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quirements and other issues that come along with product transfer like increase in
production time. A single unit having the ability to carry out both the unit oper-
ations can avoid all the mentioned drawbacks. This idea has lead to the migration
towards Agitated Filter Dryers (AFDs) from an older setup, which had a filtration
unit followed mostly by a vacuum tray dryer. Figure 1.3 is an example of agitated

filter dryer on a lab scale.

Figure 1.3: AFD from ProCepT used for the experiments at the labs of Sunovion
Pharmaceuticals Inc.

In addition to the two types of dryer mentioned, other dryers include tumble
dryers, drum type dryers, centrifugal filter dryers, spray dryers (for amorphous API),

radiation (microwave) based dryers, and many more [54].



1.2.2 Drying end point

There are a number of approaches to determine the end of the drying process.
The most common one is to construct a drying curve by taking samples during differ-
ent stages of drying cycle against the drying time and establish a drying curve. Karl
Fischer titration and loss on drying (LOD) moisture analyzers are also routinely used
in batch processes. For LOD measurements, the sample is dried until no solvent is
left behind. This is to ensured by drying the sample at reasonably high temperatures
and/or for a long time. LOD measurement involves periodic removal and weighing of
the drying cake until continued drying offers negligible improvement. While standard-
ized throughout the pharmaceutical industry, the LOD method is highly intrusive,
manpower intensive and further slows the drying process.

Recently, the development of Quality by Design (QbD) methods enabled by
Process Analytical Technology (PAT) has received intense interest in the pharma-
ceutical industry [50]. While many QbD techniques are under development for other
downstream processing steps such as crystallization [29], the drying step has been
largely neglected despite its importance. In principle, recent advances in PAT al-
low the development of less intrusive and more effective QbD methods. However,
technologies currently being studied suffer from a number of disadvantages. Off-line
analysis methods such as Magnetic Resonance Imaging (MRI) and X-ray Tomogra-
phy (XRT) are very useful for obtaining detailed information on the cake internal
structure. However, MRI is expensive and studies are limited to water [51, p. 91—
182], while XRT has limited resolution and can have difficulty detecting multiple
compounds without the addition of dopants [51, p. 91-182].

An ideal PAT tool would provide noninvasive, real-time measurements of sol-
vent concentrations within the drying cake. While such a tool does not currently

exist, Near Infrared (NIR) spectroscopy has been shown to be capable of providing



realtime solvent concentration measurements of the head space gas [31]. However,
NIR relies on part of the spectrum that contains weak overtones and combination
spectral frequencies that can be better observed as intense, fundamental vibrations
in the Midinfrared (MIR) range [50]. Both NIR and MIR necessitate the develop-
ment of multivariate models that require considerable data, time and expertise. By
contrast, mole fraction measurements of multiple components in a gas sample are
readily obtained using Mass Spectrometry (MS). The mole fractions are calculated
from measured intensities of fragments with different mass to charge ratios. Because
every chemical component produces different fragments in different amounts, various
species are easily differentiated and their mole fractions are readily quantified. More
importantly and as emphasized in this thesis, the head space gas does not capture
the current state of the drying cake but instead is impacted by mixing effects in the
dryer headspace. With the introduction of portable and relatively inexpensive mass
spectrometers into the pharmaceutical industry, MS is an attractive technology for

developing QbD tools aimed at improving the performance of drying operations.

1.3 Modeling drying

A promising approach for process improvement is to use a mathematical model
to predict and optimize dryer performance. A wide variety of drying models exist [44]
and can be conveniently classified as: @) vaporization front models, b) pore network
models, ¢) population balance models, d) discrete element models and, e) transport
models. Vaporization front and population balance models typically contain numer-
ous unknown parameters that must be estimated from dryer data [44]. Furthermore,
the extensibility of these models to new operating condition as needed for process
optimization has not been well studied. Pore network models are most useful for

developing fundamental understanding of the impact of the cake pore structure on



drying behavior. However, these models require substantial information about the
cake structure and do not account for many important transport effects including
non-isothermal operation. While they do not suffer from the limitations of the other
drying models, discrete element models are highly computationally intensive as in-
dividual particles must be simulated [44]. Consequently, these models are not well
suited for process simulation and optimization. Whitaker developed a general theory
of drying based on coupled heat and mass transfer [56]. A number of drying models
with applications to pharmaceutical products [13], [27] as well as in other industries
[47], [28] have been based on the Whitaker model. For example, variants of the
Whitaker model have been developed for three-dimensional simulation of wood dry-
ing [33] and clay drying [49]. These models have the ability to generate qualitatively
accurate predictions with reasonable computational effort.

In 1980s, a lot of work was done on parametric study of mechanically agitated
vacuum drying using penetration models ([52, 53, 48, 6]). These studies investigated
heat transfer into the material, effect of mixing times and correlated mixing time
to Froude number and mixing number. The effect of intermittent stirring on drying
performance was looked into in [25]. A parametric study of the process using the
classic vapor front model is in [26]. Very recently [30], the penetration model was
extended to study the performance and to optimize the filter drying process. In
addition, general guidelines were proposed to operate filter dryers for efficient drying.
Thermal DEM was used to study agitated drying as well [18, 19]. These studies
demonstrated how thermal DEM could be very useful as it can provide temperature
distribution at the particle level. There has been a good amount of effort on the
DEM front [38, 39, 40] to understand the effect of RPM and load during agitation.
DEM models have also been used to parametrically study drying by comparing with
experiments [44, 42, 45].

On the contrary, the scenario is very different on the agitated filter drying



front when considering changes in morphology of API or other crystals. The impact
of agitated drying on the crystal size distribution and morphology of KCI and L-
threonine (needle-like) was studied in [22, 21]. Further work with agitated filter dryer
includes [11]. The focus in the work was primarily on DEM models to predict attrition.
Another study [10] very recently published looks into the breakage of paracetamol and
aspirin at very low stresses. The impact of agitation on bulk density, specific surface
area, particle size and millability of fibrous needle morphology was studied in [15]. A
systematic experimental and modeling study of agitated drying with glass beads and
lactose monohydrate was performed in [43] looking into the effect of temperature,
load and RPM on particle morphology. Recently efforts have been directed towards
developing and applying laboratory tools to predict particle properties on scale-up
in AFDs [2, 58]. Following these, the effect of shear stress and hydrostatic pressure
on API powder properties keeping in mind scale-up was studied in [41]. Although,
there has been a great interest in studying particle size changes of API crystals due
to attrition, agglomeration and other factors during drying, very limited work exists

in the front of modeling particle size change during vacuum agitated filter drying.

1.4 Organization of the Thesis

In Chapter 2, I described the development and application of a mass spectrom-
eter (MS) based QbD tool for monitoring pharmaceutical drying processes. The QbD
method was applied to a laboratory-scale vacuum contract dryer with glass beads of
different particle sizes, with single and multiple solvents, and over a range of operating
temperatures and pressures. In Chapter 3, I described experiments with a vacuum
tray dryer using a MS and thermocouples. I developed a multiphase transport model
to capture the dynamics of the process. In Chapter 4, I demonstrated the effects of

agitation speed (RPM) and solvent concentration (dry basis) on breakage of active



pharmaceutical ingredient (API) during agitated vacuum drying. I used a population
balance model with a power law breakage function and generalized Hill-Ng daughter

distribution to model the evolution of particle size.



CHAPTER 2
USING ONLINE MASS SPECTROMETRY TO PREDICT
THE END POINT DURING DRYING OF
PHARMACEUTICAL PRODUCTS

2.1 Introduction

This chapter describes the development and application of a mass spectrom-
eter (MS) based QbD tool for monitoring pharmaceutical drying processes. As MS
provides mole fraction measurements of solvents in the head space gas, solvent con-
centrations in the drying cake are not easily predicted due to mixing dynamics in the
dryer headspace. Therefore, the proposed method is based on detecting the drying
end point, the time at which all solvents have been completely evaporated from the
cake. As the gas phase measurement alone is not sufficient to determine this time,
the drying end point for each solvent is determined as the time at which the gas phase
solvent concentration measurement converges to a predicted value computed from a
solvent mass balance on the dryer headspace assuming zero flow rate from the cake.
The QbD method was applied to a laboratory-scale vacuum contract dryer with glass
beads of different particle sizes, with single and multiple solvents, and over a range of
operating temperatures and pressures. LOD experiments were performed to validate
the end point prediction for a particular case. To demonstrate industrial relevance,

the method was also applied to vacuum drying of a representative API. While the
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present study is focused on vacuum contact dryers, the method is equally applicable
to other types of pharmaceutical dryers, assuming the necessary solvent balances can

be derived.

2.2 Materials and Methods

2.2.1 Materials

The solids used for experiments were either spherical glass beads or a repre-
sentative API. The glass beads were manufactured by Corpuscular Inc. (Cold Spring,
NY) and consisted of three size ranges: a) 10-25 pm, b) 70-110 pm and c¢) 150-250
um. Particle Size Distributions (PSDs) were measured with a HORIBA LA-920 (Al-
bany, New York) static laser scattering analyzer. Figure 2.1 shows the measured
PSDs as well as the volume weighted arithmetic mean diameters for the three bed
samples and the API. While the glass beads produced unimodal PSDs, the API PSD
had a strong bimodal characteristic. Interestingly, the measured mean diameter for
the 10-25 pum bead sample was 9.38 pm, which was outside the range claimed by the
manufacturer. Additional details about the API cannot be provided due to propri-
etary concerns. Solvents used in different experiments included acetone, methanol
and methyl tert-butyl ether (MtBE). Important properties of these solvents with re-
spect to their drying behavior are listed in Table 2.1. The enthalpy of vaporization
of methanol is an order of magnitude larger than that of acetone and MtBE, and
methanol has a high boiling point compared to both the other solvents. For all three
solvents, the enthalpy of vaporization does not change significantly over the range of
operating pressures considered in this work. Methanol and MtBE are known to form
a minimum boiling point azeotropic mixture [1]. Due to the solvent concentrations

used, azeotrope formation was not an issue in my experiments.

11



101

2 []10-25 um

d =843 um 0 .70_”0 um : d,=8332 um

101 . 1
0

10° 10° 10 10 10° 10°

Frequency

10

20 150-250 um

1

0dp=172482 um
0° 10'

10
10° 10° 10° 10" 10° 10°

Particle Diameter pm

Figure 2.1: Particle size distributions for glass bead samples: 10-25pm, 70-110 pm,
and 150-250 pm and for the API. The dashed line indicates the volume-weighted

mean diameter.

Table 2.1: Properties of solvents at different operating pressures

Solvent Pressure Boiling point [57] Enthalpy of vaporization MW
(mmHg) (°C) (Jkg™") (gmol ™)

30 —15.39

Acetone 40 —10.47 5.67 x 10° 58.08
50 —6.50
30 —0.09

Methanol 40 4.53 1.23 x 106 32.04
50 8.24
30 —18.12

MtBE 40 —13.15 3.62 x 10° 88.15
50 —9.13

2.2.2 Laboratory-scale vacuum dryer

I designed and constructed a customized vacuum contact dryer system to per-

form laboratory experiments (Figure 2.2). The oven was specially designed for ef-

ficient heat transfer to the cake and insulated to avoid heat loss. Rather than use

electrical heaters on the walls of the oven, the cake was heated with a hot fluid that
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circulated through the tray upon which the sample dish was placed. The fluid tem-
perature was regulated by a Lauda Model Proline RP 845 temperature controller
(Delran, NJ) with an accuracy of 4+ 0.01°C. Nitrogen (purity 99.998%) was pumped
into the oven as the carrier gas at a volumetric flow rate of 5L min~" (2.98 - 1073
m?s~1). The nitrogen flow rate was regulated by a Cole Parmer Model 32907-69 flow
controller (Vernon Hills, IL) with an accuracy of 0.1%. Oven gas consisting of evap-
orated solvents, nitrogen, and residual oxygen and carbon dioxide was continuously
removed to maintain the oven pressure at the setpoint value. The exit gas flow rate
was measured with an Omega Model FMA-1610A-VOL flow meter (Stamford, CT)
with a maximum flow rate of 100 Lmin™" (0.0595 m®s™') and an accuracy of 1%. The
flow meter used the Hagen-Poiseuille equation to calculate the flow rate and was cali-
brated using pure nitrogen. Data from the flow controller and flow meter were logged
using PuTTY (open source software under the MIT license). To enhance mixing of
gases, the inlet and outlet gas ports were placed at the lower bottom right corner
and the top of the oven, respectively. At the inlet flow rate of 5L min~! (2.98 1073
m?s1), the oven residence time (7) was calculated to be 512 seconds by performing a
nitrogen step experiment and fitting the nitrogen mass fraction data to the first-order
differential equation (eq A.5).

The oven pressure was regulated with a BUCHI Model V-850 pressure con-
troller (New Castle, DE) that manipulated a control valve on the exit gas stream.
The pressure controller operated as an on-off type controller with a specified tolerance
of 1mmHg (0.1333 kPa). Pressure data was logged using Distillation Record soft-
ware provided by BUCHI. The exist gas was passed through a FTS Systems Model
Titan Trap vapor trap (Warminster, PA) and then was pumped out of the system
with an Edwards Model XDS10 A72601906 pump (Sanborn, NY). Three Oakton
Model 073098B-K-G-12 type K thermocouples (Vernon Hills, IL) were available for

direct placement inside the drying cake to measure spatial temperature gradients.
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Figure 2.2: Laboratory-scale vacuum contact dryer connected to a portable mass
spectrometer for real-time analysis of API drying performance.

The adjustable thermocouples were placed at 0cm, 0.6 cm and 1.9 cm from the base
of the sample dish, and temperature data was recorded with a Cole-Parmer Model
USB-5201 data logger (Vernon Hills, IL) using Tracer DAQ software provided by
Cole-Palmer. Gas exiting the top of the oven through a tube wrapped in heat tape
to avoid condensation of solvents was passed to an Extrel CMS Model Max LG 300
mass spectrometer (Pittsburgh, PA) for composition analysis. The MS was capable
of achieving accuracies of 100 ppb (10" mole fraction) in the absence of interference
between the components. Due to the presence of very small interference, an accuracy
of 107° mole fraction was attainable for my experiments. Mole fraction measurements
were generated every 3-4 seconds and processed using Questor 5 software provided

by Extrel.

2.2.3 Experimental Procedure

The solid material was placed inside a glass dish with an inner diameter of

8.6 cm (OD: 9cm) such that the cake thickness was 2.3 cm. The solid was saturated
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with the solvent(s), placed in the oven and outfitted with the three thermocouples.
The vapor trap, pump, flow meter, flow controller and the thermocouple data loggers
were turned on and data recording was initiated. The oven was closed securely and
pressure reduction was commenced by opening the exit gas control valve using the
pressure controller. This point represented time zero and was used to synchronize
all data. Drying operation was stopped by venting the oven with air when the MS

displayed a value of 0.5% mole fraction of the least volatile component.

2.2.4 Theory

A representative set of data obtained from the MS for the drying of glass
beads with acetone solvent is shown in Figure 2.3. The mole fraction profile for
acetone suggests that drying was complete at approximately 70 min. However, the MS
analyzes gas from the head space and therefore provides composition measurements
that trail those in the actual cake due to the residence time of the oven. In actuality,
the cake is dry well before 70min and the MS was simply measuring flow driven
depletion of acetone from the headspace. Therefore, the MS measurements are not
sufficient to determine solvent compositions in the cake and must be combined with
appropriate mathematical analysis to extract more useful information for monitoring
dying performance.

Determining solvent compositions within the cake from gas phase composition
measurements is difficult due to dryer headspace dynamics. The problem is simpli-
fied considerably by using the available composition measurements to determine the
drying end point for each solvent as the time at which all the solvent is evaporated
from the cake. At the end point for a particular solvent, the evaporation rate of the
solvent from the cake becomes essentially zero and the only source of solvent is that

contained in the head space of the oven. Under the simplifying assumption that gas
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Figure 2.3: Mole fraction data from the mass spectrometer for drying of glass beads
(150-250 pm) with acetone as the solvent at 50 mmHg and 50 °C.

in the head space is well mixed, the mass fraction of each component i in the gas
phase will satisfy the following equation derived in the Appendix:
dxi _qurge Mpurge ]

_ Hpurge 2.1
dt VoM, (2.1)

where z; is the mass fraction of component i in the gas phase, Mg is the
average molecular weight of the gas phase, gpurge and M,y 4. are the volumetric flow
rate and molecular weight of the purge gas, respectively, and V is the volume of the
head space. The following equation was used to convert the mole fractions provided

by the MS into mass fractions:

_ M;y;
= i,

T (2.2)

where y; is the mole fraction of component i. An algorithm was developed to
automatically and robustly determine the drying end points from gas phase compo-
sition measurements. At any given time, composition data over the last 60 seconds
were collected in a vector a. An analogous vector was formed from data collected

over the last 120 seconds and then smoothed by moving average to account for fluc-
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tuations in the MS signal caused by frequent switching of the pressure control valve.
The last 60 seconds of this smoothed data was collected into a vector 5. Equation 2.1

was integrated to yield:

M urge t V
Tj = Xjo€XP (—#—> where 7 = (2.3)
Mg T qurge

This equation was fit to the measured composition data by adjusting x; , such
that x;(t) passed through the mid-point of the vector av where ¢ = 0 corresponds
to the first point in o. The last 60 seconds of predicted z;(t) values were collected
into a vector v (Figure 2.4). The root mean square (RMS) error between 5 and «
was denoted €;, and the RMS error between  and v was denoted e;. A drying end
measure was defined as Q0= €;/¢; , such that 2 < 1 indicated that the convergence
error €5 between the model and the smoothed data was less than the error in the data
due to noise. Therefore, I considered the first time where 2 < 1 as the tentative
drying end point for the solvent. To further validate this conclusion, this condition
was checked at each time point over a span of 120seconds before declaring drying
complete for the solvent. This analysis was done simultaneously for all the solvents
in the mixture. The cake was assumed to be completely dry when the end point was
reached for the least volatile solvent. While all analyses in this paper were performed
off-line following data collection, the proposed algorithm can easily be implemented

in real time.
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Figure 2.4: Representation experiment showing the vectors «, 3, and v used to
determine the drying end point.

2.3 Results and Discussion

2.3.1 Pure Solvents

2.3.1.1 Acetone

Drying experiments with acetone as the solvent were performed for three dif-
ferent glass bead size (10-25, 70-110 & 150-250 um), three temperatures (30, 40 and
50°C) and three pressures (30 mmHg, 40 mmHg and 50 mmHg). The nominal case
was chosen as 150-250 pm beads, 50 °C (323.15 K) and 50 mmHg (6.665 kPa), and six
other experiments were performed by changing one variable at a time. Mole fraction
data obtained from the mass spectrometer for the seven experiments are shown in
Figure 2.5. The data for varying bead sizes followed the expected trend, with larger
particles drying more rapidly. However, the data for varying temperature and pres-
sure did not appear to follow the expected trends. The 40 and 50°C experiments

produced very similar mole fraction profiles, while the 30 mmHg (3.999 kPa) experi-
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ment produced slower dying dynamics than the two higher pressures. As mentioned in
the Section 2.2, the cake thickness was fixed for all experiments even though the three
bead sizes had different void fractions. Consequently, the initial amount of liquid in
every experiment was different and the results should be reinterpreted according to

the amount of drying per unit mass of liquid. This issue is revisited below.
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Figure 2.5: Acetone mole fractions measured by mass spectroscopy for drying of glass
beads (a) glass bead size 150-250 pum, temperature 50°C and pressure 30, 40 and
50mmHg; (b) glass bead size 150-250 pm, pressure 50 mmHg and temperature 30,
40 and 50°C (c) temperature 50 °C, pressure 50 mmHg and glass bead sizes 10-25,
70-110 & 150-250 um.

Figure 2.6 illustrates the application of the drying end point detection algo-
rithm to the data collected for the nominal case of 150-250 pm beads, 50 °C (323.15
K) and 50 mmHg (6.665 kPa). The light gray color denotes the region where the
drying end measure €2 > 1 and the cake was deemed to be drying. The dark gray
color denotes the region where {2 < 1 and the cake was deemed to be dry subject
to 120s of continued validation as discussed in Section 2.2.4. The red line marks
the completion of the validation process and the corresponding time was taken as

the drying end point of 36.9min. It is important to note that drying was complete
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long before the measured gas phase mole fraction reached a very low value at ap-
proximately 80min, as shown by the blue line in Figure 2.6. This example shows
the power of the proposed QbD tool, as a plant operator monitoring the end point
detection plot would be able to conclude that drying was complete in less than half
the time indicated by the unprocessed MS signal.

Time:36.9 minutes Q:0.46 Status: Done

Mass Fraction
© o o o o o o
N w D w (o)) ~N o]
[
1 1 1 1 1 1

o
-
1

G0 10 20 30 40 50 60 70 80

Time (minutes)

Figure 2.6: Drying end point detection algorithm with acetone solvent, glass beads
of size 150-250 um, temperature of 50 °C, and pressure of 50 mmHg.

The drying end point times determined with the proposed algorithm for the
seven experiments shown in Figure 2.5 are listed in Table 2.2. Also shown for each
case are the initial mass of acetone and the drying time per gram of acetone (scaled
drying time) that accounts for initial amount of liquid. As expected, the scaled
drying time decreased with increasing temperature due to the larger driving force for
heat transfer and with increasing bead size because smaller particles offer a higher
resistance to mass transfer. However, pressure did not have the expected effect on
the scaled drying time as 40 mmHg (5.332 kPa) produced a shorter drying time than
did 30 mmHg (3.999 kPa). These results can be rationalized by noting that the flow
1

controller could not maintain the inlet nitrogen flow rate at the target 5L min~

(2.98 - 1073 m3s7!) at 30 mmHg (3.999 kPa). During the experiment, the flow rate
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fell to 4.32mmHg (0.5759 kPa) and the residence time of gas in the head space was
increased accordingly. This discrepancy caused the 30 mmHg (3.999 kPa) experiment

to exhibit slower drying dynamics than expected.

Table 2.2: Comparison of drying times for seven experiments with acetone as the
solvent and different bead sizes, temperatures and pressures

Exp # Temperature Pressure Particle size Drying time Mass of liquid Time per gram
°C

mmHg pm g g ming~!
1 50 40 150 to 250 37.04 0.86 31.70
2 50 30 150 to 250 34.7 36.72 0.94
3 50 50 150 to 250 36.9 35.93 1.03
4 40 50 150 to 250 39.1 36.65 1.07
5 30 50 150 to 250 45.6 36.85 1.24
6 50 50 70 to 110 48.1 36.01 1.34
7 50 50 10 to 25 73.6 51.15 1.44

In an attempt to validate the end point dying predictions for acetone, LOD
experiments were performed at the nominal conditions: glass beads of size 150 pm
to 250 pm, temperature of 50°C (323.15 K) and pressure of 50 mmHg (6.665 kPa).
Rather than reinsert the sample back into the oven following weighing, a separate
drying experiment was performed for each measurement time. A total of six exper-
iments of different durations were performed, and each experiment was terminated
once the sample was removed from the oven so as to eliminate the unmodeled distur-
bance that would occur if the sample was reinserted. The solid and solvent masses
were determined before the start of the experiment. The final mass of material was
weighed at the end of each experiment to determine the dry basis moisture content.
This procedure was based on the assumption that the six experiments were identical
until sample removal, which seemed to be approximately validated by the results in
Figure 2.7 where the abrupt decrease in the mole fraction measurement indicated ter-
mination of the experiment. The results of these LOD experiments are summarized
in Table 2.3 along with the value of the end point drying measure €2 calculated at the
end of each experiment. According to this analysis, the sample was dry by the end

of experiment 5, suggesting that drying was complete between 33 and 38 min. This
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time range agreed with the results of experiment 3 in Table 2.2, which indicated that
drying was complete at 36.9 min. The moisture content values determined from the
LOD experiments indicated that the sample was not completely dry until the end of

experiment 6.
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Figure 2.7: Loss of drying experiments for glass beads of size 150-250 pum, acetone
as the solvent, temperature of 50 °C, and pressure of 50 mmHg. The duration of each
experiment is listed in Table 2.3.

Table 2.3: Comparison of the cake moisture content determined from the loss on
drying experiments in Figure 2.7 and the end point drying measure calculated by the
QbD method

Stop time Liquid in cake Moisture content dry basis Drying measure

Exp 7 min g % Q at end of run
1 12.75 7.524 3.952 44.70
2 20.00 2.408 1.136 7.01
3 26.00 0.718 0.339 4.22
4 33.00 0.118 0.056 4.37
) 38.00 0.025 0.012 0.56
6 42.00 0.000 0.000 0.38

However, acetone is a class 3 solvent [8] and the acceptable residual solvent
concentration is 0.5 % (5,000 ppm) moisture content dry basis. The moisture content

calculated at the end of experiment 5 was 0.012 % (120 ppm), which is well below 0.5 %
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(5,000 ppm). Therefore, I can conclude that the proposed QbD method satisfactorily

predicted the drying end point under these conditions.

2.3.1.2 Methanol

Drying experiments with methanol as the solvent were performed at a temper-
ature of 40°C (313.15 K) and pressure of 50 mmHg (6.665 kPa) for the three different
glass bead sizes. Mole fraction data obtained for the three experiments followed the
expected trend with cakes comprised of larger particles drying more rapidly (Fig-
ure 2.8). Application of the QbD method to the mole fraction data obtained for the
150 to 250 um beads is illustrated in Figure 2.9. The sample was predicted to be
completely dry at 88.7min, while the measured gas phase mole fraction reached a
very low value at approximately 110 min. The benefit of QbD analysis was not as
large as for acetone (Figure 2.6) because methanol has a higher enthalpy of vapor-
ization (Table 2.1). QbD analysis of the drying data for the three experiments with
different bead sizes summarized in Figure 2.10 reconfirmed the conclusion that cakes
with larger particles dried more rapidly. As compared to results with acetone as the
solvent (Table 2.2), the effect of particle size was more pronounced with methanol

due to the larger enthalpy of vaporization.
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Figure 2.8: Methanol mole fractions measured by mass spectroscopy for drying of
glass beads of different sizes (1025 pm, 70110 pm, 150250 pum) at a temperature of
40°C and pressure of 50 mmHg.
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Figure 2.9: Drying end point detection algorithm with methanol solvent, glass beads
of size 150250 pum, temperature of 40 °C, pressure of 50 mmHg.
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Figure 2.10: Comparison of drying times for three experiments with methanol solvent,
temperature of 40 °C and pressure of 50 mmHg, and different glass bead sizes.

2.3.2 Multiple Solvents

2.3.2.1 Glass Beads with Methanol-MtBE

Drying experiments with methanol:MtBE mixture (2:1 volume ratio) as the
solvent were performed at a temperature of 50 °C (323.15 K) and pressure of 50 mmHg
(6.665 kPa) for different glass bead sizes. Figure 2.11 shows methanol and MtBE mole
fraction data for the three experiments. Despite having a lower initial concentration in
the cake, methanol evaporated much more slowly due to its higher heat of vaporization
(Table 2.1). As observed with single solvents, cakes with larger particles dried more

rapidly because smaller particles offered a higher resistance to mass transfer.
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Figure 2.11: MTBE and methanol mole fractions measured by mass spectroscopy
for drying of glass beads of different sizes (1025 pm, 70110 pm, 150250 pum) at a
temperature of 50 °C, and pressure of 50 mmHg.

Application of the QbD method to the mole fraction data obtained for 150 to
250 pm beads is illustrated in Figure 2.12. In this case, a separate plot was generated
for each solvent to determine which solvent was evaporated last from the cake, as this
time represented the drying end point. MtBE was predicted to be evaporator first,
while the drying end point was determined as the time methanol was evaporated at
51.9min. By contrast, the unprocessed gas phase measurements suggested a methanol
drying time of approximately 75 min. QbD results obtained for the three bead sizes
are summarized in Table 2.4. Methanol exhibited the expected trend in drying time

with particle size.

Table 2.4: Comparison of drying times for three experiments with methanol and
MtBE as solvents, glass beads and API as solids, temperature of 50 °C, and pressure
of 50 mmHg

Particle size Drying time Mass of liquid Time per gram (v))

Sotid (jm) (min) (8) (ming )
150 to 250 51.9 36.818 1.41
Glass beads 70 to 110 64.2 35.675 1.80
10 to 25 92.6 41.152 2.25
API ~ 5 to 220 51.5 12.346 4.17
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