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Abstract

Sugars are a near-ubiquitous ingredient in food products, yet rising rates of obesity and related illnesses have prompted a drive to reduce
their content. The use of amorphous sugars in confectionery may be one way of achieving this by providing a similarly sweet sensation
due to increased dissolution rate. However, accurate amorphous and crystalline form characterisation and quantification of complex
foodstuffs can be difficult. In this study, a method for the quantification of crystalline and amorphous sugars in chocolate precursors,
using powder X-ray powder diffraction, is presented. The method was first validated by the use of known compositions of mixtures of
amorphous and crystalline sugars, then employed in assessing two chocolate crumb samples. The results show that the method can
reliably determine the absolute quantity of amorphous and crystalline components in a confectionery sample, whilst maintaining
sample integrity, apart from the addition of an inert internal standard. As such, it is a valuable addition to other techniques currently
used.

Keywords Quantitative phase analysis - Chocolate - Crystalline sugars - X-ray powder diffraction - Amorphous form

quantification

Introduction

Gradual changes in human lifestyle and behaviour over the
past 100 years have led to a dramatic rise in the incidence of
diabetes, obesity and related illnesses (coined “diabesity”)
across the globe (Amos et al. 1997; Astrup and Finer 2000;
King et al. 1998). Consequently, governments have responded
by introducing regulations (such as required information on
the fat and sugar content of foodstuffs) and taxations (for
example, the recently announced Soft Drinks Industry Levy
in the UK) which are likely to become more restrictive on the
food industry over the coming decades (Zimmet et al. 2001).
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As a result, there is heightened interest in research and devel-
opment of food products that contain reduced sugar and fat
content.

There are many options available to confectionery manu-
facturers to reduce the total quantity of sugars in foods.
Perhaps the most widely used approach in the market is the
use of sugar replacements (such as sugar alcohols) in chewing
gums and carbonated soft drinks. However, these ingredients
are more costly, do not necessarily provide the same taste
profile and may produce undesirable gastric effects in some
consumers (Nabors 2011). Another option is the use of sugars
in their amorphous forms; the lack of long-range order in
amorphous solids allows for increased dissolution rate within
the mouth, providing a sweet sensation at reduced gross sugar
content (Hartel et al. 2011).

However, achieving the amorphisation of the sugars in
products is not as straightforward as simply replacing previ-
ously crystalline powders with their amorphous counterparts.
For example, in chocolate manufacture, the product is ex-
posed to a range of physical manipulations, including several
heating and cooling steps, mixing within a conch, and the
tempering process (Beckett 1994; Beckett 2008).
Consequently, components of the mixture that were amor-
phous at the outset of processing may have been given enough
molecular mobility to recrystallise during processing, nullify-
ing the intended impact on the final product. Hence,
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modifications to the manufacturing process may be required,
and prior to this, a method of characterisation and quantifica-
tion of the amorphous and crystalline components within a
product at each stage of preparation is potentially advanta-
geous in ensuring the desired final product is achieved.
Quantitative phase analysis using powder X-ray diffraction
(PXRD) is one method that can be employed for this purpose;
other commonly used methods for quantification of amor-
phous content include DSC, DVS and solution calorimetry.

PXRD has been used extensively as an analytical technique
since its initial application by Debye and Scherrer a century
ago (Debye and Scherrer 1916). In recent years, there has been
great interest in the application of the Rietveld method
(Rietveld 1969) to determine the relative quantities of crystal-
line components in a powder mixture, a process known as
quantitative phase analysis (QPA). Though QPA has been
extensively utilised within the cements, mining and ceramics
industry, and to some extent within the pharmaceutical indus-
try, its application in other areas is much less common
(Aranda et al. 2012). Typically, QPA reports the percentage
abundance of each crystalline phase present in a mixture, giv-
ing the sum of crystalline phases as 100% of the powder that is
irradiated in the X-ray beam. However, by use of an appropri-
ate internal standard, the contribution of non-crystalline] con-
tent can also be calculated (De La Torre et al. 2001). This is
done by scaling each crystalline phase’s contribution using a
scale factor determined by the calculated and known concen-
trations of the standard, as shown in Eq. 1:

i Ws(known)

1
Ws(calc) ( )

W(y(abs) = W(x(calc)

where W, is the absolute weight fraction of phase a,
Weycale) 18 the calculated relative weight fraction of phase o
obtained from the QPA, W, is the calculated relative
weight fraction of the standard material obtained from the
QPA and Wiggown is the known weight fraction of the stan-
dard material.

In order to apply QPA to a mixture, prior knowledge of the
crystallographic form of each crystalline component is re-
quired. In the case of chocolate and chocolate precursors,
these components include (but are not limited to) sucrose,
«-lactose monohydrate and (3-lactose (see Electronic
Supplementary Material for sample PXRD patterns).
Furthermore, a well-characterised and highly crystalline inter-
nal standard, with an elemental composition comparable to the
samples of interest, is also required.

! This includes X-ray amorphous solids (solids that do not contribute any
visible Bragg diffraction to the PXRD pattern) and any liquid phases present,
e.g. liquid fats. For simplicity, these non-crystalline entities are henceforth
referred to as the amorphous content of the samples.

@ Springer

Here, the accuracy and precision of QPA, as applied to
known compositions of crystalline and amorphous sugars
using synthetic diamond powder as an internal standard, is
assessed and the resultant methodology applied to two choc-
olate crumb samples.

Materials and Methods
Obtaining Pure Phases

Crystalline sucrose (CAS 57-70-1), x-lactose monohydrate
(CAS 5989-81-1) and synthetic crystalline diamond powder
(CAS 7782-40-3) were obtained from Sigma Aldrich, UK.
Amorphous lactose was prepared by dissolving «-lactose
monohydrate in water and freeze-drying small individual ali-
quots of the resultant 10% w/v aqueous solution as follows:
pre-freezing at — 80 °C, a primary drying step of 72 h at — 50 °©
C under a vacuum pressure of 0.06 mbar, then finally a sec-
ondary drying step over P,Os for 48 h at 25 °C. For more
information on this process, see Jawad (2012). The resultant
powders, which were sealed and stored in desiccators, exhib-
ited no Bragg diffraction peaks when PXRD data were col-
lected on a laboratory diffractometer.

Preparation of Powder Mixtures of Known
Composition

Five mixtures comprising varying proportions of sucrose,
amorphous lactose (checked by PXRD to ensure it was
X-ray amorphous) and diamond were prepared by manually
mixing accurately weighed quantities of the aforementioned
powders using a pestle and mortar. The composition of each
mixture is shown in Table 1. Mixtures were immediately load-
ed into capillaries (see the “Crystallographic Phase
Information™ section) and the capillaries sealed with wax to
prevent ingress of water from the atmosphere.

Chocolate Crumbs

Two generic chocolate crumbs® (henceforth referred to as
crumb A and crumb B) of notionally identical composition,
but made using different drying methods (roller drying under
vacuum or vacuum oven drying), were supplied for analysis
by QPA by Mondelez UK R&D Ltd. An amount of crumb
was first weighed accurately, and then spiked with a known
mass of diamond powder. Each mixture was then mixed man-
ually using a pestle and mortar to ensure an even distribution

2 Information on the general composition of chocolate crumb, and its role in
chocolate manufacture, can be found in the following links: http://bit.ly/
2rke10t and http:/bit.ly/2smT1Vo
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Table 1  The known composition of the powder mixtures generated for
QPA

Mixture  Sucrose Amorphous lactose Diamond

Grams % Grams % Grams %

1 0.0402 4487 0.0393 43.86 0.0101  11.27
2 0.0329 3584 0.0336 36.60 0.0253  27.56
3 0.0702  79.50  0.0099 11.21 0.0082 9.29
4 0.0183  19.32  0.0660 69.69 0.0104 1098
5 0.0449 4638  0.0468 48.35 0.0051 5.27

of'the diamond powder within the sample. The composition of
each mixture is shown in Table 2.

Crystallographic Phase Information

Relevant crystallographic information for all phases present in
the mixtures and likely to be present in the crumbs was
sourced from the literature and is given in Table 3.

Powder X-Ray Diffraction Data Collection and Analysis

Each sample was loaded into a 0.7-mm borosilicate capillary.
For the mixtures of known sugar composition, three capil-
laries of each mixture were prepared, whilst subsequently, a
single capillary of each of the crumb mixtures was prepared.
Diffraction data were collected under ambient conditions on a
Bruker D8 ADVANCE powder diffractometer configured in
capillary-transmission geometry using monochromatic Cu
K1 radiation and a LynxEye detector. Data were collected
in the range 3.5-80° 20, with a 0.017° step for 10 s per step,
which equates to a total time data collection time of approxi-
mately 12.5 h per dataset. As the focus of this study was the
accurate quantification of crystalline and amorphous sugars,
crumb A was also collected at 47 °C? in order to melt the
cocoa butter present and remove its crystalline contribution
to the pattern. The six known crystalline forms of cocoa butter
all have relatively large unit cells, of relatively low symmetry.
As aresult, these crystalline phases produce a large number of
Bragg diffraction peaks that can overlap with those produced
by the sugar phases in crumb and chocolate samples, poten-
tially reducing the accuracy and precision of the composition
values determined by QPA. As such, this simple heating pro-
cedure provides a convenient method for removing the crys-
talline cocoa butter contribution to the diffraction pattern.
Heated samples of crumb A were subsequently cooled to am-
bient temperature and re-measured after ca. 16 h to observe
whether or not the cocoa butter had recrystallised to its orig-
inal form(s). All PXRD data analysis was performed using

3 Temperature control was achieved using an Oxford Cryosystems
Cryostream Compact device, mounted co-axially with the capillary.

Table2  The composition of the crumb mixtures generated for QPA
Sample Crumb Diamond

Grams Yo Grams o
Crumb A 0.0858 89.84 0.0097 10.16
Crumb B 0.0906 90.69 0.0093 931

TOPAS (Coelho 2003), and a sample TOPAS QPA input file
is available as electronic supplementary information. For a
brief and effective introduction to QPA as a technique in
PXRD, please see Madsen and Scarlett (2008).

Results
QPA of Sugar Mixtures of Known Composition

The results of the QPA conducted on the mixtures of known
sugar composition are shown in Table 4, and a representative
fit to a PXRD dataset (mixture 1) is shown in Fig. 1.

QPA of Crumb Samples

The results of the QPA conducted on the crumb samples are
shown in Table 5, and a representative fit to a PXRD dataset
(crumb B) is shown in Fig. 2.

Discussion
QPA of Known Mixtures

There is very good agreement between the percentage com-
position values returned by QPA and the known composition
across all samples, with the greatest difference occurring in
mixture 5 (Agpa-measured = 1.57%). The proportion of diamond
internal standard in the analysed mixture affects the accuracy
of the technique, with mixtures containing smaller diamond
concentrations (mixtures 3 and 5) displaying poorer agree-
ment with the measured quantities than those containing
higher diamond concentrations (mixtures 1, 2 and 4). It also
affects precision, as evidenced by the higher standard devia-
tions obtained for mixtures 3 and 5 compared to mixtures 1, 2
and 4. As the determination of the absolute content of each
phase within a mixture relies heavily on the scaling of the
internal standard, small changes in the QPA-determined dia-
mond percentages can have a significant impact on the final
determined percentages of each phase. Obtaining a perfectly
homogenous dispersion of the diamond standard throughout
each mixture is difficult, subject as it is to inconsistencies in
user technique, potential loss of powders during mixing or

@ Springer
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Table 3 Published crystallographic information for each phase used in the QPA process

«-Lactose monohydrate  (3-Lactose Sucrose Cocoa butter (form V) Diamond
Space group P2, P2, P2, Cc Fd3 m
a(A) 7.937 10.839 10.863 5.442 3.567
b (A) 21.568 13.349 8.704 127.638 3.567
c(A) 4.815 4.954 7.762 8.214 3.567
B 109.77 91.31 102.94 88.69 -
Volume (A%) 775.673 716.606 715354 5703.967 45.385
Reference Fries et al. (1971) Ken and Akira (1974)  Hynes and Le Page (1991)  van Mechelen et al. (2006)  Fayos (1999)
Temperature factors ~ Anisotropic® Anisotropic® Isotropic® Isotropic® Isotropic®

# Anisotropic displacement parameters used for non-hydrogen atoms and isotropic temperature factors used for hydrogen atoms

® Isotropic temperature factors used for all atoms

¢ Isotropic temperature factor allowed to refine in QPA

differences in adhesion of each phase to the pestle and mortar
during mixing. Introducing a larger percentage of diamond
powder in the final mix helps to reduce the relative impact
of the aforementioned factors on the resultant powder pattern.
The results suggest a diamond concentration of at least 10%
w/w is important in QPA accuracy when dealing with samples
of this nature. It is likely that the use of 0.9-mm capillaries,
exposing a larger volume of the sample in the incident X-ray
beam, would also help mitigate any mixing issues, at relative-
ly small cost to the resolution of the collected PXRD pattern.

Results are precise within a sample set, with the largest
standard deviation values occurring in mixtures with low dia-
mond concentrations: mixtures 3 and 5 have a standard devi-
ation of 1.4 and 1.3% respectively). The repeatability coeffi-
cient is defined as

Y7 (sd*Degrees of freedom)
(M=n)

Repeatability = \/ (2)

where M is the total number of measurements, # is the number
of mixtures analysed, degrees of freedom is the number of
repeat analyses minus one and sd is the standard deviation
for a set of repeats.

For the QPA measurements performed on the sugar mix-
tures, the coefficient was calculated to be 0.78 (M =15,n=35,
degrees of freedom = 2), indicating that for two repeat mea-
surements on the same mixture, there is a 95% probability that
the results of the QPA will differ by less than 0.78%. The
results suggest that multiple repeat measurements of a mixture
are not necessary to obtain quantitative data within 1%
accuracy.

The goodness of fit between calculated and measured
diffraction patterns is indicated by Ry, (Young 1993). In
all cases, the fits to the data are good, with low R,
values and difference plots (see, for example, Fig. 1)
consistent with the input crystalline phases providing a
very good description of the observed PXRD data. It is
important to consider not only the R,,, values when eval-
uating fits but also the visual fit to the data—samples
containing large amounts of amorphous material will
have systematically lower Ry, values than those contain-
ing smaller amounts (e.g. mixture 4 has 78.29% amor-
phous lactose and R,,,=3.18 whilst mixture 3 has
87.64% crystalline sucrose and R,,,=5.56) as a conse-
quence of the way in which Ry, is calculated. Whilst the
background-subtracted R,," could be used to eliminate
this systematic difference, the combination of R, plus

Table 4 Results of the QPA

conducted on mixtures of known Mixture Known percentages (exc. diamond) QPA percentages (n = 3) Ryp

composition. The QPA

percentage is reported as a mean + Sucrose Amorphous Lactose Sucrose Amorphous Lactose

s.d. of three separate analyses.

The goodness of fit between the 1 50.57 4943 50.68 = 0.6 49.32 +£0.6 4.14

calculated and measured powder 2 49.48 50.52 4942 +0.5 50.58 0.5 443

Xcray diffraction patterns at the 5 87.64 1236 86,66+ 14 1334+ 14 5.56

end of the QPA is presented as

Ryp 4 21.71 78.29 2097 £0.8 79.03 +0.8 3.18
5 48.96 51.04 47.12+1.3 52.88+1.3 3.74

@ Springer
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Fig. 1 The Rietveld fit obtained for PXRD data collected from mixture 1
in the 20 ranges 3.5-40° (upper plot) and 40-80° (lower plot). Observed
data (points), calculated data (solid black line) and the difference profile

close visual inspection of the difference plot is an effec-
tive way of ensuring that a good fit has been obtained.
Furthermore, when dealing with samples where the exact
compositions are not known a priori, this method allows

(solid grey line) are shown. Diffraction from the diamond internal
standard is clearly visible in the form of the very strong peaks at ca. 44°
and ca. 75° 20

the identification of unfitted features that may indicate
the presence of additional crystalline phases that are not
currently included in the Rietveld fit, or reveal inadequa-
cies in the existing models.

Table 5 Results of the QPA conducted on mixtures of crumb and diamond. The QPA percentage is reported as the result of a single analysis. The
goodness of fit between the calculated and measured powder X-ray diffraction patterns at the end of the QPA is presented as R,

Crumb QPA Composition (%) Ryp
Sucrose «-Lactose monohydrate [3-Lactose Cocoa butter form V Amorphous content

A (ambient) 41.44 2.75 4.11 2.15 49.55 5.39

A (47 °C) 42.41 322 4.37 0.00 50.00 474

A (recooled) 46.45 2.75 4.62 0.12 46.06 4.92

B (ambient) 51.31 0.00 5.82 2.01 40.86 3.59

@ Springer
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Fig. 2 The Rietveld fit obtained for PXRD data collected from crumb B
in the 20 ranges 3.5-40° (upper plot) and 40-80° (lower plot). Observed
data (points), calculated data (solid black line) and the difference profile

QPA of Chocolate Crumb

The results shown in Table 5 illustrate the power and the
flexibility of PXRD for QPA of phase mixtures, such as the
chocolate crumbs examined in this work. The method is able
to quantify the crystalline sugars and form V cocoa butter at
ambient temperatures, and Fig. 3 shows that upon heating to
47 °C, the diffraction peak at 19.4° 26 (corresponding to the
strongest diffraction peak of form V cocoa butter) disap-
pears, indicative of cocoa butter melting and the removal
of its crystalline contribution to the diffraction pattern. The
slight lateral shifting of peaks, also clearly visible in Fig. 3,
is attributable to unit cell expansion of the crystalline phases
at elevated temperature.

@ Springer

(solid grey line) are shown. Diffraction from the diamond internal
standard is clearly visible in the form of the very strong peaks at ca. 44°
and ca. 75° 20

Upon cooling of the heated sample back to ambient
conditions, the peak at 19.4° 20 does not immediately
reappear, and there are no additional visible diffraction
features, even after ca. 16 h at ambient conditions, which
cannot be accounted for by the crystalline sugars. This
suggests that, owing to the uncontrolled nature of the
cooling back to ambient temperature, the cocoa butter
may have recrystallised into several polymorphs whose
relatively low abundance makes their quantification im-
practical or has solidified as an amorphous or nanocrystal-
line solid. QPA performed on the heated and cooled sam-
ple reported 0.12% of form V cocoa butter, a negligible
amount that reflects correlations between phases included
in the calculation as opposed to an accurate value; the
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Fig. 3 Overlay of heated (light grey) and ambient (dark grey) measurements of chocolate crumb A. The inset shows the 17-26 © 20 region, where the
loss of form V cocoa butter peaks in the heated crumb pattern is most evident

same R, for the QPA can be achieved when the form V
contribution is excluded. Furthermore, the heated and
cooled sample showed an increased percentage of crystal-
line sucrose within the mixture, suggesting that the in-
creased molecular mobility introduced by the heating stage
has allowed some amorphous sucrose to recrystallise.

Chocolate crumb B displays a much different pattern to
that of crumb A. Firstly, no crystalline alpha-lactose
monohydrate was observed in this pattern; rather, there is
an increased quantity of the beta anomer. Furthermore, a
much higher quantity of crystalline sucrose, and reduced
total amorphous content, is present.

It is important to remember that QPA cannot distin-
guish between different amorphous components within
the crumb mixture. Therefore, whilst it is possible to state
with good accuracy what percentage of the mixture is
amorphous, it is not possible to directly determine the
amorphous percentage of each individual phase within
the crumb, be it lactose, sucrose, cocoa butter, non-fat
cocoa solids or various milk solids. However, evaluation
of the amorphous percentages of each phase is possible if
the crumb recipe is known. For example, if the recipe
states 60% sucrose and QPA returns a crystalline value
of 50%, then 10% of the crumb is amorphous sucrose.
In this work, Mondelez has confirmed that the results
obtained make compositional sense for the chocolate
crumbs (whose recipes were not disclosed to us) that they
supplied.

This clearly demonstrates the value of QPA in this context:
evaluating changes in crystalline composition as a function of
sample processing can help to explain differences that may be
detected in taste, texture and manufacturability.

Internal Standard and Diffraction Geometry

In developing a QPA method, it is important that a suitable
internal standard is chosen. For molecular organic materials,
widely used QPA internal standards such as Al,O5 and ZnO
are not suitable as microabsorption (Klug and Alexander
1974) becomes an issue. The choice of diamond powder as
an internal standard aimed to minimise microabsorption
whilst providing sharp diffraction peaks that did not markedly
interfere with the regions of strong diffraction observed from
the crystalline components of the samples under examination.
Both synthetic and naturally sourced diamond powders were
tested. It was found that the naturally sourced diamond pow-
der contained trace quantities of zirconia, which produced
significant contributions to the diffraction patterns of the
spiked mixtures. Whilst these contributions are easily
modelled, microabsorption and incidental peak overlap are
complications that are best avoided and so synthetic diamond
powder was chosen as the internal standard. The internal stan-
dard method assumes that the percentage crystallinity of the
standard is known; in this work, based on laboratory PXRD
and using a hard wearing standard, 100% crystallinity is as-
sumed. The validity of this assumption is illustrated by the
excellent agreement between measured and calculated phase
percentages in the known mixtures. Whilst relatively expen-
sive as a standard,” the amount of diamond powder required
for each individual analysis is sufficiently small that the cost
per sample prepared is small. The internal standard method
avoids the need for additional corrections to account for scat-
tering from the capillary.

4 Approximately £160 for 5 g, at the time of writing
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This QPA work has been carried out using a laboratory-based
Bruker DS diffractometer operating in capillary-transmission ge-
ometry; the monochromatic incident X-ray beam passes through
the sample, contained in a thin-walled borosilicate glass capillary,
and diffracted X-rays are collected using a position-sensitive de-
tector. The sample is rotated along the axis of the diffractometer to
reduce the detrimental effects of preferred orientation of crystal-
lites within the sample. The use of reflection-based PXRD® for
QPA of molecular materials is not recommended; sample presen-
tation issues frequently lead to preferred orientation and sample
transparency effects, and these will significantly affect the accu-
racy of values returned by QPA analysis.

Conclusions

Rietveld-based QPA, with a suitable internal standard, allows
quick and easy identification and quantification of crystalline
phases in samples related to chocolate manufacture.
Furthermore, it allows for accurate quantification of total
amorphous content by difference. The presence or absence
of detectable amounts of a crystalline phase can be easily
determined by incorporation of that phase into the Rietveld
calculation and assessing the impact upon the R,,,, of the re-
sultant fit to the data.

Temperature control of the sample allows for the removal
of crystalline cocoa butter contributions to the pattern, if de-
sired. The method, whilst straightforward, does require the use
of a diffractometer operating in capillary-transmission X-ray
diffraction geometry to ensure that good quality diffraction
data, largely free from the effects of preferred orientation,
are obtained. Suitable software for QPA is also required; in
this work, TOPAS has been used, but many other alternatives
are available and are equally suitable.
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