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Chapte rr  8 

Effec tt  of temperatur e on 

re-crystallizatio nn behaviou r of 

coco aa butte r 

submittedd for publication 

Abstract t 
Crystallizationn of cocoa butter in the p phase directly from the melt is only possible 

employingg the memory effect of cocoa butter. Cocoa butter crystallized in the p phase, heated to the 
so-calledd maximum temperature (just above its melting end point), re-crystallizes in the p phase 
afterr cooling to a crystallization temperature. The influence of the maximum and crystallization 
temperaturess on the re-crystallization behaviour has been investigated for two cocoaa butters. Rapid-
startingg re-crystallization into the p(VI) phase and slow-starting re-crystallization into the P(V) have 
beenn observed. It is concluded that rapid-starting re-crystallization is induced by high-melting SOS-
richrich crystals. The two p phases were identified by X-ray powder diffraction and melting ranges. 
However,, the X-ray powder diffraction patterns for the P phases depend on the composition of the 
cocoaa butter and on the crystallization method used. Therefore, it is not possible to take any 
particularr P(VI) X-ray powder diffraction pattern as a standard for the P(VT) phase of all cocoa 
butters. . 
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8.11 Introductio n 
Crystallizationn is a critical point in making chocolate and confectioneries. Poorly crystallized 

chocolatee results in the formation of fat bloom, a grayish-white film at the chocolate surface. The 
chocolatee seems aged and musty, causing customer complaints to chocolate manufacturers. To 
obtainn quality products, understanding and total control of the cocoa butters solidification process is 
indispensable.. However, the crystallization behaviour of cocoa butter is very complex as cocoa 
butterr may crystallize in many different polymorphic phases. 

Althoughh this crystallization has been subject of thorough research for many years, no 
uniformm nomenclature for the various phases of cocoa butter has been achieved. Vaeck (1960) 
showedd the existence of four phases and designated them by the Greek letters y, a, p' and p. Wille 
andd Lutton (1966) observed six different crystalline phases for cocoa butter, numbered with the 
Romann numbers I to VI. More recently, Van Malssen et al. (1999) concluded from mechanically 
staticc solidification experiments that cocoa butter crystallizes in even more crystal modifications: a y 
andd an a phase, a p' phase range and two p phases were observed. In this chapter a combination of 
thee nomenclature by Vaeck (1960) and by Wille and Lutton (1966) is used, resulting in the phases y, 
a,a, P' and two p phases: p(V) and P(VI). Each of the cocoa-butter phases has its own physical 
characteristics,, such as diffraction properties, melting range and relative stability. 

Sincee each phase gives a characteristic pattern in X-ray powder diffraction (XRPD) this 
techniquee is very well suited for identification of cocoa-butter phases (Fig. 8.1; deMan, 1992). 
Furthermore,, in time-resolved XRPD experiments phase transitions can be observed and monitored 
(Vann Malssen et al. 1996a and 1999). 

Thee phase transitions from less stable to more stable phases are generally irreversible and 
dependd on temperature and time (Van Malssen et al., 1999; Fig. 8.2). All cocoa-butter phases may 
crystallizee from totally molten cocoa butter except for the two p phases. Although direct 
solidificationn of "form V" from the melt has been reported by Schlichter-Aronhime et al. (1988), 
directt crystallization of P-cocoa butter under mechanically static conditions could not be confirmed 
byy Van Malssen et al. (1996a and 1999) despite exhaustive cocoa butter investigations. However, 
crystallizationn of cocoa butter in thee p phase directly from the melt is possible via the "memory" of 
cocoaa butter. When cocoa butter in the p phase is heated a few degrees above its melting end point 
(MEP),, it still contains structural information. Upon cooling, the cocoa butter re-crystallizes in the p 
phase.. Re-crystallization of cocoa butter via cocoa butter's memory has similarities with 
crystallizationn of cocoa butter induced by seeding. In both cases crystal-packing information is 
presentt in the melt, directing the crystallization. In case of seeding, crystal-packing information is 
suppliedd by the addition of milled cocoa butter or pure TAGs in the desired phase to the melt, while 
inn case of the memory effect crystal-packing information remains present after melting. Both 
crystallizationn methods differ from crystallization from the memory-free melt, with or without 
tempering,, where crystal nuclei are formed by primary nucleation during cooling of totally molten 
cocoaa butter. Van Malssen et al. (1996c) studied cocoa-butter re-crystallization and defined the p-
memoryy point temperature (P-MPT) of a cocoa butter as the temperature at which cocoa butter in 
thee P phase has to be heated, to prevent cocoa butter to re-crystallize into the p phase within 45 min 
afterr cooling to 25° C. The P-MPT value of a cocoa butter is related to its composition. In particular, 
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EffectEffect of temperature on re-crystallization behaviour of cocoa butter 

Vann Malssen et al. (1996c) found a correlation between the P-MPT and the percentages of 1,3-
distearoyl-2-oleoyl-glyceroll  (SOS) and stearic acid in the cocoa butter. This correlation is doubted 
byy Loisel et al. (1998) who stated that the P-MPT value corresponds to the trisaturated TAG content 
off  cocoa butter. 

ii  i 1 i * 

15.00 18.0 21.0 24.0 27.0 30.0 

200 (°)

FIGUREE 8.1 Fingerprint region (k = 1.5418 A; rf-spacing values 3.0 to 6.0 A) of the XRPD pattern of 
variouss cocoa-butter phases. The y, a and P' phases were measured of Cameroon cocoa butter after 
isothermall  crystallization at -10.0, 0.0 and 20.0° C, respectively (Van Malssen et al, 1999). The P(V) and P 
(VI)) phases were measured of Bl (Bahia Brazil) cocoa butter after isothermal crystallization at 22.0° C and 
fromfrom bulk material, respectively. These are the clearest XRPD patterns of the P(V) and P(VI) phases 
observedd by us so far. 
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Inn order to improve the understanding of the re-crystallization of P-cocoa butter we 
investigatedd the influence of the maximum temperature before cooling as well as the crystallization 
temperaturee on the re-crystallization behaviour of two different cocoa butters. The maximum 
temperaturee (Tmax) is defined here as the temperature to which P-cocoa butter was heated before 
coolingg to the crystallization temperature (TcryJ. Crystallization rate and re-crystallized phase(s) of 
cocoaa butter were determined for various combinations of Tmal and Tcrysl. However, the 
(re-crystallized)) phases P(V) and P(VI) have only small differences in the fingerprint region of the 
XRPDD pattern (Fig. 8.1). In order to identify the re-crystallized phases of cocoa butter and 
distinguishh between the P(V) and P(VI) phase correctly or even quantify the P(V)/p(VI)-phase ratio, 
XRPDD patterns of cocoa butters in the p(V) and P(VI) phase were compared with calculated 
patternss of various P(V)/p(VI) ratios. Finally, cocoa-butter re-crystallization in relation to its 
compositionn is discussed. 

crystallizationn melting phase transition 
>>

FIGUREE 8.2 Cocoa-butter phase-transition scheme (Van Malssen et al., 1999). Both isothermal and non-
isothermall  phase transitions. "This non-isothermal transition has been reported in the literature (Wille and 
Lutton,, 1966). **Thi s non-isothermal transition has been reported in literature (Wille and Lutton, 1966) and 
hass been observed in our experiments (Van Langevelde, A.J. and Van Malssen, K.F., unpublished data). 
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8.22 Materials and methods 

8.2.18.2.1 Samples, sample preparation and equipment 

XRPDD patterns of cocoa butters of a previously used series of cocoa butters with various 
compositionss (Van Malssen et al, 1996b; Table 8.1) were compared. Since these cocoa butters have 
beenn stored for more than 15 years at -5° C, they can be safely assumed to be in thee stable p phase. 
Forr the (re-)crystallization experiments two different cocoa butters were used: one cocoa butter 
originatingg from Bahia Brazil (Bl) and one from Ghana (Gl). Since the Brazil cocoa butter from 
thee series was deteriorated, a new sample (~2 years old) was taken for Bl. All cocoa butters were 
obtainedd from ADM Cocoa B.V. (Koog aan de Zaan, The Netherlands). Iodine values of all cocoa 
butterss were determined using the Wijs method (IUPAC method 2.205; Paquot and Hautfenne, 
1987;; Table 8.2), the triglyceride compositions of Bl and Gl were determined by GLC (IUPAC 
methodd 2.323) and their fatty-acid compositions by GLC via fatty-acid methyl esters (IUPAC 
methodss 2.301 and 2.302). 

Sampless for standard and real-time XRPD experiments were prepared by pressing cocoa 
butterr in a temperature-controlled sample holder o f l 0 x l 5 x l mm3 resulting in a flat-surface 
sample. . 

Standardd XRPD measurements at controlled temperature were performed with a Philips 
PD10500 diffractometer (Philips Analytical, Almelo, The Netherlands) having Bragg-Brentano 
geometryy and equipped with an Anton-Paar Low-Temperature camera. Step scans were made using 
CuKaCuKa radiation (X = 1.5418 A) from 15 to 30° 2 0, a step size of 0.02° 2 0 and a counting time of 2 s. 
Real-timee XRPD measurements were performed at the temperature-controlled real-time X-ray 
powderr diffractometer as described by Van Malssen et al. (1994 and 1996a). 

TABL EE 8.1 Iodine value of cocoa butters 

Countryy of origin 

Brazil l 
Peru u 

Cameroon n 
Liberia a 
Congo o 

Sierraa Leone 
Ghana a 
Togo o 

Nigeria a 
Equatoriall  Guinea 

Ivoryy Coast 
Malaysia a 

Neww iodine value<B) 

40.3W(31.0) ) 
36.6 6 
36.0 0 
35.0 0 
32.8 8 
34.5 5 
31.0 0 
35.2 2 
31.2 2 
36.5 5 
32.5 5 
33.3 3 

Oldd iodine value**' 

40.8 8 
36.2 2 
36.6 6 
34.5 5 
35.0 0 
35.3 3 
35.2 2 
33.0 0 
35.2 2 
37.0 0 
34.7 7 
33.9 9 

(a)) Determined in 1999; (b) determined in 1994 (Van Malssen et al., 1996b); (c) new sample (see §8.2.1). 

135 5 



ChapterChapter 8  8 

TABLEE 8.2 Iodine value and, triglyceride and fatty acid content of the two cocoa butters Bl and Gl 

Iodinee value 

Triglyceride e 

C48 8 
C50 0 
C52 2 
C54 4 
C56 6 

Fattyy acid 

C)6:0 0 

(-16:1 1 

^18 : 0 0 

^18: 1 1 

Cl8:2 2 

Cl8:3 3 

C-20:0 0 

C-20:) ) 

^-22:0 0 

Rest t 

Bl l 

40.3 3 

(%) ) 
0 .2 2 

16.7 7 
45.6 6 
35.9 9 

1.7 7 

(%) ) 
23.4 4 

0 .5 5 

31.3 3 
37.8 8 

4 .5 5 

0 .2 2 

1.2 2 

0 .0 0 

0 .9 9 

0 .3 3 

Gl l 

31.0 0 

(%) ) 
0 .4 4 

16.6 6 
45.5 5 
34.7 7 

3 .0 0 

(%) ) 
26.5 5 

0 .8 8 

36.0 0 
33.0 0 

2 .0 0 

0 .1 1 

1.2 2 

0 .0 0 

0 .1 1 

0 .3 3 

8.2.28.2.2 The ft phases of cocoa butter 

Fromm the series of cocoa-butter samples standard XRPD patterns were made at room 
temperature.. From Bl and Gl standard XRPD patterns were made of the P(V) and p(VI) phases as 
re-crystallizedd from the melt via the cocoa-butter memory effect. For this purpose, the cocoa-butter 
sampless were heated to T  ̂ and kept at this temperature for 5 min. Subsequently, the samples were 
cooledd at 5° C min'1 to 7^, and kept at this temperature for 2 h (Table 8.3). After 2 h standard 
XRPDD patterns were made at T^^ 

Fromm these cocoa butters also standard XRPD patterns were measured of the P(V) and P(VI) 
phasess as formed via phase transformation from p". The p(V) phase was obtained by heating cocoa-
butterr samples at 60° C for 5 min, cooling at 5° Cmin' to 22° C and keeping them at this 
temperaturee for several weeks. Since the bulk was already in the most stable phase, it was directly 
usedd to get XRPD patterns of the P(VI) phase. 

Thee XRPD patterns of 100% P(V) and 100% P(VI) Bl cocoa butter, as obtained via 
isothermall  crystallization, were used to calculate XRPD patterns of various ratios of P(V) and 
P(VI). . 
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TABLEE 83 Temperatures used to obtain the fi(V) and fi(Yl) phases via re-crystallization from the melt for 
thethe two different cocoa butters Bl and Gl (see also Table 8.4 and Fig. 8.4) 

Bl l 
Gl l 

^ C C ) ) 

37 7 
35 5 

P(V) ) 
T^CQ T^CQ 

19 9 
19 9 

L . CQ Q 
34 4 
35 5 

P(VQ Q 
V C Q Q 

25 5 
27 7 

8.2.38.2.3 Effect ofT^ and TCfyst on the re-crystallization behaviour 

Sampless of cocoa butters Bl and Gl in the most stable phase were heated to TmttX and kept at 
thiss temperature for 5 min. Subsequently, the samples were cooled at 5° C min'1 to Tcryjl and kept at 
TTcryucryu for 2 h. T  ̂ was chosen in the range from 34.0° C to 38.0° C and T^, in the range from 17.0° C 
too 28.0° C. At Taystt twice per minute an XRPD pattern was made with an exposure time (t^) of 15 
s.. XRPD patterns were analyzed using dynamic-difference functions (DDF) expressing the squared 
differencee between various patterns (J) of the series (Van Malssen et al, 1996a). The re-
crystallizationn was characterized by a crystallization start point (CSP) and a crystallization end point 
(CEP).. CSP is defined as the time (min) at which DDF(/,1) passes the 3 % threshold and CEP as the 
timee (min) at which DDF(/,240) is 5 %. The relative crystallization rate CR is calculated from these 
twoo parameters: CR = 100 / (CEP - CSP). 

8.2.48.2.4 Determination of melting ranges 

Meltingg ranges of Bl and Gl in the various fJ(V) and P(VT) phases were determined by 
heatingg samples at 0.5° C min"1 from Toytl or 22.0° C (for bulk cocoa butter) to a final temperature of 
40.0°° C. During heating four times per minute an XRPD pattern was made with a t  ̂ of 15 s. The 
resultingg XRPD-pattern series were analyzed using DDF (Van Malssen et al, 1996a). Melting 
rangess were characterized by a melting start point (MSP; DDF(/,1)) and a melting end point (MEP; 
DDF(/,zw)). . 

833 Results and discussion 

8.3.18.3.1 The fiphases of cocoa butter 

Sincee the cocoa butters of the series have been stored for a long period, they can be considered 
too be in the most stable pXVI) phase. Nevertheless, the XRPD patterns show some remarkable 
differencess (Fig. 8.3). At the XRPD patterns of all cocoa butters the high-intensity diffraction peak 
(d(d = 4.57 A) typical for the (5 phase can be observed, together with a complex group of smaller 
diffractionn peaks at lower d values (between 3.5 - 4.0 A). However, not for each cocoa butter the 
intensitiess of these peaks increase from high to low d values as is commonly assumed for cocoa 
butterr in the P(VI) phase (compare with Fig. 8.1; Adenier et al, 1978; Schlichter-Aronhime and 
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Garti,, 1988; Van Malssen et ai, 1999; Wille and Lutton, 1966). Since cocoa butters of various 
originss have different X-ray diffraction characteristics, it is not evident from the XRPD patterns 
alonee to classify a P phase as P(VI). 

Fromm comparison of the XRPD patterns of the cocoa-butter series with their iodine values it 
appearss that only cocoa butters with a high iodine value (> 36) give an XRPD pattern with a clear (3 
(VI)) character (Table 8.1; Fig. 8.3). In view of the intensity variation of the small group of 
diffractionn peaks with lvalues between 3.5 - 4.0 A, it is not possible to take any particular P(VI) 
XRPDD pattern as a standard for the P(VI) phase of cocoa butter in general. 

15.00 18.0 21.0 24.0 27.0 30.0 
299 (°)

FIGUREE 8.3 XRPD patterns of bulk material of the cocoa-butter series (X = 1.5418 A; rf-spacing values 3.0 
too 6.0 A). 
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Thee X-ray diffraction characteristics of the P(V) and P(VI) phases are also depending on the 
wayy they are crystallized (Fig. 8.4ab and Table 8.3). If the phases of cocoa butter Bl are formed via 
isothermall  phase transformation the phases show distinct P(V) and p(VI) XRPD patterns. The p 
phasess obtained by re-crystallization via the memory effect have a lower signal-to-noise ratio and 
havee broader diffraction peaks in the region between 3.5 - 4.0 A. The XRPD patterns of the 
isothermallyy formed P(V) and P(VI) phases of Gl do not show such clear P(V) or P(VI) character. 

Fromm these observations it is concluded that cocoa butters with a high degree of unsaturation, 
whichh corresponds with the content of C,8:, and C1S:2 (Table 8.2), have two distinguishable P phases. 
Thee two different p phases are not clearly observed at the cocoa butter originating from Ghana, 
whichh has an iodine value of 31. 

3 3 

P(V)) I 
N N 

43 3 

.a a 
2 2 

inin «s 

.ee a 
 3 

II  $ 
22 p 15.0 0 18.0 0 21.0 0 24.0 0 27.0 0 30.0 0 

299 ) 

FIGUREE 8.4a XRPD patterns of the P(V) and P(VI) phases of cocoa butter Bl (A. = 1.5418 A; rf-spacing 
valuess 3.0 to 6.0 A). The P(V) and P(VI) phases were crystallized via isothermal crystallization and via re-
crystallizationn (Tables 8.3 and 8.4). 
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FIGUREE 8.4b XRPD patterns of the P(V) and P(VI) phases of cocoa butter Gl (X = 1.5418 A; rf-spacing 
valuess 3.0 to 6.0 A). The P(V) and P(VI) phases were crystallized via isothermal crystallization and via re-
crystallizationn (Tables 8.3 and 8.4). 

TABLEE 8.4 Melting start points (° C) and melting end points (° C) of the J3(V) and fi(VI) phases of cocoa 
butterbutter obtained via isothermal crystallization and via re-crystallization (see Table 8.3 and Fig. 8.4) 

Bl l 
Gl l 

MSP P 

27.5 5 
28.0 0 

viavia re-crystallization 
P(V) ) 

MEP P 

31.6 6 
32.5 5 

P(VI) ) 
MSP P 

29.0 0 
31.5 5 

MEP P 

33.1 1 
34.8 8 

MSP P 

27.8 8 
28.5 5 

viavia isothermal 
P(V) ) 

MEP P 

31.9 9 
33.0 0 

crystallization n 
p(VI) ) 

MSP P 

30.1 1 
31.1 1 

MEP P 

34.5 5 
35.4 4 
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Forr both cocoa butters the P(VI) phase melts at higher temperatures (-2° C) than the P(V) 
phasee irrespective of the crystallization method (Table 8.4). Cocoa-butter phases obtained via 
isothermall  crystallization melt at slightly higher temperatures than their corresponding phases 
obtainedd via re-crystallization. Although there is no clear difference between the XRPD patterns of 
thee p(V) and p(VT) phases of Gl, two P phases exist as can be concluded from the melting ranges. 

Thee small difference between the XRPD patterns of the P(V) and P(VT) phases makes it very 
difficultt to quantify the ratio between P(V) and P(VT). A series of calibration XRPD patterns with 
variouss P(V)/p(VI) phase ratios should be made (Garti et al., 1986; Fig. 8.5). However, since the 
XRPDD pattern of the P phases depends on the composition of the cocoa butters, series of calibration 
XRPDD patterns should be made for each cocoa butter under investigation. Furthermore, also the 
crystallizationn method should be taken into account, because it affects the resulting XRPD pattern. 
Butt even for cocoa butters like Bl with distinct P(V) and P(VT) XRPD patterns it is hard to 
determinee the P(V)/p(VI) phase ratio from such a calibration pattern series with a reasonable 
accuracy.. Therefore, in the re-crystallization experiments cocoa-butter phases will be designatedd a p 
(V)) or P(VI) phase only if it is absolutely clear from either the XRPD pattern or the melting range. 

8.3.28.3.2 Effect ofT^ and Tcryst on re-crystallization behaviour 

CSP,, CEP and CR were determined for both cocoa butters Bl and Gl at various Tmax and Tays, 
valuess (Tables 8.5 and 8.6). Tmax values were chosen slightly higher than the MEP values of the 
isothermallyy formed P(VI) phases (Table 8.4). For both cocoa butters re-crystallization was much 
fasterr than crystallization at Terytt from memory-free cocoa butter, especially at higher 7*^, values. In 
general,, cocoa-butter re-crystallization started later and took longer for increasing Twax values. Re-
crystallizationn was completed most rapidly at a T^, of 23° C and with the lowest 7^ values for Bl. 
Forr higher 7^ values the optimal Taytt value shifted to 19° C. For Gl at low T"^ values the optimal 
TTerytlerytl value was 21° C, but this optimum shifted to a lower value for higher Tma values. For lower 
T^nT^n values re-crystallization was observed even at a Tcryit of 26 è 27° C. CR values were slightly 
higherr for Bl than for Gl at a T  ̂ of 35° C. 

Analysiss of the standard XRPD patterns of each 7^ -T^, combination for Bl (Table 8.5) 
showss that from the lower T  ̂ values the cocoa butter re-crystallized in the P(VI) phase, from 
higherr Tmex values in the p(V) phase and from intermediate T  ̂ values in both p phases. At the 
lowestt Taytl value used (17° C) always crystallization of the a phase was observed in the initial 
stagee of the experiments, while in case of higher Tmgx the p' phase was observed simultaneously 
withh the p phase (Fig. 8.6). However, in most cases unstable phase(s) rapidly disappeared when the 
PP phase was formed. 

Sincee the P(V) and P(VI) phases of Gl were not evidently distinguishable by their XRPD 
patternss alone, melting ranges of the crystallized cocoa butter were determined after each 7^-7^ ,̂ 
experimentt (Table 8.7). The presence of small amounts of meta-stable phases (a and/or P') 
decreasess the MSP value. Larger amounts of a and/or p' decrease both the MSP and MEP values. 
Forr most Tma-TCTyst values (Table 8.6) cocoa butter re-crystallized in the p(V) phase (maximal MEP 
== 32.5° C). For a 7^, value of 38° C meta-stable phases (a and/or p') were also observed for all 
TT , values, which was confirmed by the low MSP values. For lower T  ̂ values a crystallization 
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occurredd only at lower Tcrys, values while for a Tma of 35° C no a crystallization was observed at all. 
Re-crystallizationn of Gl in the P(VI) phase was observed only for Tma = 35° C and Tcrys, = 27.0° C. 

Fromm all these experiments it is concluded that crystallization of cocoa butter directly in the p 
phasee is enhanced if memory material is still present in the sample. Which phase and at which 
crystallizationn rate cocoa butter re-crystallizes depends on Tmm, Tcrys, and the composition of the 
cocoaa butter. Since for higher Tmax values the P(V) phase re-crystallizes most rapidly at -19° C and 
forr lower Tmax values the P(VI) phase at -23° C, it is concluded that the optimal re-crystallization 
ratee of the P(V) phase is at -19° C and for the P(VI) phase at -23° C. 

Percentage e 

P(V)) P(VI) 

00 100 

80 0 

60 0 

40 0 

20 0 

15.0 0 18.0 0 21.00 24.0 

200 (°) 

27.0 0 30.0 0 

FIGUREE 8.5 XRPD patterns of various P(V)/P(VI) phase ratios calculated from 100% P(V) crystallized 
isothermallyy at 22.0°° C and from 100% P(VI), bulk material (k = 1.5418 A; rf-spacing values 3.0 to 6.0 A). 
Thee cocoa butter (Bl) used gives the most explicit P(V) and P(VI) XRPD patterns. 

142 2 



EffectEffect of temperature on re-crystallization behaviour of cocoa butter 

TABLEE 8.5 Re-crystallization ofBl at Tsm after heating to Tm 

**  Crysi 

) ) 
Tm*Tm* (° C) 

34.00 35.0 36.0 37.0 

CSPP CEP CR CSP CEP CR CSP CEP CR CSP CEP CR 

(min)) (min) (min1) (min) (min) (min1) (min) (min) (pin1) (min) (min) (min1) 
17.0 0 

19.0 0 

21.0 0 

23.0 0 

25.0 0 

27.0 0 

0.0 0 

0.0 0 

0.0 0 

0.0 0 

1.5 5 

— — 

52.0 0 

P(VI)* * 

25.5 5 

P(VI) ) 

21.5 5 

«VI ) ) 

19.0 0 

«VI ) ) 

25.0 0 

(XVI ) ) 

— — 

1.92 2 

3.92 2 

4.65 5 

5.26 6 

4.26 6 

1.5 5 

1.0 0 

2.0 0 

0.5 5 

2.0 0 

— — 

36.0 0 

P* * 
17.5 5 

P P 
15.5 5 

P P 
30.0 0 

P P 
62.0 0 

P P 
— — 

2.90 0 

6.06 6 

7.41 1 

3.39 9 

1.67 7 

2.5 5 

3.0 0 

6.0 0 

8.0 0 

15.0 0 

— — 

48.0 0 

P* * 
47.0 0 

P P 
43.5 5 

P P 
51.0 0 

P P 
96.5 5 

P P 
— — 

2.20 0 

2.27 7 

2.67 7 

2.33 3 

1.23 3 

5.0 0 

8.5 5 

22.0 0 

13.5 5 

30.5 5 

— — 

50.0 0 

P* * 
69.0 0 

P(V) ) 
90.5 5 

P(V) ) 

80.0 0 

P(V) ) 
101.5 5 

P(V) ) 

— — 

2.22 2 

1.65 5 

1.46 6 

1.50 0 

1.41 1 

Thee phases after re-crystallization were determined from their standard XRPD patterns. *) Besides (3 also 
meta-stablee phases (a and/or P') have been observed during the experiment. 

3 3 

15.00 18.0 21.0 24.0 27.0 30.0 
299 (°) > 

FIGUREE 8.6 XRPD pattern of various cocoa-butter phases simultaneously present after re-crystallization (X 
==  1.5418 A; rf-spacing values 3.0 to 6.0 A). Bl after 5 min at T  ̂ of 37° C and 2 h at Tcrysl of 17° C. 
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TABLEE 8.6 Re-crystallization ofGl at Tcry„  after heating to Tm 

(°C)) 35.0 36.0 37.0 38.0 

CSPP CEP CR CSP CEP CR CSP CEP CR CSP CEP CR 

(min)) (min) (min1) (min) (min) (min1) (min) (min) (min1) (min) (min) (min1) 

17.00 2.0 52.5 2.00 3.0 49.0 2.17 3.0 46.5 2.30 15.0 101.0 1.16 
P(V)) p(V)*  P(V)*  P(V)* 

19.00 4.5 61.0 1.80 13.5 55.5 2.38 22.0 49.5 3.64 20.5 51.0 3.28 
(XV)) p(V) p(V)*  p(V)* 

21.00 2.5 27.0 4.08 14.0 35.5 4.65 41.0 62.0 4.76 37.5 57.0 5.13 
P(V)) P(V) p(V)*  P(V)* 

23.00 7.0 41.5 2.90 35.0 72.0 2.70 52.0 97.5 2.20 61.0 87.5 3.77 
POOO POO po o (3(V)* 

25.00 15.0 81.5 1.50 36.5 83.0 2.15 65.0 108.0 2.33 90.0 >120 <3.3 
PP P P(V) P(V)* 

26.00 26.0 96.0 1.43 70.0 >120 <2.0 — — — — 

PP P 
27.00 60.0 >120 <1.7 — — — — — — 

P(VI) ) 

28.00 — — — — — — — — 

Thee phases after re-crystallization were determined from their XRPD patterns and melting ranges 
(Tablee 8.7). *) Besides P also meta-stable phases (a and/or P') have been observed during the experiment. 

TABLEE 8.7 Melting ranges after re-crystallization ofGl at Tcrysl after heating to Tmax (Table 8.6) 

T T 
(°C) ) 

17.0 0 
19.0 0 
21.0 0 
23.0 0 
25.0 0 
26.0 0 
27.0 0 
28.0 0 

MSP P 

(°C) ) 

27.6 6 
28.0 0 
28.3 3 
29.0 0 
29.6 6 
29.9 9 
31.5 5 

— — 

35.0 0 

MEP P 

( ° Q Q 

32.5 5 
32.5 5 
32.6 6 
32.5 5 
33.1 1 
33.5 5 
34.8 8 

— — 

MSP P 

( ° Q Q 

22.8 8 
27.8 8 
28.4 4 
29.0 0 
29.6 6 
29.9 9 
_ _ 
— — 

T T 
 mm 

36.0 0 

MEP P 

(°C) ) 

29.3 3 
31.4 4 
32.6 6 
32.8 8 
33.1 1 
33.8 8 
— — 
— — 

(°C) ) 

MSP P 

( ° Q Q 

23.3 3 
24.0 0 
24.8 8 
29.7 7 
29.9 9 
— — 
— — 
— — 

37.0 0 

MEP P 

(°C) ) 

28.0 0 
30.0 0 
31.3 3 
32.4 4 
32.8 8 
— — 
— — 
— — 

MSP P 

( ° Q Q 

23.4 4 
24.1 1 
24.7 7 
26.1 1 
— — 
— — 
— — 
— — 

38.0 0 

MEP P 

( ° Q Q 

28.1 1 
29.0 0 
29.5 5 
32.1 1 
— — 
— — 
— — 
— — 

144 4 



EffectEffect of temperature on re-crystallization behaviour of cocoa butter 

8.3.38.3.3 The memory effect of cocoa butter 

Inn the Tmm~Terru experiments carried out with Bl rapid-starting re-crystallization (CSP < 2 
min)) was observed after heating to Tmax values within a few degrees Celsius above the MEP. 
Heatingg to higher T  ̂ values, especially in combination with increasing Tcrytl values, leads to a 
progressivelyy slower start of the re-crystallization process. Furthermore, the rapid-starting re-
crystallizationn had an optimal Tcryjl value of ~23° C and the slow-starting re-crystallization an 
optimall Tayil of ~19° C. In case of Gl, mostly slow-starting re-crystallization was observed, except 
forr the lowest Tmax-Tcryi, combinations. 

Thesee observations can be explained by assuming that the rapid-starting re-crystallization is 
inducedd by high-melting SOS-rich crystals. Cocoa butter is considered to be a conglomerate of 
crystalss with individual triglyceride compositions. At lower T  ̂ the concentration of SOS-rich 
crystalss remaining in molten cocoa butter is sufficient to initiate a rapid-starting re-crystallization, 
whereass at higher Tmgx values these crystals are molten and other higher-melting crystals will 
contributee to begin the (slower-starting) re-crystallization process. 

Crystalss containing high concentrations of SOS play an important role in the crystallization of 
cocoaa butter, which is supported by experimental results of others. Chaiseri and Dimick (1995) 
showedd that rapid-nucleating seed crystals contained higher concentrations of SOS than the initial 
cocoa-butterr samples started from, while slow-nucleating seed crystals showed no increased SOS 
concentration.. Also seeding of cocoa butter with pure SOS highly accelerated the crystallization rate 
off  cocoa butter, even more than milled cocoa butter did (Hachiya et al., 1989a). In contrast, neither 
cocoaa butter enriched with 1,2,3-tristearoyl-glycerol (SSS; Loisel et al., 1998) nor seeding of cocoa 
butterr with SSS (Hachiya et al, 1989a) led to an appreciable acceleration of cocoa-butter 
crystallization. . 

Thee interpretation of our results is also in agreement with the correlation found between the 
SOSS concentration of twelve cocoa butters and the p-MPT values (Van Malssen et al, 1996c). 
Sincee the concentration of SOS present in the cocoa butter influences both composition and amount 
off  high-melting SOS-rich crystals available at the various r ^ values, it seems likely that the (5-
MPTT will correspond to the T^ value at which the concentration of SOS in the high-melting seeds 
andd their amount becomes too low to enable re-crystallization within 45 min at a T^, of 25° C. 

Generally,, rapid-starting re-crystallization induced by high-melting SOS-rich crystals resulted 
inn the formation of the PCVT) phase, whereas slow-starting re-crystallization resulted in the P(V) 
phase.. This is most illustrative from the experiments involving Bl. Therefore, which of the phases 
re-crystallizess is related to the seed concentration and/or the seed composition. Hachiya et al. 
(1989b)) concluded that the seed crystal does not completely determine the polymorphism of the 
bulk,, but serves as a crystallization accelerator only. They stated mat the degree of supercooling 
determiness the phase of the crystallized bulk. Since in the present study it was found that only high-
meltingg SOS-rich seed crystals result in the re-crystallization of the P(VI) phase it is supposed that 
thee re-crystallized phase is also determined by the seed composition. 

Mostt of the TmBX-Taytl re-crystallization experiments with the cocoa butter from Ghana (Gl) 
startedd later compared to the corresponding experiments with the cocoa butter from Bahia Brazil 
(Bl).. During many Tma-Tay„  experiments with Gl also meta-stable phases (a and P') were 
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observed.. For higher T  ̂ values combined with lower T^, values slow-starting re-crystallization of 
thee P(V) phase via the memory effect competes with memory-free isothermal crystallization of the 
aa and P' phases through primary nucleation. Therefore, it is concluded that re-crystallization at 
mostt TmajrTcrytt experiments of Gl was mainly induced by other high-melting seed crystals. This is 
emphasizedd by the fact that the concentrations of C,g., and C,g:2 in Gl were much lower than those in 
Bl . . 

Thee investigations have been supported by the Netherlands Foundation for Chemical Research 
(NWO/CW)) with financial aid from the Netherlands Technology Foundation (STW). The authors 
thankk ADM Cocoa B.V. (Koog aan de Zaan, The Netherlands) for providing the cocoa-butter 
samples.. They also thank M. Schut (Gerkens B.V., Wormer, The Netherlands) for cocoa-butter 
analysiss and the members of the User Committee for their stimulating discussions and continuous 
interest. . 
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