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ABSTRACT: The quantitative study of polymorphism in fats is
complicated due to their complex composition and consequent
intricate crystallization behavior. We aimed to illustrate how
quantitative phase analysis can be performed in crystallizing
complex fats. The advantages of our proposed method are that
detailed structural information or internal standards are not needed
and that it can be applied even to wide-angle X-ray diffraction
patterns with a high noncrystalline (liquid fat) contribution and
overlapping peaks. Diffraction patterns of palm oil and anhydrous
milk fat during crystallization were decomposed by fitting a model
based on Pearson type VII functions. From the decomposed
patterns, the contribution of each phase was quantified as a function of time. Each contribution to the pattern was then converted to
its mass fraction using response factors derived from the corresponding solid fat content, which was measured using low-resolution
nuclear magnetic resonance (NMR). This approach allowed us to quantify the evolution of liquid and polymorphic phases during
the early crystallization of complex fats and, for the first time, to quantify coexisting α, β′, and β phases. This method is flexible
enough for fats with diverse triacylglycerol profiles yet detailed enough to quantify phase transitions in a system as complex as milk
fat.

1. INTRODUCTION

The functional and sensory properties of numerous products,
such as the spreadability and mouthfeel of a margarine, rely on
the crystallization behavior of fats. Among the many factors
involved in fat crystallization, polymorphism plays a key role.
Therefore, the study of the polymorphic structures in fats is
fundamental to understand, predict, and to some extent
control fat crystallization. A fat can form alternative crystal
structures known as polymorphs, in which the long hydro-
carbon chains are packed differently into a crystal lattice.1

Although other forms have been reported, the polymorphic
structures most commonly formed in fats are α, β′, and β, in
increasing order of stability and packing density.2 These
polymorphs have characteristic short spacings between the
fatty acid acyl chains that result in specific peaks in an X-ray
diffraction (XRD) pattern.3,4 In the wide-angle region, these X-
ray diffraction peaks make it possible to identify the different
polymorphs even in fats with a complex composition.
However, quantification of the different fat polymorphic
phases is not straightforward, especially in fats with complex
composition.
The diverse composition of most fats, reflected in their

complex crystallization behavior, obstructs the use of common
quantitative phase analysis (QPA) methods. Although a few
methods5−7 have been developed for phase quantification in
complex fats, XRD is still used predominantly in a qualitative
manner, not for phase quantification. As will be further
discussed, previous approaches have merits and yield

reasonable results. However, there is a need for a QPA
method that can quantify coexisting liquid α, β′, and β
polymorphs in complex fats on the basis of data obtained from
easily accessible techniques such as in-house XRD.
For any material, including fats, there are two essential

components to perform QPA on the basis of XRD patterns.
First, the contribution to the pattern of any phase present must
be quantified separately, and second, these contributions to the
pattern need to be related to the mass fractions of each of the
respective phases. In the case of complex fats, both steps are
complicated.
Fats, especially nonmodified animal and vegetable fats, are

composed of a wide variety of triacylglycerols (TAGs), which
leads to complex XRD patterns; quantification of different
phases becomes therefore complicated. Typically, edible fats
can contain more than 500 different TAGs.1 With such a
heterogeneous composition, noncrystalline (liquid) and
crystalline phases can coexist over wide temperature ranges.1

Also, two or more crystalline polymorphic phases can coexist
during transition periods.1 Although TAGs are monotropic
materials, meaning that one of their polymorphic forms is
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thermodynamically the most stable, liquid and different
polymorphic phases can coexist also for longer periods of
time, especially for fats with a widely varying TAG
composition.8 For example, milk fat (MF) is composed of
more than 223 TAG species with different molecular weights,
structures, and degrees of unsaturation, all in concentrations
below 5 mol %.9 Because of this diversity, MF has a melting
range spanning from −40 to +40 °C10 and can exhibit
pseudostable mixtures of different polymorphic phases. At 4
°C, liquid fat, α, β′, and β can coexist even after 5 days of
crystallization.11 As the total XRD pattern of a complex fat, for
example that presented in Figure 1, is the combined result of a

liquid phase and many crystallites with diverse TAG
composition, size, and polymorphism, the peaks of the
different crystalline polymorphs often overlap with each
other and with a broad liquid peak, making pattern
decomposition more challenging.
To quantify the contribution of the different liquid and

polymorphic phases to the pattern, the studies performing
QPA in complex fats take one of two approaches. In the first
approach,6 a single reference peak is selected to characterize
the liquid and each one of the polymorphic phases observed in
a set of time-resolved wide-angle X-ray diffraction (WAXD)
scans. The area of the liquid peak is used as a measure of the
liquid fraction, but the relative abundances of coexisting α and
β′ phases are estimated according to the heights of their
reference peaks in the crystalline patterns. As only the height of
a crystalline peak per phase is used in this estimation,
calculations are fast and simple. However, accurate quantifi-
cation of the intensity of a peak should be based on its area
rather than its height,12 as instrumental and specimen factors
can broaden peaks. Furthermore, single-peak approaches can
result in phase quantification errors that could be minimized
by considering the full pattern instead.13 The second
approach5,7 quantifies peak areas, but instead of using XRD
patterns from the wide-angle region where lateral short
spacings are measured, it uses small-angle X-ray scattering
(SAXS) patterns. From SAXS patterns, phases with different
thicknesses of their stacked TAGs (long spacings) can be
quantified, and therefore α and β′ phases can be separated as
they have distinct layer thicknesses. However, in many cases,
this approach cannot differentiate between β′ and β phases, as
they often show the same long-spacing peak.14−17 In those
cases, the use of XRD in the wide-angle region is the only
alternative to quantify coexisting β′ and β phases.

The second step to QPA, the conversion of the contribution
of each phase to the diffraction pattern to its mass fraction,
requires specific proportionality or response factors for the
different liquid and crystalline phases. The response factor of a
phase arises from its characteristic structure; therefore, it must
be determined for each phase separately, either theoretically or
experimentally. The phase-specific response factor ZMV
(where Z, M, and V are the number of formula units per
unit cell, the mass of the formula unit, and the unit cell volume,
respectively) can be theoretically derived from structural
information in a Rietveld analysis.13 Rietveld analysis can be
used for phase quantification of multicomponent crystalline
materials with known structures. For systems composed of
unknown or partially known structures, including noncrystal-
line components (amorphous or liquid), response factors
cannot be theoretically derived. Other quantification methods
have been developed for such systems with missing structural
information and a high amorphous contribution. In these
methods, the response factors are determined experimentally
with an internal standard, thus adding a specific component in
a known amount.18 However, this approach is not ideal to
study fat crystallization, as the addition of an external
component may alter the crystallization process and the
phase composition.
In simple fats, the theoretical derivation of response factors

has been carried out. Recently, Calligaris et al.19 successfully
used the Rietveld method to quantify β′ and β phases in binary
blends of fully hydrogenated fats. These blends had a simple
composition and a negligible liquid contribution. As the
individual fats composing the blends displayed only one stable
polymorph each, it was possible to perform a Rietveld analysis
following the “fundamental parameters approach” (FPA), on
the basis of already resolved β′ and β structures obtained for
single TAGs.20,21 Such an approach works for simple fats, but
for most commonly used fats, their complex composition
makes the approach nonviable. In addition, the specific atomic
structure has not been determined yet for some polymorphs,
including α, making full analysis challenging. For studies of
more complex fats, in some of the quantification methods
discussed above, the ratio between the areas or heights of the
peaks is arbitrarily assumed to be proportional to the ratio
between the mass fractions of the phases.5,6 As previously
discussed, given that the structures of the different phases are
not the same, this is not a valid assumption, and separate
response factors must be taken into account. Mazzanti et al.7

introduced an ingenious way to experimentally derive response
factors on the basis of solid fat content (SFC) determinations
by low-resolution nuclear magnetic resonance (NMR). SFC
determination has been used in fat crystallization studies to
relate synchrotron SAXS patterns to α and β′ mass fractions in
palm oil7 and a blend of milk fat fractions.17 However, to our
knowledge this approach has not been combined with wide-
angle XRD, a more accessible technique that also provides β
and β′ differentiation.
Building on previous works, we propose a QPA method

based on full XRD pattern decomposition combined with
response factors derived from SFC measurements. The use of
full XRD pattern decomposition renders precise identification
and quantification of polymorphic transitions, even for
complex systems with coexisting liquid, α, β′, and β phases.
With the use of individual response factors, experimentally
derived from SFC measurements, this approach allows phase
quantification without structural information or internal

Figure 1. XRD pattern of anhydrous milk fat recorded after 1 h at 17
°C.
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standards. Furthermore, through full-pattern decomposition,
this method allows us to detect more subtle changes in the
crystalline phases over time, manifested as peak broadenings
and shifts, which can be related to changes in structure and
composition. In the present work, we show how the proposed
method can be used to quantify the evolving liquid and
polymorphic phases of fats during crystallization, despite their
complex composition and crystallization behavior. To illustrate
the flexibility of the method, we selected two natural fats with
contrasting origin and composition: palm oil and milk fat. To
demonstrate how this method can be used to study systems
displaying a complex crystallization behavior, we applied
crystallization temperatures that resulted in high noncrystalline
contributions and coexisting α and β′ phases. To further
challenge the robustness of the method, an additional
crystallization temperature was used to study coexisting liquid,
α, β′, and β phases in milk fat.

2. EXPERIMENTAL SECTION
2.1. Materials. Anhydrous milk fat (AMF) was provided by

FrieslandCampina (The Netherlands); the composition of this sample
has been reported in detail elsewhere.22 Refined bleached and
deodorized palm oil (PO) was provided by Sime Darby Unimills
(The Netherlands). Both samples were stored at −20 °C in glass
containers and were melted at 45 °C prior to the analyses.
2.2. X-ray Diffraction Data Collection. To collect the

diffraction patterns, a powder X-ray diffractometer (D8 Advance,
Bruker) with a Cu anode (Kα λ 0.15406 nm) was used, operated at
40.0 kV and 40.0 mA. To control the temperature, we used a low-
temperature chamber equipped with a 140 μL sample holder
(TTK600, Anton Paar). The molten samples were loaded into the
sample holder and were kept at 65 °C (∼29 °C above their melting
points) for 10 min to erase crystal memory, and later cooled to 15 or
17 °C using a cooling rate of 5 °C/min. The diffraction patterns were
collected in Bragg−Brentano geometry over the wide-angle region
from 15 to 30° 2θ, equivalent to a reciprocal lattice spacing q (4πλ−1

sin θ) range from 10.6 to 21.1 nm−1. The patterns were recorded
taking 0.1 s per 0.02° increment, with a fixed divergence slit of 0.6 mm
and using a detector opening of 2.914°. The scans were taken
continuously every 96.5 s during the first 2 h of isothermal
crystallization. To interpret the diffraction patterns, the scattering
angle 2θ was converted according to Bragg’s law to d spacing.
2.3. Solid Fat Content Determination by NMR. The solid fat

content (SFC) was measured during isothermal crystallization at 15
and 17 °C using a low-resolution nuclear magnetic resonance (NMR)
spectrometer (Minispec mq20; Bruker). Approximately 2 mL of
molten fat was placed in the NMR tubes and was kept at 65 °C for 1 h
to erase the crystal memory. Then, the sample was cooled at a rate of
5 °C/min until the crystallization temperature (15 or 17 °C) was
reached. Using an external water bath, the measuring cell was kept at
the crystallization temperature to ensure that the crystallization would
take place isothermally during the measuring period.
2.4. Quantitative Phase Analysis. To achieve phase quantifi-

cation, we followed three steps: (1) qualitative analysis of XRD
patterns, (2) full pattern decomposition, and (3) derivation of
response factors. All data management, visualization, and analysis
described here were performed using the R programming language.23

2.4.1. Qualitative Analysis. The time-resolved XRD scans were
visually inspected to identify the polymorphic phases present
according to their characteristic diffraction peaks as described in the
literature3,4 (Table 1). On the basis of this qualitative analysis, the
scans were classified depending on the polymorphs observed.
2.4.2. Decomposition of XRD Patterns. To quantify the

contribution of the liquid and each polymorphic phase to the
diffraction pattern, we fully decomposed the XRD scans into their
constituent diffraction peaks. The diffraction patterns were decom-
posed by nonlinear least-squares fitting of a set of Pearson VII
distribution functions per phase to the recorded intensity as a function

of q. A Pearson VII function is defined by four parameters describing
the width w, the height Imax, the position q0, and the shape m as

I q I
w

w q q
( )

(2 1)( )

m

m mmax

2

2 1/
0

2=
[ + − − ] (1)

Due to the shape parameter m, the Pearson type VII function
ranges from Cauchy to Gaussian profiles that render the versatility
needed to describe the broad liquid curve and all of the diffraction
peaks observed. The models fitted to the diffraction patterns were
composed of a constant background and a Pearson VII function per
peak. The number of functions and their approximated positions were
selected for each polymorphic phase according to the peaks described
in the literature3,4 (Table 1). The phases considered for the
decomposition of a given pattern were those identified in the
qualitative analysis.

First, a pattern with little or no crystalline contribution was used to
characterize the background and the liquid peak q0,Liquid by fitting a q-
independent constant and a Pearson VII function placed at ∼0.454
nm d spacing, respectively. For this, the first scan recorded was
selected, as it displayed the pattern with the highest liquid fat
contribution. The constant background obtained from this fit was
subtracted from all of the other patterns. The q0,Liquid value obtained
was used to fix the position of the liquid peak in the models fitted to
the following scans recorded during crystallization. Subsequently, all
of the patterns containing only a crystalline α phase and liquid
contribution were decomposed by fitting a peak placed at ∼0.415 nm
d spacing and the liquid curve with a fixed position. All of the patterns
containing a crystalline contribution from only the β′ polymorph were
decomposed by fitting models with the fixed-position liquid curve and
a set of four β′ peaks: one placed at ∼0.38 nm and three in the 0.40−
0.43 nm d spacing region.

Once the liquid and the individual crystalline contributions were
characterized, the next step was to decompose those scans displaying
more than one polymorph. For scans displaying β′ and β, the β′
contribution was fitted with the four crystalline peaks observed in
scans with β′ alone, and the β contribution was fitted with a peak at
∼0.46 nm. To deal with the highly overlapped α and β′ peaks
recorded during the transition period, the parameters for the position
q0 and the shape m were fixed as the average of the estimated values
from the scans containing the individual crystalline phases. In the case
of β′, also the ratio between the heights Imax of the four peaks were
fixed as the average ratios estimated from the scans with only the β′
crystalline contribution. The script written in R programming
language to decompose the patterns, including the models used, is
provided as Supporting Information.

To evaluate the agreement between the experimental data and the
fitted decomposition model, the homogeneity of the residuals along q
were visually inspected and the weighted profile R factors Rwp were
calculated as

R
w I I

w I

( )

( )
i i i i

i i i
wp

calc obs 2

obs 2=
∑ −

∑ (2)

with Ii
calc and Ii

obs being the calculated and observed intensities at a

given position qi, and the weight w I1/i i
obs= .

2.4.3. Derivation of Response Factors. To proceed with the QPA,
the functions used to decompose the patterns were integrated over
the q range studied to obtain the contributing area of each peak to the
diffraction pattern. The areas of all peaks associated with one phase
were added, and the contributing areas of the n crystalline phases to

Table 1. Assignment of Polymorphs According to Their
Characteristic d Spacings (nm) as Described in the
Literature3,4

α β′ β

∼0.415 ∼0.420 and ∼0.380 or ∼0.427, ∼0.397 and ∼0.371 ∼0.46
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the diffraction pattern Aj were related to their solid fat content
contribution SFCj as

A A A
A F

A A F
SFC ( , ... , )j n j

j j

j
n

j j
L

L 1

=
+ ∑ = (3)

where AL is the peak area of the liquid phase and Fj is a response
factor specific for each crystalline phase. This equation is an
adaptation of the Hill and Howard relation for QPA using the
Rietveld method,24 in which we have assigned a reference value of 1
to the liquid phase factor. Using a factor of 1 for the liquid phase
normalizes the response factors of the crystalline phases and avoids
the estimation of a redundant parameter. Assuming that the time-
resolved solid fat content (SFC) is equal to the sum of the SFC
fractions of the crystalline phases present at a given time SFCj, the
phase-specific response factors Fj can be estimated by nonlinear least-
squares optimization of substituting SFCj with eq 3.

SFC(time) SFC (time)
j

n

j
1

∑=
= (4)

The uncertainty of the estimated response factors was assessed with
the bootstrap method, resampling the mean centered residuals 1000
times. The bootstrapped estimates of the response factors were used
to calculate the SFC fraction of each polymorph according to eq 3.
The standard errors of the bootstrapped estimates of the response
factors were used in Monte Carlo simulations (10000) to predict the
uncertainty in the phase quantifications. The 2.5−97.5% percentile
was used to calculate the 95% confidence interval.

3. RESULTS AND DISCUSSION

To illustrate the proposed QPA approach, we selected natural
fats with different composition: anhydrous milk fat (AMF) and
palm oil (PO). In PO, two fatty acids (FAs), palmitic and oleic
acid, make up more than 80% of the total fatty acids.25 As a
consequence, ∼65% of the TAGs present in PO are composed
of these two FAs only.26 In contrast, milk fat has a much more
complex composition. A wide variety of TAG species compose
milk fat, as a result of the presence of more than 400 FAs with
different numbers, types and positions of unsaturation, and
chain lengths that vary from 4 to 18 carbon atoms.27 As milk
fat is one of the most complex natural fats, we selected AMF to
demonstrate that this QPA method is also suitable for highly
complex systems. Both samples were studied at 15 °C, a
temperature at which α to β′ transitions can be observed
within 1 h. Additionally, AMF was studied at 17 °C to illustrate
the possibility to quantify coexisting α, β′, and β phases.

As mentioned before, we follow three steps to quantify the
crystalline and liquid phases. (i) We identify the different
polymorphic phases present on the basis of the XRD pattern.
(ii) We fully decompose all the recorded patterns to quantify
the contribution of the liquid phase and each of the
polymorphs. (iii) We derive phase-specific response factors
to convert the contribution to the pattern of each polymorph
to a measure of its mass fraction, the solid fat content.

3.1. Qualitative Analysis of XRD Patterns. The first step
to quantify the phase evolution during crystallization is to
classify the recorded patterns according to the phases present.
This is the qualitative analysis commonly observed in fat
crystallization studies using XRD. The time-resolved XRD
scans were visually inspected to identify the polymorphs
according to their characteristic diffraction peaks as described
in the literature.3,4 The time-resolved XRD scans of the three
experiments, PO at 15 °C, AMF at 15 °C, and AMF at 17 °C,
are shown in Figure 2.
At 15 °C, the XRD scans of PO (Figure 2a) evolved in a

similar way as AMF (Figure 2b). In both cases, the first scans
already show the characteristic α peak with a d spacing of
∼0.415 nm. After ∼700 s for PO and ∼1000 s for AMF at 15
°C, the scans show a transition period in which the α
contribution decreases and the distinctive β′ peaks with d
spacings of ∼0.38 nm and in the 0.40−0.44 nm region appear.
As the α contribution diminishes, only the β′ contribution is
observed in the scans recorded after this transition period,
which remains until the end of 1 h of crystallization. A similar
evolution was also observed for AMF at 17 °C (Figure 2c);
however, at this temperature a characteristic β peak with a d
spacing of ∼0.46 nm is also observed alongside the β′
contribution. In all of the diffraction patterns, regardless of the
sample or the temperature, the peaks of the different
polymorphs overlap with a broad liquid peak with d spacing
∼0.45 nm.

3.2. XRD Pattern Decomposition. In the qualitative
analysis, the XRD patterns were classified into three stages of
the crystallization process: (1) the formation of α from the
melt, (2) the transition from α to β′ or from α to β′ and β, and
(3) the growth of β′ and β in the absence of α. For the
quantitative analysis, the classified XRD scans were fully
decomposed to quantify the contribution of each phase
identified in the qualitative analysis.
The XRD patterns were fully decomposed by fitting a model

based on Pearson VII functions (eq 1). The first scan recorded

Figure 2. Time-resolved XRD patterns of (a) PO crystallizing at 15 °C, (b) AMF at 15 °C, and (c) AMF at 17 °C.
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in each experiment was decomposed with a model consisting
of a constant background and two Pearson VII functions, one
for the liquid contribution and one for the α contribution. The
estimated constant background was removed in all of the
remaining scans. Additionally, the position of the liquid peak
extracted from the first scan was fixed in the remainder of the
scans. The remaining background-subtracted patterns were
thus decomposed with a model comprising this fixed-position
liquid peak and one to four peaks for each crystalline phase.
The crystalline phases included in the model used to
decompose a given pattern were selected according to the
qualitative analysis. A Pearson VII function was added to the
model for each crystalline peak. The initial number and
approximated position of the crystalline peaks were determined
per polymorph on the basis of literature3,4 (Table 1). In the
fitting, optimum values were estimated for the parameters
defining the shape m, height h, width w, and position q0 of the
Pearson VII functions. A detailed description of the
decomposition procedure is given in the Experimental Section.
Figure 3 shows representative examples of the pattern

decomposition for each experiment and each stage of the
crystallization process. The average estimated positions of the
peaks of the three polymorphs and the liquid that best fit the
diffraction patterns are provided in Table 2.
The diffraction pattern of the liquid phase was characterized

in all the XRD patterns by a broad peak with 0.455 ± 0.001 nm
d spacing. It is widely accepted that this broad XRD peak is
characteristic of TAGs in the liquid state with conformationally
disordered chains.28 As suggested by Wright et al.,29 the
presence of such a peak for molten TAGs may indicate lateral

packing in the liquid state; however, different models regarding
its structural nature are still under debate.28,30−32

To characterize the contributions of the different poly-
morphs, we started with scans displaying a contribution of one
polymorph only and later we moved on to decompose more
complex patterns with coexisting crystalline phases. On the
basis of the qualitative phase identification, patterns obtained
at 15 °C at the beginning of the crystallization period were
assumed to have only α and liquid contributions, where
patterns at the end of the crystallization period were assumed
to only have β′ and liquid contributions. Once the α and β′
phases were individually characterized, we calculated the
average estimated values for the positions of their peaks.
Additionally, we calculated the average ratios between the
estimated heights of the main β′ peak (∼0.42 nm d spacing)
and the three other β′ peaks. These average peak positions and
ratios were used to decompose the patterns with coexisting
crystalline phases recorded during the polymorphic transitions.

Figure 3. Decomposition of XRD patterns of PO at 15 °C (a−c), AMF at 15 °C (d−f) and AMF at 17 °C (g−i). Plots (a), (d), and (g)
correspond to the first scans recorded, plots (b), (e), and (h) to scans from the polymorphic transition, and plots (c), (f), and (i) to the last scans
recorded after 1 h. The recorded intensities were fitted as a function of the reciprocal lattice spacing q with sets of Pearson VII distribution
functions.

Table 2. d Spacing (nm) of the Peaks Found in Palm Oil
and Anhydrous Milk Fat by Full Decomposition of their
XRD Patterns

PO at 15 °C AMF at 15 °C AMF at 17 °C

liquid 0.456 0.454 0.454
α 0.416 0.414 0.415
β′ 0.437 0.434 0.435

0.422 0.42 0.424
0.407 0.406 0.407
0.393 0.384 0.384

β 0.46
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The patterns from the first stage of the crystallization
processes, displaying α and liquid contribution only, were
decomposed by fitting the broad liquid peak with 0.455 ±
0.001 nm d spacing and an α peak with 0.415 ± 0.001 nm d
spacing. The results are shown in Figure 3a,d,g, which
correspond to the decomposition of the first scans for PO at
15 °C, AMF at 15 °C, and AMF at 17 °C, respectively.
Figure 3c,f show the scans after 1 h of crystallization at 15

°C for PO and AMF, respectively. In these scans, as well as in
all other scans after the polymorphic transition at 15 °C, the α
contribution has disappeared and only the liquid and the β′
peaks are visible. These patterns were decomposed fitting four
β′ peaks and the fixed-position liquid peak. The β′ polymorph
of PO is commonly characterized by only three diffraction
peaks at 0.437, 0.423, and 0.39 nm.33 However, decomposition
of our PO scans using only those three β′ peaks resulted in
consistent underfitting in the 0.4 nm d spacing region, which
could only be overcome by including a fourth smaller peak
with 0.407 nm d spacing. Similarly, to properly fit the AMF β′
patterns (Figure 3f), four peaks with d spacings of 0.434, 0.42,
0.406, and 0.384 nm were needed, while only two peaks with d
spacings of ∼0.42 and ∼0.38 nm are commonly mentioned for
milk fat β′ phases.5,16,34
Despite this apparent discrepancy with the data commonly

reported for the β′ peaks in PO and milk fat, no obvious
difference can be found by visually comparing the shape of our
XRD patterns and other reported patterns.5,33,34 The different
numbers and positions of β′ peaks reported in those studies
and in ours might arise from different crystallization conditions
or by the way the data were processed. When diffraction
patterns are visually inspected, only the peaks with the highest
intensities can be identified easily. As peaks often overlap with
adjacent ones, their position can appear shifted and the
presence of smaller peaks may be completely masked by larger
peaks. This may lead to the identification of fewer peaks,
whereas the pattern actually contains other smaller peaks. The
presence of four separate β′ peaks only became clear through
pattern decomposition which, it should be noted, is not a
common practice for the evaluation of complex fats. The
presence of these four β′ diffraction peaks is plausible, as
Chapman3 mentioned in his classification that the β′
polymorph occasionally displays more peaks together with
the 0.420 and 0.380 nm d spacing peaks. Additionally, both the
occurrence of the four peaks and their corresponding d
spacings (Table 2) agree with Hoerr’s description of β′
polymorphs for commercial fats.35 On the basis of numerous
observations for commercial fats, Hoerr concluded that the β′
form always displays four diffraction peaks with spacings of

0.435, 0.420, 0.403, and 0.380 nm.35 Despite the reassuring
agreement between the β′ characteristics reported here with
Hoerr’s findings, it is worth mentioning that the d spacings
reported in Table 2 arise from a “peak by peak” fit without any
structure-related constraints. Further interpretation of the d
spacings would require the inclusion of structural information
in the analysis, which, as we discussed earlier, is not compatible
with the complex composition of most fats. Nevertheless, the
objective of our pattern decomposition is not to obtain the
exact position of the peaks of a given polymorph but to
quantify its area contribution to the pattern and, for this, our
approach is sufficient.
Once the α and the β′ contributions to the pattern were

characterized individually, the β contribution was character-
ized. For this, we decomposed the scans recorded after the
polymorphic transition for AMF at 17 °C (Figure 3i). These
scans showed both β′ and β contributions, but no α
contribution. The β diffraction pattern of TAGs is typically
characterized by an intense peak with a d spacing of ∼0.46 nm
and two additional smaller peaks with spacings of ∼0.385 and
∼0.365 nm.35 In our patterns, the contribution to the pattern
from the main β peak was modeled with a Pearson VII
function centered at 0.46 nm; however, possible contribution
from smaller β peaks could not be distinguished from the 0.384
nm β′ peak. As the 0.384 nm peak recorded at 17 °C was 17%
wider than the β′ peak recorded in the absence of β at 15 °C,
this indicates that the crystalline signal in the 0.36−0.38 nm
region at 17 °C might be constructed from both β′ and β
contributions. The β contribution might thus not be
determined by just the 0.46 nm peak but may have additional
peaks in the 0.38 nm region. Therefore, the 0.46 nm peak
might not represent the total β fraction, leading to a slight
underestimation of the β contribution and overestimation of
the β′ contribution.
After characterizing the individual contributions of α, β′, and

β to the patterns recorded before and after the polymorphic
transition, we used the values estimated for those patterns as a
reference to decompose the transition patterns, in which α
coexisted with β′ and β. The average estimated position q0 and
shape m of all the crystalline peaks obtained before were used
as fixed parameters in the models applied to the scans from the
polymorphic transition. Additionally, to model the β′
contribution during the transition period, the ratio between
the heights Imax of the four peaks were fixed as the average
ratios estimated from the scans recorded after the transition.
This way, only two parameters per polymorph were used as
fitting parameters: Imax and w. The pattern decompositions of
representative scans from the polymorphic transitions are

Figure 4. Total integrated intensity (area) contributed to the overall XRD pattern by each phase for (a) PO at 15 °C and AMF (b) at 15 °C and
(c) at 17 °C. The degree of crystallinity (DoC) and the solid fat content (SFC) by NMR are included as measures of the crystalline fraction.
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shown in Figure 3b,e,h for PO at 15 °C, AMF at 15 °C, and
AMF at 17 °C, respectively.
As can be seen in Figure 3, the fitted models based on

Pearson VII functions adequately matched the experimental
patterns. The good quality of the fit was judged on the basis of
the residuals that were, in all cases, homogeneously distributed
along q. Additionally, the good quality of each fit was
confirmed by the reliability factor Rwp, calculated according
to eq 2. Rwp values between 2 and 10% indicate a good-quality
fit;36 in all of our decompositions, only values between 2.0%
and 2.4% were obtained.
3.3. Derivation of Response Factors. After all of the

time-resolved XRD patterns were decomposed, all of the
obtained functions were integrated over the q range studied to
calculate the areas of the peaks. To obtain the total area
contribution of β′ to the pattern, the areas of the four separate
β′ peaks were summed. With this approach, we were able to
calculate the area contribution to the pattern of each
polymorphic phase as a function of time, even for those
patterns displaying a dominant liquid contribution coexisting
with three polymorphic phases. In Figure 4, the contribution of
each polymorphic phase normalized by the total area is plotted
as a function of time.
Besides calculating the contribution of the individual

polymorphs to the diffraction pattern, we calculated the total
contribution of the crystalline phases, the degree of crystallinity
(DoC). The DoC is calculated as the fraction of the crystalline
area over the total area of the pattern.37 The DoC is a common
method to assess the ratio between crystalline and noncrystal-
line materials and has been used earlier in fat studies19,38 as a
measure of the crystalline fraction.
Another measure of the crystalline fraction in fats is the SFC

measured by NMR. The SFC is calculated by measuring the
percentage of protons present in the solid state. As proton
relaxation times for the liquid and solid state are different, this
can be used to quantify the ratio between liquid and solid fat
contributions.39 Although there tends to be a small difference
of 0.5−1% between SFC and the actual solid mass fraction,39

SFC is commonly used as a measure of the solid mass fraction
in fat studies. In Figure 4, these two measures of the crystalline
fraction, the DoC (black circles) and the SFC (black triangles),
can be compared. The large differences between DoC and SFC
values indicate that the DoC based on XRD patterns alone is
not a good measure for the crystalline mass fraction of fats.
This difference is unsurprising, as XRD is sensitive to long-
range order whereas NMR is sensitive to both short- and long-
range order. Consequently, NMR will record a greater SFC in
comparison to DoC. Lopez-Rubio et al.40 used a similar
approach to evaluate single- and double-helical order in starch.
On the basis of our results, it is clear that specific response
factors are needed to relate the diffraction patterns to mass
fractions.
These specific response factors are needed for each phase

separately. As we have already discussed, the fact that each
phase has a specific response factor arises from its crystallo-
graphic properties (i.e., atomic arrangement within the unit
cell). The phase-specific response factors were estimated by
nonlinear least-squares analysis according to eqs 3 and 4, using
the integrated decomposed XRD patterns and, as a measure of
the total crystalline mass, time-resolved SFC. To evaluate the
uncertainty of the estimation, we bootstrapped the mean
centered residuals, creating 1000 resampled data sets from
which the response factors were estimated again. The

bootstrap estimates of the response factors and their standard
errors are included in Table 3.

In a Rietveld analysis, the response factors reflect the volume
of the unit cell and the mass of its contents. To derive this
structural information from a Rietveld analysis, the so-called
“fundamental parameters approach” is followed, which requires
the use of rational physical quantities to model the diffraction
pattern.12 In our case, an empirical approach is followed to
model the pattern and no attempt is made to associate the
parameters with physical quantities. Although the response
factors derived here do not have physical significance, they
provide a fast and easy way to relate contributions to the
pattern to mass fraction.
The obtained response factors and their standard errors are

presented in Table 3. As expected, the response factors
obtained differ per crystalline phase. This is in agreement with
the differences reported in SAXS studies between α and β′
phases for palm oil7 and a blend of milk fat fractions.17 For the
experiments at 15 °C, in which only two crystalline phases
coexisted, α and β′, we estimated their response factors with
high precision, as is reflected in the small standard errors.
However, when α, β′, and β coexisted, as in the crystallization
of AMF at 17 °C, the precise determination of individual
response factors was more complicated. For AMF at 17 °C, we
observed a high correlation between the contributions of β′
and β to the pattern. As can be seen in Figure 4c, β appeared
only ∼200 s later than β′, and the contributions to the pattern
of both phases increased mainly during the transition period.
Due to this high correlation between β′ and β contributions to
the pattern, the uncertainty in the determination of the
individual response factors is high. Given this high correlation,
we followed a different procedure to allow a more precise
estimation of the different factors. First, the response factor for
the α phase, Fα, was determined simultaneously with a
response factor for β′ and β combined, Fβ′+β. Fβ′+β, also
presented in Table 3, was used to calculate the added SFC of
β′ and β (SFCβ′+β) on the basis of their combined contribution
to the pattern (Aβ′ + Aβ). These SFCβ′+β values and the
individual contributions of β′ and β to the pattern (Aβ′ and Aβ)
were then used as the input variables for eqs 3 and 4 to obtain
the individual response factors Fβ′ and Fβ. Finally, Fβ′ and Fβ
were used to calculate the individual SFC values of β′ and β.
We should note that, due to the colinear relationship of the β′
and β contributions to the total area of the pattern, their
estimated response factors were also correlated. The high
correlation between Fβ′ and Fβ, together with the relatively
small β contribution to the pattern, increased the uncertainty
in the estimation of Fβ, as is reflected in its associated relatively
high standard error (Table 3).
The phase-specific response factors (Table 3) were used to

convert the individual contribution of each phase to the total

Table 3. Response Factors Empirically Derived to Convert
the Area Contributing to the XRD Pattern by Each Phase to
Its SFC Fractiona

PO at 15 °C AMF at 15 °C AMF at 17 °C

Fα 2.29 (0.1) 2.29 (0.05) 2.35 (0.07)
Fβ′ 3.02 (0.04) 3.42 (0.03) 3.35 (0.06)
Fβ′+β 3.2 (0.03)
Fβ 1.43 (0.63)

aThe standard errors are included in parentheses.
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area of the XRD pattern (Figure 4) into its corresponding
contributions to the total SFC according to eq 3. This allowed
us to calculate the mass contribution of each polymorphic
phase over time and construct phase transition diagrams. Parts
a−c of Figure 5 display the phase transition diagrams for PO at
15 °C, AMF at 15 °C, and AMF at 17 °C, respectively,
showing the evolution of the liquid fat content and the SFC
fraction of each polymorphic phase during crystallization.
As can be seen in Figure 4a, PO crystallized rapidly into α,

which already contributed to an SFC of 12% by the time the
first XRD scan was recorded. This α content remained
constant until the first β′ pattern was recorded after 677 s.
Within the following 774 s, the amount of α decreased until its
characteristic diffraction peak could no longer be detected,
while the amount of the β′ phase rapidly increased, reaching
24%. This α to β′ polymorphic transition lasted until 1451 s,
after which the amount of β′ kept increasing at a rate much
slower than that during the polymorphic transition period.
After 1 h of crystallization, the total SFC reached a value of
31%.
In the phase transition diagram of AMF at 15 °C (Figure

5b), we see a phase evolution similar to that for PO. In the first
stage, the amount of α increased from an initial 6% to 10%
within 869 s, after which it remained constant. During the
polymorphic transition, which took place between 1158 and
2316 s, the α content started to decrease until it could no
longer be detected. At the same time, the β′ phase appeared
and rapidly increased, reaching an SFC of 23%. After the
polymorphic transition, a very limited amount of β′ was then
still formed, as the SFC increased only by an additional 3%.
The phase transition diagram of AMF at 17 °C (Figure 5c)

shows the effect of a different crystallization temperature. Due
to the higher temperature, the crystallization process is slower
than that at 15 °C. During the initial stage, TAGs crystallized
in the α form and contributed to 4% SFC. The amount of α
crystals increased to its maximum (7% SFC) after 965 s and
remained constant until 1158 s, when the polymorphic
transition started. In comparison to 15 °C, at which only β′
was formed, both β′ and β phases appeared at this higher
temperature of 17 °C. The polymorphic transition at 17 °C
seems to start around the same time as for 15 °C (1158 s);
however, at 17 °C, the α content decreased to 0% already 289 s
earlier than that at 15 °C (after 2027 s instead of 2316 s).
During the transition period, the amount of β′ and β increased
steeply from 0 to 18% and it only increased 2% more in the
remaining time of the 1 h studied.
The amount of β formed at 17 °C within the transition

period was calculated to be 1% and remained constant until the

end. As we discussed earlier, it is possible that the area
contribution to the pattern of β was underestimated, leading to
underestimation and overestimation of β and β′ mass fractions,
respectively. Furthermore, the relatively large error bars for the
β phase in Figure 5c show that the precision in the quantitative
analysis may be limited in this specific case. As we have already
discussed, the higher uncertainty in the determination of the β
fraction was the result of its relatively small contribution to the
pattern and the high correlation between the evolution of β′
and β. Even though in this case there is a slight under-
estimation of the β fraction in AMF, this simple approach is
able to determine the different mass fractions in complicated
mixtures. Further characterization of β diffraction patterns in
milk fat could help to solve this problem for future studies.
The phase transition diagrams presented in Figure 5

demonstrate how the proposed approach allows the
quantification of coexisting noncrystalline and different
crystalline phases evolving during early crystallization stages,
even for fats with a complex composition. Until now, the phase
quantification of such fats in terms of a reasonable
approximation of the mass fractions (SFC) has only been
done using synchrotron SAXS.7,17 The approach presented
here relies on XRD in the wide-angle region, which is a more
accessible technique. This makes phase quantification for
complex fats possible with simple X-ray diffractometers. A
second advantage arises from the direct use of XRD patterns in
the wide-angle region to quantify different polymorphs, rather
than through their associated long spacings using SAXS. We
have even quantified coexisting liquid, α, β′, and β phases,
which would have not been possible using only SAXS patterns.

4. CONCLUSION

Typical phase quantification methods for multicomponent
materials are not used to study common fats, given their highly
complex composition and crystallization behavior. The aim of
this paper was to present a new quantitative phase analysis
(QPA) method that is able to characterize and quantify the
evolution of different polymorphic phases in the early
crystallization of complex fats. We discussed the versatility of
the method to characterize the crystallization of complex fats,
by producing quantitative phase transition diagrams for both
palm oil and anhydrous milk fat. This was achieved without the
need for structural information on the different phases and
using diffraction patterns obtained by XRD in the wide-angle
region.
The method introduced here is based on the full

decomposition of XRD patterns, combined with the estimation
of phase-specific response factors from solid fat content (SFC)

Figure 5. Phase transition diagram for (a) PO at 15 °C and AMF (b) at 15 °C and (c) at 17 °C. The error bars correspond to the 95% confidence
interval.
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measurements. The importance of the phase-specific response
factors was shown by comparing the DoC and the SFC values.
From this comparison, we also concluded that the DoC does
not provide a good estimate for the ratio between the mass of
the solid fraction and the molten TAGs in fats. In contrast with
other QPA methods applied to fats, the method proposed here
has the advantage of (i) making QPA accessible even with in-
house X-ray diffraction systems that cannot reach small
scattering angles and (ii) allowing quantification of coexisting
β′ and β phases that typically display only one SAXS peak. The
phase transition diagrams obtained through this QPA method
will provide reliable and detailed quantitative input for kinetic
studies that will prove useful in expanding our understanding
of the mechanisms involved in fat crystallization.
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