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Approaches to determine the enthalpy of crystallisation, and
amorphous content, of lactose from isothermal calorimetric data
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Abstract

Amorphous lactose will crystallise rapidly if its glass transition temperature is reduced below its storage temperature. This
is readily achieved by storing samples at ambient temperature and a relative humidity (RH) of greater than 50%. If the sample
is monitored in an isothermal microcalorimeter as it crystallises, the heat changes associated with the event can be measured;
indeed this is one of the methods used to quantify the amorphous content of powders and formulations. However, variations in
the calculation methods used to determine these heat changes have led to discrepancies in the values reported in the literature
and frequently make comparison of data from different sources difficult. Data analysis and peak integration software allow
the selection and integration of specific areas of complex traces with great reproducibility; this has led to the observation that
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previously ignored artefacts are in fact of sufficient magnitude to affect calculated enthalpies. In this work a number of int
methodologies have been applied to the analysis of amorphous spray-dried lactose, crystallised under 53 or 75% RH◦C.
The data allowed the selection of a standard methodology from which reproducible heat changes could be determi
method was subsequently applied to the analysis of partially amorphous lactose samples (containing 1–100% (w/w) am
content) allowing the quantification limit of the technique to be established. It was found that the best approach for o
reproducible results was (i) to crystallise under an RH of 53%, because this slowed the crystallisation response allowi
experimental measurement and (ii) to integrate all the events occurring in the ampoule, rather than trying to select
region corresponding to crystallisation, since it became clear that the processes occurring in the cell overlapped and
be deconvoluted. The technique was able to detect amorphous contents as low as 1% (w/w), using this integration
although it was observed that the calibration plot constructed showed a negative deviation from linearity. It is suggested
non-ideal behaviour results from the formation of varying ratios of�-lactose monohydrate, anhydrous�-lactose and anhydrou
�-lactose.
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1. Introduction

One result of the mechanical processing of solid-
state pharmaceuticals may be the accidental formation
of amorphous regions in what was previously an en-
tirely crystalline material. The presence of amorphous
material can have significant effects on material prop-
erties, including increased chemical instability (Pikal
et al., 1978) and hygroscopicity (Kontny et al., 1987).
Despite the amorphous material occupying only a few
percent of the bulk mass, its location on particle sur-
faces gives it a disproportionate control over the sur-
face interactions of what is a predominantly crystalline
powder (Newell et al., 2001a,b). The reversion of the
unstable amorphous material to the lower energy state
crystalline form can also have a dramatic effect due to
particle aggregation. The development of techniques
that allow a quantitative determination of low (∼1%,
w/w) amorphous contents is therefore of considerable
importance.

One approach to determine amorphous contents is
to measure the heat changes that result when a partially
crystalline material is exposed to a specific vapour (of-
ten humidity) using isothermal calorimetry (for exam-
ple,Byström, 1990; Briggner et al., 1994). The simplest
methodology is to place a powder in an air-tight glass
ampoule with a small glass tube (a Durham tube or
mini-hygrostat) containing a saturated salt solution to
control the local RH. An alternative approach is to use
gas perfusion calorimetry, whereby the RH of a carrier
g ple.
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terpretation. It is clear that each approach will result in
a different thermal response; this work focuses solely
on the use of the mini-hygrostat method.

Isothermal calorimetry has been widely used to
determine the amorphous contents of many phar-
maceuticals, such as salbutamol sulphate (Buckton
et al., 1995b), nifedipine (Aso et al., 1995) and lactose
(Briggner et al., 1994; Sebhatu et al., 1994; Angberg,
1995; Buckton et al., 1995a). Lactose, in particular,
is an interesting subject, both as a model system and
because it is a very commonly used pharmaceutical ex-
cipient. This method has given rise to different reported
values for the net enthalpy of the response related to lac-
tose crystallisation (Table 1; Note that the crystallisa-
tion process is a net exothermic event. Conventionally,
these heats would therefore have a negative sign; how-
ever, because most calorimeters record these changes as
positive, literature values recorded for lactose crystalli-
sation are positive and we will adhere to this conven-
tion). A major reason for the differences seen inTable 1
has been differences in the section of the calorimetric
power-time response that was integrated, because of
the fact that the response arises from a large number
of competing exothermic and endothermic processes,
giving a composite response that may well be seen as
consisting of several peaks or shoulders on peaks. The
availability of data analysis and peak integration soft-
ware means it is possible to select and integrate specific
areas of complex traces with great reproducibility. It
has also led to the observation that previously ignored
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and subsequently expelled (Darcy and Buckton,
1998).

It is essential, in order to use calorimetric data to de-
termine quantitatively small amorphous contents, that
there is an accepted value for the net apparent enthalpy
of crystallisation of 100% amorphous lactose (or any
other material that is used). For this to be derived there
needs to be a standard methodology by which start-
and end-points can be assigned, allowing reproducible
peak areas to be determined. It is the purpose of this
work to demonstrate the variation in values obtained
by using a number of approaches for determining peak
areas for lactose re-crystallisation and to recommend a
standard approach for data analysis. The methodology
is then applied to the analysis of partially amorphous
samples in order to determine the quantitative sensi-
tivity of the technique for assessment of amorphous
content in processed pharmaceuticals.

2. Materials and methods

Lactose monohydrate was supplied by Borculo
Whey Products (Cheshire, UK). Sodium chloride
and magnesium nitrate were purchased from BDH
and were used as received. Amorphous spray-dried
lactose was prepared from a 10% (w/v) solution
(Büchi 190 mini spray-drier) as discussed previously
(Chidavaenzi et al., 1997). Confirmation of the amor-
phous nature of the yield was obtained using XRPD.
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at 25◦C for 30 min. The instrument was calibrated pe-
riodically using an electrical substitution method. Data
were recorded using the dedicated software package
Digitam 4.1. Data analysis was performed using Mi-
crocal Origin.

DSC data were recorded on a Perkin-Elmer Pyris 1.
Samples (∼1–2 mg) were crimped into non-hermetic
aluminium pans. A blank aluminium pan was used as
a reference. Data were recorded from−30 to 260◦C
at a scan rate of 200◦C min−1. The instrument was
calibrated using indium and zinc standards. Data were
recorded and analysed using the dedicated Pyris soft-
ware package.

3. Results and discussion

3.1. Power-time responses described in the
literature

A typical thermal response generated by amorphous
lactose under high RH conditions (>50%) is repre-
sented inFig. 1(in this case, a 33 mg sample of amor-
phous lactose under 75% RH at 25◦C). The sample has
several distinct regions, denoted A–E. An initial sharp
exotherm, which results from friction of lowering of
the ampoules and does not form part of the thermal re-
sponse of the sample, is followed by a more prolonged
exotherm lasting for almost 1 h (region A). This results
from evaporation of water from the hydrating reservoir
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ärfälla, Sweden) at 25◦C. Samples (∼30 mg) were
eighed into glass ampoules (3 ml volume). The s
le and reference ampoules both contained a m
ygrostat containing a small quantity of saturated
olution (NaCl which maintains an RH of 75% a
g(NO3)2·6H2O which maintains an RH of 53%, bo
t 25◦C). Ampoules were sealed with a crimped m
ap; a rubber sealing disc ensured an air-tight sea
ause of the need to reduce the thermal equilibra
ime as much as possible, all materials were pre-s
esired RH (endothermic), wetting of the lactose
t absorbs water (exothermic) and, possibly, struc
ollapse of the sample. It is likely that the rates of w
vaporation and absorption are slightly out of bala
hich explains both the presence of the exotherm
ion A; absorption predominates) and the subseq
ndothermic baseline (region B; evaporation pred

nates) before the commencement of crystallisatio
hould be noted that during region B it is usually
umed that the processes of water evaporation an
orption are considered to be equal in rate and,
enerate no heat response (Angberg et al., 1992a,)
ut close inspection of the data reveals this not t
he case. In the work described here, an equivalen
rated salt solution is placed in the sample and r
nce of the microcalorimeter. This will blank out so
f the response associated with generating the w
apour in the sealed ampoules; however, the pres



86 S.E. Dilworth et al. / International Journal of Pharmaceutics 284 (2004) 83–94

Fig. 1. A typical power-time response for a sample of amorphous lactose held at 25◦C under an RH of 75%. The data comprise five main
regions, denoted A–E (discussed in the text). The inset graph shows an expanded view of regions B–E between−30 and 120�W.

of amorphous lactose will cause a greater generation of
water vapour in the test side as the lactose effectively
desiccates the air space. It is clear therefore that the
“blank” in the reference site is not a complete blank. It
is also clear that the data generated using this method-
ology will differ from those obtained when an empty
ampoule (no saturated salt solution reservoir) is used
as the reference.

After approximately 2.5 h the sample crystallises
(region C,Fig. 1). This lag time has been shown to
relate to the mass of amorphous material, the RH gen-
erated by the saturated salt solution and the surface area
of the tube in which the salt solution is stored (Briggner
et al., 1994; Hogan, 2001). Previous work has shown
that samples removed immediately after this exother-
mic response are crystalline (Briggner et al., 1994)
and physical inspection of the sample reveals a hard,
fused, solid mass instead of a free-flowing powder. It
has been observed that following crystallisation, car-
bohydrates expel the previously absorbed plasticising
water (Makower and Dye, 1956). The same effect can
be followed using dynamic vapour sorption apparatus
(Buckton and Darcy, 1996). While crystallisation will
be an exothermic event, the expulsion of water will
be endothermic and the calorimetric data will repre-
sent the balance of these heat changes. The crystallisa-
tion response (region C) shows a clear shoulder (region

D). Sebhatu et al. (1994)suggested that this shoulder
should not be attributed to the expulsion of water fol-
lowing crystallisation since that event should be can-
celled out by the exothermic condensation of that water
back into the hydrating reservoir, in a manner similar
to that suggested byAngberg et al. (1992a,b)to explain
the lag phase before crystallisation. However, since it
has been shown that the lag phase is, in fact, an en-
dothermic event, a similar imbalance of events could
also explain this shoulder.Sebhatu et al. (1994)sug-
gested that the shoulder represented incorporation of
water into the anhydrous�-lactose formed immediately
after crystallisation to form�-lactose monohydrate.
Briggner et al. (1994)attributed the event to mutaro-
tation of �-lactose to�-lactose monohydrate, which
could be possible asAngberg et al. (1991)showed that
such mutarotation occurs to a significant extent at rel-
ative humidities above 94% (which would be achieved
as large quantities of water desorb from the crystallis-
ing sample).

Finally, for the first time we report a long, slow
exothermic process which is observed after crystalli-
sation (region E). Since this has not previously been
noted, no explanations for its existence have been pro-
posed. It is possible that this event arises from water
movement within the ampoule, either between the sam-
ple and the hydrating reservoir or within the sample
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itself, or may represent mutarotation.Angberg et al.
(1991)found that complete mutarotation occurred over
a period of 112 days at 94% RH. This indicates that mu-
tarotation is a slow process so it would be surprising if
it went to completion over the few hours that region E
extends.

It is clear that the crystallisation of lactose is a com-
plex event, comprising a number of exo- and endother-
mic processes, and that the calorimeter records only
the balance of these events. It is therefore not a trivial
matter to determine the enthalpy of crystallisation of
amorphous lactose, since it is difficult to assign start-
and end-points to the event, and this has led to ambi-
guity in the literature.

3.2. Assessment of various integration
methodologies

The regions (A–E) inFig. 1 will be considered to
attempt to define a reproducible methodology. In order
to ensure consistent reporting of data, start- and end-
points for integration need to be defined. Since an en-
dothermic region precedes the crystallisation response,
the start point of region C will be negative, although the
precise value varies between samples (again, indicat-
ing its likely cause being an imbalance of events). It
must be decided whether the area should be measured
from the minimum inflection of this endotherm or, per-
haps, from the point at which region C first crosses the
y = 0 axis. If the area of the endotherm is ignored, it
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ordinate following the main crystallisation region. This
is difficult because the return to baseline after region D
is masked by the onset of region E. It must be decided if
the area is to be integrated toy= 0 or to a sloping base-
line (in other words, it must be judged whether the heat
capacity of the sample changes in going from an amor-
phous or partially amorphous form to the crystalline
form).

In order to determine the most reproducible method
for quantifying the heat of crystallisation, 12 combina-
tions of start- and end-points were selected:

Method 1A Determination of enthalpy based upon the
inclusion of region C only. Integration
from y = 0

Method 1B As method 1A but with the inclusion of
region D (if no shoulder was observed, it
was assumed that it was included in the
main crystallisation response, region C)

Method 1C As method 1A but with the inclusion of
regions D and E

Method 2A Integration of peak C only, using a sloping
baseline from the minimum inflection of
region B to the end-point of region C

Method 2B As method 2A but with the inclusion of
region D (region C only if no shoulder
present)
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ethod 3B As method 3A but with the inclusion
region D (region C only if no should
present)

ethod 3C As method 3A but with the inclusion
regions D and E

ethod 4A Integration of regions B and C fromy= 0

ethod 4B As method 4A but with the inclusion
region D (region C only if no should
present)

ethod 4C As method 4A but with the inclusion
regions D and E
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Each method was then applied to 18 different crys-
tallisation responses of 100% amorphous lactose. The
results are presented inTable 2.

It is evident from the data inTable 2that the use
of the different integration methodologies results,
unsurprisingly, in a wide range of crystallisation
heats (36.2–69.2 J/g). It is also evident that the errors
associated with some of the integration methods are
considerable and are thus disregarded. It must also be
remembered that the response of wholly amorphous
material may not be the same as that of partially
amorphous samples (which, as a consequence, may
not exhibit all five regions) and, hence, ease of use
of the method is of importance. For these reasons,
methods 1B and 4C were selected to be used for the
analysis of partially amorphous samples. It should be
noted that method 1B represents an attempt to integrate
solely the crystallisation response (and results in an
average value of 45.4 J/g, very close to other reported
values (seeTable 1)) while method 4C represents the
determination of the net heat change for all the pro-
cesses occurring during the course of the experiment
(and, hence, results in a larger value of 53.4 J/g).

3.3. Quantification of amorphous content

Isothermal microcalorimetric data can be used to
quantify amorphous contents because it is assumed that
there is a linear relationship between amorphous con-
tent and the measured heat of crystallisation. Lactose
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crystalline lactose in a glass container; this method
was chosen because it is relatively gentle compared
with other mixing methodologies (such as blend-sieve-
blend for instance) although the possibility exists
that the forces exerted on the sample during mixing
could cause some of the amorphous material to crys-
tallise, thus affecting the magnitude of the subsequently
recorded experimental data. However, analysis of the
heat output from the crystallisation of two samples of
the same batch of spray-dried lactose, one of which had
been subjected to 20 min in the turbula mixer, resulted
in the same measured heat (data not shown), indicating
that mixing was unlikely to affect the amorphous nature
of the samples. Equally, analysis of crystalline material
that had been tumbled in the mixer did not show any
evidence of amorphous material being formed.

The known amorphous contents versus calculated
amorphous contents determined using method 1B are
shown for amorphous contents between 1 and 10%
(w/w) in Fig. 2and for amorphous contents between 5
and 75% (w/w) inFig. 3. It can be seen that in all cases
the repeatability of measurement is poor and at most
amorphous contents the average calculated values are
lower than the known values, indicating the likely pres-
ence of a systematic error with this integration method,
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d ive
a and
k ting
a ited
a ain
t 8).

a C. In
t d for
amples containing between 1 and 75% (w/w) am
hous content were crystallised at 75% RH and the
hanges recorded for each were determined usin
egration methods 1B and 4C. The data were use
alculate percent amorphous content by using the
hange obtained for the wholly amorphous sample
ng each respective method, as a reference entha

As mentioned in the methodology section, the
ially amorphous samples were prepared by mixing

able 2
nthalpy of crystallisation for 100% amorphous lactose (at 25◦C, 75

ext (n = 18)

ntegration method Enthalpy of crystallisation (J/g)

1A 1B 1C 2A 2

verage 41.3 45.4 53.8 36.2 4
.D. 2.8 3.3 4.3 3.3 3
rror (%) 6.9 7.2 8.1 9.0 8
) determined using the 12 integration methodologies discussed

2C 3A 3B 3C 4A 4B 4C

55.7 43.5 46.8 69.2 39.4 45.1 53.4
9.1 2.9 5.0 11.8 2.8 3.1 3.7

16.3 6.6 10.6 17.0 7.2 6.9 6.9

ata (R2 = 0.986). The gradients of the plots also g
n indication of the discrepancy between calculated
nown amorphous contents, with a value of 1 indica
perfect correlation. The 1–10% (w/w) data exhib
very poor correlation (slope = 0.48) although ag

his improved for the 5–75% (w/w) data (slope = 0.7
Similar data sets are presented inFigs. 4 and 5for

morphous contents determined using method 4
his case good linear regression fits were obtaine



S.E. Dilworth et al. / International Journal of Pharmaceutics 284 (2004) 83–94 89

Fig. 2. The calculated vs. known amorphous contents for samples containing between 1 and 10% (w/w) amorphous content, determined by
integration of power-time data (at 25◦C and 75% RH) using method 1B, showing the linear fit to the data and the 95% confidence limits.

both plots (1–10% (w/w),R2 = 0.974; 5–75% (w/w),
R2 = 0.984) although, as above, calculated amorphous
contents were consistently lower than the actual val-
ues. The slopes of the lines also indicated a better cor-
relation using this integration approach (1–10% (w/w)
data, slope = 0.73; 5–75% (w/w) data, slope = 0.88).
Possible reasons for these discrepancies are discussed
below.

One possible reason for the negative deviation could
be that the amorphous material is lost during mixing,
perhaps by preferential adsorption to the mixer. This
was checked by running one sample in which the amor-
phous and crystalline material were weighed directly
into the TAM ampoule and then stirred with a spatula
in the ampoule. The result for this experiment was in
keeping with the results for the mixtures, in that there
was deviation from the expected linear plot.

The crystallisation response of a sample containing
a very low amorphous content is clearly much smaller
than that of an entirely amorphous sample and will oc-
cur over a much shorter time span (because less water

needs to be absorbed to initiate crystallisation). Indeed,
crystallisation may often occur before a baseline has
been achieved after the ampoules have been lowered
into the instrument. One consequence of this is that it
is difficult reproducibly to determine crystallisation en-
thalpies because the starting point of the event may be
lost. One way to mitigate this effect is to use a larger
sample mass, although this usually impedes water ab-
sorption and expulsion, leading to multiphase crystalli-
sation peaks. An alternative approach is to lower the RH
to which the sample is exposed. In this work, amor-
phous samples were crystallised under an RH of 53%,
since previous data have shown that this provides suf-
ficient water to induce crystallisation but noticeably
increases the lag time (Briggner et al., 1994).

It is notable here that recent studies of lactose
crystallisation using electro-chemical atomic force mi-
croscopy (EC-AFM) have suggested that primary nu-
cleation cannot occur in samples maintained under an
RH of 58% (Price and Young, 2004) and that under low
RH atmospheres lactose does not fully crystallise; it
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Fig. 3. The calculated vs. known amorphous contents for samples containing between 5 and 75% (w/w) amorphous content, determined by
integration of power-time data (at 25◦C and 75% RH) using method 1B, showing the linear fit to the data and the 95% confidence limits.

was suggested that complete crystallisation requires an
RH of 94% or greater. In this work, all samples removed
from the TAM (once the heat-flow had returned to zero)
were completely crystalline (by DSC, data not shown),
irrespective of the RH under which they were main-
tained. Clearly, the presence of crystalline material in
the ampoule will promote secondary nucleation and it
may be the case that a small quantity of crystalline ma-
terial exerts a disproportionate effect on the observed
behaviour of the system; furthermore, it is likely that
the expulsion of water following crystallisation is an
extremely rapid process, resulting in the (temporary)
formation of a saturated vapour space which will force
the complete crystallisation of the sample.

The thermal response of amorphous lactose crys-
tallised at 53% RH is shown inFig. 6. Integration us-
ing method 4C resulted in a heat change of 57.3 J/g,
which is slightly higher than that calculated at 75%
RH. Darcy and Buckton (1998)noted that changes in
temperature resulted in different heat changes but did
not note this effect of RH at 25◦C. A plot of known

versus calculated amorphous content between 1 and
100% (w/w) is shown inFig. 7. As in the case of ex-
periments conducted at 75% RH, the method showed
a negative deviation from ideality, returning calculated
amorphous contents that were lower than the known
contents.

Gravimetric data have shown that the mass increase
following crystallisation of amorphous lactose is of the
order of 3% (w/w) (Hogan, 2001). If the sample crys-
tallised totally to�-lactose monohydrate, a mass in-
crease of approximately 5% (w/w) would be expected.
These data therefore suggest that amorphous lactose
crystallises to a mixture of�-lactose monohydrate and
anhydrous�-lactose and it may be the case that the ra-
tio of the two species formed varies as a function of
RH, resulting in the enthalpy difference noted above.
DSC data for pure�-lactose monohydrate show a de-
hydration peak centred at 155◦C and a melt centred at
222◦C, which gives an enthalpy of fusion of∼169 J/g,
Fig. 8. Pure�-lactose is difficult to prepare, so it was
not possible to record a DSC trace for this material
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Fig. 4. The calculated vs. known amorphous contents for samples containing between 1 and 10% (w/w) amorphous content, determined by
integration of power-time data (at 25◦C and 75% RH) using method 4C, showing the linear fit to the data and the 95% confidence limits.

Fig. 5. The calculated vs. known amorphous contents for samples containing between 5 and 75% (w/w) amorphous content, determined by
integration of power-time data (at 25◦C and 75% RH) using method 4C, showing the linear fit to the data and the 95% confidence limits.
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Fig. 6. A typical power-time response for a sample of amorphous lactose held at 25◦C under an RH of 53%.

directly. However, amorphous lactose crystallises to a
mixture of �-lactose monohydrate and anhydrous�-
lactose (Fig. 8) and from these data it is possible to
estimate the enthalpy of fusion for the�-form. The�-
lactose melt is centred at∼248◦C, and gives an en-
thalpy of fusion of∼197 ± 19 J/g; it is difficult to
quantify this heat change accurately because it over-
laps with the�-melt and the subsequent degradation

Fig. 7. The calculated vs. known amorphous contents for samples
containing between 1 and 100% (w/w) amorphous content, deter-
mined by integration of power-time data (at 25◦C and 53% RH)
using method 4C.

(∼255◦C onwards). Areas for the�-peak were deter-
mined by fitting the�- and�-peaks to a double Gaus-
sian model, allowing their separation. The DSC traces
for crystallised mixed amorphous:crystalline samples
clearly show a change in the ratio of�- to �-lactose
formed (Fig. 9). Since the aim of this work was to assess
the use of the microcalorimetric method to determine
percent amorphous content, we have not studied this
phenomenon further, but such a study will form the ba-
sis of future work. We simply note here that this effect

Fig. 8. DSC traces recorded for re-crystallised spray-dried lactose
(top) and pure�-lactose monohydrate (bottom).
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Fig. 9. DSC traces recorded for samples removed from the TAM
following re-crystallisation; 50:50 amorphous:crystalline (top) and
85:15 amorphous:crystalline (bottom).

may well account for the negative deviation from ide-
ality observed. The slow exothermic event following
crystallisation (region E inFig. 1) is absent in samples
crystallised at 53% RH, suggesting it derives from an
event occurring only at higher RHs, such as the mu-
tarotation suggested byAngberg et al. (1991).

4. Conclusion

The data presented here have highlighted the com-
plexity of, and number of potential processes involved
in, lactose crystallisation. Analysis of the data for amor-
phous lactose using different integration methodolo-
gies has suggested that the best approach for obtaining
reproducible results is to integrate all five regions of
the trace, since it is clear that the processes occurring
in the cell overlap and cannot be distinguished from
each other. It is therefore difficult reproducibly to omit
one or more of them. Integration of the net heat change
does not guarantee completely reproducible results, but
it does ensure that all processes are included in the mea-
surement, suggesting that any differences between data
sets reflect an alteration of the balance of events occur-
ring, whether this is caused by batch-to-batch sample
variability or changes in experimental conditions. We
determined a net heat change of 53.4 J/g at 75% RH
and 57.3 J/g at 53% RH.

The second purpose of this work was to see if a stan-
dard integration method would allow the quantification

of amorphous content in a partially crystalline sample.
The data did allow the construction of a calibration plot,
but this plot was not linear. However, the heats mea-
sured in the calorimeter, at any particular amorphous
content, were reproducible. This implies that calori-
metric data can be used to quantify amorphous con-
tents in partially amorphous lactose samples, although
it should be noted that these data were recorded using
mixtures of wholly amorphous and wholly crystalline
particles; the response of a sample containing parti-
cles which are partially amorphous and partially crys-
talline (such as would be produced during processing)
may be significantly different. The most precise results
were obtained when samples were crystallised under
an RH of 53% and the net heat change was determined
(method 4C); the technique was able to detect amor-
phous contents as low as 1% (w/w).
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