
ABSTRACT: The spray-freezing of two food fats, tripalmitin
(PPP) and cocoa butter (CB) and mixtures thereof, has been mod-
eled experimentally using a novel single droplet freezing appara-
tus configured so that temperature profiles or samples for mi-
crostructure analysis can be obtained. For 2 mm diameter
droplets suspended in a cold air flow at temperatures around
2–15°C, initial cooling rates were on the order of 10 K s–1 and
the temperature profiles could be correlated directly to DSC data
collected at 20 K min–1, indicating that minimal supercooling of
the materials occurred in the droplet form. Microstructure analy-
sis confirmed that PPP crystallized preferentially in mixtures, and
that the surface structure was very sensitive to storage conditions.
The bulk structure was much less sensitive, and the internal mi-
crostructure of the PPP droplets revealed distinct nucleation sites,
which were absent from the CB: These persisted in the mixtures
up to 50 wt%. X-ray analysis indicated that the fats crystallized in
their more stable forms, namely, β for PPP and Form V/VI in CB.
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Spray freezing of liquids and emulsions by exposing fine drops
to cold, dry gas (usually air) has been advocated as a manufac-
turing route for new products and product forms by several
workers (e.g., 1–3). This route allows thermally labile products
to be converted to the form of a free-flowing powder, avoiding
structure and activity modification associated with the temper-
atures required for spray-drying. It offers very high cooling
rates, both via large surface area-to-volume ratios and high
rates of convective heat and mass transfer (i.e., where volatiles
give rise to evaporative cooling) and, when operated correctly,
yields a fine particulate product with well-defined size range.
For aqueous systems, a subsequent freeze-drying step is re-
quired to give a stable product. Commercial processes based
on this technology are available (see Ref. 2), particularly for
spray-chilling for microencapsulation. A number of patents
have been filed recently on a variant where the feedstock is
contacted with a cryogen spray, typically liquid nitrogen, to
give extremely high cooling rates (4–6). Spray-freezing also
offers the opportunity to generate new microstructural forms,
or direct routes to known forms, driven by the high rate of cool-
ing achievable in drops compared with bulk liquid. 

Spray-freezing into liquid has received considerable atten-

tion in the pharmaceutical and other controlled release sectors
as a way of generating novel microstructures and microencap-
sulates and for stabilizing enzymes. Interest in the food sector
is relatively recent, partly because of the cost associated with
the cooling media: spray-freezing into cold air avoids the need
to separate the product solids from liquid, which in addition
would have to be food grade and noncontaminating. Hind-
marsh and co-workers have shown that spray-freezing in air or
cold nitrogen gas can yield novel structures from sucrose solu-
tions (7) and emulsions (8), and MacLeod et al. (9) have
demonstrated that spray-freezing followed by freeze-drying of
coffee solutions can yield powders with much finer microstruc-
ture than achieved by traditional routes.

There is considerable interest in the food sector in the spray
freezing of fats (e.g., 5), for example, as a way of generating
free-flowing powders that can be readily mixed into doughs
and of reducing the loading required to achieve dough consis-
tency for low-fat formulations. Freezing of mixtures of fats of-
fers possibilities of controlling microstructure via phase sepa-
ration, whereby differences in m.p. can result in preferential
crystallization of one species. Furthermore, many food fats ex-
hibit polymorphism, which is sensitive to cooling rate. The
crystalline state of lipids has been reviewed by Lutton (10).
Spray-freezing of fats to yield powders with a preferred poly-
morphic form, e.g., the form V preferred in cocoa butter, could
then be exploited in cold processing for shaped products. This
paper describes an initial investigation of microstructures gen-
erated in simulated spray-freezing of mixtures of cocoa butter
and tripalmitin (PPP).

Spray-freezing was studied in a single-droplet freezing ap-
paratus based on that reported by Hindmarsh et al. (7). Individ-
ual droplets are frozen in a cold air stream while suspended on
a fine thermocouple or a glass filament. The former allows the
thermal history of the droplet to be monitored directly, as the
droplet temperature is almost uniform (low Biot number: see
Ref. 9), whereas the latter yields droplets that can be analyzed
readily. Microstructures were studied by scanning electron mi-
croscopy (SEM) and by small- and wide-angle X-ray scatter-
ing (SAXS and WAXS, respectively); the 1–2 mm frozen
droplets generated here were almost an ideal geometry for X-
ray scattering measurements.

MATERIALS AND METHODS

Materials. Cocoa butter (Gerkens Cacao, B.V., Wormer, The
Netherlands) and PPP (85% purity; Sigma Chemical, Poole,
United Kingdom) were obtained as solids and studied as pure
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components and as mixtures of 25, 50, and 75 wt% PPP in
cocoa butter. Mixtures were obtained by melting the compo-
nents together and mixing vigorously. Phase transitions in the
raw materials and mixtures were studied on a PerkinElmer
Pyris 1 power-compensated DSC (PerkinElmer Life & Analyt-
ical Sciences Inc., Boston, MA) fitted with a refrigerated inter-
cooler. Samples were heated in sealed pans to 80°C then cooled
to –20°C (100 to 0°C for PPP alone) at 20 K min–1. This cycle
was performed three times using the same sample, and repeated
twice, using new samples to establish reproducibility. 

Droplet freezing. Freezing of individual droplets was studied
in the apparatus shown in Figure 1. A detailed description is given
in Reference 9. Laboratory compressed air at 1 bar was passed
through a silica-gel dehumidifier, a rotameter, and a copper coil
immersed in a glycol/water cooling bath mounted on a Haake
K20 refrigerated cooler (Thermo Electron Corp., Basingstoke,
United Kingdom) to give cold, dry air at the required temperature
Ta. The air then passed through a vertical, square-sided duct of
width 20 mm and length 100 mm fabricated from Perspex, open
to the atmosphere. A thin (50 µm) T-type thermocouple or a glass
filament (diameter 50–200 µm) was located on the centerline of
the duct, 30 mm from the open end (9). Droplets were suspended
from the end of the thermocouple or filament, which was coated
with nail varnish to help the droplet adhere without promoting
nucleation (8). A second thermocouple located at the duct entry
measured Ta. Both thermocouples were calibrated regularly
against the freezing point of water: Ta and droplet temperature,
Td, were both monitored and recorded on a PC. 

Each sample was heated to a temperature well above its m.p.
to eradicate crystallization history and avoid solidification
while preparing droplets. For the 2 mm diameter droplets stud-
ied here, 8 µL was measured out and suspended using a pre-
warmed Hamilton 701 LT 10 µL syringe, which was kept warm
at 80°C, making use of the gate construction to divert the
“cold” air flow while positioning the droplet. For repeated runs,
a hand-held hair dryer was used to remelt solidified droplets or
further heat the suspended droplet to the required temperature
range (in excess of 70°C), holding Td constant for at least 20 s.
Reheating was not used in the generation of droplets for X-ray
analysis. Droplet size and shape were measured using an Intel®
Play (Santa Clara, CA) microscope. 

Air flow rates of 0.6 and 1.2 m3 h–1 were used, correspond-
ing to superficial velocity, um, values of 0.42 and 0.83 m s–1.
These values correspond to duct (and particle) Reynolds num-
bers at Ta = 10°C of 600 (120) and 1,200 (240), respectively;
separate hot wire anemometry measurements of gas velocity
indicated that the local velocity upstream of the droplets ap-
proached 2 um. These velocities are lower than the terminal ve-
locities for single droplets under these conditions but are repre-
sentative of those likely to be experienced in a swarm. Droplets
for microstructural analysis were mainly generated using a um
value of 0.42 m s–1. The apparatus was cleaned between runs
using hot dodecane and cold acetone. 

Droplet microstructure. Frozen droplets were slice-sec-
tioned to expose the internal microstructure, coated with Au/Pd
(70%/30%) and then imaged on a Philips XL30-FEG cryo-
scanning electron microscope (CSEM) operating at 5 kV.

X-ray diffraction (XRD) studies were performed using a
customized Bruker GADDS system, using a Cu source (λ =
1.541 Å) at 45 kV and 45 mA. For WAXS, the detector was po-
sitioned 0.174 m from the sample, at an angle of 14° off the
centerline. Exposures were performed at room temperature for
a maximum of 150 s or 5 × 106 counts. In this period the droplet
did not change appearance visibly. For SAXS, the detector was
placed on the centerline at 0.782 m from the sample and a Per-
spex tube containing helium placed between the sample and
the detector. Exposures were limited to 60 s. For simultaneous
WAXS/SAXS, the detector was placed at 0.174 m/9.2° and ex-
posures set to the shorter of 100 s or 5 × 106 counts.

RESULTS AND DISCUSSION

Freezing behavior. DSC. DSC studies of freezing, such as the
plots in Figure 2, proved to be highly reproducible. The differ-
ent melting characteristics of the PPP and cocoa butter were as
expected, with a sharp peak for the former, relatively pure,
component, and a broad, almost bimodal distribution for the
latter due to the mixture of TG, the presence of other minor
components, and the possible formation of various polymorphs
(11). The tail in the cocoa butter was still evident at –15°C, and
there is a significant peak between 2 and 15°C, which gives rise
to the softness of this material and poses challenges in handling
frozen droplets at room temperature. The enthalpy of solidifi-
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FIG. 1. Single droplet freezing apparatus. (A) Pivoted side wall which
allows gate (B) to divert cold air flow while a droplet is located on the
end of a thermocouple measuring Td (droplet temperature) or filament
(as shown) at C. Cooling air temperature, Ta, measured by thermocou-
ple at D.



cation for PPP, 120 J g–1, compares favorably with that of 127
J g–1 reported for the α form of the pure component by Hage-
mann and Rothfus (12). The onset temperature of solidifica-
tion, at 38.8°C, is significantly lower than the temperatures re-
ported for the melting of higher-purity PPP polymorphs,
namely, 46ºC (α), 49.5ºC (β′), and 63ºC (β) obtained with a
99% purity material by Fitzgerald (13) using the same device.

The cooling profiles for the mixtures show three character-
istic peaks, labeled A–C (Fig. 2). Peak A is attributed to the
crystallization of a PPP-rich phase from the fat mixture, with
the onset temperature decreasing with decreasing PPP content.
A simple model based on treating the solution as an ideal mix-
ture did not predict the change in this parameter well, indicat-
ing that heats of mixing are significant. Peak C corresponds to
the main peak in cocoa butter, and its onset and peak tempera-
ture do not change markedly with composition, whereas peak
B is a transition not observed in cocoa butter, possibly the re-
sult of cocrystallization of PPP and some constituent of the
cocoa butter (e.g., 1,3-dipalmitoyl-2-oleoyl glycerol). A simi-
lar feature to Peak B was observed using DSC by Cebula and
Smith (14), who cocrystallized a mixture of PPP-rich fat and
cocoa butter. These DSC studies thus suggest that freezing of
these solutions will feature crystallization of a PPP-rich phase
followed by solidification of a modified cocoa butter matrix. It
should be noted that the cooling rates used in the DSC, on the
order of 20 K min–1, are an order of magnitude smaller than
those typical of the droplet freezing studies.

Freezing behavior: droplets. Figure 3A shows a typical tem-
perature profile for freezing of a single droplet of PPP in air at
15°C. Initial cooling at ~10 K s–1 is interrupted at point O by

the onset of solidification of PPP at Tf (the freezing point),
which was observed to lie between 39 and 41°C and was in-
sensitive to air flow rate and temperature (with Ta below 20°C).
The range of cooling rates observed is recorded in Table 1.
There is an increase in cooling rate after the droplet tempera-
ture reaches ~32°C, corresponding to the end of the phase tran-
sition in Figure 2, indicating that the droplet has been mostly
solidified at this point and the rate of (sensible) cooling starts
to increase. The reasonably close correlation to the DSC data is
noteworthy. There is only a very small amount of supercooling
(0–3°C) relative to the DSC data and an absence of subsequent
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FIG. 2. DSC cooling profiles for cocoa butter (CB), tripalmitin (PPP),
and their mixtures at 20 K min−1.

FIG. 3. Freezing a 2 mm PPP droplet at superficial velocity of um = 0.42
m s–1 and cooling air temperature of Ta = 15°C. (A) Temperature pro-
file: dashed lines represent initial cooling and solidification cooling
rates. Point O marks the onset of crystallization (phase change). (B) Data
replotted in the form of the single droplet cooling model, Equation 2.
For abbreviation see Figure 2.



recalescence as is observed in water and solutions of sucrose
and coffee (9), all of which feature significantly more super-
cooling before nucleation compared with the fat systems con-
sidered here. With pure liquids the temperature remains near Tf
after recalescence until the droplet is completely frozen,
whereas the linear decrease in freezing temperature with time
evident in the figure may be due to heat transfer or freeze con-
centration owing to the impurities in the PPP.

The phase transitions are very apparent when the data are
plotted against the simple freezing model presented in Refer-
ence 9:

[1]

where d = droplet diameter, ρ = density, Cp = specific heat ca-
pacity, t = time, and ho = surface film heat transfer coefficient.
Equation 1 yields the temperature profile 

[2]

This will exhibit discontinuities at phase transitions where the
apparent heat capacity, Cp, changes. Figure 3B shows the data
replotted in this form; the phase transitions are immediately ap-
parent. 

The components in cocoa butter freeze over a wider range
of temperatures, and the cooling profile in Figure 4 shows a
sharp change in cooling rate at a Tf value of 15 ± 1°C (con-
firmed by plotting the data in the form of Eq. 2) but no later
change associated with completion of freezing and cooling of
the solidified droplet. This behavior is consistent with the data
in Figure 2A: The DSC freezing peak features a long tail, sug-
gesting solidification is not complete at Ta = 4°C. 

Equation 2 also allows the surface heat transfer coefficient,
ho, to be estimated, and the values of the corresponding Nus-
selt number (Nu = hod/l) are compared in Table 1 with those
estimated using the Ranz and Marshall correlation (15): The
agreement is particularly good for the cocoa butter.

Figure 5 shows the cooling profiles for the three mixtures
studied: All exhibit rapid initial cooling, and three parts in the
freezing stage marked by changes in slope in the heat transfer
model (Eq. 2) plot (illustrated by the inset in the 50:50 profile).
The temperatures of the transitions are marked on the Figure as
Tf,PPP, Tf,mixture, and Tf,cocoabutter. The Tf,PPP value decreases sig-
nificantly with PPP content, i.e., 38, 33, and 28°C for 75, 50,

and 25 wt% of PPP, respectively, corresponding extremely well
to the corresponding DSC data (37, 33, and 30°C, respec-
tively). The values of Tf,mixture declined more gradually from
25 to 20°C as the PPP content was decreased from 75 to 25
wt%. There was no systematic variation with PPP content for
Tf, cocoabutter, which ranged from 11 to 15°C. The values of
Tf,mixture and Tf,cocoabutter corresponded reasonably closely to the
DSC traces (17 and 11°C, respectively), which showed mini-
mal variation with composition. The discrepancy in Tf,mixture
may be due to the difference in cooling rates or the true tem-
perature profile in the droplet. These results are consistent with
PPP crystallizing preferentially from the melt, followed by
freezing of the fat mixture: This aspect requires further investi-
gation. 

Microstructure: SEM and CSEM. The SEM images of the
surface of frozen PPP droplets in Figure 6 show that the struc-
ture can undergo recrystallization over time. Droplets were
generated under similar conditions [um = 0.42 m s–1: Ta = 10°C
(0°C for the cocoa butter and mixtures)]: (i) stored overnight at
room temperature and also imaged at room temperature, (ii)
stored at 0°C and imaged at –150°C. Both images showed sur-
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TABLE 1 
Freezing Parameters

Initial
Initial solidification

um Ta cooling rate cooling rate ho Nu
Material (m s–1) (°C) (K s–1) (K s–1) (W m2 K–1) Nu calculateda

Tripalmitin 0.42 13–15 8.5–12.5 0.5–0.6 125–150 12–14 8
0.83 14–16 10–14 0.6–1 150–160 11–16 11

Cocoa butter 0.42 2–5 13–17 0.2–0.4 93–95 7–8 7–8
0.83 2–6 7–9 0.5 110–135 9–11 10

aCalculation described in Reference 9.

FIG. 4. Typical temperature profile of freezing a cocoa butter droplet at
um = 0.42 m s–1 and Ta = 4°C. Dashed lines denote initial cooling and
solidification cooling rates. Inset shows data plotted in form of Equation
2. For abbreviations see Figures 1 and 3.



faces characterized by small plates (dimension ± 100 micron),
which were much more evident in the droplet stored at room
temperature. The bright spots on Figure 6A proved to be
shards, confirming that recrystallization was occurring. Stor-
age method did not affect the internal microstructure with a
homogeneous flower-like structure around distinct nucleation
points (Figs. 6C, 6D).

The image in Figure 7A of frozen cocoa butter droplets
stored at room temperature after solidification again shows that
small platelets were evident on the surface: Such platelets were
not evident on those stored at 0°C (Fig. 7B). Rapid cooling of
the cocoa butter melt is likely to form the type I polymorph
(Table 2) on the surface, which melts at 17.3°C and can trans-
form to the Type II form, which has a m.p. at 23.3°C (Table 2).
The inner microstructure of the droplets in Figure 7C shows a
uniform and fine crystal structure but with none of the nucle-
ation site features evident in PPP (Fig. 6C). 

The internal microstructure of mixtures of PPP and cocoa
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FIG. 5. Temperature profiles of single droplet freezing for PPP/CB mix-
tures. (A) 25:75; (B) 50:50, inset shows freezing model construction;
(C); 75:25 wt%. um = 0.42 m s–1, Ta ~ 0°C. For abbreviations see Fig-
ures 2 and 3.

FIG. 6. Scanning electron micrograph (SEM) images of frozen PPP
droplets. (A) Outer surface, stored and imaged at room temperature,
250×; (B) outer surface, stored at 0°C and imaged at –150°C, 250×; in-
ternal microstructure of droplet in (B) at (C) 500×; (D) 5000×. For ab-
breviation see Figure 2.



butter in Figure 8 all show a finely divided structure with nu-
cleation site patterns (shown by the arrows), similar to those
observed in PPP alone, becoming less prevalent as the fraction
of PPP decreases. 

Electron microscopy therefore demonstrated that the sur-
face microstructures achieved are sensitive to temperature vari-
ation after formation, whereas the bulk structure is relatively
insensitive to such factors.

XRD. XRD was used to identify the polymorphic forms pre-
sent in the solidified droplet bulk. All droplets analyzed by XRD
were generated on nail-varnish-coated glass filaments at um =
0.42 m s−1 and Ta = –12°C and were stored at 0°C before testing

later that day. The raw XRD patterns and integrated intensity
profiles are shown in Figures 9 and 10, respectively. The former
plots showed that the crystal structures were isotropic, with no
preferential orientation. PPP appeared to be characterized by a
single strong peak at small angles and three small, but well-de-
fined, peaks at large angles. A weak peak was observed at 6.7°.
Cocoa butter exhibited three weak peaks in the SAXS region (ei-
ther side of the PPP peak) and five small, noisy peaks at larger
angles: Cocoa butter and PPP share a very strong peak at approx-
imately 19°. Wide-angle spectra were also collected for cocoa
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FIG. 7. SEM images of frozen CB droplets. (A) Outer surface, stored and
imaged at room temperature, 30×; (B) outer surface, stored at 0°C and
imaged at –150°C, 1000×; (C) internal microstructure of droplet in (B),
1000×. For abbreviations see Figures 2 and 6. FIG. 8. Internal microstructure of frozen droplets of PPP/CB mixtures (in

wt%) (A) 75:25; (B) 50:50; (C) 25:75%. (500×). Arrows indicate exam-
ples of nucleation sites. For abbreviations see Figure 2.



butter and PPP at angles greater than 25.5°, but no additional
peaks were observed for either substance or their mixtures.

Table 3 is a summary of the peaks observed in this study
compared with those reported in the literature. The combined
WAXS/SAXS data between 2 θ = 2.2–26° for PPP compared
extremely well with the spectrum for the β polymorph in the
International Centre for Diffraction Data (ICDD) Powder Dif-
fraction File (ICDD PDF# 30-1994, htp://www.icdd.com). Dif-
ferences in cocoa butter at source mean that reference spectra
for each polymorph, particularly Forms V and VI, are not read-
ily available (16), so the cocoa butter spectra generated here
were compared with the classification reported by Sonwai (17),
based on crystallization of a cocoa butter under quiescent con-
ditions (Tables 2, 3). It should be noted that the XRD data will
be dominated by structure in the bulk of the droplet: Other
forms may be present at the surface but will not contribute sig-
nificantly to this form of inspection.

The spectra in Figure 10 and analysis in Table 3 suggest

that the solidified droplets consisted of CB Forms V and/or
VI, which share several similar peaks. The similarity of dif-
fraction peaks for Forms V and VI has been discussed by van
Malssen et al. (19) and Loisel et al. (20): both exhibit dis-
tinct strong peaks in the SAXS region at ~1.35 and ~2.75°,
with Form VI showing a faint peak at 2.0° (20). This peak
was difficult to detect with SAXS/air but was evident with
SAXS/He (data not shown). In the WAXS region, the cocoa
butter exhibits four small peaks that distinguish it from PPP
but that complicate identification of the polymorph. Forms
V and VI have four and three peaks, respectively, in this 2 θ
range; they are, however, relatively weak and only appear
distinctly in high-quality diffractograms. Nevertheless, the
likelihood of the spectra originating from other polymorphs
is small.

Figure 10 shows that the peaks observed in the mixtures are
found at the same angles as peaks in the individual substances,
indicating that the components both crystallize in the more sta-
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TABLE 2 
Polymorphism in Cocoa Butter Under Quiescent Conditions Reported by Sonwai (17)

Polymorph M.p. (°C) Conditions

Form I (γ) 17.3 Rapid cooling of melt
Form II (α) 23.3 Cooling of melt at 2 K min–1

Rapid cooling of melt followed by storing
for several minutes up to 1 h at 0°C

Form III (β′2-2) 25.5 Solidification of melt at 5–10°C.
Transformation of form II by storing at

5–10°C
Form IV (β′1-2) 27.5 Solidification of melt at 16–21°C

Transformation of form III by storing at
16–21°C

Form V (β2-3) 33.8 Solidification of melt, transformation
of form IV, or solvent crystallization

Form VI (β1-3) 36.3 Transformation of form V
(4 mon at room temperature)

TABLE 3
Peaksa Located in X-Ray Diffraction of Cocoa Butter (CB), Tripalmitin (PPP) Mixtures

Peak Origin Reference PPP Observed mixtures CB

0.75 PPP w — —
1.35° CB 19 — w (some) 1°, 1.55°, m
2.0° CB 20 — — SAXS/He, w
2.2° PPP ICDD s m —
2.75° CB 19 — — 2.7–3°, m
6.6° PPP ICDD m w —

16.5° PPP ICDD w — w
17.2° PPP ICDD w — —
19°– PPP ICDD s (19.5°) s s
19.5° CB V and VI 17 — — —
22° CB VI 17 — — —
22.3° CB V 17 — — m
23.0° CB VI 17 — — w
23.2º m m-w —
23.7° CB V 17 — — m
24.05° CB VI 17 — — w
24.1 PPP ICDD m m-w —
24.5° — — — — w
a s, strong; m, medium; w, weak.



ble β and V/VI Forms. These forms are highly unlikely to have
formed during initial crystallization and freezing of the
droplets, as evidenced by the general agreement of the freezing
apparatus data with that provided by the DSC, which supported

the formation of less stable polymorphs for both cocoa butter
and PPP. Following solidification, the droplets were immedi-
ately transferred from the freezing apparatus to a cold chamber
(temperature below 0°C) for transportation to the X-ray equip-
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FIG. 9. Diffraction patterns of solidified droplets. SAXS, small-angle scattering; WAXS, wide-
angle scattering. For other abbreviation see Figure 2.



ment. A maximum of 5 min was required for sample prepara-
tion and data acquisition. Based on a consideration of heat
transfer to the droplets from stagnant air, this is just sufficient
time for the droplet to reach ambient temperature. Thus, recrys-
tallization into the more stable forms is extremely rapid. The
effect of reducing the fraction of PPP in Figure 10B is to re-

duce the intensity and definition of the PPP peaks: Only with
the smallest fraction (25 wt% PPP) do the cocoa butter peaks
appear. The intensity of the PPP peak is approximately propor-
tional to the amount of PPP present, which is consistent with
the crystallization of PPP alone followed by solidification of a
fat matrix. Further work will also focus on linking this behav-
ior to the phase diagram of these mixtures.
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