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Abstract
Secondary drying refers to the final stage of lyophilization where one removes bound water from the remaining product.
Optimizing secondary drying is essential for pharmaceutical products because 10–20% of the total drying time and
12–20% of the operational cost comes from this process. This chapter will provide a literature review of secondary drying
and describe the current state-of-the-art in this field. Topics covered include an overview of heat and mass transfer
modeling, experimental characterization techniques, critical process variables affecting the secondary drying, and technical
challenges in the field. Such information will hopefully provide basic insight into the secondary drying process and act as a
starting point for those seeking advice to understand and optimize this process.
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1 Introduction

Freeze-drying or lyophilization is a water removal process that is widely used for the long-term preservation of biological
materials and pharmaceuticals such as proteins, vaccines, antineoplastics, peptide hormones, and high-quality foods
[1, 2]. This process has three consecutive steps:

(a) Freezing: The material’s temperature is lowered to turn water into ice.
(b) Primary drying (sublimation): The ice is sublimated into vapor by lowering the chamber pressure to near vacuum

conditions and adding heat to the material. A porous cake is left behind.
(c) Secondary drying (desorption): After primary drying, a certain amount of water is physically or chemically bound to the

solid matrix of the cake (5–35% by weight). This bound water is removed by raising the cake temperature above that in the
primary drying stage. The cake is typically heated for 3–25 h at temperatures between 15 and 40 °C to achieve the desired
residual moisture content of 1 wt% or below in the final product [3].

Of the three stages discussed above, the secondary drying stage is probably the least well understood. Secondary drying is
important because the storage stability of pharmaceutical products depends on the final residual moisture content, and the
proper removal of bound water allows products to be stored for months or years at room temperature. In addition, the
secondary drying stage is also essential for improving overall drying efficiency because 10–20% of the total drying time and
12–20% of the operational cost comes from this stage [4].
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This review will focus on the physics and chemistry of secondary drying. Before we begin, we note that there have been
several excellent papers in the literature that discuss various aspects of this process. This includes examining the rate-limiting
steps for water desorption [1, 5, 6], the influence of critical process variables (i.e., shelf temperature, chamber pressure,
specific surface area, and partial pressure of water vapor, etc.) on the secondary drying kinetics [1, 7], real-time observation of
the desorption kinetics [8–14], and modeling of secondary drying process [11, 15–18]. Despite these studies, one of the key
challenges in secondary drying is a lack of robust models with comparable accuracy and flexibility as primary drying models.
Therefore, revisiting the previous studies and clarifying the uncertainties in secondary drying will be essential to further
understanding and optimizing this process.

The aim of this chapter is to introduce important observations, state-of-the-art technology, and technical challenges for
secondary drying that will be helpful to understand this process. We hope that this chapter will help eliminate some of the
uncertainties associated with secondary drying for future investigations and industrial applications. In Sect. 2, we describe
empirical and theoretical models developed for mass and heat transfer. In Sect. 3, we introduce monitoring and characteriza-
tion methods for secondary drying and the lyophilized cake. In Sect. 4, we describe the critical process variables that play a
major role in secondary drying. Section 5 goes over current challenges in secondary drying. Conclusions follow in Sect. 6.

2 Modeling of Secondary Drying

2.1 Desorption Kinetics Model

After sublimation, 5–35% of the initial moisture content can remain as bound water. The presence of the bound water can arise
due to a combination of physical adsorption to the porous cake and/or chemical adsorption by forming a chemical bond with
the solid structural matrix (e.g., mannitol hydrate). During secondary drying, there are several modes of mass transport that
play a role in the kinetics of water removal: (a) diffusion of molecular water in the solid state, (b) evaporation at the solid-
vapor interface, (c) transportation of the water vapor through the pores of the cake, and (d) Knudsen flow of the water vapor to
the condenser. Extensive experimental observations indicate that the thickness of the cake [1] and the chamber pressure (up to
200 mTorr) [1, 7] do not alter the removal rate of bound water appreciably, while the water removal rate is increased when the
specific surface area is increased [1, 16, 19]. These observations suggest that that the rate-limiting steps during secondary
drying are either the diffusion of water molecules within the solid state or evaporation at the solid-gas interfaces [1, 7, 20]. The
vapor transport in the lyophilized cake is rarely a rate-limiting factor.

Various model equations have been suggested to describe rate of removal of bound water from the cake in terms of the
cake’s moisture content [11, 13, 16, 20, 21]. The most common expression states that the concentration of bound water obeys
first-order kinetics with a rate proportional to the difference between the current moisture content in the cake and the
equilibrium moisture content:

∂cw
∂t

= - kg cw- c�w
� � ð1Þ

In the above equation, cw is the moisture content, kg is an effective desorption rate constant, and c�w is the equilibrium
moisture content. The rate constant kg is calculated based on experimental data such as evolution of the moisture content over
time (See Sect. 3.3.1). As shown in Fig. 1, the general trend of kg shows that it increases when temperature increases,
following an Arrhenius relationship [15, 16, 20]:

kg = kg,0 exp -
Ea

Rg

1
T
-

1
T ref

� �� �
ð2Þ

where kg, 0 is the rate constant at reference temperature Tref, Ea is the activation energy for water diffusion through the solid,
and Rg is the natural gas law constant. Here, kg, 0 is suggested to correlate with pore size [19] and specific surface area of the
product [1, 16] for a given excipient when other factors are constant. For the specific case when the rate limiting step is
moisture diffusion through the solid, the rate constant kg is sometimes described in terms of the diffusion constantDeff of water
in the solid. In this case, kg exhibits the scaling kg~Deff/L

2 in the long time limit (t≪ L2/Deff), where L is the average distance
diffused in the solid phase before reaching a pore, and Deff exhibits the temperature dependence
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Fig. 1 Arrhenius plot of the desorption rate constant evaluated from secondary drying data. A fit to the Arrhenius equation results in an activation
energy Ea= 8136 J/mol and a preexponential factor of kg, 0= 3.34 × 10-3 s-1. (Ref. Fig. 5 of Pikal et al. [20])

Deff =D0 exp -
Ea

RgT
1
T
-

1
T ref : ð3Þ

The equilibrium moisture content c�w in Eq. (1) was neglected in some earlier works [9, 22, 23], although it was found to be
important in quantitatively capturing the bound water kinetics. Fundamental modeling of this equilibrium moisture content is
still an open field as there has been little fundamental work on the thermodynamics of bound water adsorption/desorption at
the microscopic scale for pharmaceutical applications. Nevertheless, there have been several suggested empirical and semi-
empirical equations for equilibrium moisture content as a function of the water activity and/or product temperature [12, 15, 16,
18, 20, 21, 24–26] where water activity aw is defined as the vapor pressure of the cake divided by the vapor pressure of pure
water at the same temperature and chamber pressure. The equilibrium moisture content c�w is generally described by various
desorption/sorption isotherm equations such as GAB equation, Langmuir equation, a modified Langmuir isotherm, piecewise
linear model, or empirical fitted models (see Table 1).

Kodama et al. (2014) suggested another correlation between equilibrium moisture content and temperature for a 10 wt%
sucrose cake where T = –10, 30, 40, and 50 °C and Pch = 1 Pa during secondary drying [15]. The equilibrium moisture
content appears to satisfy the relationship as

ffiffiffiffiffi
c�w

p
=m1T þ m2 ð4Þ

where m1 and m2 are scaling parameters. Yoon and Narsimhan (2022) show that 5 wt% sucrose cake also agrees with this
trend, and the moisture content for mannitol exhibits two regimes when secondary drying is performed at 20 °C < T < 40 °C
and Pch = 100 mTorr (see Fig. 2) [18]. For mannitol, the equilibrium moisture content appears independent of temperature in
the first regime (T < 14.3 °C) while for T ≥ 14.3 °C it exhibits the same scaling

ffiffiffiffiffi
c�w

p
=m1T m2 as sucrose.

Trelea et al. (2016) measured the moisture content of lactic acid bacteria during secondary drying and observed two
different drying timescales – fast drying kinetics (up to 3 h) followed by slower kinetics [12]. They proposed that the multiple
time scales correspond to desorption of different forms of bound water (monolayer, multilayer, cluster of water molecules,
etc.), with each form undergoing first-order kinetics like in Eq. (1). These results indicate that a system with a more complex
physical structure may need a more accurate drying model that includes other mechanisms in addition to water diffusion to
describe the moisture movement in solids.

2.2 Heat Transfer Model

One needs to determine the product temperature during secondary drying in order to use the desorption models discussed in
the previous section. While the product temperature can be measured during experiment, it can also be estimated by heat
transfer modeling. Below, we discuss several heat transfer models used in the literature as well as the relative merit of each.
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Table 1 Theoretical models for equilibrium moisture content c�w, where A, B, C, D, E, and F are parameters, T is temperature, and aw is water
activity

Model names Model equations References

GAB c� = ABCaw Mascarenhas et al. [24], Trelea et al. [12], Vilas et al. [26]
w 1-Aaw 1-Aaw ABaw

Langmuir (or BET) c�w = ABaw
1 Aaw

Liapis and Bruttini [5]

Modified Langmuir c�w =AaBw
Caw

1 Daw
Pikal et al. [20], Sahni and Pikal [16]

Piecewise linear model A, for aw <E Trelea et al. [25]

Empirical model (1) c�w=A exp (B(C-D(T-T0)) Mascarenhas et al. [24], Sadikoglu and Liapis [27], Sadikoglu [28], Ravnik et al. [30]

Empirical model (2) (c�w)
0.5 = AT + B Kodama et al. [15], Yoon and Narsimhan [18]
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Fig. 2 Relationship between the equilibrium residual water content and the equilibrium product temperature for aqueous solutions containing 5 w/v
% sucrose (rectangles) and 5 w/v% mannitol (circle) during secondary drying. (Ref. Fig. 6 of Yoon and Narsimhan [18])

2.2.1 Empirical/Simplified Models
Empirical heat-transfer models were originally determined by performing many experiments under different chamber
temperatures, chamber pressures, product formulations (excipients and their concentration), and positions of the vial in the
freeze dryer [11, 15–17]. The simplest form of an empirical model was suggested by Pisano et al. [11] and Kodama et al.
[15]. They assumed that the temperature of the cake, stopper, and vial are uniform and the same throughout drying. If the heat
supplied to the vial is Q, the temperature of the cake will evolve over time as

dT
dt

=Q=C ð5Þ

where C is an empirical heat capacity that is used as a fitting parameter from a preliminary run [11, 15]. If one neglects the heat
of desorption on the temperature profile, the above model is equivalent to a lumped capacitance model (see Sect. 2.2.2.3).

Sahni and Pikal (2017) developed an Excel-based toolbox to estimate the temperature and moisture content of the cake
[16]. In this toolbox, the dry layer is regarded as two equally sized regions (top and bottom) with homogenous temperature and
moisture content. The moisture content in the top and bottom regions (cw, bot and cw, top) follow the first-order desorption
kinetics (Eq. 1). The temperature in the bottom region changes due to a heat transfer coefficient from the bottom shelf and

latent heat from the moisture removed in this region 1
2mcakeCp

ΔTbot
Δt =KbotA Tsh- Tbotð Þ þ 1

2mcakeΔHv
Δcw,bot
Δt

�
. A similar

equation is performed for the top region of the cake using a different heat transfer coefficient from the top vial
1
2mcakeCp

ΔT top

Δt =K topA T sh- Tbotð Þ þ 1
2mcakeΔHv

Δcw,top
Δt

� �
. Here, the top and bottom region do not communicate with each

other (i.e., fully decoupled). The Excel toolbox finds the best fit for the activation energy Ea and rate constant kg, 0 based on
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experimental data and then computes cake temperature moisture content under different conditions. Another model suggested
by Assegehegn et al. (2021) is a regression model correlated by its input and output parameters [17]. In this model, residual
moisture content, glass transition temperature, and reconstitution time are estimated as a function of drying temperature and
drying time from given input parameters (chamber pressure, shelf temperature, and drying time) and used to optimize the
process design space.

2.2.2 Theoretical Models
Temperature during secondary drying also has been studied mathematically via non-steady partial differential equations
[5, 20, 23, 24, 27, 28]. In this section, we will introduce how to solve the temperature equations and the kinetic model with
specified initial conditions. Different models with varying degrees of complexity will be shown depending on the application
of interest.

2.2.2.1 High Fidelity Model: Full 3D Simulation
Temperatures of the cake, air, and vial are determined by solving the full, three-dimensional energy and mass balance for the
vial geometry shown in Fig. 3a. In recent studies, the heat and mass transfer equations are discretized by the finite element
method and solved in multi-physics software [13, 18]. Each element in the simulation is assigned different physical properties
(e.g., density, heat capacity, conductivity), depending on whether the element corresponds to the cake, air, or glass. We solve
the following energy balance equations:

ρckCp,ck
∂T
∂t

= kck∇2T þ ρckΔHw
∂cw
∂t

for cakeð Þ, ð6aÞ

Fig. 3 System definition of each theoretical models. (a) High fidelity (HF) model based on 3D simulation, (b) low fidelity (LF) model based on 0D
lumped capacitance approximation, and (c) intermediate fidelity (IF) model based on 1D averaged equations using thermal circuits. (Ref. Fig. 7 of
Yoon and Narsimhan [18])
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ρiCp,i
∂T
∂t

= ki∇2T i= other materialsð Þ 6bÞ

In the above equations, subscript i is the index of the material (i = air or glass), with the quantities (ρi, Cp, i, ki) being the
associated density, heat capacity, and thermal conductivity. The quantities (ρck, Cp, ck, kck) are the density, heat capacity, and
thermal conductivity of the cake. The quantity T is temperature, t is time, ΔHv is the latent heat for removing bound water, and
cw is moisture content at the dried cake. For Eq. (6a), the left hand side represents accumulation of energy, while the right hand
side represents energy transfer from conduction and desorption. Due to effect of the vial (see Sect. 4.3), the latent heat ΔHv

does not contribute much to the overall temperature profile, and thus, in most situations, the rightmost term in Eq. (6a) can be
neglected.

At the interface between any two materials, the temperature and heat flux are assumed to be continuous. The other heat
transfer boundary conditions are:

qbottom =Ksec
v T sh- Tð Þ at z= 0, ð7aÞ

n ∇T = 0 at r=Rv, 7b

qtop =K top T top- T
� �

at z= Lv ð7cÞ

In the above equations, qbottom is the heat flux at the bottom, Ksec
v is heat transfer coefficient at the bottom of the vial for

secondary drying, Tsh is the shelf temperature, T is the temperature of the material, Ktop is the effective heat transfer coefficient
between the chamber and the top of the vial, and Ttop is the bulk temperature of the chamber. Note: the boundary conditions
may vary depending on the system (i.e., radiation heat transfer, effective (combined) heat transfer, no heat flux). The
parameters Ksec

v , Ktop, and Ttop are generally determined from experiments.
The mass transfer equation for moisture content cw is the desorption kinetic model (Eq. 1) discussed in Sect. 2.1. Because

the temperature profile in this model can vary spatially in the cake, the moisture content in the cake can vary spatially as well.
Figure 4a shows typical temperature and moisture profiles predicted from this model at different snapshots in time. The

initial conditions are the same experimental conditions at the end of primary drying (T=-11 °C, cw= 4.1%). Overall, we see
that the temperature profile varies spatially in the z direction but does not vary considerably in the r direction for a vial, in case
n � ∇ T = 0 at r = Rv under uniform heat transfer in the freeze dryer. When the heat transfer is inhomogeneous such as when
the position of the vial is near the chamber wall or front door, a full 3D simulation is more useful and accurate compared to
other simplified methods (1D and 0D models). In this case, heat transfer in the radial direction should be taken into account as
a boundary condition at the side wall, or heat transfer needs to be solved in the entire freeze dryer rather than a single vial.

Fig. 4 (a) Temperature and
moisture profile predicted from
3D simulations at different
snapshots in time (0, 0.5, 1, 3, and
6 h into secondary drying). The
initial conditions are the same
experimental conditions at the end
of primary drying (0.5 wt%
sucrose cake, T = -11 °C,
cw = 4.1%). (Ref. Fig. 8 of Yoon
and Narsimhan [18])
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2.2.2.2 Intermediate Fidelity Model: 1D Averaged Equations
The 1D averaged equation approach is good when there are little temperature variations in the radial direction. By assuming an
axisymmetric geometry and dominant heat transfer only in the z-direction, one can develop an effective, 1D equation to
describe the temperature profile along the vial during secondary drying. We will split our vial into two regions along the z-
direction (Fig. 3c) – the region containing the cake (0 ≤ z ≤ Lb + Lck) and the empty part of the vial (Lb + Lck ≤ z ≤ Lv). The
effective thermal conductivity of each region will be given by a thermal circuit diagram (Fig. 7c), and the total thermal mass of
each region will be the sum of the thermal masses of the constitutive parts. We will also neglect the latent heat of removing
bound water in the energy balance. The governing energy equations are:

C1
∂T1

∂t
= keff,1

∂2T
∂z2

for 0≤ z≤Lb þ Lck ð8aÞ

C2
∂T2

∂t
= keff,2

∂2T
∂z2

for Lb þ Lck ≤ z≤Lv ð8bÞ

In the above equations, T1, keff, 1, and C1 are the temperature, effective conductivity, and thermal mass per unit volume in
thefirst region (0≤ z≤Lb +Lck), while T2, keff, 2, andC2 are the corresponding quantities in the second region (Lb +Lck≤ z≤Lv).
The expressions for C1 and C2 are:

C1 =
X

α2region 1
ραCp,αVα

� �
=

X
α2region 1

Vα

� �
ð9aÞ

C2 =

P
α2region 2ραCp,αVα

� �
P

α2region 2Vα

� � ð9bÞ

where α is an index for a material (cake, air, or glass), and ρα, Cp, α, and Vα are the density, heat capacity, and volume of the
material in the region of interest. The effective thermal conductivities are determined by the thermal circuit in Fig. 3c. Their
expressions are [29]:

keff,1 =
Lb þ Lckð Þ kckAck þ kairAair1 þ kglassAwall

� �
kglass

Lb kckAck þ kairAair1 þ kglassAwall
� �þ kglassLckAv

, ð10aÞ

keff,2 =
kairAair2 þ kglassAwall
� �

Av
ð10bÞ

where kair is thermal conductivity of the air, kck is thermal conductivity of the cake, kglass is thermal conductivity of the glass
vial, Av is the cross-sectional area of the vial, Aair1 is the cross-sectional area occupied by air at region 1, Aair2 is the cross-
sectional area occupied by air at region 2, Ack is the cross-sectional area occupied by cake, and Awall is the cross-sectional area
of the glass wall (in the z-direction). The heat transfer boundary conditions for Eq. 10 are expressed as:

- keff,1
∂T1

∂z
=Ksec

v T sh- T1ð Þ at z= 0 ð11aÞ

- keff,1
∂T1

∂z
= - keff,2

∂T2

∂z
at z= Lb þ Lck ð11bÞ

T1 = T2 at z= Lb Lck 11c

keff,2
∂T2

∂z
=K top T top- T2

� �
at z= Lv ð11dÞ
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Because of the one-way coupling nature of the equations, the kinetics of bound water removal do not affect the temperature
profile, but the temperature profile will alter the bound water removal. The equation for moisture content cw is the desorption
kinetic model (Eq. 1) discussed in Sec. 2.1. The initial conditions correspond to the temperature and moisture content of the
vials at the end of primary drying in experiments.

2.2.2.3 Low Fidelity Model: 0D Lumped Capacitance Model
The low fidelity model assumes uniform temperature throughout the entire vial and cake. The energy balance consists of
energy accumulation in the entire vial, heat transfer from the shelf, heat transfer from the top of the vial, and enthalpy from
releasing bound water:

dT
dt

X
γ
ργCp,γV γ

� �
=Ksec

v Av T sh- Tð Þ þ K topAv T top- T
� �þ ρckVckΔHv

dCw

dt
; 0< z< Lv ð12Þ

In the above equation, (∑γργCp, γVγ) is the thermal mass of the entire vial (cake, glass, and air), Av is the area of the bottom
of the vial, ΔHv is latent heat of desorption, and cw is moisture content at the dried cake. We note that this lumped capacitance
approach should give us a qualitative picture of how temperature evolves over time but should not be expected to be
quantitative as the lumped capacitance assumption is strictly valid for Biot number Bi � Ksec

v Lv
keff

< 0:1, where keff is the effective

thermal conductivity of the entire vial based on thermal circuits. In general, if one looks at freeze-drying data in the literature,
the Biot number Bi ~ O(1) in most setups [16, 30], with the temperature distribution spatially uniform in the cake but
spatially varying in the vial’s air region due to the air’s higher thermal resistance. Since the temperature is spatially uniform,
the energy and mass balances simplify to two ordinary differential equations for temperature and moisture content (T, cw) in
time, where the equation for cw is desorption Eq. (1) discussed previously. These differential equations are solved with
specified initial conditions using a Runge-Kutta scheme.

3 Characterization of Secondary Drying Process and the Lyophilized Cake

This section describes several experimental techniques to characterize heat transfer and bound water removal during
secondary drying. Such measurements are critical for monitoring the drying process and for obtaining material and process
parameters needed for heat and mass transfer modeling.

3.1 Temperature Measurement

Temperature measurements are arguably one of the most important pieces of information used in industry to make decisions
about developing, optimizing, and scaling up freeze drying operations without producing major product defects such as
collapse, melting, or cracking [31]. Nail et al. (2017) introduced the state-of-art in monitoring methods and emphasized the
importance of the temperature measurements [32].

There are two types of devices commonly used for monitoring the product temperature – (a) thermocouple and
(b) resistance temperature detector (RTD). A thermocouple is made of two wires having different combinations of metals
(i.e., chrome, aluminum, iron, constantan, copper, platinum, and rhodium), and the two wires form an electrical junction. The
Seebeck effect occurs when the two wire ends are exposed to different temperatures. It generates an electric current in the
circuit and a voltage difference proportional to the temperature difference between the two junctions. A thermocouple generally
shows a fast response time and measures the temperature in a certain small spot. However, only limited combination of metals
can be applied for freeze drying due to low temperatures involved, and the thermocouple is sensitive to the position in the vial
which may affect the measured data. The other measuring device – i.e., RTD – is based on the manipulation of the resistance
of a metal (i.e., platinum) that varies precisely depending on the temperature. Here, a Wheatstone bridge circuit is used to
measure the resistance of the metal probe (sensing element), which is used to calculate the temperature. In a given setup, a
RTD measures the temperature as a surface average of the sensing element. Compared to a thermocouple, RTD shows better
performance in terms of wider temperature range, accuracy, precision, linearity, and stability. However, it may give a
misleading product temperature if the measuring element detects the temperature partially from ice and dried cake, and it
has limitations in regard to cable length [32]. Both thermocouple and RTD have unique pros and cons; therefore, it should be
selected with considering their characteristics to monitor the secondary drying process properly.
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Currently, wired probes are mainly used to monitor the product temperature in process development, especially at
laboratory and pilot scales. These probes are usually limited to a one-time loading system at the laboratory level rather
than automatic loading at commercial levels. Looking towards the future, next-generation wireless temperature sensing
systems are emerging for freeze drying [32–37]. These temperature sensors have potential to avoid invasive measurement and
are likely to be a high priority for technological development in the near the future since it is promising for a good
manufacturing practice (GMP) setting.

3.2 Heat Flux Measurement

Heat flux measurement is a new technique for obtaining thermal properties of the system and monitoring product temperature
and critical end points during freeze drying. Recently, some researchers monitored heat flux during lyophilization and
performed measurements of vial heat transfer coefficient Kv by placing temperature probes at the shelf and the bottom of
the cake, as well as a heat flux sensor underneath several vials [14, 18, 38]. Figure 5a shows the temperature profile over time
for the shelf and cake during primary and secondary drying, and Fig. 5b shows the corresponding measurements of heat flux
versus temperature difference (Tsh – Tp) between the shelf and cake. Yoon and Narsimhan (2022) labeled the graph into six
distinct regions [18]. Typically, primary drying heat transfer coefficients are measured during the first and second stage
(0 < t < 10 h) where the heat flux versus temperature difference has a constant slope [14, 18, 38–40]. The secondary drying
heat transfer coefficients are measured during the fifth and sixth stage.

To estimate the vial heat transfer coefficient Kv, first the overall heat transfer coefficient of the sensor Ktot is defined as the
ratio of the measured heat flux and the temperature difference from Fig. 5b: i.e., Ktot = q/(Tsh – Tp). Note that this heat transfer
coefficient contains contributions from the vial and the air since the sensor is partially occupied by vials (i.e., N vials in total)
[38]. Thus to obtain the vial heat transfer coefficient, one must subtract from Ktot the contribution from the air (which is made
via a measurement without the vials, the details of which are shown in Yoon and Narsimhan (2022)) [18].

A cursory glance at Fig. 5b shows that the heat transfer coefficient during secondary drying is quite different compared to
primary drying. It is believed that this observation arises due to the change in water vapor in the freeze dryer, which alters the
conductivity of gas between the vial bottom and shelf, and also alters the flow rate in the chamber due to sublimation. This
phenomenon plays a major consequence in heat and mass transfer modeling. More details are discussed in Sect. 5.

3.3 Moisture Content

Moisture content of the dried cake is used to estimate the kinetic parameters for bound water removal such as rate constant
(kg), activation energy (Ea), and equilibrium moisture content (c�w). Furthermore, moisture content is one of the most important
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ice to cake at the observation point; Region 4: the end stage of primary drying, where most sublimation has finished and the cake temperature
increases; Region 5: the ramping stage during secondary drying; Region 6: secondary drying stage when the shelf temperature is constant). (b)
Measurements of heat flux versus temperature difference (Tsh – Tp) between the shelf and cake during primary and secondary drying. (Ref. Figs. 4a
and b of Yoon and Narsimhan [18])
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pieces of information that determines the long-term stability of the final product. Because of these reasons, there have been
many methods developed over the years to measure moisture content during lyophilization.

The moisture content can be measured directly from the sample using Karl Fischer titration (KFT) [1, 16, 41, 42], thermal
gravimetric analysis (TGA) [42, 43], moisture analysis device (for example, Vapor Pro) [18, 44], or near-IR spectroscopy
(NIR) [45].

Karl Fischer Titration (KFT) is based on the oxidation reaction between sulfur dioxide and iodine:

H2Oþ SO2 þ I2 → SO3 þ 2HI

By adding small amounts of equimolar iodine and sulfur dioxide to the vial until they are present in excess, one can
calculate the amount of moisture in the vial. Thermal Gravimetric Analysis (TGA) tracks the mass loss compared to a
reference system when gradually increasing temperature. A moisture analysis device applies high temperature to a sample vial
to evaporate all the water, injects a dry gas through the heated sample, and measures the moisture content leaving the sample
via a sensor. NIR measures the water signal (absorbance) in the infrared spectrum which has two different bands centered
around 6897 cm-1 and 5155 cm-1. For direct residual moisture content determination, a sample thief method can be applied
to take vials periodically from the freeze dryer during secondary drying.

Below discusses in detail two other techniques for measuring moisture content during secondary drying: pressure rise test
(PRT) [9, 11, 26, 46, 47] and tunable diode laser absorption spectroscopy (TDLAS) [9, 10, 14, 48]. These two ideas have been
gaining popularity recently for secondary drying as non-invasive methods for real-time monitoring of moisture content.

3.3.1 Pressure Rise Test (PRT)
Chamber pressure is one of the representative process input parameters used for predetermined settings in current lyophiliza-
tion practices using open-loop controls [31]. Pressure is generally measured by the combination of a capacitance-manometer
and a Pirani gauge. Since Pirani gauge is sensitive to the relative amount of water vapor in the chamber, the difference between
the Pirani and capacitance-manometer readings indicate the composition of water vapor in the chamber. This idea has been
used to estimate end of primary drying [26, 32, 42, 49, 50].

Chamber pressure not only indicates the end point of the primary dying but can also non-invasively infer the residual
moisture during secondary drying by using a similar idea known as a pressure rise test (PRT) [9, 11, 46, 49]. If one assumes
that the chamber pressure is expressed by the ideal gas law and that the change in chamber pressure comes predominantly
from the removal of bound water, then one gets the following expression for the rate of change of water in the chamber (∂mw

∂t ):

∂mw

∂t
=

Mw V ch

RgT
∂Pch

∂t
ð13Þ

where Pch is chamber pressure, Vch is volume of the chamber, Rg is ideal gas constant, and Mw is molecular weight of water.
Monitoring the pressure enables real-time calculation of the residual moisture content and vapor flow rates in the system and
can help to determine whether to extend the process time for the current drying stage [7].

3.3.2 Tunable Diode Laser Absorption Spectroscopy
Vapor flow also can be measured from tunable diode laser absorption spectroscopy (TDLAS). This technique measures the
concentration of certain chemical species (i.e., water vapor) in a gas mixture. The idea is that gas molecules absorb light with a
specific wavelength (frequency) from the electromagnetic spectrum. Since concentration of the target gas is proportional to
absorbance, the species concentration is calculated from the length of the beam pathway and the adsorption coefficient via
Lambert-Beer law [42]. TLDAS requires a long enough duct connecting the drying chamber and condenser to allow for an
absorption measurement at an angle sufficiently different from the normal direction of the vapor flow [46].

When compared to other methods, TDLAS has several advantages. TDLAS is non-contact measurement, and it can detect
very low concentration of water vapor. It is also possible to measure other quantities such as temperature, pressure, and mass
flux of the gas in a real-time measurement [9, 10, 14, 48, 51, 52]. Figure 6 shows an example of mass flow rate of the water
vapor detected by TDLAS [10]. If one knows the initial moisture content at the beginning of secondary drying, one can also
obtain the residual moisture of the vial by integrating the measured mass flow rate over time. Figure 6 also shows the residual
moisture content predicted by TDLAS compared to direct measurements from Karl Fischer titration [10]. Overall, TDLAS
slightly overestimates the residual moisture content below 3% in case of Tsh = 0 °C; however, it generally shows a good
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Fig. 6 Overview of average TDLAS mass flow rate and corresponding moisture content computation. Integrating the TDLAS mass flow rate over
time allows one to calculate the residual moisture content at Tsh =-10 °C and Tsh = 0 °C, respectively. Small open triangle: TDLAS mass flow rate
(-10 °C); small asterisk: TDLAS mass flow rate (0 °C); big filled square: Karl Fischer residual moisture content (-10 °C); big open squares:
residual moisture content by TDLAS (-10 °C), big filled circle: Karl Fischer residual moisture content (0 °C); big open circle: residual moisture
content by TDLAS (0 °C). (Data reformatted from Figs. 5 and 9 of Schnieid et al. [10])

agreement with Karl Fischer titration. From the integration of mass flow, Schneid et al. (2011) concluded that the mass
integrated from TDLAS is possible for the calculation of residual moisture reduction.

3.4 Properties of Lyophilized Cake

3.4.1 Structure of the Lyophilized Cake
The pore structure of the lyophilized cake plays a major role in controlling mass transfer during primary and secondary drying.
For example, smaller pores increase primary drying time as they reduce the vapor flow rate through the cake during
sublimation [52–54]. However, the same effect accelerates secondary drying as smaller pores increase the surface area for
bound water removal [1, 13, 53]. What sets the pore structure is generally determined by the freezing of water into ice and is
strongly affected by the freezing rate, controlled/uncontrolled nucleation, annealing, and nucleating agent [13, 52–54]. In the
porous media literature, there are many descriptors for the pore structure of a material, each useful for different applications
and having varying levels of detail. The one that finds the most use in the lyophilization community is the specific surface area
(SSA), which is defined as the surface area of pores per unit mass of cake.

One of the most common methods to determine SSA of lyophilized cakes is by measuring gas adsorption isotherms of N2

at different pressures. By fitting the data to the Brunauer-Emmett-Teller (BET) theory of adsorption, one can estimate the
maximum surface coverage of gas and hence the specific surface area of the pores [42, 55]. Similarly, fitting the data to the
Barret-Joyner-Halenda (BJT) theory allows one to obtain an estimate for the pore size distribution. Other methods that can be
used to measure SSA are micro-X-ray computed tomography (CT) scanning [56, 57] or scanning electron microscopy (SEM)
imaging of a cross section of the cake [56, 58].

Once the SSA is experimentally determined, the average pore size can be estimated using a capillary tube model:

SSA=
2E

ρs 1- Eð Þ
1
re
, ð14Þ

In the above equation, ρs is density of the dried cake, E is solid content, and re is effective radius of pores [54, 59]. For
example, Konstantinidis et al. (2011) determined SSA for lyophilized cake of 5 wt% mannitol under controlled and
uncontrolled nucleation [54]. For uncontrolled nucleation, the operating conditions were freezing: Tsh = -3 °C, primary
drying: Tsh = -40 °C to -15 °C at temperature ramping rate of 0.4 °C/min and Pch = 100 mTorr, secondary drying: Tsh = -
15 °C to 45 °C at temperature ramping rate of 1 °C/min for 3 h. Controlled nucleation occurred under the same conditions
except that the chamber was pressurized and depressurized in a precise manner during freezing with an additional holding
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time for 15 min. In the case of uncontrolled nucleation, re is 11.7–14.9 μm and averaged SSA is 5.54 m2/g, and the controlled
nucleation shows that re is 21.3–25.3 μm and averaged SSA is 2.78 m2/g, respectively [54]. Note that pore size is highly
influenced by the degree of supercooling, and SSA is only determined by pore size at given solid content.

3.4.2 Glass Transition Temperature and Collapse Temperature
The glass transition temperature Tg is characterized by the transition between an oversaturated freeze concentrate and a glassy
solid, while the collapse temperature Tc experimentally represents the temperature when collapse is visually observed.
Understanding both of these temperature transitions for the dried product is important for a freeze-drying cycle, as drying
above these temperatures may create defects that could severely impact product quality such as deformation, shrinkage,
cracking, collapse, melting, and protein instability [60–63]. When temperature is above the glass transition temperature, the
fluidity of the porous cake increases and causes loss of cake structure. In practical applications, the collapse temperature is a
bit higher (2–5 °C) than the glass transition temperature when measured at low temperature ramping rates typical for freeze-
drying [64]. Thus, the glass transition temperature is generally used as a conservative estimate to prevent the collapse of
the cake.

In general, most of the failure in the cake structure occurs during primary drying when the product temperature goes above
the glass transition temperature. The collapse in the cake structure is also possible during secondary drying since the shelf
temperature during this stage is increased higher than that of the primary drying for the purpose of the desorption of bound
water [62]. Therefore, to avoid structural failure, careful consideration should be taken for manipulating the product
temperature not to exceed the Tg or Tc of the formulation.

The glass transition temperature (Tg) of the lyophilized product can be recorded by differential scanning calorimetry [65–
67]. In this equipment, the sample and a reference material are heated at a certain ramping rate, and the difference in heat
supplied to the two materials is recorded. This information allows one to infer the thermal transition temperatures such as the
glass transition temperature (Tg) and the eutectic melt temperature (Te). Meanwhile, freeze-dry microscopy (FDM) can also
capture the collapse temperature (Tc) with optical observations of the cake structure during freeze drying cycle. The FDM
equipment consists of a small freeze-drying chamber, flow system for coolant (liquid nitrogen), microscope, and imaging
sensor. The drying cycle is monitored via the imaging unit and the visual data is recorded for analysis. The onset temperature
is experimentally determined when the dried cake shows the collapse in the structure [67–70].

4 Critical Process Variables During Secondary Drying

4.1 General Operational Conditions

The chamber pressure during secondary drying can be operated at the same pressure as the primary drying stage, or it can be
operated at an elevated pressure. Generally, a chamber pressure (up to 200 mTorr) [1, 7] does not alter the removal rate of
bound water appreciably.

In terms of temperature, secondary drying is completed at an increased temperature from the primary drying stage,
typically at shelf temperatures between 20 °C and 50 °C. In general, secondary drying at 25–30 °C for 3–4 h is acceptable for
protein formulations [71]. However, especially for some cases such as mannitol-based formulations, certain metastable
hydrates may cause the redistribution of the residual hydrate water which leads the structural relaxation during storage
[72]. Therefore, secondary drying should be performed much higher temperature (50–55 °C) than other formulations for 2–3 h
to remove mannitol hemihydrates [71, 73].

One other key consideration is the temperature ramping rate at the beginning of secondary drying. In the extreme case, the
temperature ramping rate is up to 2.5 °C/min in some papers [1, 7, 62], but amorphous products may require a slower
temperature ramping rate to avoid collapse during secondary drying. Amorphous products are recommended to ramp slowly
at 0.20 °C/min until reaching to the set point, while a slightly faster temperature ramping rate (0.3–0.4 °C/min) is suggested for
crystalline formulations because the collapse temperature would be higher in the case of crystalline structures.

The target moisture content of the final product is quite specific and varies depending on the product itself. A typical range
of the final moisture content in the dried product is between 0.5% and 3%. Specifically, it is less than 1 wt.% for proteins and
ranges from 2% to 3% for vaccines [71]. Since stability is highly influenced by the moisture content of the final product, less
moisture in the product is more favorable for long-term storage in most cases (see Sect. 5.1). However, dehydration stresses
can arise for certain complex biological formulations, which may change protein structure [74]. These considerations must be
taken into account for secondary drying.
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4.2 Effect of Temperature

The main parameter controlling secondary drying is the shelf temperature. The shelf temperature profile allowed for drying
varies depending on the formulation. It is because (1) cake collapse can occur by too quick of a temperature ramping rate or a
product temperature over Tg or Tc, (2) the stability of proteins is a function of the temperature, and (3) secondary drying rate
(desorption) is significantly affected by shelf temperature and the thermal mass of the system. Therefore, the shelf temperature
during secondary drying must be carefully considered while developing the freeze-drying cycles for formulations.

To accelerate secondary drying, the shelf temperature should be as high as possible without causing cake failure or protein
denaturation, since the kinetics of bound water removal highly depends on the temperature as an Arrhenius form [15, 16, 20].

As noted in the previous sections, 5–35% of residual water will remain at the end of primary drying, and both the glass
transition temperature and the collapse temperature will still remain as quite low. However, the glass transition temperature
will rise as moisture inside the cake gets removed. Thus, a general rule of thumb is to make sure that the shelf temperature is
increased at a rate slower than the rate of increase of Tg so that defects in the cake such as shrinkage, cracking, collapse,
melting, aggregation, and chemical degradation will not occur [1, 62, 75]. This means that the fast temperature ramping to the
setpoint of the shelf temperature in secondary drying brings the high risk of product defects relevant to the morphology of the
product.

In some cases, freeze-drying above Tg may reduce the drying time. The freeze-drying between Tg and Tc would produce
pharmaceutically acceptable appearance if protein concentration is high enough. It has been shown that protein stability for a
collapsed cake is improved or similar to the uncollapsed cake [76–78]. However, cake appearance is generally a critical
quality attribute for a lyophilized product; therefore, it may not be preferred.

4.3 Effect of the Vial

The importance of considering the vial in freeze drying has been recognized [79] because it contributes to the heat transfer
during lyophilization. In a recent study, Yoon and Narsimhan (2022) point out that the thermal mass of the vial plays an
outsized role in determining the temperature profile of the cake during secondary drying, since 90–95% of the heat supplied is
absorbed by the vial walls rather than the cake [18]. Thus, the thermal properties of the cake and the latent heat of bound water
removal have a minimal effect on the product temperature [17]. Figure 7 shows the temperature profile for mannitol and
sucrose during secondary drying at different shelf temperatures (15 °C ≤ Tsh ≤ 35 °C). The temperature profiles of the two
excipients are indistinguishable even though (a) they have different thermal properties (e.g., thermal conductivity and heat
capacity), and (b) the sucrose cake shrinks and partially loses contact with the glass wall [62, 80]. This is strong evidence that
the cake’s thermal properties play a minor role in the overall heat transfer. The same authors also reported that the average
temperature profiles in the cake are indistinguishable when one includes the enthalpy of desorption, and when one neglects
this term. This observation suggests that one can considerably simplify governing equations by neglecting the heat of
desorption in the energy balance, which allows the mass balance to be described using one-way coupling.
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Fig. 7 Comparison of measured product temperature profiles during secondary drying of an aqueous solution containing 5 w/v% sucrose (red) and
5 w/v% mannitol (blue). The shelf temperature during secondary drying process is (a) 15 °C, (b) 25 °C, and (c) 35 °C. (Ref. Fig. 3 of Yoon and
Narsimhan [18])



232 K. Yoon and V. Narsimhan

Fig. 8 (a) Example of residual moisture distribution within a batch of vials as observed at the end of primary drying (full symbols) and secondary
drying (empty symbols) for the case of Vacuum Induced Nucleation (circle) and shelf-ramped freezing (square). SEM micrographs are also shown
for two mannitol samples lyophilized by (b) Vacuum Induced Nucleation and (c) shelf-ramped freezing. (Ref. Fig. 1 of Oddone et al. [13])

4.4 Effect of Specific Surface Area

To explain the effect of specific surface area (SSA), we will start from the freezing stage of lyophilization. During the freezing
step, the degree of supercooling determines the rate of nucleation and the size of the ice nuclei formed. When this ice sublimes,
it leaves behind a porous cake with a structure (geometry and pore size distribution) related to its nuclei size [52–54]. Thus,
factors that affect supercooling play a large role in determining the specific surface area of the cake [54]. For example, a lower
degree of supercooling caused by a variety of factors such as ultrasound nucleation, higher nucleation temperature, and
depressurization generates a larger radius of pore size, hence smaller SSA [54].

The SSA correlates strongly with the mass transfer resistance of the dry product layer during primary drying [59]. In other
words, one should target a small SSA for primary drying as the larger pore sizes give rise to a faster vapor flowrate through the
cake during sublimation. However, the effect of SSA is opposite during secondary drying as a higher surface area is important
to increase the mass transfer of bound water removal. Thus, it is essential to consider these two competing effects when
considering SSA on drying. Generally, since primary drying stage takes a longer time in the freeze-drying process, a large
pore size (small SSA) is more favorable [1].

As shown in Fig. 8, Oddone et al. (2017) had a good agreement with general trend about residual moisture content and SSA
as reported in literature [13]. SEM images and moisture distribution show that the controlled freezing (vacuum induced
nucleation) creates larger pore sizes than uncontrolled freezing (shelf-ramped freezing). The larger pore sizes lead a slower
removal of bound water and more residual moisture at the end of secondary drying.

4.5 Effect of Excipients

Unless the morphologies (crystalline or amorphous) of the excipients are different, it is experimentally observed that different
excipients do not significantly alter the pore structure (shape, cell size, and cell wall thickness) of the dried cake, as long as one
uses the same concentrations and the same process conditions (freezing temperatures, primary and secondary drying time,
etc.). Hedberg et al. (2019) reported that lyophilized cakes of sucrose and trehalose show a similar microstructure except that
the sucrose cake has a slightly thicker cell wall and a larger cell size compared to trehalose for both 20 wt.% and 40 wt.%,
respectively [81]. However, even when the pore structures are similar, different excipients still show differences in the
removal of bound water. We note that the chemistry of the excipient alters the equilibrium moisture isotherm of the cake, as
well as the kinetic parameters for bound water removal (e.g., kinetic constant kg, 0 and activation energy Ea). As shown in
Table 2, Fakes et al. (2000) studied the moisture sorption behavior of six common bulking agents used in lyophilization –



Fig. 9 SEM images of cellular structures in freeze-dried sucrose for different initial concentrations of sucrose (1%, 20%, and 40 w/w%). (Ref. Fig. 3
of Devi et al. [ ])83
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Table 2 Moisture content of bulking agents before and after lyophilization

Bulking agents Moisture content before lyophilization (% w/w) Moisture content after lyophilization (% w/w)

Mannitol 0.12 0.15

Lactose anhydrous 0.86 1.63

Sucrose 0.15 2.51

Trehalose 9.2 1.17

Dextran 40 5.8 0.24

Povidone K24 8.6 0.37

Ref. Table 1 of Fakes et al. [82]

mannitol, anhydrolactase, sucrose, trehalose, dextran 40, and providone K24. These materials were lyophilized at the same
concentration under identical conditions, and their moisture sorption behavior before and after lyophilization were determined
as a function of relative humidity at 25 °C [82]. Although all products were processed under the same cycle, they showed
different sorption and required different level of moisture content for optimal stability, depending on the excipients or the
crystalline structure formed during lyophilization.

When the concentration of the excipient changes, the pore size and SSA will change, which alters the bound water removal
rate. Devi and Williams (2014) also compared the cellular structure of the dried cake with the different concentrations
[83]. Figure 9 shows that the size of the unit cell become smaller as the concentration is increased and structure changes from
an open cell to a closed cell. Similar behavior has been found in other lyophilized materials such as collagen-
glycosaminoglycan and chitosan-gelatin [84, 85].

4.6 Process Parameters Not Affecting Secondary Drying

In contrast to the critical process parameters that mentioned above sections, there also exist several process parameters that do
not significantly contribute to the kinetics of bound water removal during secondary drying. As briefly mentioned in Sects. 2.1
and 4.1, chamber pressure is generally maintained during secondary drying without changing from that the value during
primary drying. This is because bound water removal during secondary drying is not affected by the chamber pressure at least
up to 200 mTorr [1, 7, 79]. In other words, lowering chamber pressure extremely does not appear to reduce the secondary
drying time.

A recent study performed by Searles et al. (2017) observed that increasing the chamber pressure slightly increased the
product temperature, which is expected to cause subsequent change in residual moisture content [7]. However, experimental
measurements did not show any significant differences in moisture content regardless of chamber pressure under 600 mTorr
[7]. They also compared moisture content of freeze-dried polyvinylpyrrolidone with varying chamber pressures (e.g., 50, 200,
and 600 mTorr), including the same condition of the Pikal’s previous work [1]. As shown in Fig. 10, for 50, 200, and
600 mTorr chamber pressures, there is no significant difference in moisture content when the pressure was maintained by
injection of nitrogen. Experimental measurements performed by Assegehegn et al. (2021) also showed a minor influence of
chamber pressure on moisture content between 0.05 and 0.20 mbar [17].

Another parameter that does not affect the secondary drying kinetics is fill volume of the solution (or cake thickness). Pikal
et al. (1990) studied the drying kinetics of a 5 wt% PVP solution, having 4 ml and 8 ml fill volumes [1]. The experimental
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Fig. 10 Moisture content of
lyophilized PVP for runs at
chamber pressures of 0, 200, and
600 mTorr and shelf temperature
of 36 °C. The pressure is
controlled by N2 injection. (Ref.
Fig. 3b of Searles et al. [7])

results show that the normalized moisture contents of the two products were identical, which means cake thickness did not
affect significantly alter secondary drying kinetics. Similar experiments using moxalactam formulations show a good
agreement with dried PVP cake in that cake depth does not significantly affect the secondary drying kinetics.

5 Challenges in Secondary Drying

5.1 Moisture vs. Stability

It is obvious that the amount of moisture existing in vials is an important issue for lyophilization. Generally, moisture
accelerates the degradation of the product, with amorphous products having a higher possibility for degradation because they
generally contain more water than crystalline products. Moisture specifications (i.e., the expiration date and moisture limit of
the lyophilized product) should be carefully reviewed for product stability.

The stability of several amorphous products has been explored in the literature [86–88], and the correlation between
moisture content and product stability has been quantitatively established [89–91]. Figure 11 shows the normalized rate
constants of product decomposition versus moisture content for three amorphous materials (cefamandole, cefaclor, and
cephalothin sodium) at different temperatures. The normalized rate constant for cephalothin sodium (open symbol) is
approximately a constant value, whereas cefaclor (blue) and cefamandole sodium (red) show increased degradation with
increased moisture content. Generally, the rate constant for degradation increases and the half-life decreases with increasing
moisture content [86, 90, 91]. Thus, manufacturers try to target a moisture content below 1% for most amorphous products
during lyophilization and below 3% for vaccines.

5.2 Uncertainties in Heat Transfer Coefficient

One point that is underappreciated in the literature is that the vial heat transfer coefficient Kv can change significantly between
primary and secondary drying due to the change in water vapor content in the freeze dryer. Water vapor increases the thermal
conductivity of the gas between the vial bottom and the shelf and also increases the vapor flowrate in the freeze drying
chamber during sublimation. Figure 12 shows the heat transfer coefficients between shelf and product measured by Yoon and
Narsimhan (2022) during primary drying and secondary drying for a 6R vial with different excipients (sucrose, mannitol, and
empty vial) and different final shelf temperatures at the end of secondary drying (15 °C ≤ Tsh ≤ 35 °C) [18]. In these
experiments, the temperature probe measures the product temperature (Tp) measured at the middle of the product instead of the
bottom of the vial (Tv); however, the experimental conditions give a negligible temperature drop between these two points,
and hence one can treat the heat transfer between shelf and product to be the same as the vial heat transfer coefficient. The
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Fig. 11 Normalized rate constants for degradation of three amorphous cephalosporins (cefamandole, cefaclor, and cephalothin sodium) as a
function of residual water content at 25 °C and 40 °C. (Data reformatted from Pikal and Dellerman). Lines represent apparent linear fit of the data on
the semi-log scale, produced using Microcal Origin software with errors as weight. (Ref. Fig. 1 of Ohtake and Shalaev [90])
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Fig. 12 The heat transfer coefficients between shelf and product measured during primary drying (region 1–2 in Fig. 5) and secondary drying
(regions 5–6 in Fig. 5) for sucrose (red), mannitol (blue), and empty vial (green) and different final shelf temperatures at the end of secondary drying
(Tsh = 5, 15, 25, and 35 °C). (Ref. Fig. 4c of Yoon and Narsimhan [18])

measured heat transfer coefficient for secondary drying is Ksec
v = 6:97± 2:07 W= m2 Kð Þ for a 6R vial at 100 mTorr chamber

pressure, which is similar to empty vial Kempty
v = 6:68± 0:38 W= m2 Kð Þ� �

and is a factor of ~2 smaller than the reported
values during the initial stages of primary drying Kpri

v = 15:01± 3:20 W= m2 K
� �

.
Because most literature assumes the heat transfer parameters in secondary drying to be the same as in primary drying, many

studies show significant deviation between the predicted and experimental temperature profile unless one introduces ad-hoc
fitting parameters. Thus, if one wants to model heat transfer accurately, it is advisable to measure the vial heat transfer
coefficient during secondary drying. Otherwise, there will be large uncertainties in estimating heat transfer and by extension,
rate of bound water removal.



236 K. Yoon and V. Narsimhan

Fig. 13 Heat flux vectors computed from simulation at a time t= 1 h into secondary drying. Schott 6R vial is filled with 2 mL of 5% wt sucrose and
it is dried at 100 mTorr chamber pressure. The final shelf temperature during secondary drying is 25 °C. (Ref. Fig. 8c of Yoon and Narsimhan [18])

5.3 Inefficient Heat Transfer

An energy budget analysis done by Yoon and Narsimhan (2022) indicates that secondary drying is an incredibly inefficient
process, since a small fraction (5% or less) of the supplied heat is actually used to remove bound water [18]. Figure 13 shows
the heat flux vectors at one instant of time in one of their simulations, where a 2 mL fill volume of 5% wt sucrose is dried at
100 mTorr pressure at t = 1 h into secondary drying. The heat flux is predominantly routed into the glass walls of the vial,
which is consistent with order-of-magnitude analysis stating that very little heat is consumed by the cake during secondary
drying.

Based on this analysis, changing the vial material with a small thermal mass may be a considerable option to improve the
thermal efficiency of the secondary drying. It also indicates that if one could have a heat source that targets the cake rather than
the vial, one can in principle accelerate secondary drying substantially. This is one of the reasons why researchers are
discussing techniques such as microwave heating that can accomplish this task. However, there are issues with microwave
heating that still need to be addressed such as choosing a correct wavelength of radiation and making sure that the localized
heating does not destabilize the product due to formation of local “hot spots.”

5.4 Defects in Dried Cake

Structural defects such as deformation, shrinkage, cracking, collapse, and melting are failures usually related to a bad freeze-
drying cycle at a temperature near or above the glass transition temperature or collapse temperature [62, 80, 92–94]. In the
case of shrinking and cracking, it is observed that majority of these processes occur during primary drying (Fig. 14). Cracking
does not happen in sucrose or maltose because shrinkage releases the drying stress applied to the cake [80]. These failure
modes can be amplified during secondary drying because this stage is generally operated near the glass transition temperature
to maximize the rate of bound water removal. In particular, it is found that shrinkage occurs when the moisture content is high
and the product temperature is elevated near the glass transition temperature during the early stages of secondary drying
[62, 93, 95]. In some cases, drying may create non-homogeneous distribution of moisture inside the cake, which can possibly
trigger damage to sensitive proteins [96].

Vial fogging is another issue found after a freeze-drying cycle. This phenomenon occurs when a product creeps upwards
along the inner surface of the vial. As a result, the attachment of the dried product at the surface makes the vial looks cloudy,
which is not acceptable for commercializing a product. The main factor controlling vial fogging is the hydrophilicity/
hydrophobicity of the inner surface of the vial. Using a higher viscosity solution or excluding surfactants may reduce the
vial fogging [97–99].
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Fig. 14 Comparison of freeze-drying of sucrose (blue), maltose (red), and trehalose (black), each 10% w/w in water. The left-hand side is primary
drying and right-hand side is secondary drying. Top frame (a): kinetic development of the extent of cracking; Bottom frame (b): kinetic development
of the extent of shrinkage. The values for cracking and shrinkage are the mean ± SD of n = 3 runs. (Ref. Figs. 7a and b of Ullrich et al. [80])

5.5 Scaleup

In order to design lyophilization effectively for an industrial plant, it is important to understand how to scaleup such processes
from the lab scale to the pilot scale to the manufacturing scale. Typically, what is important during scaleup is to design the
processes to have as similar drying rate and product stability as possible. Typically, one achieves this by monitoring process
information throughout the drying cycle and using process control to achieve a successful cycle development [32]. We note
that these ideas are nontrivial as scaling up the lyophilization chamber gives rise to different heat transfer to the vials due to
altered vapor flow in the chamber and altered radiation from the chamber walls. These effects give rise to different heat
transfer to the product, different responses to the product temperature, and even non-homogenous moisture contents of the
final products [100, 101]. We note that non-homogeneous heating of vials throughout the chamber gives rise to several
undesirable effects that are discussed in detail in the next subsection.

5.6 Temperature and Moisture Uniformity

Freeze-drying operated at a large scale may have an issue with uniformity of the final products depending on the vial position
in the chamber. The influence of the vial position on heat transfer, moisture content, and glass transition temperature has been
extensively examined [11, 17, 30]. Generally, asymmetric heat transfer is observed for the edge vials located near the front
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Fig. 15 Spatial (graph A) and frequency (graph B) distribution of residual moisture content among the vials of the batch at the beginning of
secondary drying. (Ref. Fig. 6 of Pisano et al. [11])

door or chamber walls due to radiation from these areas. This phenomenon makes edge vials dry faster than central ones and
have a smaller moisture content at the end of the primary drying stage [30].

At the end of secondary drying, the edge vials usually have a higher moisture content than the central vials, which is the
opposite trend observed for primary drying. Assegehegn et al. [17] outline two possible reasons for this observation. The first
reason is that during secondary drying, the product temperature is often higher than the chamber wall or door. Thus, the edge
vials experience radiative cooling from the wall and doors and hence have a lower temperature and higher moisture content
than the central vials. The second reason could arise from microcollapse induced by primary drying. When vials are heated
during primary drying, the edge vials experience additional radiative heat transfer from the walls of the chamber, which in turn
increases the product temperature in these vials. This elevated temperature makes the edge vials more likely to exceed the
glass transition temperature and induce microcollapse – i.e., decrease in specific surface area of the product. If microcollapse
occurs, the decreased surface area will slow the removal of bound water during secondary drying and hence make the edge
vials have a higher moisture content than the central vials.

Defects in the product can occur when the moisture content in the vials shows non-homogeneous distribution during the
secondary drying. If the edge vials have a higher moisture content than that of the central vial and secondary drying is operated
near the collapse temperature, then the product temperature may exceed the collapse temperature for higher moisture case.

To achieve a more uniform moisture content of the final product, it is desirable to operate at a lower temperature for a
longer drying time than at a higher temperature for a shorter drying time [71]. However, these considerations must be balanced
against the constraints of cost and time (Fig. 15).

6 Concluding Remarks

Secondary drying is the last stage of lyophilization where one removes bound water from the product of interest. This chapter
has given an overview of secondary drying by discussing (a) common heat and mass transfer models, (b) experimental
characterization methods, (c) critical process variables affecting secondary drying, and (d) technical challenges for this
process. The information outlined in this chapter will hopefully provide basic insight into the secondary drying process and act
as a starting point to those seeking advice to understand and optimize this process.

There are currently several challenges that need be addressed to improve secondary drying such as inefficient heat transfer
and irregular moisture content in the final product. These limitations explain why there is a strong need to develop alternative
technologies using unconventional freeze-drying methods. Heating technologies such as microwave drying [102–104]
specifically target bound water rather than the vial wall and thus can potentially avoid inefficient heat transfer. Another
approach called continuous freeze-drying [105–107] can improve moisture uniformity by suspending the vials over a track
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and moving them through chambers that represent different stages of freeze drying. All vials in this approach will be subject to
the same heating conditions and thus avoid product heterogeneities. These new technologies are still in a nascent stage with
regards to pharmaceuticals, and, hence, the authors believe that we are in an exciting time for lyophilization research.
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