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Abstract : 
It was proposed that during industrial drying of lactose crystals a surface layer of amorphous 
lactose may be formed in a flash drier and then crystallized during fluid bed drying. This 
crystallization is hypothesized to occur in one of two directions depending on the conditions, 
inside-out resulting in a dry product, and outside-in trapping moisture. In the inside-out case 
the moisture is driven outside the product, in the outside in case this moisture would be 
contained by a surface layer of crystalline lactose. The trapped moisture from the outside-in 
case is proposed to slowly diffuse through the crystal layer during storage and cause handling 
problems, explaining observed differences between industrial products. 

To investigate this scenario the crystallization of amorphous lactose was modelled, and 
crystallization trials were conducted to try and achieve inside-out and outside-in 
crystallization. 

William-Landel-Ferry (WLF) and Arrhenius type kinetics were found to fit literature data for 
amorphous crystallization. Predictions made using these models showed that amorphous 
lactose crystallization under the high temperature conditions in a fluid bed dryer was possible. 

A method for isolating the enthalpy change associated with crystallization of amorphous 
lactose from simultaneous thermal analysis data was developed. This method shows promise 
for observing the crystallization process, but it may not be suitable for amorphous lactose 
quantification. 

Two methods were designed to achieve inside-out and outside-in crystallization of amorphous 
lactose. This required the temperature and water activity conditions to be precisely and 
independently controlled in lab trials. Simultaneous thermal analysis was used to monitor the 
crystallization of amorphous lactose samples under these conditions. 

Following the simultaneous thermal analysis, the samples were monitored for moisture 
release. Both the inside-out and outside-in crystallized samples were observed to slowly 
release moisture, increasing the measured relative humidity above the expected equilibrium 
value. Afterwards the samples were analysed and found to still contain low levels of 
amorphous lactose. The source of the rise in relative humidity could not be definitively 
attributed to either trapped moisture or ongoing crystallization but would not be expected had 
crystallization not been induced. 

Based on these findings it is recommended that a lactose crystal fluid bed drier is operated at 
conditions which would not allow for amorphous lactose crystallization. These conditions 
could be determined using the kinetic models fitted here. 
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would be hard to dry and during crystallization the amount of water expelled would be less 
than expected. 

 

 
Figure 1-2: Outside-in crystallization; the black and blue arrows showing the direction of crystallization and moisture 
flow respectively, the red gradient indicates the temperature gradient in the amorphous layer, the diamonds show 
the grouping of the crystallized lactose and the blue background represents the trapped moisture. 

 

1.1.3 Inside -out Crystallization:  
Inside-out crystallization is theorized to occur when the crystals are dried rapidly in the first 
stage both forming amorphous lactose from the solution and then partially drying it. In this 
scenario the surface of the amorphous lactose is dry with an inward moisture gradient. The 
high Tg prevents crystallization at the surface, while it may still occur on the interior. 
Crystallization is induced near the amorphous-crystal interface as the temperature increases 
and moisture is driven outward from the anhydrous crystal formed. This moisture has a 
plasticising effect reducing the Tg in the amorphous lactose on the crystal front to the point 
that it too can crystallize. This process proceeds through the layer with the moisture expelled 
from the crystal resulting in a dry product. This product would be unlikely to have handling 
issues being non-hygroscopic and stable up to 80% relative humidity. 

  
Figure 1-3: Inside-out crystallization; the black and blue arrows showing the direction of crystallization and moisture 
flow respectively, the blue gradient indicates the moisture gradient in the amorphous layer, the diamonds show the 
grouping of the crystallized lactose. 

1.1.4 Areas to Investigate:  
The aim of this study is to experimentally confirm or disprove the hypothesis of directional 
crystallization trapping moisture. To develop both the theory of how this occurs and an 
experimental method more information is required. It is important to review existing research 
on the crystallization kinetics of amorphous lactose and available techniques for recording the 
crystallization process. This kinetic information can then be applied to investigate the 
possibility of crystallization at the conditions present during fluid bed drying. As the amount of 
moisture and its location is a key component, the sorption behaviour of amorphous lactose 
must also be understood. The kinetics and sorption behaviour can then inform the 
experimental design using one of the techniques identified to observe the crystallization. 
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Figure 1-4: A flow-chart showing the theoretical changes and outcomes for the product during the drying process 
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Figure 2-3: Lactose conversion diagram and citations. Reproduced from (Hourigan et al., 2012). 

Amorphous Lactose: 
Amorphous lactose lacks the organised molecular structure of crystalline lactose (Palzer, 
2010). Pure samples of amorphous lactose are typically produced by one of two methods; 
spray drying and freeze drying of dissolved lactose solutions, the two paths of production are 
shown on Figure 2-4, and are discussed below. During spray drying water is removed from the 
solution quickly with the viscosity increasing without crystallization occurring, creating an 
amorphous structure (Pharma, 2017a). During freeze drying the disorder present in the 
solution is preserved by freezing it, preventing crystallization as water is removed by 
sublimation creating a dry glass (Pharma, 2017a). The two methods can produce a pure 
amorphous product, although the physical properties differ with freeze dried amorphous 
lactose having a higher porosity and diffusivity of water (Clark, 2012; Ripberger, 2010). 
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Figure 2-9: Amorphous lactose moisture sorption isotherm. Reproduced from (Foster, 2002). 

A more recent study by Fan and Roos (2015) determined sorption isotherms (Figure 2-10) for 
freeze-dried amorphous lactose over saturated salt solutions at 25°C, 35°C, and 45°C. The dry 
mass was determined by desiccation above phosphorous pentoxide, so the results do not 
consider bound moisture. These isotherms were fitted with GAB models and extrapolated 
beyond the water activity at which crystallization occurs by using results for amorphous 
lactose and whey protein isolate mixtures. Contrary to the results of Bronlund and Paterson 
(2004) the isotherms show a significant decrease in the equilibrium moisture content with 
increasing temperature. 

 

Figure 2-10: GAB sorption isotherms for non-crystalline lactose. Reproduced from (Fan & Roos, 2015). 
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Table 2-5 Amorphous lactose detection and quantification methods. Updated from Clark (2012). 

Method: XRPD IR Raman TPS ICG DSC TGA/STA SS-
DSC 

Hyper-
DSC 

IMC DVS Isotherm NMR SC 

Detection 
Limit: 

0.27%-
10% 

<1% 1% ~1%1 <1%,~5%3 1-20% 1% <1% <1.5% <0.5% 0.3-0.7% 0.1% <0.5% 1% 

Quantification 
Limit: 

  0.2-0.25% ~15%2 n/a3          

Analysis Time: <1h 0.5-10 <0.5 ~90s 5-8h <1h <1h ~1h <0.5h 0.5-4h 1-5h >3h 0.5-10h <1h 
Destructive: Yes No No No Yes Yes Yes Yes Yes Yes Yes No No Yes 

Sample weight: 200-
400mg 

500-700 2000 400mg 200-300mg 3.5-4mg 5-15mg 1.6mg 1-3mg 20-300mg 50-150mg 800-
1200mg 

500-700mg 200-
400mg 

Reproducibility: Good Good Good Good 
(similar 
to IMC) 

Good Variable Good Good Good Good Good Good Good Good 

Structural 
information 
provided: 

Yes Possible No Yes Yes No No No No No No No Yes No 

Tracking 
crystallization: 

Yes   Yes  Yes    Yes Yes   No 

Reference: (Chen et 
al., 2001; 

Fix & 
Steffens, 

2004; 
Lehto et 
al., 2006; 
Saleki-

Gerhardt, 
Ahlneck, 
& Zografi, 

1994) 

(Fix & 
Steffens, 

2004; 
Hogan & 
Buckton, 

2001) 

(Lehto et 
al., 2006; 
Pazesh, 

Lazorova, 
Berggren, 
Alderborn, 
& Gråsjö, 

2016) 

(Smith, 
Hussain, 
Bukhari, 

& 
Ermolina, 
2015a, 
2015b; 

Strachan 
et al., 
2004; 

Strachan 
et al., 
2005) 

(Brum & 
Burnett, 
2011; 

Newell, 
Buckton, 
Butler, 

Thielmann, 
& Williams, 

2001) 

(Fix & 
Steffens, 

2004) 

(Listiohadi, 
Hourigan, 
Sleigh, & 
Steele, 
2009; 
Smith, 

Mannheim, 
& Gilbert, 

1981) 

(Lehto 
et al., 
2006) 

(Saunders, 
Podluii, 
Shergill, 
Buckton, 
& Royall, 

2004) 

(Dilworth et 
al., 2004; 

Gustafsson, 
Lennholm, 
Iversen, & 
Nyström, 

1998; Lehto 
et al., 2006) 

(Buckton & 
Darcy, 1995; 

Burnett, 
Malde, & 
Williams, 

2009; Clark, 
2012; 

Vollenbroek, 
Hebbink, 
Ziffels, & 
Steckel, 
2010) 

(Bronlund, 
1997; 

Burnett et 
al., 2009; 

Vollenbroek 
et al., 2010) 

(Gustafsson 
et al., 1998) 

(Harjunen 
et al., 
2004) 

1Applied to other substances, 2Experimental level quantified, not limit, 3Quantification/detection of the surface amorphicity not in bulk 
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Differential Scanning Calorimetry (DSC) 
Crystallization of lactose involves an exothermic enthalpy change (see section 2.3.4) and 
energy is released proportional to the mass crystallized. In DSC the sample is heated, above 
the glass transition temperature and crystallization is induced and the exothermic response is 
measured. The enthalpy change for the sample can be correlated to the amorphous content. 
DSC can also be used to record the change of the specific heat capacity which requires 
modulated temperature DSC and high-speed DSC (Fix & Steffens, 2004; Lehto et al., 2006; 
Smith et al., 2015b). 

Isothermal Microcalorimetry (IMC) 
Isothermal microcalorimetry is similar to differential scanning calorimetry but instead of 
inducing crystallization by changing the temperature it is induced by adsorption. The sample is 
sealed at a humidity condition reducing the glass transition temperature to below the 
experimental temperature which is maintained. The energy flow is measured by the power 
required to maintain this temperature. A thermal activity monitor can be used to make these 
measurements. The heat flow for crystallization is integrated and the enthalpy change for the 
sample is proportional to the amorphicity if the same conditions are used (Gustafsson et al., 
1998; Lehto et al., 2006). 

Dynamic Vapor Sorption (DVS) 
Dynamic vapor sorption is an example of a gravimetric detection/quantification method. 
Similarly, with the isotherm methods these rely on the higher equilibrium moisture content of 
amorphous lactose when compared with the crystalline forms. Crystallization can be induced 
by exposing an amorphous lactose containing sample to high humidity. This crystallization 
process can subsequently be tracked by the characteristic mass loss from the adsorption peak 
as it proceeds to an equilibrium value. The amount of mass gained by the sample prior to 
crystallization as well as the amount released can be correlated to the amorphous content 
(Burnett, Thielmann, Sokoloski, & Brum, 2006; Clark, 2012; Lehto et al., 2006). 

Nuclear Magnetic Resonance (NMR) 
Solid-state nuclear magnetic resonance is a spectroscopic technique where the sample is 
placed in a magnetic field, excited by radio waves, and the resulting NMR signal recorded. 
Peaks in NMR spectra can be associated with crystalline forms of lactose and the absence of 
defined peaks in these regions can indicate amorphicity. Spectra collected for predefined 
mixtures of crystalline and amorphous lactose can be used to create a correlation for 
predicting the amorphous content in an unknown sample (Gustafsson et al., 1998) (Earl & 
Parrish, 1983). 

Isotherm Method 
This method involves first equilibrating a partially amorphous sample at a known relative 
humidity then measuring its free moisture content. The amorphous content can then be 
calculated from the equilibrium moisture contents of the crystal and amorphous components.  
The sample can also be equilibrated over a range of relative humidities and fitted with the 
isotherms combined additively. This approach relies on the type of crystal being known, or the 
crystal components having very similar equilibrium moisture contents (Bronlund, 1997). To fit 
results for the sample the BET isotherm model can also be used, especially for lower 
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and proportional to the drying relative humidity. Following collapse or glass transition, 
desorption was slow and square root of time dependent. 

Crystallisation at a high relative humidity often causes a concentration gradient through an 
amorphous lactose sample as water is adsorbed to the surface and takes time to diffuse 
through the solid (Bronlund, 1997; Buckton & Darcy, 1995). In an amorphous powder bed, 
absorption of water is thought to take place in two phases. These phases are; an initial phase 
where the surface is unsaturated as diffusion occurs more quickly than adsorption, and a 
second phase where adsorption exceeds diffusion. 

Upon crystallization of amorphous lactose water is expelled from the crystalline structure and 
can saturate nearby amorphous lactose causing further crystallization (Buckton & Darcy, 
1995). This effect was posited to be one of the mechanisms behind rapid crystallization by 
Clark (2012). 

Table 2-6: List of published diffusion coefficients for amorphous and partially amorphous lactose. 

Compound: Coefficient of diffusion 
(±s.d.): 

Reference: 

Spray dried amorphous lactose 
(estimated) 

2.33×10-14 m2/s (Bronlund, 1997) 

Spray dried amorphous lactose, from 
30%wtsolution 

3.4 ±1.7×10-14 m2/s (Paterson & 
Ripberger, 2011) 

Spray dried amorphous lactose, from 
10%wtsolution 

6.6 ±0.7×10-14 m2/s (Paterson & 
Ripberger, 2011) 

Freeze dried amorphous lactose, from 
20%wtsolution 

4.5 ±2.5×10-11 m2/s (Paterson & 
Ripberger, 2011) 

Supertab, spray dried 6-12%wt 
amorphous lactose 

3.4 ±1.9×10-13 m2/s (Clark, 2012) 

Spray dried amorphous lactose, 
from 10%wt, 30%wt solution 

1.4 ±1.2×10-14 m2/s (Clark, 2012) 

Freeze dried amorphous lactose, 
from 10%wt, 30%wt solution 

7.6 ±1.2×10-12 m2/s (Clark, 2012) 

Milled spray dried lactose, 1.1±0.4% 
amorphous lactose 

3.6 ±2.3×10-13 m2/s (Clark, 2012) 

 

Table 2-6 presents the published diffusion coefficients for amorphous lactose. From this table 
it is clear that the diffusion coefficients differ between amorphous lactose prepared by spray 
drying and that prepared by freeze drying by multiple orders of magnitude. The coefficients for 
the preparations of spray dried amorphous lactose from 10wt% and 30wt% solutions 
determined by Paterson and Ripberger (2011) were found to be statistically different. In 
contrast the values for spray dried samples including milled supertab, were not found to differ 
significantly (Clark, 2012). Both Clark (2012) and Paterson and Ripberger (2011) determined 
the coefficients of diffusion by using a mathematical model for adsorption of water into a 
sphere combined with the size distribution of particles being investigated and experimental 
sorption data, minimizing the sum of squares to estimate the diffusivity. Paterson and 
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3 Modelling Analysis and Comparison  

3.1 Introduction  
The Avrami and William-Landel-Ferry (WLF) equations have both been popular for modelling 
solid-state crystallization, including that of amorphous lactose (Bronlund, 1997; Roos & Karel, 
1990; Roos & Karel, 1992). While other models have been used, such as the first order model 
fitted by Das and Langrish (2012), these models have the advantage of being able to be fitted 
to data obtained via different methods. 

The Avrami model has been fitted to X-ray powder diffraction (Miao & Roos, 2005), 
gravimetric (Schmitt, Law, & Zhang, 1999), differential scanning calorimetry (C. Kedward et al., 
2000), and can also be fitted to TGA results in this case from Dormeuil (2017) transformed in 
the manner described in section 4.2.1. The WLF equation can be fitted based solely on the 
conditions of the lactose and the crystallization time. Because of their common use and 
flexibility these models were focused on when obtaining and producing kinetic data and fitting 
the models presented in this section. 

As discussed in section 2.3.3 the current fit of the models for predicting the crystallization time 
from experimental conditions is inadequate beyond the range of conditions they were fitted 
for. An improved model would be valuable for predicting experimental times, and in relation 
to the objectives of this project, for determining whether crystallization has time to occur 
under set drying conditions. 

3.2 Lit erature Crystallization Times and  Avrami model Constants  
Data was collected from various literature sources for the crystallization times along with the 
Avrami model constants for amorphous lactose crystallization. In some cases where 
crystallization data was presented, but not fitted to a model, the Avrami constants were fitted. 
Crystallization times were included when reported but if not were calculated using the fitted 
Avrami constants. The Avrami model is typically fitted using data below 90% crystallization and 
is less reliable for predicting the time required for complete crystallization data.  

It is important to differentiate the induction time from the crystallization time which only 
includes the crystallization event. The induction time includes sorption, temperature 
equilibration, and structural relaxation processes, which, aside from being sparsely reported 
are also dependent on the sample mass. The induction time is likely to be shorter in a dryer 
where the temperature is high and moisture sorption processes occur more quickly (Buckton & 
Darcy, 1996), but it will still be significant. 

Data from both spray-dried (Clark, 2012; Das & Langrish, 2012; Schmitt et al., 1999) and 
freeze-dried (Dormeuil, 2017; C. J. Kedward, W. MacNaughtan, & J. R. Mitchell, 2000; McIntosh 
et al., 2013; Miao & Roos, 2005; Roos & Karel, 1990; Roos & Karel, 1992) samples is included. 
The production method for the samples used by Bronlund (1997) and Ibach and Kind (2007) is 
unclear but suspected to be spray-drying in both cases. 

The glass transition temperature value, where not reported, was calculated from the 
experimental conditions. The cubic fitt ing equation of Brooks (2000) (equation (2-2))was used 
for this prediction for aw <0.575, at higher water activities the equilibrium moisture content 
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was calculated using the isotherm constants presented by Foster (2002) (equation (2-3)) and 
combined with the Gordon-Taylor equation (equation (2-1)) with the constants of  Brooks 
(2000). 

The difference between the glass transitions temperature and the temperature of the sample 
is the driving force for crystallization in the WLF equation (equation (2-6)) and the Avrami-
Bronlund model (equation (2-4)). The experimental system temperature was assumed to be 
the sample temperature. Figure 3-1 and Figure 3-2 show the changes in the crystallization time 
with T-Tg, it shortens dramatically between 0 and 40K before evening out and staying 
relatively constant past 80K. 

Figure 3-3 shows the changes in the Avrami rate constant which behaves in an opposite 
manner to the crystallization time, increasing dramatically before evening out over the same 
ranges of T-Tg. 

The second parameter of the Avrami equation, the n values, sometimes called the shape 
factor, does not appear to have a strong dependence on T-Tg. The value appears to generally 
decrease with T-Tg or experimental temperature Figure 3-4, and similarly decreases with 
increasing water activity. As the term shape factor indicates n largely affects the shape of the 
Avrami model while k determines the overall time. Because of this the most commonly 
reported value of 2 will be used for the calculation of crystallization time. 

 

 

Figure 3-1: Time to 90% Crystallization versus T-Tg. Constructed using data from: from (Bronlund, 1997; Clark, 2012; 
Das & Langrish, 2012; Dormeuil, 2017; Ibach & Kind, 2007; C. Kedward et al., 2000; McIntosh et al., 2013; Miao & 
Roos, 2005; Roos & Karel, 1990; Roos & Karel, 1992; Schmitt et al., 1999) 
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Figure 3-2: Time to 90% Crystallization versus T-Tg. Constructed using data from: from (Bronlund, 1997; Clark, 2012; 
Das & Langrish, 2012; Dormeuil, 2017; Ibach & Kind, 2007; C. Kedward et al., 2000; McIntosh et al., 2013; Miao & 
Roos, 2005; Roos & Karel, 1990; Roos & Karel, 1992; Schmitt et al., 1999) 

 

Figure 3-3: Fitted and literature Avrami rate constants on a log axis versus T-Tg. Constructed using data from: from 
(Bronlund, 1997; Clark, 2012; Das & Langrish, 2012; Dormeuil, 2017; Ibach & Kind, 2007; C. Kedward et al., 2000; 
McIntosh et al., 2013; Miao & Roos, 2005; Roos & Karel, 1990; Roos & Karel, 1992; Schmitt et al., 1999) 
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Figure 3-4: Fitted and literature Avrami constant n versus T. Constructed using data from: from (Bronlund, 1997; 
Clark, 2012; Das & Langrish, 2012; Dormeuil, 2017; Ibach & Kind, 2007; C. Kedward et al., 2000; McIntosh et al., 
2013; Miao & Roos, 2005; Roos & Karel, 1990; Roos & Karel, 1992; Schmitt et al., 1999)  
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3.3 Existing Models  
The two established models used for predicting the crystallization time are the WLF equation 
fitted by Roos and Karel (1992) and the Avrami-Bronlund model proposed by Bronlund (1997). 
Both models have been assessed by Clark (2012) as being unsuitable for predicting the 
crystallization time at high T-Tg conditions (Figure 2-12). These two models are presented with 
the revised literature data in Figure 3-5. The models even at low T-Tg conditions are poor 
predictors with calculated r2 values of -7.788 and -6.124 for the WLF and Avrami-Bronlund 
models respectively. 

 
Figure 3-5: Existing crystallization time prediction models presented with revised crystallization time data. 
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a straight line at the average time. If data beyond the temperature and water activity range is 
excluded the fit does not improve with an r2 of -0.2020 calculated. 

 

 

Figure 3-8: Ibach and Kind (2007) Arrhenius predicted Avrami rate constants versus Literature value both presented 
on a log10 scale 

 

Figure 3-9: Ibach and Kind (2007) Arrhenius predicted 90% crystallization times versus Literature values. 
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Figure 3-12: Activated state predicted Avrami rate constants versus Literature values both presented on a log10 scale 

 

 
Figure 3-13: Activated state predicted 90% crystallization times versus Literature values.  
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Figure 3-15: Arrhenius T-Tg model predicted Avrami rate constants versus Literature values both presented on a 
log10 scale 

The modelled rate constants have then been used in the Avrami equation to predict the time 
to 90% crystallization in Figure 3-16. The model provides a reasonable estimate across the 
range of T-Tg conditions, most of the collected data lies between the standard error range. The 
calculated r2 for the prediction is 0.7305 indicating a reasonable fit, this improves to 0.8596 
when the data excluded for the fitting is excluded. 

 
Figure 3-16: Time to 90% Crystallization versus T-Tg including predictions using Arrhenius T-Tg predicted Avrami rate 
constants with standard error limits. 
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The models fit well with the crystallization time versus T-Tg data across the entire range in 
both cases as can be seen in Figure 3-18 and Figure 3-19. This is reflected in the calculated r2 
values of 0.7305 and 0.7310 for the 90% and 99% crystallization models respectively 
(improving to 0.8438 and 0.8440 when data not used to fit it is excluded). The fit for the 90% 
crystallization time is similar to that of the Arrhenius T-Tg model. 

 
Figure 3-18: Time to 90% Crystallization versus T-Tg including predictions using WLF improved 90% constants with 
standard error limits. 

 

 

Figure 3-19: Time to 99% Crystallization versus T-Tg including predictions using WLF improved 99% constants with 
standard error limits. 
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3.8 Regions of Fit 
As the activated state and Ibach&Kind-Arrhenius models have regions in which they provide a 
very good fit it is useful to compare them further to the WLF and Arrhenius T-Tg model.  

To better compare these models and their regions of applicability for predicting the 
crystallization time the error in the estimates was plotted against the water activity, 
temperature, and T-Tg the estimate was based on. This was done using the absolute difference 
between the log10 of the predicted 90% crystallization time and that of the literature time. The 
difference was averaged across evenly spaced increments of each parameter (i.e. between 10 
and 20°C, 20 and 30°C etc.) and plotted against the average value for that parameter. The 
actual error range will depend on the predicted value as the error is accounted for before the 
logarithm is reversed. 

Figure 3-20 shows this difference from the prediction against T-Tg. The models fall into two 
groups; the Activated-state and Arrhenius-Ibach models which were both primarily fitted using 
data from Ibach and Kind (2007), and the Arrhenius T-Tg and WLF-updated models which were 
fitted using the data collected and calculated in section 3.2. Each group is limited in accuracy 
by the data it was fitted to, the previously existing models being increasingly inaccurate 
beyond 50K T-Tg, the activated state and Arrhenius-Ibach models becoming more accurate as 
the T-Tg increases, and the new T-Tg dependent models providing a good estimate across the 
range. 

 

Figure 3-20: Average prediction error versus T-Tg 

Figure 3-21 shows the difference from the prediction against the experimental water activity. 
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beyond the fitted range, becoming more accurate than the new T-Tg prediction methods 
above 0.7aw. 

 

Figure 3-21: Average prediction error versus water activity 
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not considered. All models are relatively poor below 20°C with the Arrhenius-Ibach and 
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3.9 Recommendations  and Implications for Project  
Based on the comparisons of the predictions it is recommended that the Arrhenius T-Tg model 
is used to predict the Avrami rate constant. Above 0.2aw and 50°C the Arrhenius-Ibach model 
may also be used and the predictions compared. 

For predicting the time for complete crystallization time, the WLF-improved model with the 
99% fitted constants should be preferred as the Avrami model is poorer at predicting the time 
to achieve greater than 90% crystallization. The Arrhenius-T-Tg model may be used for 
comparison. In each case the standard error range provides a prediction of the time range in 
which crystallization is possible to very likely. 

These models are useful in the context of this project for predicting whether crystallization of 
amorphous lactose is possible during the drying process. Figures Figure 3-23 and Figure 3-24 
show the predicted time versus water activity curves produced over the temperature range 
present in a fluid bed drier for the Arrhenius T-Tg or WLF-updated model. Figure 3-24 is 
preferred as the Avrami model typically has been found to not fit well beyond 90% 
accomplished crystallization (see section 4.2.2). These predictions do not include induction 
time, so the predictions could be better considered to be if crystallization is possible rather 
than if it is likely. 

For example, Figure 3-24 predicts that for the crystallization time to be reduced below a 15min 
a fluidized bed drier at 90°C needs to operate at a water activity of 0.23 or greater would be 
required. Between the lower and upper standard error limits it would be recommended to use 
the Arrhenius T-Tg model with the Avrami equation to estimate the faction of crystallization 
likely to occur within the desired timeframe after induction. Above the upper standard error 
limit complete crystallization within that timeframe after induction would be very likely. 

 

Figure 3-23: Arrhenius T-Tg model predicted 99% crystallization times versus water activity at different temperatures 
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Figure 3-24: WLF-improved model predicted 99% crystallization versus water activity at different temperatures 
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4.2 Simultaneous Thermal Analysis (STA) Method Development  
Simultaneous Thermal Analysis (STA) measures both the weight changes (TGA) and the heat 
flow (DSC) of a sample under a controlled atmosphere as a function of either temperature or 
time. Crystallization of amorphous lactose has commonly been measured by either gravimetric 
(Dynamic Vapor Sorption) or calorimetric (Differential Scanning Calorimetry, Isothermal 
Microcalorimetry) methods. Thermogravimetric analysis has been used to investigate the 
amorphous content (Listiohadi et al., 2009) but has not apparently been applied to 
crystallization kinetics. 

The advantage of an STA method is that during crystallization moisture is expelled (measured 
by gravimetric methods) which is an endothermic process partially controlled by diffusion. The 
crystallization, or rearrangement of the molecules to a lower energy state, is an exothermic 
process (measured by calorimetry). Thus, gravimetric methods may not consider crystallization 
occurring where the mass loss is diffusion limited and calorimetric only record the net change 
in enthalpy which is a product of the exothermic molecular rearrangement and the 
endothermic desorption. By measuring both heat flow and mass changes simultaneously the 
net enthalpy change can be determined as well as the endothermic enthalpy change due to 
desorption can be estimated and the true enthalpy of crystallization calculated. One 
disadvantage of STA analysis is the small sample size able to be analysed (on the order of 10 
mg). 

 
Figure 4-5: Netzsch STA 449 F3 Jupiter at Massey University 
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4.3 High Temperature Amorphous Lactose Isotherms  

4.3.1 Background  
It has been hypothesized that during flash drying of alpha lactose monohydrate crystals a layer 
of amorphous lactose is formed (Paterson, 2017). During the subsequent fluid bed drying, 
depending on the conditions, this layer may then crystallize in one of two ways; inside-out or 
outside-in. Inside-out crystallization is theorized to cause a stable dry product, whereas 
outside-in crystallization traps moisture which slowly diffuses in storage and causes handling 
issues. 

With a small sample, such as that required for the STA, a temperature gradient is difficult to 
maintain long enough for induction to take place. Furthermore, the TGA signals can be 
unreliable for a period during temperature increase. Because of this it was decided to control 
the direction of crystallization using a moisture gradient induced once the target temperature 
was reached. 

To ensure outside-in crystallization it is necessary that adsorption continues until 
crystallization is induced. This maintains a higher moisture content at the surface, with a 
greater molecular freedom making nucleation more likely. 

To ensure that inside-out crystallization occurs two conditions are required: desorption needs 
to occur prior to induction of crystallisation creating a moisture gradient, and the outer surface 
moisture content must be low enough that crystallization there is unlikely. To achieve these 
conditions a greater understanding is required of the sorption and crystallization behaviour of 
amorphous lactose under the higher temperatures present in a fluid bed dryer. The models 
produced in section 3 are useful for prediction of crystallization time, but the confidence 
intervals are quite broad, and specific data for the sample to be used was desired. 

Existing isotherms (section 2.1.1) only cover temperatures up to 45°C. Higher temperature 
isotherms showing the water activity at which crystallization occurs at each temperature 
would aid experimental design while also clarifying the currently conflicting information on 
temperature dependence. The STA set-up with the sensitive balance, precise control over 
temperature and humidity, and the direct applicability to other STA trials is ideal for this 
application. The equipment used was that described in section 4.2. 

4.3.2 Conditions and Method  
Temperatures of 110°C and 95°C were selected as temperatures likely to exist in a fluid bed 
drier and 30°C was selected for comparison. Relative humidity conditions at 95°C and 110°C 
were selected up to one at which crystallization was considered very likely and then spaced 
evenly below that. Relative humidity conditions at 30°C were spaced up to 50%RH. The TRG-
004 which heats the humidified air is limited to 95°C and is more accurate at 90°C or below. As 
such, the required relative humidity at 90°C (for the humidity program) to achieve the desired 
relative humidity once the air is heated to 110°C in the furnace was calculated using the 
Arden-Buck equation (Buck, 1981). The humidity was increased from 0%RH every 6h for the 
high temperature trials and every 8h for the 30°C trial to account for the slower adsorption. An 
additional stage was added to the temperature program for the 30°C isotherm for reasons 
discussed in section 4.3.3.  
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Figure 4-19: Collected calculated and predicted EMC values versus aw. Error bars represent the maximum potential 
error of calculation or prediction. 

The equilibrium moisture content at which crystallization was induced within 6 hours was 
0.0220g/g dry at 95.0°C for a Gordon-Taylor predicted T-Tg (equation (2-1)) of 13.0K and 
0.0131g/g dry at 110.0°C for a T-Tg of 16.0K. 

4.3.4 Aside: Source of Experimental Noise  
Experimental noise for the sample mass recorded by the STA was a significant issue 
throughout for all trials but was especially noticeable for the 110°C isotherm trial. The data 
from this trial was used to quantify the experimental noise. Noise was taken as the absolute 
difference in the sample mass, from mass averaged for the five minutes around it. This noise 
was averaged around each local whole hour, and plotted against the corresponding wind 
speed from 12:00pm 12/03/18 and 12:00am 14/03/18 from Metroblue (2018) in Figure 4-20. 
The weather seems to be very likely to be the cause of the experimental noise and not an 
aspect of the procedure. 
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Figure 4-20: Hourly averaged RMS noise from 110°C isotherm versus Palmerston North wind speed. For 12:00pm 
12/03/18 and 12:00am 14/03/18 (Metroblue, 2018). 
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Amorphous content was estimated using the area of the exothermic DSC peak (associated with 
adsorption and crystallization both of which are proportional to the amorphous content) and 
the percentage mass gain.  




















































































































