (1 - S)
wtve g =gt

a-k-(C;—Cp Eq.(5.1)

where Cy is the concentration of solute in the supercritical CO, phase, u is the interstitial
velocity of the fluid, ¢ is the void fraction of the bed, D is the axial dispersion coefficient
of the solute in the supercritical CO, phase, a is the effective solid — fluid contact area
for mass transfer, k is the mass transfer coefficient for the solute and Cf is the

concentration of solute in the fluid phase that is in equilibrium with the solid surface

The current model system deals with the extraction of dodecane from
paracetamol powder particles in a packed bed by using supercritical CO,. This

system differs from the common SFE processes since the extract is an organic
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solvent, held up within an API filter cake. Considering that at relatively mild
conditions, the solubility of paracetamol in the supercritical CO, phase is low
[143] and the solid-solvent interactions are negligible, the extraction is mainly
driven by the solubility of the organic solvent in the fluid phase relative to its
value at saturation. In this study, the behaviour of the extraction process under
investigation is described using a mathematical model proposed by Pardo-
Castano et al. [93]. This model, which is based on the Brunauer-Emmett-Teller
(BET) adsorption theory ( see section 5.2.1.3), is characterised by one simple
equation with three adjustable parameters, as opposed to Sovova’s model, which
comprises three conditional equations. The proposed model not only correlates
information on the kinetics of SFE but also predicts the apparent solubility, as
indicated by the slope of the extraction yield versus time curve. Even though
the model has been used for correlating experimental data on the supercritical
extraction of natural matter such as germ corn oil and striped weakfish oil, it
performs relatively well for the system being investigated and it is quantitatively
and qualitatively useful for investigating solvent extraction rates under different

operating conditions.
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5.2.1.1 Assumptions

In order to simplify the differential balance equation Eq. (5.1) and reach the

simple mathematical model proposed by Pardo-Castano et al., it is necessary to

make some assumptions considering the differences between the present system

and the one reported in the paper by Pardo-Castafio et al. [93].

It is assumed that the organic solvent is uniformly distributed across the
bed.

The physical properties of the supercritical CO, remain constant
throughout the extraction process.

The bed void fraction is constant (¢ = 0.32).

It is considered as a packed bed of equally sized spheres based on the
median particle diameter Dsy of the crystalline paracetamol.

At t = 0, pure carbon dioxide is continuously introduced at the bottom
of the cake where pressure, temperature and flow rate are kept constant
at their set point. As the flow stream diffuses into the pores of the cake,
liquid (solvent) is extracted and carried away by the CO,molecules.
The accumulation of the solvent in the fluid phase is negligible.

The axial dispersion is not considered. This approximation is valid for

long vessels or when high superficial velocities are applied [145]. The first
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criterion can be evaluated by the ratio [146] between the length of the

extractor and the average particle diameter.

= >
Dp_SO

Under the above assumptions, which satisfactorily describe the removal of
dodecane from paracetamol particles packed in fixed bed, the conservation
equation Eq. (5.1) for the solvent in the fluid phase is simplified as below Eq.
(5.2).

. dCsr

—= =k (C¢ —Cp) Eq.(5.2),

u-e€
z=0, C; = 0 and z=L, Cf = Cq,
and k= (1—¢) - ag- kg
where kg is the external mass transfer coefficient for the solvent evaporated in the

supercritical phase around the solid particles (m/s) and ay is the specific surface area of

the particles (m™)

By integrating the equation Eq. (5.2) and considering the initial conditions for
the extractor, the concentration of solvent in the fluid phase at the outlet of the

bed is given by Eq. (5.3).

Cq, = Cq" - [1 — exp (— E)] Eq.(5.3)

where L is the length of the packed bed (m)
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5.2.1.2 Overall material balance in the packed solid
Now, a material balance of the solute in the solid packed into the extractor is
employed, as provided by:

dmg

v = e || Ba (5.4)

where mg is the mass of the solute in the solid at time t, my is the flow rate of the
supercritical fluid, my;, is the mass of solute in the supercritical fluid phase at the exit

of the vessel and myy is the mass of solute and supercritical fluid

It is assumed that mgr >» mg; and the Eq. (5.4) can be represented as follows:

dxg

M Ea.(5.5

where x; is the solute mass fraction in the solid at time t, and mgy is the initial
extractable mass of the solute in the packed bed. It is assumed that changes in x4 do
not occur considerably in the axial direction, given that the amount of extracted solute
from the solid matrix in the differential element is minimal and significantly lower than

the solubility of the solute in the supercritical fluid
By replacing Eq. (5.4) into Eq. (5.5) the following relationship is obtained:

dXS Iflf

- c*[1 (k'L>]E 5.6
dt_ mO fL, eXp u-es q'(')
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5.2.1.3 BET- type equilibrium equation

The interaction of solute with the solid and fluid phase can be described by the

BET adsorption isotherm formula:

Xs K-x Eq. (5.7
x O-x I+&-1-x 4G

where x is the ratio between the solute mass fraction in equilibrium, Cg,", and the solute
mass fraction the saturated supercritical phase, Cqa¢. The solute mass fraction in the
first monolayer ( mp,/mg) is x, and K is the sorption equilibrium coefficient which

indicates the strength of interaction between solute and solid.

Eq. (5.7) can be written and solved as follows:

(1-K) x* + [K (1+ )—2] x+1=0Eq.(5.8)

- K 1+ -2|+ [IK: 1+ -2 2—4-(1—K)
_ [x(am) e [ (1+3m) 2]

vom K) Eq.(5.9)

Considering the scenario where the supercritical fluid is saturated with the
solute, resulting in a substantial number of molecules being adsorbed on the solid
(mg = 0,x5 = ), an expression for x as a function of K is derived:

_ 2T REK (510
== q.(5.10)
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Since K>1 and 0 < x <1, the root with the negative sign in the Eq. (5.10) is

physically valid and therefore x=1. By replacing Eq. (5.8) in Eq. (5.6), the

following relationship is obtained:

_ Xm) _ Xm\ _ 1% _ 401
Y L (R T
\ )

5.2.1.4 Simple BET-based model

Solving the Eq. (5.11) allows the model to represent the extraction of the

solvent as a function of time and is given below Eq. (5.12) [93].

t= Qconzl_och*-(x(’)+x’+(Z—K)-[x—xm-ln(%l)]+l(-xm-

In [ (°1"_'X)2]) Eq. (5.12)
and
a=K? Eq.(5.13)
b=2-(2-K) K-x, Eq.(5.14)
¢= (K x,)? Eq.(5.15)

Xo =Vva+b+c Eq.(5.16)

xX'=ya-(1-x2+b-(1-x)+c Eq.(5.17)

a=x+K-1-x)+2-K) x, Eq.(5.18)

a'=x'+2-K-(1-x)+K-x, Eq.(5.19)
B=xh+K+(2—-K)  x, Eq.(5.20)

B'=x0+2—-K)+K-x, Eq.(521)

Cr" = Cgar [1 — exp (— %)] Eq. (5.22)

142



Optimisation of supercritical CO, extraction/drying

k= (1 - S) *Ogf " ksf Eq. (523)

where x is the mass ratio between the amount of solvent measured at time t (s) and the
overall extractable mass of solvent (kg/kg); my is the initial mass of solvent in the
packed bed (kg); Qcos is CO; flow rate (kg/min); Cs, is the solvent concentration in the

saturated supercritical CO, phase (kg/kg)

The Ky coefficient is expressed by the dimensional Sherwood number as follows:

Sh-Dp,

st - Dp

Eq.(5.24)

where Dy, (m?/s) is the binary diffusion coefficient of the solvent and the supercritical

CO,

The Sherwood number can be estimated by several relationships depending on
the hydrodynamic conditions (laminar or turbulent flow) and the geometry of
the solid surface [147]. Here, this parameter is calculated using equations Eq.

(5.25) [103] and Eq. (5.26) [145] taken from the literature.

Sh = 0.135 - Re®® - Sc®33 Eq. (5. 25)

valid for Re (0.169—1.292) & Sc (6 -25)

Sh = 0.3 - Re®83 - 5¢033 Eq. (5.26)
valid for Re (2—40) & Sc (2 -20),

where the dimensionless parameters Re and Sc in the aforementioned equations are

determined through the following expressions,

‘u-d
Re=P " Eq.(5.27)

143



Optimisation of supercritical CO, extraction/drying

i

m

Sc =

Eq.(5.28)

The adjustable parameters in the equation Eq. (5.12) include the solubility,
Ce*, of the solvent in the supercritical CO, phase corrected by transport
limitations such as diffusion (kg/kg), the xn solvent mass fraction (kg/kg) of
solvent in the first monolayer or the less accessible solvent (m inaccessivle/Mo) and

the K ratio between the adsorption equilibrium constants in the first monolayer

and that in the next layers (kg/kg).

In the present work, the x, parameter is not influenced by the operating
conditions and since it represents the least accessible amount of solvent in the
cake it can be considered constant for all the experiments of the studied system.
Additionally, the equilibrium adsorption ratio K, is around one as the solid-
solvent interactions are weak and the adsorption constants are approximately
the same for all the layers including the solvent retained in the inter-particle
spaces and within the crystal lattice. Hence, the equation Eq. (5.12) is
converted to a simpler model Eq. (5.29) with two adjustable parameters Cg"
and Xp.

my

t= ——m——
Qcoz " Crr,

‘[x —xp, - In(1 —x)] Eq.(5.29)
The Ci" and x,, are determined by fitting the model to the extraction data using

a global optimization algorithm which is implemented through Python. As the
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objective function for minimisation, the average squared deviation (ASRD) Eq.
(5.30) is used, where N are the experimental data points in each run, t; is the
extraction time (s) for the experiment j, and subscripts exp and cal refer to
experimental and calculated, respectively.

, 100 7 =t
FCo' %) = 57 ) (s Ea. (5.30)
ji=1

;

According to Pardo-Castano et al.’s paper [93], the time is normalised by
rescaling the values in the range 0 to 1. In this way, the model performs better,
reducing the number of iterations required for fitting the routine. Furthermore,
the initial guess for the solubility of the solvent in the supercritical CO, phase
was approximated according to the experimental data obtained at the beginning
of the extraction. The highest amount of solvent removed in the fast extraction
zone divided by the CO, mass spent for the extracted solvent gives an estimated
value at the specific operating conditions. Finally, for the experiments where the
cakes required longer preheating periods and resulted in slow extraction rates at
the early stages of the process, the obtained extraction curves were modified by
excluding one or two initial experimental data points. Thus, the model could

give valid information about the solubility and the extraction kinetics at the

defined operating conditions.
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The fluid physical properties at the selected operating conditions are based
mainly on the pure carbon dioxide as described in the paper and are calculated
by equations of state and published correlations, found in literature [149], [150],
[151]. All the mathematical relationships including the calculations are reported
in the Appendix B section of this chapter and the most significant parameters
used for the BET based model are presented in Table 5.5 The density results
derived from the Peng-Robinson equation of state closely match with the data
obtained from the NIST Chemistry Webbook (see Table B 3). Likewise, the
viscosity values taken from A.Fenghour et al. paper exhibit a similar level of
proximity. The calculated Reynolds number changes slightly across different
conditions, and in all cases, the values are below or close to 1, which correspond
to laminar flow. The external mass transfer coefficient Ky ranges from 0.6 to
2.6 - 10-5 m/s with lower values observed at smaller CO; flow rates (10 g/min).
The binary diffusion coefficient (Dmw) falls within the range of 4.6 to 6.2 - 107
m?/s. It seems to rise with temperature under constant pressure conditions, while
showing a slight decline with increasing pressure at constant temperature. The
Schmidt number, which represents the ratio of momentum diffusivity to mass

diffusivity, varies between 11.1 and 20.5. The lowest value corresponds to the
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experimental conditions of 140 bar and 70 °C, where the kinematic viscosity is

at its minimum and the diffusion coefficient is at its maximum.

Table 5.5. The required parameters estimated for modelling the experimental data of
the current system.

Exp. p, -10°" K«-107 p-10°¢” p*

No. (m?/s) (m/s) e Sh > (Pa-s) (Kg/m?)
1 4.6 0.5 0.2 0.2 19.8 71.7 787
2 4.8 0.6 0.3 0.2 20.5 60.1 606
3 5.9 0.7 0.3 0.2 14.0 54.8 657
4 5.5 2.2 0.8 0.6 14.3 40.2 511
5 5.3 2.3 0.9 0.7 14.4 54.8 721
6 5.9 1.8 0.6 0.5 14.0 54.8 657
7 5.3 1.6 0.6 0.5 14.4 54.8 721
8 4.6 1.8 0.7 0.6 19.8 71.7 787
9 5.9 2.6 0.9 0.7 14.0 54.8 657
10 5.5 2.2 0.8 0.6 14.3 40.2 511
11 4.6 0.7 0.2 0.2 19.8 71.7 787
12 6.2 1.6 0.5 0.4 11.1 30.3 438
13 5.5 2.2 0.8 0.6 14.3 40.2 511
14 5.5 2.2 0.8 0.6 14.3 40.2 511
15 5.5 2.2 0.8 0.6 14.3 40.2 511

"The viscosity of the CO2 above the critical point was obtained from A.Fenghour, et al.’s (1997) paper [152]
“The density of the supercritical CO» was estimated by Peng Robinson equation of state (1976) [149]

" Binary diffusion cocfficient was calculated using S.P. Cadogan ctal. correlation (2016) [151]
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5.2.2 Mathematical modelling results

The simpler form of the BET based model contains two parameters fitted in the
equation by minimising the difference between experimental and predicted
values. As it is stated previously, the x., value illustrates the amount of solvent
that is less accessible and is independent from the operating conditions. A similar
case for the x,, is reported by other authors but for different studied systems
[153]. Because the mass of the easily accessible solvent is much greater than the
amount of solvent that is difficult to remove, this number is expected to be small.
As it can be seen from Table 5.6 the parameter x, is 0.0909 for all the data
sets, while the Cg" varies with the operating conditions. In terms of solubility,
the fitted Cy" value is equal to Cu calculated by equation Eq. (5.22), meaning
that the diffusional limitations are negligible. In other words, the amount of free
unbound solvent deposited in the pores of the cake is substantial and is easily
removed with minimal mass transfer resistance. Additionally, the size of the
particles results in large surface area to be exposed in the supercritical CO, phase
and the diffusion path into the crystal lattice is quite short through which
negligible mass of trapped solvent is extracted. Table 5.6 presents the results
obtained for all the experiments including the ASRD calculated values. The

average mean squared deviation between the experimental and the predicted
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data is within the range 10 to 35 percent. These errors are considered quite large
and in most of the cases, occurred at the initial points of extraction/drying curve.
A big deviation is observed as well between the final experimental and calculated
extraction point. The endpoint of the process is the final measurement and relies
on the sensitivity of the SIFT-MS instrument, which is used to optimise the
extraction by minimising the solvent residues to a few ppm. When the extracted
solvent reaches 98%, the kinetics are mainly controlled by diffusion, in which
case other models could be applied on the data recorded with the use of SIFT-
MS online analysis. The dependency of the Cg." value on the operating conditions
will be discussed in the following sections by comparing experiments which differ

by one factor.
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Table 5.6. The Cp." and x., values procured by fitting the experimental data to the
BET based model.

Exp. Cn”
Xm ASRDY%

No. (kg/kg)
1 0.092 0.0909 19.5
2 0.030 0.0909 10.8
3 0.045 0.0909 12.9
4 0.032 0.0909 17.2
5 0.051 0.0909 24.6
6 0.061 0.0909 22.3
7 0.175 0.0909 34.9
8 0.075 0.0909 25.8
9 0.090 0.0909 17.4
10 0.114 0.0909 30.7
11 0.100 0.0909 10.4
12 0.036 0.0909 13.1
13 0.054 0.0909 19.1
14 0.077 0.0909 21.6
15 0.045 0.0909 20.9
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5.2.2.1 Effect of process parameters on the extraction kinetics
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Figure 5.2. Effect of key factors on extraction kinetics: (a) Pressure effect for 60 g
cake, T=50 °C and F=10 g/min: P=200 bar and Cp" =0.092 kg/kg, P=140 bar and
Cn” =0.03 kg/kg; (b) Flow rate effect for 60 g cake, T=70 °C and P=200 bar:
F=20 g/min and Cy," =0.061 kg/kg, F=10 g/min and Cy." = 0.045 kg/kg, (c)
Temperature effect for 150 g cake, P=200 bar and F=30 g/min: T=70 °C and Cy'
=0.090 kg/kg, T=>50 °C and Cp.” =0.075 kg/kg; (d) Cake size effect for P=140 bar,
T= 60 °C and F=20 g/min: M=60 g and Cr," =0.032 kg/kg, M=105 g and Cp.’
=0.077 kg/kg, M=150 g and C.” =0.114 kg/kg.
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Figure 5.3. The differences between experimental and predicted concentration values,
where C.y, is the highest solvent concentration extracted in each experimental run and

Cp" is the fitted parameter in the BET model.

Figure 5.2 presents the results obtained for various cases where the predicted
extraction rates at bed exit are compared with the observed ones. The kinetic
curves obtained from the extraction of dodecane illustrate clearly two phases. In
the first phase, the unbound free solvent is removed quickly and the extraction
rate increases linearly. While in the next phase, there is more gradual decrease
in solvent content and the path for interparticle diffusion increases resulting in
slow extraction rates. Speaking of the modelled data, in most of the cases
compare satisfactorily with the experimental data and the Cg' results bring
confidence in using the BET based model for giving an approximation of the
solubility of the involved component (dodecane) in the carbon dioxide phase,

Figure 5.3.
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5.2.2.1.1 Effect of pressure

Figure 5.2 (a) investigates the pressure variable for 60 g cakes by keeping
constant the rest of the factors. As it can be seen, there is a noticeable difference
between the curves at 140 and 200 bar with the latter resulting in higher
extraction rates. This is also reflected on the results obtained from the model,
where the Cn” value is three times bigger at 200 bar. By increasing pressure, the
density of the fluid is greater and therefore its solubilisation power as solvent
also increases. Many authors observed the same behavior for different systems
and consider the pressure as the most significant term with the most positive

effect in the SFE processes.

5.2.2.1.2 Effect of flow rate

By increasing the flow rate, a faster extraction rate is anticipated, particularly
in the initial stages of the process, as depicted in the extraction runs in Figure
5.2 (b). To assess potential mass transfer limitations, the experimental data are
normalised by multiplying the time by the CO, flow rate. As observed in the
Figure 5.4, the experimental data points from the two extraction runs are well-
aligned, indicating the absence of any mass transfer limitations. Consequently,

the Cg" values should be the same for both experiments; however, in this
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instance, they differ slightly, which may be attributed to the model's

performance.
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Figure 5.4. Normalised data by multiplying time by CO, flow rate.

5.2.2.1.3 Effect of temperature

On the other side, the temperature factor is more complex. At pressures close to
the critical point and at constant fluid velocity, the solubility of the substance
to be extracted decreases by increasing the temperature. This phenomenon is
called retrograde vaporization and it disappears at the so-called crossover
pressure where the system becomes temperature independent [97]. As it is shown
in Figure 5.2 (c) the curves procured at two different temperatures 50 °C and
70 °C are similar and the resulted Cq values are relatively close to each other

(0.075 kg/kg and 0.09 kg/kg respectively). Hence, in this case, the pressure factor

155



Optimisation of supercritical CO, extraction/drying

seems to prevail over temperature and in order to prove this, different pressures
should be tested for the same temperature to determine the crossover pressure.
However, a slightly different effect is observed for 60 g cakes. Figure 5.5, shows
deviations between the extraction points at the early stages of the two processes.
An interpretation of this variation could be the initial amount of solvent, which
differs a lot (28 g and 14.6 g) for the two experiments and/or the large headspace
above the 60 g cakes that may introduce errors in the measurements. It should
be noted that the pressure and temperature conditions are same in Figure 5.2
(c) and Figure 5.5 therefore it is anticipated the resulted graphs to show similar

trends.

Additionally, parity plots illustrating the model’s predictions for extraction/
drying time are presented in the Figure 5.6. It is evident that a significant
number of predicted data points exhibit a deviation of more than +10%,

indicating poor performance of the model in this case.
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Figure 5.5. a) Temperature effect for 60 g cake, P=200 bar and F=10 g/min:

T=50 °C and C, = 0.092 kg/kg, T=70 °C and C,” =0.045 kg/kg.
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Figure 5.6. Parity plots corresponding to experimental and model calculated
extraction/drying time data for experiments 1 and 3. Dashed lines indicate 10 %

error intervals.
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5.2.2.1.4 Effect of cake size

In the last case, Figure 5.2 (d), three cake sizes that differ in the initial solvent
content are investigated. Likewise, in this situation, it is expected the predicted
Cr’ values to be similar. However, it is obvious that the larger cakes result in
higher concentration values due to reduced dead volume, higher amount of the

available solvent and greater residence times within the paracetamol bed.

5.2.2.1.5 Overall results of the model

In summary, pressure, flow rate and cake size are the most influential factors for
the extraction kinetics and this is also reported in previous studies [92]. When it
comes to temperature though, the results are controversial for the current
experiments. For instance, the effect of temperature at 200 bar is slightly
different in Figure 5.2 (c) and Figure 5.5, which makes it hard to decide if it

is positive or negative.

Generally, the quite large variance in the solvent content of similar cakes
complicates the comparison of experiments that differ by one factor. This issue
is also depicted in the three center points Figure 5.7. The cake with the less
amount of solvent at the beginning of the extraction resulted in low Cg" data.
On the other hand, points CP (1) and CP (2) have very similar Ce, and CP(1)

value seems to be closer to the Cr", Table 5.7.
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Figure 5.7. Reproducibility for 105 g cake, P=140 bar, F=20 g/min and T=60 °C:
CP (1) Co” = 0.054 kg/kg, CP (2) Ci” =0.077 kg/kg and CP (3) Cq =0.045 kg/kg.

Table 5.7. The deviation of the initial solvent content between the three centre

points and its affect on the solubilty data.

Exp. Initial solvent Cexp Cn”

No content (8)  (1ig/kg) (kg/ke)
13-CP(1) 32.1 0.108 0.054
14-CP (2) 24.1 0.097 0.077
15-CP (3) 16.6 0.047 0.045

Speaking of the predicted solubility, in most of the extraction runs particularly
the ones involving 60 g cakes, the Cp' has not reached Cg:, even if it is
theoretically possible according to the BET model, Eq. (5.22). In reality, there

are a few factors that prevent this from happening. The most important are the
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headspace above the cakes and the inconsistent initial amount of solvent as
discussed previously. Filling up the extraction basket enhances the solvent mass
transfer rates Figure 5.2 (d) and gives better measurements. The maximum
cake size that can be experimentally prepared for the given system is 150 g,
which occupies approximately the 70% of the extraction basket. In this case,
there is enough space for the spayed solvent during washing step without causing
any cake disturbances. As regard to the solvent content, it is very challenging
to keep it constant for similar cakes. Loss in mass during transportation of
materials as well as errors during measurements, make it almost impossible to
regulate the final amount of solvent in the formed cakes. Other parameters that
are difficult to control and can influence the experimental results are; cake
cracking and particle size distribution that affect the bed packing and therefore

the solvent distribution in the cake as well as the extraction kinetics.

A way to obtain similar cakes and study the kinetics of the system by varying
the operating conditions only, could be the replacement of paracetamol particles
with glass beads of uniform sizes and the addition of a predefined amount of
wash solvent. However, this work is focused on real life applications and is
important to investigate all the potential parameters that affect the extraction

kinetics.
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5.2.3 Residual solvents in the final cakes
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Figure 5.8. Dodecane and isopropanol concentrations measured in the headspace
final samples using offline SIFT-MS analysis (number of repetitions, n=1).

Figure 5.8 shows the residual solvents in the headspace of the samples after
extraction/drying. In all the experiments, the solvent levels are much lower than
the targeted concentration of 12.5 mg per g of API (see section 3.4.2.2.2). The
dodecane residues varied between 0.002 and 0.003 mg/g with the exception of
experiment 6, which reached 0.025 mg/g and the isopropanol concentrations
ranged between 0.0002 and 0.001 mg/g. Since all the experiments met the criteria

regarding dodecane and isopropanol, reaching similar concentration values, the
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obtained data cannot be correlated with the operating variables using MODDE

software.

5.2.4 Statistical evaluation of the experimental data using MODDE

By fitting MLR models in the obtained responses, it is possible to explore
important operating variables in extraction/drying of dodecane from
paracetamol. The fitted responses were the Cy', extraction/drying time, particle
size, agglomeration and ABI index. From the summary fit plot Figure 5.13
(page 170), the model showed good fit only for two responses involving the Cg.’
and the particle size. For those responses, the R? model validity and
reproducibility bars are above 0.5 and the Q? which shows an estimate of the
future prediction precision, is greater than 0.1 indicating a rather significant

model.

5.2.4.1 Parameter Cg’
Table 5.8 gathers all the Cp." data estimated by BET based model. The greatest
Cu" value (0.179 kg/kg) is obtained in experiment 7, where 150 g cake dried at
200 bar, 60 °C and 20 g/min flow rate. Following this, experiments with high
Cu" (>0.09 kg/kg) are 1, 9, 10 and 11 which most of them involve large cakes
and high operating pressures. Figure 5.9, shows the coefficient plot for the

dodecane concentration in fluid phase. The cake size is indeed deemed significant
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for the Cp'. As it is mentioned in previous sections, large cakes reduce the
headspace in the vessel, increase the residence time of the CO, in the bed, and
have higher solvent content. These factors eliminate the error in measurements
and it is more likely for the COs to be saturated at the exit of the vessel. Terms
with less significant impact are pressure and flow rate. High pressures increase
the density of fluid (657-787 kg/m?), Table 5.5, and therefore the solvation
power of CO,. The flow rate is not anticipated to influence the Cq’ value, unless
there are limitations in mass transfer leading to measurement inaccuracies.
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Figure 5.9. Regression coefficients of Cn.* after removing no-significant terms from the
model (Pre=Pressure, Temp=Temperature, Flo=Flow rate, Cak=Cake size).

5.2.4.2 Particle size Dso
The variations in particle size for all percentile values, D1y, D3 and Dy were
determined by Eq. (5.31) and are presented in Figure 5.10. The dashed line

represents the raw paracetamol, which is used as a reference point. It appears
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that the particle size has increased or decreased in all samples. For Dy, D5y and
Dy the absolute deviation ranges from raw paracetamol are 1-31%, 1.5-35% and
3.2-42.6% respectively. For the Dy, an extremely high value was obtained in the

case of experiment 13, which is due to particle agglomeration.

_ Dy ofthe dried PCM
X D, of the raw PCM

Eq.(5.31)

In order to investigate the effect of the selected factors on particle size, the
change of the volume median diameter, Dz, was used in the experimental design.
The regression coefficient plot shows that temperature, flow rate and mass of
cake impact the particle size. The increase in temperature facilitates the
solubility of paracetamol in the organic solvent, resulting in particle size
enlargement; a phenomenon that is also common in conventional drying. The
large cakes also result in particle size increase. It is possible that after washing,
the concentration of crystallisation solvent residues is likely higher than in
smaller cakes, which therefore leads to particle bridging. The opposite effect is
observed at high flow rates. Generally, the CO; flow is not expected to influence
the particle size, therefore it is assumed that sieving prior to the PSD

measurements could have led to particle attrition. However, in most of the cases
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the deviation in PSD between the reference raw material and the processed

samples is within acceptable limits.
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Figure 5.10. Changes in particle size after extraction/drying; the dashed line corresponds
to raw paracetamol and is used as a reference point (number of repetitions, n=1).
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Figure 5.11. Regression coefficients of particle size after removing non-significant
terms from the model (Pre=Pressure, Temp=Temperature, Flo=Flow rate,
Cak=Cake).
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5.2.4.3 Extent of agglomeration and agglomeration brittleness

index
All the dried samples exhibited agglomerates in the range of 46-86%. Under more
forcing conditions of high pressure and temperature, it is expected this
phenomenon to be intensified since the solubility of paracetamol increases in the
scCO, phase [143] and in organic solvents at elevated pressures and
temperatures. Even though it is not so obvious from the experimental design
which term had the most significant effect on particle agglomeration, the extent
of agglomeration seems to be independent from the cake size. Moreover, the
formed agglomerates were relatively friable. As it is seen in Figure 5.12, nine
out of fourteen samples have ABI index greater than 0.43, which means that
relatively soft agglomerated material was generated in most of the experiments
(see section 3.4.2.2.6). In the case of experiment 10, all the formed clusters in

the sample were completely shattered before the completeness of the fourth cycle.
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The MLR model performed poorly for agglomeration and ABI. However, it is

well understood that responses related to many parameters such as particle size

distribution, washing conditions and efficiency, drying factors etc. give

inconsistent results that are challenging to predict by modelling.
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Figure 5.12. Exponential decay fit to the experimental data points obtained from
sieving. The b parameter indicates the softness index of the agglomerated sample.
The higher this value, the softer the agglomerates in the samples and vice versa.

5.2.4.4 Extraction/drying time
The shortest extraction/drying times are mainly observed at high CO, flow rates
and vary between 45-130 min without including the preheating period. As
described previously, high flow rates enhance the extraction/drying rates due to
greater amounts of fresh CO, passing through the packed bed. Pressure also
influences the extraction/drying time. A slow extraction/drying rate was

observed when the pressure was set at 80 bar, while steeper initial slopes at high
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pressures indicated the rapid removal of the solvent. Temperature and mass of

cake are non-significant terms for this response.
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(°C)
50
50
70
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60
70
60
50
70
60
50
70
60

60
60

Table 5.8 Overall experimental results fitted to the MLR regression model.

Pressure

(bar)

200
140
200
140
200
200
200
200
200
140
200
140
140
140
140

CO; flow
rate

(g/min)
10
10
10
20
30
20
20
30
30
20
10
10
20
20
20

Cake size

(8)
60
60
60
60
60
60
150
150
150
150
105
105
105
105
105

Time

(min)
80
130
7
75
45
70
78
86
62
82
133
150
86
107
134
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Cu”

(kg/kg)
0.092
0.03
0.045
0.032
0.051
0.061
0.175
0.075
0.09
0.114
0.1
0.036
0.054
0.077
0.045

D50 sample

D50 raw

1.35
0.89
1.14
1.03
0.89
1.20
1.11
0.87
1.18
1.21
1.06
0.83
1.35
1.04
0.98

Agglomeration

(%)
48.3
85.9
49.2
65.9
72.8
46.9
58.1
49.2
59.9
65.3
74.1
71.1
53.7
64.2
67.5

ABI

0.613
0.429
0.794
0.867
0.326
0.394
0.363
0.424
0.508
1.00
0.835
0.448
0.19
0.489
0.199
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Figure 5.13. Summary fit plot for all the responses.
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5.3 Conclusions

An experimental design approach combined with a simple mathematical BET
based model used here for optimisation of the extraction/drying process. In
comparisons of the model with the experimental data, the model performed
reasonably well and gave an approximation of the solubility of dodecane in scCOs
under various operated conditions. From overall data observations, pressure,
COs» flow rate and solid load had major effects on the extraction/drying kinetics.
Pressure and CO, flow rate enhance the mass transfer and reduce dramatically
the extraction/drying time. Whilst high solids loading, reduce the headspace in
the extraction basket and increase the residence time of the fluid in the bed. In
this way, a smaller amount of COs, is spent during the process and the fluid may
reach saturation at the exit of the vessel. In all the experiments, dodecane was
removed successfully reaching concentrations of 0.002-0.003 mg/g, which is far
below the target specification value (12.5 mg/g) set from the ICH guidelines.
Particle agglomeration was prominent, varying between 46-86% and particle size
changes where observed in all the COs treated samples. On the other hand, the
agglomerated material exhibited high ABI in the majority of the samples,
highlighting the applicability of the process if the avoidance of hard agglomerates

is desired to minimize the need for subsequent high-energy milling. From the
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data obtained through MODDE;, it was difficult to predict the optimal conditions
due to the poor performance of the MLR model. Therefore, the results from the
regression coefficient plots were used together with the information obtained
from the BET model to define the best combination of factors based on the
current DOE design. The selected optimised process conditions for the studied
system are 150 g paracetamol cakes, 200 bar pressure, 60 °C temperature and 20
g/min CO; flow rate. Experiment 7 resulted in highest Cwp«~ 0.175 kg/kg, and
delivered solvent free powder within 2 hr. In conclusion, extraction/drying with
scCO; is applicable to purification of APIs as a new, alternative method to

conventional procedures.
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6 Energy consumption analysis

Chapter 6 is focused on the energy consumption analysis, conducted for both
drying technologies at the studied operating conditions. In the case of dodecane
removal using conductive drying under vacuum, the energy consumption
included the heat supplied to the dryer and nitrogen as well as the power demand
for vacuum generation. Whereas, the energy consumption associated with the
scCOs extraction/drying process, involved four key operation units; chiller, high-
pressure pump, CO, heater and extraction vessel. Additionally, the power
requirement for gas phase compression of CO; to create liquid was included to
the total energy demand. Here, the optimum conditions were used as an example
for the energy calculations and from the overall results, the effect of different
parameters on the energy consumption was investigated for each drying

technology.

It should be noted that this study evaluated the energy consumption of the two

drying processes as operated in the lab.
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6.1 Energy consumption for agitated filter dryer (AFD)

Figure 6.1. Flow sheet diagram of the agitated drying using AWL unit; 1) manual
valve, 2) pressure reduction valve, 3) heat exchanger, 4) jacketed dryer, 5) manual
valve and 6) vacuum pump.

The energy consumption associated with the dodecane removal was estimated
for the agitated drying process (Figure 6.1). The best combination of factors
using the AWL fabricated setup was 60 g cake, 70 °C temperature, 0.8 L/min
N, flow rate and intermittent agitation. Pressure was the only fixed operated
parameter for this study and it was set at 500 mbar. The time required to

remove dodecane from 60 g paracetamol cake at the optimum conditions was

t,=3 hr.

6.1.1 Energy associated with the heat supplied to the product
The heat supplied to the wet paracetamol cake involves the sensible heat to raise
its temperature from 20 °C to 70 °C and the latent heat of vaporization of

dodecane.
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Before estimating the energy supplied to the cake, the specific heat capacity of
the bed was calculated. Based on the experimental data, the wet bed constituted
of 87.5% paracetamol and 12.5% of dodecane. This excludes mechanical cake
deliquoring and involves the removal of the critical amount of solvent (in this
case 8.5 g of dodecane) during the falling rate period. Since tiny amounts of
crystallisation solvent left in the cake after washing, isopropanol was neglected
from these calculations. The specific heat capacity of the wet cake takes into
account both paracetamol C,, and dodecane Cyas described in Eq. (6.1). The
C, values for paracetamol and dodecane at 70 °C are 1.77 and 2.35 k] - kg™t - K™1
respectively.
Cowet = Cps " Xs + Cp - x1 Eq.(6.1)

where x is the mass fraction of each phase in the bed

Cpwet = 1.77 - 0.875 + 2.35 - 0.125 = 1.84 kj - kg™ - K~

Hence, the heat consumed to increase the temperature of the bed from 20 °C to
70 °C was calculated as follows:

Q1 = Mpeq * Cpwer * AT = 0.07 - 1.84 - 50 = 6.4 k] Eq.(6.2)
In order to evaporate dodecane, the latent heat of evaporation must be supplied
to turn each kilogram of moisture into vapour. For dodecane, the latent heat of
vaporisation at 70 °C was found to be 337.4 k] - kg™1. So, the energy supplied to

the process for dodecane only, is calculated as follows:
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Q; = AHyap * M dodecane = 337.4- 8.5 1073 = 2.9Kk] Eq.(6.3)

In addition, a small flow of heated nitrogen was used to enhance the heat
transmission within the bed. The gas was heated from 20 °C to 70 °C. The mass
of nitrogen used per hour was 0.055 kg, the C, at 70 °C was 1.04 kJ - kg=1 - K1
and the AT was 50 °C. Therefore, the heat required is presented below.

Q3 = my; * Cpnz AT - t, = 0.055-1.04-50 - 3 = 8.6 k] Eq.(6.4)
The total dryer energy supply is the sum of Q;, Q, and Q5. In practice the actual
energy is normally greater than the calculated value. There are many additional
energy penalties that should be considered such as heat losses from the dryer
body, additional energy to break bonds and release bound moisture and thermal
inefficiencies in the heat supply system. Based on the literature, for a contact
dryer, the maximum practicable efficiency would fall to 70% [154]. An

approximation of the required energy considering the heat losses is showed below.

Q+Q,+Q; 64+29+8.6
0.7 - 0.7

= 25.6 k] or 0.007 kWh Eg.(6.5)

6.1.2 Other energy demands

After sufficient energy has been provided to vaporise the solvent, vacuum was

pulled to carry the vapors away from the solids. The ideal power demand of a

vacuum pump can be calculated on the basis of the pumps volume flow rate,

inlet and outlet pressure. Isothermal or isentropic compression can be assumed,
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depending on the vacuum pump type. Isothermal compression is typically used
for cooled compression, and isentropic can be used with dry vacuum pumps [155].
In this case, a diaphragm free-oil pump was used and the isentropic Pspower is

calculated by Eq. (6.6).

k-1 1.4-1
— K 4 o o (Beut) X _ — 1% 5c.10-3. 100V 1e _ o),
Py = k-1 dv ' Pin (( Pin) 1> *tp = 1.4-1 25-10 50 (( 50) 1)
3 = 335.4kJ or 0.093 kWh Eq. (6.6)

P, 0.093
P =—=———=10.133kWh Eq.(6.7
17 0.7 q.(6.7)

where poyt and pi is the outlet and inlet pressure of the vacuum pump, qv is the
volume flow rate assuming that the pump is working at its half maximum
capacity to compensate for nitrogen flow and air bleeding in the system, k is
the isentropic exponent which for ideal gases is equal to 1.4 and ng is the

isentropic efficiency of the pump

Therefore, the total energy consumption for drying 60 g cake using agitated dryer
is:

Poapp = 0.007 + 0.133 = 0.14 kWh Eq. (6.8)
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6.2 Energy consumption for supercritical CO; extraction/drying

1 2 3
CO: :
Figure 6.2. Flow sheet diagram of the supercritical CO, extraction/drying process;

(1) manual valve, (2) piston pump, (3) heat exchanger, (4) extractor, (5) back
pressure regulator and (6) cyclone.

Energy analysis was carried out for dodecane extraction/drying using scCO..
The highest Ci" value, 0.175 kg/kg, was obtained at 150 g cake with 200 bar
pressure, 60 °C temperature and 20 g/min CO, flow rate. The wet cake was
preheated for a couple of hours before the extraction/drying began, while the
process itself lasted for 2 hr at the optimal DOE point. Figure 6.2 provides a

flow diagram with the main operation units of the scCOs process.

6.2.1 Energy associated with heating up the product

The energy supplied to the product involves both the preheating and the
extraction/drying periods. Preheating the wet cake prior scCO, treatment, it
was proved to enhance the extraction/drying kinetics significantly and therefore

reduce the energy and CO, consumption during the process. The energy supplied
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to the extractor for heating up the product was calculated in a similar way as
described in section 6.1.1. The cake was saturated with solvent and its
composition was 75 % of paracetamol and 25 % of dodecane. The equation Eq.
(6.9) gives the total energy that is supplied to the product assuming 70%
efficiency for the energy losses.

Q4 = Mpeq * Cpwet * AT = 0.2+ 1.93 - 40 = 15.3 k] Eq.(6.8)

Q4—15'3—219k 0.006 kWh Eq. (6.9
07~ 07 _19Kord. a-(6.9)

6.2.2 Energy associated with the chiller

For the compression of the fluid, a dual piston CO, pump was used from Waters.
A recirculated coolant inside each pump head increased the compression
efficiency by removing the generated heat and decreasing its temperature.
Liquefied CO, was released from the bottle at approximately 55 bar and 15 °C,
and it was assumed that entered the pump at around 7 °C. The specific heat
capacity of COs at 7 °C and 55 bar is 2.61 k] -kg™! - K™ [156] and the mass of
carbon dioxide used per hour was 1.2 kg. Hence, the energy consumption from

the chiller is calculated as follows (assuming 50% efficiency):

Qs = meoztpcos“Tenraction _ 1L220L82 _ 101 1 ] or 0.028 kWh Eq. (6.10)
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6.2.3 Energy associated with the CO, heater

The CO; has to be heated from 7 °C (temperature of the CO; inside the pump)
to 60 °C. The Cycoz at 60 °C and 200 bar was found to be 0.928 K] - kg™1-K™1
and the AT was 53 °C. The heat required was estimated below (assuming 50 %

efficiency) [157].

Qq = meozCpcor Mentraction _ 1209295372 _ 36,1 I or 0,065 kWh Eq. (6.11)

6.2.4 Energy consumption associated with the CO; pump

The pressure and temperature utilised in the extraction process give the specific
enthalpy, from which the total energy used in the extraction process can be
obtained by multiplying the variation of specific enthalpy by the extraction time
and the CO, mass flow rate. In this case, the enthalpy change AH from H; at 55
bar and 7 °C to Hs at 200 bar and 60 °C is approximately 108.7 k] -kg™! .
Therefore, the consumed energy associated with the CO, pump is calculated as

follows:

p, = meoz-extraction _ 222872 — 2927 k] or 0.08 kWh Eq. (6.12)
6.2.5 Energy associated with the CO,; compressed in the cylinder
Liquid carbon dioxide is recovered from a variety of sources such as ammonia

and hydrogen plants, purified and liquefied. To calculate the energy requirement

for compressing the CO,, a case study is considered where the gas is captured
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during ammonia processes and is compressed to 55 bar [158] . In this case study,
a nominal 17 bar capture system discharge is selected because this is the nominal
range for this type of processes. Also, it is assumed that the initial ambient
conditions are 35 °C and dry. Hence, in a single compression stage, the enthalpy
change across the compressor is 70 k] - kg™* of CO, [156]. Then the CO; is cooled
from 130 °C to 15 °C and the heat discharge is recovered. The heat removal from
the gas is not included in the energy calculations. To this end, the power demand
for the CO, compression as well as the total energy required for the scCO» process

are estimated as follows:

P, = Meortilexmaction _ 12702 _ 18 1] o1 0,052 kWh Eq. (6.13)

Prsccoz = 0.013 + 0.028 + 0.065 + 0.08 + 0.052 = 0.237 kWh Eq. (6.14)

6.3 Results and discussion

In a similar way as described above, the energy consumption for the two drying
techniques was calculated at different operated conditions. Table 6.1 and
Table 6.2 gather the overall energy results, which are discussed in the following

subsections.
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6.3.1 Energy consumption in agitated filter dryer

The energy analysis results showed that the minimum energy required for
dodecane removal was 0.07 kWh, which occurred with 60 g cakes dried at 70 °C
and 0.8 L/min N, flow rate, while the maximum energy requirement was 0.15
kWh observed in the largest cakes that did not meet the ICHI criteria.
Furthermore, the most energy intensive process step in conventional drying is
the pressure decrease in the dryer. In other words, the energy consumption

related to the vacuum pump determines the total energy need.

According to Figure 6.3, temperature and solid load are the most important
energy consumption factors. Increasing temperature results in decreased drying
time and consequently in lower energy consumption, while the solid load impedes
significantly the drying rates and has the opposite effect. Nitrogen flow rate and
drying mode are non-significant parameters for the energy consumption;
although the power demand related to the overhead stirrer was not included. In
summary, the energy consumption is a function of the drying kinetics, which is

an expected outcome since the vacuum parameter is fixed in this study.
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Figure 6.3. Effect of key factors on energy consumption for agitated drying of

W

0.000

I
Z AR
7 nuL

7,
(@)
o
/.
(o)
©
/O_

//

A
N\
5y
OO
A
%\\0
1
’b\
N
J5
%,
7
®/‘
%,
oo/)/
.
%,

paracetamol wet in dodecane cakes; Temperature effect for 60 g cakes: N,=0.8
L/min and static mode; Nitrogen effect for 105 g cakes: T=70 °C and static mode;
Mass of cake effect: T=70 °C, N,= 0.8L/min and static mode; Drying mode
effect: m=60 g, T=70 °C and N,=0.8 L/min.

Moreover, Table 6.1 displays the energy consumption normalised by the solid
load and critical moisture content (refer to the sections 3.4.2.2.4 and 6.2.1 for
details). The highest energy values (1173-1615 kWh/kg wias/Kg sotvent) were
associated with cakes that did not fully dry at 50 °C with intermittent agitation.
On the other hand, the lowest energy values (56-133 kWh/kg wias/Kg soivent) Were
observed during static drying at 70°C. Additionally, it appears that the nitrogen
flow rate does not have a significant impact on energy consumption, as indicated
by experiments 9 and 16. It is noteworthy to mention that based on the

normalised energy data, the optimal conditions regarding drying efficiency
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appear to involve static drying, 105 g cakes, a temperature of 70°C, and a flow

rate of 0.2 L/min, as observed in experiment 9.

6.3.2 Energy consumption in supercritical CO, extraction/drying

As it is seen in Figure 6.4, pressure and CO, flow rate are important factors
affecting the energy consumption in scCO, extraction/drying. Increasing
pressure enhances the solubility of dodecane in supercritical CO; phase and the
extraction/drying occurs in a shorter period. Besides, the difference in AH for
increasing the pressure from 55 bar to 140 bar and 200 bar at 50 °C is 20 K] -
kg™!, which is quite small. Increasing the CO, flow rate when 60 g cakes are
dried, the energy consumption is higher. For example, the energy difference
between 20 g/min and 10 g/min is almost double. Another factor with less
significant impact on the energy consumption is the mass of cake. At 140 bar
pressure, 60 °C temperature and 20 g/min, the energy consumption increases
slightly with increased solid load. This is due to the better extraction/drying
kinetics at larger cakes, explained thoroughly in previous sections. The mass of
cake has an impact on energy supply to the extractor, which is ~5% of the total
energy, while the ~95 % is affected by the extraction/drying time. Temperature
has minor influence on the extraction/drying kinetics at 200 bar and therefore,

on energy consumption. Finally, the overall results showed that the lowest value
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of energy demand for dodecane extraction was 0.071 kWh and was obtained at
60 g cake dried under 200 bar pressure, 50 °C temperature and 10 g/min CO,
flow rate. The highest energy value (0.289 kWh) was observed in experiment 15,

where 105 g cake dried at 140 bar pressure, 20 g/min CO, flow rate and 60 °C.
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Figure 6.4. Effect of key factors on energy consumption for scCO, extraction/drying
of wet in dodecane paracetamol cakes; Pressure effect for 60 g cakes: T=50 °C and
C0,=10 g/min; Temperature effect for 60 g cakes: P=200 °C and CO,=10 g/min;
CO. flow rate effect: P=200 bar, T=70 °C and m=60 g; Mass of cake effect:
P=140 bar T=60 °C and CO,=20 g/min.

Normalising the energy consumption by solid load and solvent quantity makes
it difficult to identify the operational conditions with a significant impact on
energy use. A large number of experiments exhibited energy values ranging from

21 to 59 kWh/Kg wiids/Kg sovenr. However, experiments 2 to 6 involving 60 g cakes,
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demonstrated higher energy consumption (92-145 kWh/kg wias/Kg solvent),
indicating that the headspace in the vessel might affect the process performance,
leading to longer extraction/drying times and consequently increased energy
usage. Experiments 13, 14, and 15 are identical, and one would anticipate similar
outcomes. However, experiment 15 exhibited a prolonged extraction/drying

time, leading to higher energy consumption compared to the other two.
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Exp.

No.

18%*
19*

Temperature

(()C)
50
70

Nitrogen
Flow rate

(L/min)
0.8
0.8
0.8
0.2
0.8
0.2
0.2
0.8
0.2
0.5
0.8
0.2

0.8
0.2
0.8
0.2

Mass of

cake

(kg)
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.105
0.105
0.105
0.105
0.105
0.105
0.105
0.105
0.150
0.150
0.150

Solvent
removed
(critical

moisture)

(kg)
0.008
0.009
0.006
0.007
0.001
0.007
0.002
0.009
0.017
0.016
0.011
0.007
0.013
0.008
0.007
0.017
0.020
0.021
0.016

Drying
Mechanism

Static
Static
Continuous
Continuous
[ntermittent
[ntermittent
[ntermittent
Intermittent
Static
Static
Continuous
Continuous
Intermittent
Intermittent
Intermittent
Static
Static
Static

Continuous

“The sample did not meet the ICHI criteria and is considered still wet
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Energy need
for the dryer

(kWh)

0.006
0.007
0.007
0.006
0.006
0.008
0.006
0.007
0.011
0.008
0.008
0.010
0.010
0.010
0.008
0.012
0.011
0.016
0.015

Table 6.1. Overall energy results for agitated dryer.

Energy need
for the pump

(kWh)

0.106
0.066
0.070
0.133
0.133
0.096
0.133
0.066
0.089
0.089
0.133
0.100
0.114
0.133
0.103
0.089
0.133
0.133
0.133

Total energy

need

(kWh)

0.111
0.073
0.077
0.140
0.139
0.104
0.139
0.073
0.100
0.096
0.141
0.110
0.124
0.143
0.111
0.101
0.144
0.149
0.148

Total energy
need

(kWh/kg
solids/kg solvent)
245.6

133.0
200.5
332.7
1615.4
261.8
1173.4
142.1
56.0
57.1
119.5
158.6
88.7
165.8
161.5
56.2
47.6
46.7
62.0



Table 6.2. Overall energy results for scCO, extraction/drying.

E E E E E
COz2 flow Mass of Solvent nerey nerey nerey nersy nerey Total Total
Exp. Temperature  Pressure need for need for need for need for = need for the
rate cake removed . energy need energy need
the vessel the chiller | the heater = the pump  compressor
(kWh/kg
No. (°C) (bar) (g/min) (kg) (kg) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) solids/ kg

solvent)
1 50 200 10 0.060 0.028 0.006 0.009 0.018 0.021 0.017 0.071 42.2
2 50 140 10 0.060 0.019 0.005 0.015 0.030 0.042 0.028 0.119 103.4
3 70 200 10 0.060 0.015 0.005 0.009 0.025 0.032 0.017 0.087 99.7
4 60 140 20 0.060 0.016 0.004 0.017 0.043 0.065 0.032 0.162 171.5
5 60 200 30 0.060 0.022 0.006 0.015 0.034 0.042 0.027 0.124 92.7
6 70 200 20 0.060 0.018 0.005 0.016 0.046 0.058 0.030 0.155 145.4
7 60 200 20 0.150 0.050 0.013 0.018 0.042 0.052 0.034 0.159 21.2
8 50 200 30 0.150 0.051 0.012 0.030 0.057 0.067 0.056 0.222 28.7
9 70 200 30 0.150 0.044 0.013 0.022 0.061 0.077 0.040 0.213 32.3
10 60 140 20 0.150 0.053 0.013 0.019 0.047 0.071 0.035 0.186 23.4
11 50 200 10 0.105 0.033 0.008 0.015 0.029 0.035 0.029 0.116 33.3
12 70 140 10 0.105 0.041 0.011 0.017 0.050 0.082 0.040 0.193 45.1
13 60 140 20 0.105 0.041 0.010 0.020 0.050 0.074 0.037 0.191 44.9
14 60 140 20 0.105 0.038 0.009 0.025 0.062 0.092 0.032 0.193 59.2
15 60 140 20 0.105 0.025 0.007 0.031 0.077 0.115 0.058 0.289 109.3
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6.4 Conclusion

In this part of the project, energy consumption for the two studied drying
methods was determined. From the agitated drying results, the total power
demand is driven by the applied vacuum. However, pressure was a fixed
parameter here and therefore temperature and mass of cake were the most
significant factors. The lowest energy consumption was observed in small cakes
that dried at 70 °C and was around 0.073 kWh. When normalising energy
consumption by solid load and critical moisture content, the samples that dried
at 70 °C without agitation exhibited the lowest values. Furthermore, it was
observed that the nitrogen flow rate had an insignificant impact on energy

consumption.

For the supercritical CO, extraction/drying the lowest energies (~0.071 kWh)
were observed in low CO, flow rates. While the higher electricity consumptions
occurred at higher values of each variable in their operative region, with CO,
flow increase causing the most significant increases. From the normalised data,
it is challenging to identify the operational conditions that significantly impact
the energy consumption. However, it is observed that lower solids loading

exhibited higher energy consumption values compared to the other experiments,
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suggesting that the dead volume within the vessel impacts negatively the process

performance.
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7 Comparison of conventional drying and

supercritical CO; extraction/drying

In this part of the thesis, the two studied drying technologies were evaluated
based on the drying efficiency, final product properties and energy consumption

results obtained in the previous chapters.
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7.1 Comparison of the two methods

7.1.1 Drying efficiency
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Figure 7.1. Comparison of the drying efficiency between AFD and scCO, treatment
at different cake sizes expressed as residual concentration of dodecane and

For cakes dried with the agitated filter dryer, the solid load plays an important

role in determining the drying performance. This is illustrated by the fact that

isopropanol.

lower dodecane residues with minimum drying time were achieved with 60 g of

cake, as compared to 105 g or 150 g of cake. Nevertheless, this is not the case

for extraction/drying with the scCO.. The solvent concentrations were

minimised in all the scCO, treated samples relatively quickly and showed
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consistency at various cake sizes. Figure 7.1, compares the drying performance
of the two techniques for selected experiments. As it seems, supercritical CO,
extraction/drying is a faster method resulting in lower dodecane concentrations
than conventional drying. The differences in solvent content might be small when
comparing 60 and 105 g cakes, however the amount of residues should be as low
as possible and it cannot be said how long it would have taken for the AFD to
further reduce the dodecane residues in the cakes and if that was feasible.
Moreover, as the cake quantity increases the drying time rises significantly for
the conventional drying. Whilst for the scCO, treatment, the extraction/drying
time differences for the samples (a), (b) and (c) are small if we consider the fact
that the preheated period is also included in the total batch time. It should be
noted that the preheated periods for 60, 105 and 150 g cakes are 60, 90 and 120

min respectively.

7.1.2 Product properties

Particle size changes were observed in all the dried samples regardless the drying
method. For example at high operating conditions (200 bar pressure and 70 °C
temperature) during the scCO, treatment, particle size enlargement was
prominent possibly due to the increased solubility of the API in the solvents. As

opposed to this, agitated drying produced smaller particles by attrition. These
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type of changes are normally expected, and here they are noticeable but not to
an extent that it would be problematic. One of the most notable product
transformations was agglomeration. Agglomerates larger than 1mm size were
present in both scCO, extraction and conventional drying in the ranges of 48-86
% and 30-70% respectively. These percentages might be very big; however, they
represent samples, which constitute of both soft and hard agglomerates. Since
similar cakes dried in two different ways, the impact on particle attributes of
each drying method was evaluated by measuring the brittleness index of the
dried material. For the samples dried conventionally, only three out of nineteen
showed high ABI (> 0.4). Whereas scCO, extraction/drying generated softer
agglomerated material with ABI index higher than 0.4 in the majority of the
experiments. In the samples that exhibited ABI index above 0.4, at least the 80

% of the particle clusters were broken at the end of the analysis.

Apart from the drying efficiency, other factors that might reduce the formation
of rigid solid bridges could be the up-flow extraction/drying mode in combination
with the high solvent content in the bed at the beginning of the process. The
up-flow mode seems to prevent bed compaction or even expand slightly the
particle bed, which contributes to better solute-solvent contact. Whilst, by

avoiding breakthrough filtration before extraction/drying there is less cake
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compression and more particle motion, which might have a positive effect on the

ABI index.

7.1.3 Normalised energy consumption

160 ~

140 ~

120 4

100 ~

80

60

(kWh/kgsolids/kgsolvem)

40-

20~

Normalised energy consumption

scéOZ A#D

Figure 7.2. Normalised energy consumption for AFD and scCO, extraction/drying
at the optimal conditions; AFD: m=60 g, T= 70 °C, N,=0.8 L/min, static mode and
scCO; : m=150 g, T= 60°C, P=200 bar, CO,=20 g/min.

From the overall results of the energy analysis, it was concluded that the
normalised energy consumption for the agitated filter dryer was influenced by
the temperature and the drying mode since applied vacuum, the most energy
intensive step, was a fixed parameter in this study. The normalised energy values
for fully dried samples ranged from 56 to 245 kWh/Kkg wiids/Kg solvent, representing
the lowest and highest values, respectively. Regarding scCO; treatment, it was

difficult to distinguish which operational parameter influences the power
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consumption. Nevertheless, experiments conducted with cakes weighing 105 and
150 g displayed energy values within the range of 21 to 59 kWh/kg wiias/Kg sotvent-
In contrast, the majority of the 60 g cakes exhibited higher energy values ranging

between 93-172 kWh/kg wias/Kg sotvent-

Figure 7.2 compares the normalised energy consumption of the two examined
drying technologies under optimal conditions. The substantial difference
observed highlights the process performance and energy efficiency of the scCO»

technology.
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8 Conclusions and future work

8.1 Conclusions

This thesis investigated scCO, processing technology towards highly efficient,
fast and energy effective way of removing organic solvents from APIs. To achieve
this, a systematic experimental study was carried out, where similar paracetamol
cakes wet in dodecane dried under various conditions with the use of an agitated
filter dryer and scCO, technology. The results of both drying systems were
evaluated regarding the solvent residues in the dried cake, final product
properties and energy consumption. Based on the main observations made during

the study, the following conclusions have been drawn.

- ScCO, extraction/drying together with SIFT-MS online analysis
minimised the dodecane residues to an extent that was not feasible with
conventional drying. This was proved experimentally and the results
showed consistency across the experiments.

- ScCO; treatment was much faster process than conductive vacuum
drying. Particularly for large cakes, the differences in drying time were
significant.

- A novel way for monitoring in real-time the solvent residues at the end

of scCO extraction/drying was demonstrated successfully using SIFT-MS
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technology. This enabled to determine the endpoint of the process and
optimise the extraction/drying.

- Moderate particle size changes and high particle agglomeration were
observed in both drying techniques; however, scCO, extraction/drying
generated softer agglomerates. This will minimise the need for subsequent
milling which is energy-intensive step.

- The normalised energy consumption for supercritical CO, extraction/
drying process was significantly lower than the AFD at the optimal

conditions.

To conclude, there are clearly many advantages of using scCO- technology as an
alternative way of drying APIs. By adopting this method it is highly important
to improve the overall process efficiency, especially nowadays, that there is an
urgent need for developing processes with very low environmental impact. This
could be achieved by further optimisation of the process and reduction of the
electricity consumption, which is mainly related to the amount of CO, used
during the process. Other potential improvements could be the energy recovery,
heat insulation, CO, recycling and process integration that are not considered

here.
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8.2 Future work

This project addressed many challenges related to drying APIs and showed the
potential of supercritical COs technology compared to conventional methods.
The obtained results are encouraging for further investigations so that benefits
of using scCO, technology could be effectively utilised for solvent removal from
APIs. For this purpose, it is important to explore more organic solvent-API
systems, which are suitable for the scCO, process. For example, it would be
interesting to investigate the removal of organic solvents from thermal labile
compounds using scCO, technology at relatively low temperatures. Furthermore,
it is worthwhile to investigate the potential application of supercritical COs
extraction/drying for pH-sensitive APIs, such as certain antibiotics or
biopharmaceuticals like proteins, as pH changes may influence the stability or
properties of these products. Regarding stability, it is also imperative to conduct
research on the impact of supercritical CO, on crystal structure under various
conditions. For example, if a suspension of crystals was held in supercritical CO,
with a small quantity of an organic solvent for an extended period this might
favour the nucleation of a new more stable polymorph due to the enhanced
molecular mobility achieved in the supercritical phase surrounding the crystals.

This would require X-ray diffraction (XRD) analysis on the isolated dried
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material following exposure to this extended supercritical holding period since it
would be very challenging to conduct XRD in-situ. This study is of high
importance since polymorphic changes can lead to both desirable and undesirable

alterations in the dissolution rate, activity, and stability of the drug product.

In terms of process efficiency, studies regarding the up-flow and down-flow mode
of the process could help to understand their impact on drying and final product
properties. The down-flow mode might reduce the extraction/drying time and
consequently the energy consumption. Within this, investigations focusing in
lower operating conditions, sub-critical or near critical, would also be beneficial
from an economic perspective. Lastly, studies regarding VLE (Vapour-Liquid
Equilibrium) data of solvent-CO, binary systems could help to fully understand
the solvent’s behaviour in scCO; to support the design of further

experimentation.

Another field that could be of interest to expand its application, is the
desolvation of solvates. The drying time can be significantly reduced and it would
be ideal for compounds that are not stable at elevated temperatures.
Additionally, the desolvation using scCO; technology at various conditions might
result in solvent-free solids with desirable polymorph that cannot be accessed by

other means. An anticipated benefit of significantly reducing the residual solvent
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level would be to enhance the long-term stability of the isolated product,
potentially extending shelf life. To the author’s best of knowledge, there is no

previously published work using scCO- technology in this area.
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10 Appendix A

Fitted data using an exponential function
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Figure A7. Drying curve procured at

°C temperature, 0.2 L/min nitrogen flow
rate, 60 g solid mass and intermittent
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50 Figure A8. Drying curve procured at
70 °C temperature, 0.8 L/min nitrogen
flow rate, 60 g solid mass and

intermittent agitated drying mode.
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60 °C temperature, 0.5 L/min nitrogen

flow rate, 105 g solid mass and
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11 Appendix B

Binary diffusion coefficient D

The binary diffusion coefficient Dy, is calculated from the equations below [147]:
Dy, =Dy - exp(=b- (p — po)) Ea. (B1)

Where Dy is the diffusion coefficient at py = 0.1 Mpa and coefficient b expresses

the pressure-dependence of Dy, .

Table B 1. Dy and b coefficients for CO, diffusion coefficients D> in dodecane at

different temperatures.

Tscr (k) Do b
323 5.38 0.0078
333 6.12 0.0075
343 6.90 0.0075

Taking the values from Table B 1 and solving the Eq. (B1) the Dy, is estimated
for different pressures. For example, at pressure 20 Mpa and temperature 323 K

the Dy, for the COs-dodecane is equal to 4.61 - 10°m? - s*.

D, = 5.38 - exp(—0.0078 - (20 — 0.1)) = 4.607 - 10 — 9 m? - s7*
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Table B 2. Diffusion coefficients D2 of CO, in dodecane at temperatures T and
pressures P.

T (K) P(Mpa) D2 (10'9 -m? - S'l)

20 4.607
323 14 4.827
8 5.058
20 5.270
333 14 5.514
8 5.769
20 5.948
343 14 6.221
8 6.507

Density of the CO,

Python module was used for the calculation of the CO, properties at particular
temperatures and pressures with the use of Peng-Robinson equation of state.

(https://github.com/CorySimon/PREOS )
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Table B 3. A comparison of carbon dioxide density and viscosity used in the
calculations with the values retrieved from the NIST library.

Exp. Pressure Temperature pPco2 Hcoz * 10
No. (bar) (°C) (kg/m?) (Pa-s)
Peng A .Fenghour, NIST
NIST
Robinson et al. [152]

1 200 50 787 785 71.7 69.6
2 140 50 606 674 60.1 53.4
3 200 70 657 660 54.8 52.6
4 140 60 511 562 40.2 41.7
5 200 60 721 724 61.0 60.5
6 200 70 657 660 54.8 52.6
7 200 60 721 724 61.0 60.5
8 200 50 787 785 71.7 69.6
9 200 70 657 660 54.8 52.6
10 140 60 511 562 40.2 41.7
11 200 50 787 785 71.7 69.6
12 140 70 438 458 30.3 33.6
13 140 60 511 562 40.2 41.7
14 140 60 511 562 40.2 41.7
15 140 60 511 562 40.2 41.7
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Mathematical modelling results
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Figure B1. A) Mass fraction of extracted dodecane versus time; at T=50 °C,
P=200 bar, CO; flow rate=10 g/min and mass of cake=60 g b) Dodecane and 2-
propanol concentration changes over time obtained from SIFT-MS online analysis.
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Figure B3. A) Mass fraction of extracted dodecane versus time; at T=70 °C,
P=200 bar, CO, flow rate=10 g/min and mass of cake=60 g b) Dodecane and 2-

propanol concentration changes over time obtained from SIFT-MS online analysis.
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Figure B12. A) Mass fraction of extracted dodecane versus time; at T=70 °C, P=140 bar,
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changes over time obtained from SIFT-MS online analysis.
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Figure B14. A) Mass fraction of extracted dodecane versus time; at T=60 °C, P=140 bar,
CO; flow rate=20 g/min and mass of cake=105 g b) Dodecane and 2-propanol
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