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ABSTRACT
Purpose To understand the mechanisms of secondary drying of
spray-dried dispersion (SDD) drug product and establish a model
to describe the fate of organic solvents in such a product.
Methods The experimental approach includes characterization
of the SDD particles, drying studies of SDD using an integrated
weighing balance and mass spectrometer, and the subsequent
generation of the drying curve. The theoretical approach includes
the establishment of a Fickian diffusion model.
Results The kinetics of solvent removal during secondary drying
from the lab scale to a bench scale follows Fickian diffusion model.
Excellent agreement is obtained between the experimental data
and the prediction from the modeling.
Conclusions The diffusion process is dependent upon temper-
ature. The key to a successful scale up of the secondary drying is
to control the drying temperature. The fate of primary solvents
including methanol and acetone, and their potential impurity such
as benzene can be described by the Fickian diffusion model. A
mathematical relationship based upon the ratio of diffusion coef-
ficient was established to predict the benzene concentration from
the fate of the primary solvent during the secondary drying
process.

KEY WORDS amorphous . Fickian diffusion . modeling .
secondary drying . spray dried dispersion

ABBREVIATIONS
API Active pharmaceutical ingredient
D Diffusion coefficient
DSC Differential scanning calorimetry
GC Gas chromatography
HPMCAS Hydroxypropylmethylcellulose (hypromellose)

acetate succinate
ICH International conference of harmonisation
MS Mass spectroscopy
PSD Particle size distribution
PVP K30 Polyvinylpyrrolidone K30
PXRD Powder x-ray diffraction
SDD Spray dried dispersion
SEM Scanning electron microscope
Tg Glass transition temperature
αAB Relative diffusion rate of solvent A with

respect to solvent B
β Diffusion parameter

INTRODUCTION

Spray Dried Dispersion (SDD) technology has been increas-
ingly utilized for drugs with low aqueous solubility to enhance
the solubility and bioavailability of drug product (1–4). In this
technology, as shown in Fig. 1, a solution of Active Pharma-
ceutical Ingredient (API) and stabilizing polymer in organic
solvent is fed to an atomizing nozzle in a spray dryer unit to
generate small liquid droplets which are immediately dried in
the drying chamber with hot nitrogen. After the drying cham-
ber, the solid particles are separated from the gas phase and
collected at the bottom of the cyclone. Due to the presence of
polymer and a very short residence time, normally less than
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30 s (5) in the drying chamber, the organic solvent cannot be
fully removed in a typical spray dryer unit. Hence, a second-
ary drying process is needed to further reduce the residual
organic solvents to a concentration below the ICH guideline
(6). The solvents of interest in this study are acetone and
methanol (which are controlled to meet ICHQ3C (R5) re-
quirements) and benzene (an ICH Class 1 solvent) which
could be present at ppm levels as a by-product of the produc-
tion of acetone and methanol. To optimize the process sys-
tematically, it is critical to understand the drying mechanism.
In this study, first, the fundamental drying mechanisms are
elucidated. Second, a mathematical mass transfer model is
established on the basis of the drying mechanism and the
characteristics of the solid particles. Third, this mass transfer
model is verified with lab scale experiments as well as large
scale batches. Finally, this established model is used to develop
the secondary drying protocol and to predict the fate of
organic solvents and solvent-related impurity such as benzene
(7) in SDD products.

The execution of the above-mentioned studies includes
both experimental and theoretical approaches, including the
generation of the drying curve from a weighing balance, the
characterization of the materials, the identification of evapo-
ration and Fickian diffusion patterns from the drying curve
and the establishment of a mathematical model from the
understanding of the morphology of the SDD product. Two
SDD systems are included in this study. The first one is
Compound A with polyvinylpyrrolidone K30 (PVP K30) as
the stabilizing polymer to understand the drying mechanisms
and to establish the secondary drying model. The second is
hydroxypropylmethylcellulose (hypromellose) acetate succi-
nate (HMPCAS) alone (i.e. without API) to study the fate of
primary solvents as well as benzene. The drying model
established from the first SDD system is used to estimate
how much and how fast the solvents, especially the benzene
impurity, can be removed from the SDD product via second-
ary drying.

Although diffusion-based drying kinetics of polymers has
been widely studied (8), this work is focusing on the

mechanistic understanding of secondary drying of polymer-
stabilized amorphous SDD of API. The methodology devel-
oped in this study can be applied broadly to the drying
processes of a variety of SDDs to predict the fate of solvents
and optimize the operation of a large scale secondary drying
process.

MATERIALS AND METHODS

Compound Selection

The material used in this study was an amorphous spray dried
dispersion consisting of 90.9 wt% BMS-817399, a develop-
mental BCS class II chemokine receptor-1 antagonist (Bristol-
Myers Squibb, USA) referred to here as Compound A, and
9.1 wt% PVP K30 (Ashland Inc., Covington, KY, USA) (9,
10). Details of the second SDD system including HPMCAS,
methanol, acetone and benzene can be found in a separate
paper by Yue et al. (7).

SEM

The samples were sputter coated using a JFC-1300 auto fine
coater (Jeol Inc, MA, USA) and then imaged using a
Neoscope JCM-500 (Jeol Inc, MA, USA).

Cryogenic SEM

A cross-section of SDD sample mounted in Tissue-Tek®
O.C.T.™ (Sakura Finetek Europe B.V., The Netherlands)
was imaged using a Hitachi S-4700 field emission scanning
electron microscope (Hitachi, Maidenhead, UK) equipment
with a cryogenic chamber (Gatan Inc., Abingdon, UK). The
details of this sample preparation and the results can be found
in (9).

Mixer          Spray Dryer        Cyclone             Dryer

Solution 
Preparation

Wet
SDD

Secondary
Drying

Gas/Solid
Separation

Gas

SDD
Formation

Fig. 1 Schematic diagram of spray-
dried dispersion process.
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PXRD

Powder X-Ray Diffraction data were collected using a
Bruker-AXS D8 Discover with GADDS system. The x-ray
generator was operated at 40 kV and 40 mA with a Cu target
(CuKα λ=1.5418 Å), Göbel mirror optics with a 0.5 mm
snout collimator, and Hi-Star Detector set at 175 mm
sample-detector distance. Integration was set at 3–33 °2θ with
a data collection time of 300–1200 s. Data were analyzed
using MDI Jade 9.

DSC

DSC data was collected on a PerkinElmer 8500
(HyperDSC®) under a 20 mL/min N2 purge and Heating
rate of 50°C/min.

Vapor Sorption Chamber

A microprocessor-controlled vacuum oven (VWR Model
1430 M) was modified and converted to a sorption chamber.
This chamber is equipped with a load cell (Sartorius
WZA523-CW) and connected to a mass spectrometer
(Ametek ProMaxion Dryi), as shown in Fig. 2. 20 to 30 g of
wet SDD product is placed in the suspended weighing pan in
the chamber and weight loss is automatically recorded at the
set temperature and vacuum level. In the course of drying, the
vapor phase composition is also monitored byMS. The drying
process is over when the weight curve reaches a plateau and
does not change any more with time. The dried sample is then
analysed by using gas chromatography (GC), PXRD, and
DSC.

There is no temperature sensor to monitor the surface
temperature of the SDD sample but instead it is assumed that
the particle temperature is the same as the oven temperature
in this study.

PSD

Particle size distribution was determined as a dry dis-
persion using a Malvern Morphologi G3 particle char-
acterization system (Malvern Instruments, Malvern,
UK). The details of this PSD method are provided by
Gamble et al. (9).

GC Method

An Agilent Model 6890 GC equipped with a split/splitless
injector, a flame ionization detector (FID) and an Empower
data acquisition system was used for GC separation and
detection. The method was performed on a capillary col-
umn with 5% diphenyl and 95% dimethyl polysiloxane
stationary phase (30 m×0.32 mm×1.5 μm, Restek). The
injector temperature was set at 165°C and the detector
temperature was set at 280°C. The GC oven temperature
was held at 40°C for 1 min, then programmed to 55°C at
a rate of 5°C/min, further increased to 225°C at a rate of
40°C/min, and then held at 225°C for 6 min. Helium
was used as the carrier gas at a constant flow rate of
1.8 mL/min. A split flow of 60 mL/min was used. Stan-
dard solution (0.2 μL/mL) and SDD sample solution
(50 mg/mL) were prepared using dimethyl sulfoxide
(DMSO) as the solvent. 1 μL of the solution were injected
by an Agilent Model 7683 autosampler. The method has
a linear range 0.04 to 2 μL/mL of methanol in DMSO.
The percentages of relative standard deviation (%RSD) of
methanol peak area response were within 5% for 6 injec-
tions of standard solution at two levels (0.04 and 0.2 μL/
mL). Percent recoveries at three spiked concentration
levels (0.04, 0.2, and 2.0 μL/mL) ranged from 98 to
104%.

Modelling of Secondary Drying in SDD Product

The mathematical equation of non-steady state diffusion
in a flat slab (11), as shown in Fig. 3, is set up to
describe the removal of organic solvent from wet SDD
product. The justification of using a slab is discussed in
the “Results and Discussion” section. By assuming a
constant diffusion coefficient (D), one-dimensional diffu-
sion and no reaction, this non-steady state diffusion
equation, can be written as follows:

D
∂2C
∂Z 2 ¼ ∂C

∂t
ð1Þ

Initial Condition:

C ¼ C0; t ¼ 0; −l < Z < l

Mass
Spectrometer

P

Vacuum Pump

Vacuum oven

Load Cell 

Housing

Fig. 2 Schematic diagram of the sorption chamber.
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Boundary Conditions:

1. Z ¼ l; C1 ¼ 0; t > 0

2. Z ¼ −l; C1 ¼ 0; t > 0

where D is the diffusion coefficient, C is the concentra-
tion of solvent, Z is the axis of the diffusion, t is time,
C0 is the initial concentration of organic solvent in wet
SDD before the secondary drying and C1 is the concen-
tration of solvent at the surface of the slab. The thick-
ness of the flat slab is 2 l. The selection of the thickness
of the slab as 2 l makes the solving of Eq. (1) easier
because the concentration profile in the slab becomes
symmetrical and the flux of the diffusion is zero as Z is
equal to zero. A uniform solvent concentration at the
beginning of the drying C0 is assumed.

The partial differential Eq. (1) can be solved by separation
of variables and its solution is available in literature (11–13).
The solution of Eq. (1) in terms of concentration as a function
of time and location can be integrated through the sheet from
– l to + l to provide the measurable quantity in terms of the
fraction of solvent remaining in the slab as a function of drying
time as follows:

Mt

M0
¼

X∞

n¼0

8

2n þ 1ð Þ2π2 exp −
D 2n þ 1ð Þ2π2t

4l2

( )
ð2Þ

where M0 is the weight of solvent in the wet SDD product
before the secondary drying,Mt is the weight of solvent in the
SDD product at drying time t, and n is an integer. The ratio of
Mt to Mo means the fraction of solvent remaining in the wet
SDD product. At the beginning of the diffusion when time is
equal to zero, the value of Mt to Mo is 1 and when the solvent
is completely removed from the wet SDD product, the ratio is
equal to 0.

Although Eq. (2) provides the relationship between the
weight change and drying time, the series in this equation
converges very slowly with time and it does not offer a short
and clear analytical relationship between the weight change
and the drying time at the beginning of the diffusion process,
when t is small. This kind of relationship can be obtained from

the solution of Eq. (1) via the Laplace transformation, as
described in literature (11–13). After the elimination of terms
when the time is small, the solution from the Laplace trans-
formation can be reduced to following expression:

Mt

M0
¼ 1−2

D

πl2

� �1=2

tð Þ1=2 ð3Þ

It should be noted that Eqs. (2) with infinite terms and (3)
with only two terms yield the same result when the value of
time is small, which is demonstrated in the “Result and Dis-
cussion” section. Equation (3) offers two useful features of the
Fickian diffusion (11–13). First, the plot of dimensionless Mt/
M0 vs. the square root of drying time, (t)0.5, is linear when time
is small. This linear relationship is also valid when the value of
Mt/M0 is less than or equal to 0.5 for Fickian diffusion (12).
Second, the value of the diffusion coefficient D can be deter-
mined from Eq. (3) if the diffusion length 2 l is known.

Equation (2) shows that the dimensionless Mt/M0 is a
function of drying time t and two parameters, D and l. The
term l is half of the diffusion length. In this study, these two
parameters D and l are combined as one parameter β and this
parameter is called the diffusion parameter and is defined as
follows:

β ¼ Dπ2

4l2
ð4Þ

With the definition of β, Eq. (2) can be re-written as follows:

Mt

M0
¼

X∞

n¼0

8

2n þ 1ð Þ2π2 exp − 2n þ 1ð Þ2tβ� � ð5Þ

Equation (5) provides a very useful relationship between
the dimensionless Mt/M0 and the drying time t with one
parameter β. As defined in Eq. (4), both the diffusion length
and the diffusion coefficient are included in β. At the same
value ofMt/M0, as the diffusion length increases, the value for
β decreases and the drying time will increase; as the value for
the diffusion coefficient increases, the value for β increases and
consequently the drying time will decrease.

When there are two kinds of solvents A and B in a wet SDD
drug product, the relative diffusion rate of solvent A with
respect to solvent B can be defined as follows:

∝AB ¼ βA
βB

¼ DA l2B
DBl2A

¼ DA

DB
ð6Þ

Since both solvents A and B have the same diffusion length,
lA= lB, the relative diffusion rate αAB is simply the ratio of the

Fig. 3 Geometry of the slab and the schematic of drying process.

Secondary Drying of Organic Solvents for Spray Dried Dispersion 1807



diffusion coefficient of solvent A to the diffusion coefficient of
solvent B. When the value of αAB is equal to 1, both solvent A
and solvent B will diffuse out of the shell at the same rate. If the
value of αAB is higher than 1, solvent A will diffuse out of the
shell faster than solvent B.

RESULTS AND DISCUSSION

SecondaryDrying ofWet SDD of CompoundA and PVP
K30

The SEM images (Fig. 4a to c) clearly demonstrate that the
SDD particle morphology is consistent with that of hollow,
spherical particles. Some broken pieces are also present as
shown in Fig. 4c. The cryogenic SEM imaging as shown in
Fig. 4d enabled measurement of individual particle diameters
and wall thicknesses (Fig. 5) across the particle size range of 10
to 100 μm (shown in Fig. 6). The measured data (Fig. 7)
demonstrated that the wall thickness measurements from rep-
resentative particles, ranged from approximately 1.5 to
6.9 μm, increasing with particle diameter (14 to 49 μm), with
the percentage ratio of particle wall thickness to particle
diameter typically between 10 and 15% across the measured
size range.

Ideally spherical coordinates should be used for the diffu-
sion equation. However, the curvature effect can be neglected
for a hollow sphere if the ratio of the inner radius to the outer
radius is close to one. In our case, this ratio ranges from 0.7 to
0.8 (Fig. 7 shows wall thickness is 10 to 15% of the diameter)

and hence, rectangular coordinates of a slab are used for the
derivation of the diffusion equation as shown in Fig. 3.

PXRD experiments showed that the SDD material
contains no residual crystalline phase. DSC experiments
also confirmed that the SDD material is a single amor-
phous phase. Only a single glass transition temperature
(Tg) value is observed (onset=124.17°C, Tg Half Ex-
trapolated=127.59°C), demonstrating a uniform phase
in the bulk (Fig. 8).

The wet SDD product with 90.9 wt% API (Compound A)
and 9.1 wt% PVP K30 was prepared by Bend Research in a
laboratory scale spray dryer (GEA Pharma PSD1). The vapor
phase composition during drying of this wet SDD in the
sorption chamber at 50°C and 20 mmHg was monitored via
Mass Spectroscopy (MS).

Figure 9 shows that the weight loss changes quickly at the
beginning and then gradually slows down. Finally, there is no
more weight loss after 800 min of drying time. The total
weight loss on drying is 6.53 wt%. The GC results showed
that the dried product contained less than 0.3 wt% of
methanol.

The results from MS, as shown in Fig. 10, indicate that the
MS intensity of methanol increases rapidly at the beginning of
drying, but levels off after 700 min which is in a good agree-
ment with the results of LOD vs. time shown in Fig. 9

Figure 9 shows the weight loss is proportional to time at the
beginning of drying (0–5 min) which may be attributed to the
evaporation of solvent from surface of SDD particles, con-
trolled by the constant heat transfer rate from the surrounding
environment to the particles. After the initial linear behavior
in Fig. 9, the rate of weight loss becomes slower, indicating

Generally Non-Collapsed, Hollow Spheres

aa b

c d

a b

c d

Fig. 4 SEM image of SDD particles
of Compound A/PVP K30.
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that the drying mechanism changes from evaporation to a
different mechanism.

To elucidate the drying mechanism after the surface evap-
oration period, the weight loss of methanol from wet SDD is
plotted against square root of time [(time)0.5] in Fig. 11 as per
Eq. (3). The linear behavior as shown in Fig. 11 is attributed to
the diffusion of methanol from the wall of the SDD particle
(Fig. 5). It should be noted that the weight of the wet cake
levels off after the value of the (time)0.5 is higher than 30
(minute) 0.5, (900 min), as shown in Fig. 11. The value of the
weight at 900 min is 23.4 g which is the weight of the dried
cake. Then the difference between the weight at the beginning
of the diffusion 24.8 g and at the end of the drying 23.4 g is the
amount of methanol at the beginning of the diffusion process,
1.4 g. This is the value for M0 defined in Eqs. (2), (3) and (5).
This calculation also shows that the methanol concentration
before the start of the diffusion process is 5.6 wt% (1.4 g/
24.8 g) which is important for the determination of the glass
transition temperature of the wet SDD product. As shown in
Fig. 11, this linear behavior is valid from the beginning of the

diffusion until half of the total amount of methanol in the wet
SDD is removed which is equal to 0.5M0. Such linear behav-
ior is classified as Fickian diffusion as described in the litera-
ture (12) and also can be determined from the solution of
Eq. (1) as expressed by Eqs. (2) and (3) in the “Materials and
Methods” section.

It is noted that there is no anomalous behavior in the
profile (Fig. 11) suggestive of molecular relaxation and chang-
es in the rubbery/glassy state of the SDD that are influencing
the diffusion process. This finding is supported by the glass
transition temperature of the wet product (methanol and
Compound A/PVP K30) as a function of methanol concen-
tration, which was measured in a separate experiment using
DSC and is shown in Table I.

Knowing the glass transition temperature at various solvent
concentrations tells us explicitly whether the material is in a
glassy or rubbery state during drying. Since the methanol
concentration in the wet Compound A/PVP K30 is 5.6 wt%,
the glass transition temperature of the wet SDD will be well
above the drying temperature of 50°C based on the Table I.
To provide further confidence, the glass transition temperature
of this wet SDD can be calculated by using the Fox equation as
reported by Sperling (14) because the concentration and the
glass transition temperature of methanol (5.6 wt% and Tg=
−169.3°C (15)) and Compound A/PVP K30 (94.4 wt% and
Tg=127.59°C (Fig. 8)) are known. The result of this calculation
gives a glass transition temperature of 72°C for the wet SDD.
Since the drying temperature is 50°C, which is at least 10°C
below the glass transition temperature determined through
either approach, the diffusion process occurs in the glassy state
from the beginning to the end of the drying.

The focus of this study is on the understanding and the
modeling of diffusion of methanol through the shell since this
mechanism represents the major mass transfer resistance for

Diffusion of Methanol 
through the shell (~ 5 µm)

The diameter of the 
sphere is around 40 µm

Fig. 5 Schematic diagram of methanol removal from SDD drug product.

Fig. 6 Particle size distribution of SDD particles of Compound A/PVP K30.

Fig. 7 Ratio of wall thickness to particle diameter.
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methanol removal. Therefore, two adjustments on data, as
shown in Fig. 11, are made for the establishment of the
modeling for this diffusion process. First, the start of the
diffusion process follows the end of the evaporation process
which lasts for 10min and hence, the diffusion process starts at
t0 which is set at 10 min after the beginning of the drying
process. Second, the amount of the methanol removed via
evaporation is subtracted out from the total amount of meth-
anol removal by calculating the difference between cake
weight at drying completion (23.4 g at 900 min) and start of
the diffusion process (24.8 g at 10min); hence the value forM0

is 1.4 g. After these two adjustments, Mt/M0 is plotted vs.
(time)0.5, as shown in Fig. 12.

In Fig 12, Mt/M0 plotted vs. (time)0.5 shows a linear rela-
tionship between the value of Mt/M0 and (time)0.5 until the
value of Mt/M0 is slightly over 0.5. This linear behavior of

Fickian diffusion as shown in Fig. 12 can be used to determine
the value of the diffusion parameter β. Two steps are involved
in this determination. First, the slope of the linear relationship
between Mt/M0 and (time)0.5 as shown in Fig. 12 is used to
determine the value of D/ l 2 from Eq. (3). Second, after the
value for D/ l 2 is known, the value of the diffusion parameter
β can be calculated from Eq. (4) and its value is 0.02. It should
be noted that the particle size of SDD product varies as shown
in Figs. 4 and 6 and accordingly the thickness of the shell is not
uniform (Fig. 7). Hence, the value for β of each particle varies
and as such the value of β obtained from Fig. 12 is a lumped
diffusion parameter.

After the value of the diffusion parameter β is calculated
from Eq. (4), the relationship between Mt/M0 and (time)0.5

can be determined from Eq. (5). It is interesting to note that
Eq. (5) has an infinite number of terms. However, the contri-
bution to the value of Mt/M0 becomes insignificant after the

Fig. 8 Glass transition
temperature of dried SDD of
Compound A/PVP K30.

Fig. 9 Drying curve of SDD of Compound A/PVP K30 at 50°C and
20 mmHg.

Fig. 10 Methanol vapor phase composition during drying of SDD of Com-
pound A/PVP K30 at 50°C and 20 mmHg.
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value of n is greater than 20. Hence, any term with the
number higher than 20 can be truncated.

The experimental data of Mt/M0 vs. (time)0.5 are in excellent
agreement with the prediction fromEq. (5) with β=0.02, for the
value of Mt/M0 from 1 to 0.15, as shown in Fig. 12. However,
some discrepancy between the data and the prediction is no-
ticedwhen the value ofMt/M0 is less than 0.15. Thismeans that
it takes longer than predicted from the model to remove the
residual solvent when the fraction of solvent remaining in SDD
particles is lower than 0.15. The acceptable level of methanol in
dried product in this study is 1%. This level translates to a Mt/
M0 ratio of 0.17, which is located in the region where an
excellent agreement between the model and the experimental
data is demonstrated. Thus the model established in this study
can be used to capture the key physical aspects of the complex
drying process although it slightly under predicts the residual
solvent concentration profile.

Another limitation of the model is that the effect of solvent
on the diffusion coefficient is not very conclusive. The depen-
dence of the diffusion coefficient on solvent concentration for
polymer solvent systems has been extensively discussed in

literature (11, 12, 16) and is normally studied in well-defined
polymer geometry where the diffusion length is known. In this
study, due to the particle size distribution, the diffusion length
is combined with the diffusion coefficient in one lumped
parameter β defined in Eq. (4). However, an estimated diffu-
sion coefficient of 8.2×10−12 cm2/sec was calculated from β
using an average shell thickness of 4 μm as shown in Fig. 7.
This value is typical for the diffusion of gas or vapor in solids
and in polymers (17), suggesting the model is valid.

This established model is further verified with the experi-
ments discussed in the subsequent sections: the fate of meth-
anol in SDDs containing Compound A and PVP K30 at
different scales with different types of dryers and the fates of
methanol, acetone and benzene in HPMCAS SDDs using a
tray dryer. The value of the diffusion parameter β in the
established model for each case is determined from the fitting
of the experimental data.

Scale Up of the Secondary Drying of SDD of Compound
A and PVP K30

The secondary drying of SDD of Compound A and PVPK30
was scaled up from a lab scale of 25 g in the temperature-

Fig. 11 Diffusion of methanol from SDD of Compound A/PVP K30 at 50°C
and 20 mmHg.

Table I Glass Transition Temperature of Compound A/PVP K30 and
Methanol

Methanol Concentration, wt% Glass Transition Temperature, °C

2.45 81.4

2.69 76.8

3.73 66.8

4.32 72.2

4.55 64.6

4.62 64.1

6.45 58.0

Fig. 12 Comparison of drying data at 50°C and 20 mmHg with the diffusion
model.

Table II Operation Conditions and Controlled Parameters from Lab Scale
to Kilo Scale

Scale, g Equipment Temperature,°C Tip speed, m/sec β

25 Oven 50 No agitation 0.02

500 Agitated dryer 60 1 0.035

500 Agitated dryer 60 2 0.035

500 Agitated dryer 40 2 0.013

500 Tray oven 40 No agitation 0.013

Secondary Drying of Organic Solvents for Spray Dried Dispersion 1811



controlled sorption chamber to a bench scale of 500 g in a 3-
liter Ekato agitated helical conical dryer or in a large tray
oven. The agitated operating conditions in terms of drying
temperature and tip speed are summarized in Table II. The
results of the removal of methanol in terms of Mt/M0 vs.
(time)0.5 are presented in Fig. 13. Particle size data (not shown)
indicated there was no evidence of particle attrition during
secondary drying.

Figure 13 shows the drying performance at 60°C is almost
identical at two tip speeds (1 and 2 m/sec) suggesting the
removal of methanol from the SDD shell is independent of
the tip speed. This is because the major mass transfer resis-
tance of methanol diffusion through the shell is temperature
dependent; hence, the Fickian diffusion model with the β
value of 0.035 is sufficient to describe the drying performance
at two different tip speeds as shown in Fig. 13. A very good
agreement is obtained between the experimental drying data
at 60°C and the drying performance from the Fickian diffu-
sion model over the entire concentration range.

The drying at 40°C was conducted in an agitated dryer at
2 m/sec and in a large tray oven. The drying performance in
the agitated dryer exhibits a faster methanol removal than that
in the large tray oven until 100 min [(time)0.5=10]; However,
after 100 min of drying time, these two exhibit similar drying
performance. It is not clear why there is some discrepancy in
methanol removal rate between these dryers. One of the
possible reasons for this discrepancy is due to the poor heat
transfer in the large tray oven at the beginning of drying. The
Fickian diffusion model with the β value of 0.013 is used to
describe the drying performance at 40°C.

Once the effect of temperature on the removal of the
solvent from SDD system is studied and understood in a
bench scale setup as shown in Fig. 2, the diffusion
model can be established as illustrated in this study
and the process can be scaled up to a commercial size
secondary dryer.

The Fate of Organic Solvents in Placebo HPMCAS SDD

HPMCAS, one of the most commonly used polymers for
SDD (1), was utilized to study the fate of methanol, acetone
and benzene (a potential impurity in the input spray solvent)
during the secondary drying. The details of experimental
conditions (e.g. material, preparation, drying conditions, ana-
lytical methods) can be found in the study conducted by Yue
et al. (7). Since the concentration of benzene in input solvent
could be very low, (e.g. at or lower than a few ppm), 200 ppm
benzene was spiked into the polymer solution prepared for
spray-drying (4% HPMCAS, 96% methanol or acetone) to
give detectable concentrations throughout the course of sec-
ondary drying and allow elucidation of the diffusion of ben-
zene in SDD product.

In the course of the drying, the residual concentrations of
benzene and methanol or acetone in the SDD were analyzed
periodically by GC. The results of these analyses are listed in
Tables III and IV.

Fig. 13 Scale-up of secondary drying at various temperatures.

Table III Benzene and Methanol Concentrations in SDDs Sprayed from Methanol Before and During the Course of Secondary-Drying using a Tray Dryer at
40°C/15%RH

Drying time
(hour)

Square root of drying
time (min)

Mt
b - Benzene concentration

in total SDD (ppm, w/w)
Mt/M0 (benzene) Mt

b - Methanol concentration
in total SDD (ppm, w/w)

Mt/M0

(methanol)

0 0.0 5.6(M0
a) 1.000 17,748 (M0

a) 1.00000

1 7.7 4.0 0.714 4511 0.25417

2 11.0 2.8 0.500 1340 0.07550

4 15.5 1.4 0.250 105 0.00592

8 21.9 0.5 0.089 6 0.00034

16 31.0 undetectable 0.000 4 0.00023

24 37.9 undetectable 0.000 4 0.00023

aM0 concentration of solvent in total SDD before secondary-drying (i.e. wet SDD)
bMt concentration of solvent in total SDD at each time point of secondary drying
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The concept of the dimensionless weight loss vs. (time)0.5

from Eq. (5) is applied to the methanol system and the acetone
system and the results are presented in Figs. 14 and 15,
respectively. The drying performance for all solvents can be
described well by using the diffusion parameter β and Eq. (5),
further verifying the model with a different polymer and
solvent system. For the methanol system, the value of the
diffusion parameter β for methanol and benzene is 0.02 and
0.004, respectively, and the diffusion rate (αAB) relative to
benzene is 5 (Table V).

For the acetone system, the value of diffusion parameter β
for acetone and for benzene is 0.016 and 0.006, respectively,
and the relative diffusion rate (αAB) is 2.7 (Table VI).

The different value of β for benzene in the acetone system
(0.006) compared to methanol system (0.004) may be attrib-
uted to differences in the shell thickness. The particle size from
acetone-HPMCAS SDD system with D90=26 μm is much
smaller than that frommethanol-HPMCAS SDD system with

D90=69 μm; consequently, the shell thickness from acetone-
HPMCAS system is thinner, resulting in a larger value of β.

It was noted that, as expected and shown in Table VII
below, the relative diffusion rate (α) for the three solvents
followed the same ranking as predicted by solvent transport
properties such as kinetic diameter (available in literature (18,
19)) andmolar volume (calculated from density andmoelcular
weight of solvent).

Diffusion of Solvent in SDD Systems

The glass transition temperature (Tg) of the polymer and
solvent mixture is a very important index to classify the diffu-
sion behavior (16). If the diffusion occurs at the temperature
above Tg, the polymer is in a rubbery state and some theory
can be applied to predict the diffusion behavior. However, if
the diffusion occurs at the temperature below Tg, the polymer
is in a glassy state which is not in an equilibrium state and
some anomalous behavior may be expected.

Table IV Benzene and Acetone Concentrations in SDDs Sprayed From Acetone Before and During the Course of Secondary-Drying using a Tray Dryer at
40°C/15%RH

Drying time
(hour)

Square root of drying
time (min)

Mt
b - Benzene concentration

in total SDD (ppm, w/w)
Mt/M0

(benzene)
Mt

b - Acetone concentration
in total SDD (ppm, w/w)

Mt/M0

(acetone)

0 0.0 6.3 (M0
a) 1.000 27,384 (M0

a) 1.00000

1 7.7 4.6 0.730 11,533 0.42116

2 11.0 2.7 0.429 3459 0.12631

4 15.5 1.2 0.190 445 0.01625

8 21.9 < 0.5 0.063 23 0.00084

16 31.0 Undetectable 0.000 1 0.00004

24 37.9 Undetectable 0.000 1 0.00004

aM0 concentration of solvent in total SDD before secondary-drying (i.e. wet SDD)
bMt concentration of solvent in total SDD at each time point of secondary drying

Fig. 14 Removal of methanol and benzene from SDD of HPMCAS at 40°C/
15%RH.

Fig. 15 Removal of acetone and benzene from SDD of HPMCAS at 40°C/
15%RH.
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The glass transition temperature of polymer and solvent
can be measured by using DSC or calculated by using Fox
equation if the glass transition temperatures of polymer and
solvent as well as the composition of the polymer and solvent
mixture are known. The glass transition temperatures of the
solvent free solids are provided in Table VIII.

The glass transition temperature of the wet product (meth-
anol and Compound A/PVP K30) was discussed previously
(Table I). The glass transition temperatures of methanol/
HPMCAS and acetone/HPMCAS mixture (the glass transi-
tion temperature of acetone is assumed to equal to 80% of the
absolute melting temperature which gives a Tg value of
142.4 K) were calculated by using the Fox equation and the
results are presented in Table IX. The glass transition tem-
perature for both mixtures is around 100°C.

The drying temperatures in this study are at less or equal to
60°C, which is below the glass transition temperatures of the
two SDD systems (Tables I and IX). Hence, the drying pro-
cesses occur in the glassy state. Interestingly, the expected
anomalous behavior of diffusion coupled with molecular re-
laxation in these glassy polymers was not observed. The
relaxation process occurs because the glassy polymer is usually
not at equilibrium, despite the thermodynamic driving force
pushing the material to relax to the equilibrium state (16).
One of the reasons for not observing this anomalous behavior
is likely due to the low concentration of solvent in our SDD
systems and hence a less obvious impact from the relaxation
behavior on diffusion. Similar Fickian diffusion was observed
for the transport of methanol in a glassy polymer of poly(eth-
ylene terephthalate) (PET) at 35°C when the methanol activ-
ity is less than 0.3 and the amount of methanol uptake is low
(20). A constant value for the diffusion coefficient was used to
describe the diffusion of methanol in this PET glassy polymer.
Since the glassy polymer is not at equilibrium, the diffusion
theories developed for polymermelts (16) are not applicable to

describe the molecular migration in the glassy polymer. This is
applicable in the case of benzene, which at a concentration
less than 7 ppm will have a negligible plasticizing effect on the
system. Hence, only a qualitative description of molecular
migration of solvent in glassy polymer systems such as those
studied here is provided.

Projection of the Fate of Benzene in SDDs

The model developed here may be used as described below to
evaluate the fate of benzene during secondary drying in con-
junction with the primary solvent, and thus assist establishing
a control strategy for benzene in SDD. Development of the
control strategy is described in a separate study by Yue et al.
(7).

For a known concentration of benzene and spray-drying
solvent in initial wet-SDD, the Fickian diffusion models (i.e. β
of spraying drying solvent and α) can be used together to
determine the secondary drying time required to reach a
particular concentration of residual solvent, and then predict
the concentration of benzene present at that time. An example
is given in Fig. 14 to illustrate such determination and is
described as follows: The methanol concentration in the
SDD before the secondary drying (M0) is 17,748 ppm from
Table III. If the acceptable concentration of methanol in the
dried product (Mt) is 2000 ppm, Mt/M0 is 0.11. The value of
(time)0.5 when Mt/M0 for methanol=0.11 can be determined
from the methnaol diffusion curve (β=0.02) and is 10. The
value of Mt/M0 for benzene can be determined from the
benzene diffusion curve (β=0.004) at (time)0.5 equal to 10
and its value is 0.55. In this example (for an initial benzene
concentration of 200 ppm in the input solvent), the benzene

Table V Relative Diffusion Rate of Methanol with Respect to Benzene

Solvent Name Diffusion parameter, β αAB

A Methanol 0.02 5

B Benzene 0.004 1

Table VI Relative Diffusion Rate of Acetone with Respect to Benzene

Solvent Name Diffusion parameter, β αAB

A Acetone 0.016 2.7

B Benzene 0.006 1

Table VII Solvent Properties and Initial Solvent Concentration in
HMPCAS SDD System

Solvent Kinetic
diameter, Å

Molar volume,
cm3/mole

Initial concentration,
ppm, w/w

α *

Methanol 3.8 40.5 17,748 5

Acetone 4.7 73.4 27,384 2.7

Benzene 5.85 89.1 5.6–6.3 1

* The diffusivity selectivity with respect to benzene

Table VIII Glass Transition Temperatures of Dried Products of the SDD
Systems

System PXRD Tg, °C

91% of Compound A and 9% of PVP K30 Amorphous 127.59

HPMCAS N/A 120

PVP K30 N/A 163
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concentration in wet SDD before the secondary drying (M0)
was 5.6 ppm (Table III). Thus the benzene concentration at
the drying time of 100 min (Mt/M0=10) can be calculated as
Mt/M0*M0, giving a value of 3.08 ppm (Table X).

The same calculation may be applied to different benzene
concentrations in input solvent by assuming the same propor-
tionality between initial benzene concentration in the input
methanol and benzene concentration in wet-SDD before the
secondary drying. The same approach may also be used to
project the fate of benzene in SDD’s spray-dried from acetone
as the primary solvent.

Development of a Drying Protocol for Secondary
Drying

The establishment of the drying protocol in terms of drying
temperature, pressure and agitation is based upon the under-
standing of the drying mechanism. At the selected drying
temperature of 50°C, the operating pressure of the dryer must
be at least lower than 412 mmHg, the saturated vapor pres-
sure of methanol at 50 °C.Hence, as themethanol diffuses out
of the SDD particles and reaches the surface, methanol will
vaporize immediately and its surface concentration becomes
zero, necessary to satisfy the boundary conditions of Eq. (1).
Agitation is necessary for a large scale drying operation to

speed up the contact between the particles and the heated wall
to make the heat transfer faster.

Since the secondary drying follows Fickian diffusion
(Figs. 12, 13, 14 and 15) and the diffusion coefficient is a
function of temperature, this means that the drying is dictated
by the process temperature. This is because the diffusion
process occurs through the shell of the SDD particles and
the shell thickness is not related to the scale of the secondary
drying process. Therefore when the drying operation is scaled
up, excessive agitation is not necessary. It should also be noted
that, due to gentle agitation, no shift in particle size was
observed in this study for the two batches, operated at the
tip speeds of 1 and 2 m/sec. In general, particle attrition was
not observed at most secondary drying conditions because the
particles are quite robust to secondary drying.

CONCLUSIONS

The mechanisms in the secondary drying have been elucidat-
ed and they include a rapid evaporation of solvent from the
SDD surface followed by a slow Fickian diffusion through the
SDD particle shell. Due to the low ratio of the shell thickness
to the diameter of the hollow particle, the curvature effect of
the sphere can be neglected and the secondary drying process
can be described by using the model of the diffusion in a slab.
The diffusion process is temperature dependent and thus the
key to a successful scale up of the secondary drying is to control
the drying temperature. The fate of organic solvents including
benzene can be described by the diffusion model and a math-
ematical relationship has been established to determine the
benzene concentration from the fate of methanol and acetone.
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