
Introduction

Camu-camu is a tropical tree that grows in flooded

areas of the Amazon region. The increasing consumer

demand for camu-camu fruits is mainly due to its high

ascorbic acid content (up to 4000 mg AA/100 g of

pulp), making this fruit the richest known natural

source of vitamin C [1, 2]. Despite camu-camu being

commercialized only as fresh fruit in Brazil, it is

interesting to note that many researches are being

made in order to apply technological knowledge to

obtain processed products that could be easily stored

and transported [3].

Various changes in physical, chemical and bio-

logical characteristics of food stuffs occur during pro-

cessing, storage and distribution. Therefore, phase

transitions of foods are important in characterizing

their quality and in designing efficient processing sys-

tems [4–6]. In various food products, the solids may be

in an amorphous metastable state which can be formed

in various processes, such as baking, concentration,

freezing, freeze drying, drum drying, spray drying and

extrusion, that require a sufficiently short time for re-

moval of water or cooling of concentrated solids [7–9].

The physical state of amorphous materials may

change from a solid glassy state to a liquid-like ‘rub-

bery’ state when the glass transition temperature (Tg) is

reached. Glass transition is a second order time–temper-

ature-moisture dependent transition generally character-

ized by changes in the physical, mechanical, electrical

and thermal properties of the food material. It has been

presumed that amorphous foods are stable in their solid,

glassy state below Tg as the molecules are kinetically

immobilized in the high viscosity (1012 Pa s) solid

glass [4, 5]. It is known that stickiness and collapse of

dehydrated powdered products occurs due to a drastic

decrease in viscosity above Tg [10, 11]. In the glassy

state, some reactions that depend on molecular diffu-

sion, such as chemical and enzymatic modifications,

may be prevented, although this behavior does not seem

to be generalized for all the chemical changes [12]. So,

according to the Food Polymer Science concepts, Tg can

be taken as a reference parameter to characterize prod-

uct proprieties, quality, stability and safety of food sys-

tems. The state diagram is commonly used to identify

different phase boundaries in food materials and has im-

portant applications in determining product stability

during storage and in optimizing processing condi-

tions [13]. These diagrams are able to describe the influ-

ence of food composition on stability, and show the ef-

fect of temperature and moisture content on material

characteristics, allowing the product shelf life to be pro-

longed [7, 14]. The objective of the present work was to

determine phase transitions for freeze-dried camu-camu

pulp as a function of moisture content and establish the

state diagram for this material.

Experimental

Camu-camu used in this work was purchased at

CEAGESP (S�o Paulo, SP) being harvested in South-

east Brazil. The fruits were visually selected by color,

size and physical damage. Only ripe fruits were used.
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After selection, the fruits were washed in chlorinated

water (10 ppm). Blanching was performed with whole

fruits by immersion in hot water (98°C/2 min) followed

by cooling in an ice bath for approximately 1 min. The

fruits were cut in halves and the seeds were manually re-

moved. The pulp was obtained by a domestic centrifuge

(screen openings 1 mm), poured and sealed into poly-

ethylene bags (500 g) and immediately frozen at –18°C

in a vertical freezer. The frozen pulp was freeze-dried in

a bench freeze-drier (EZ-DRY, FTS Systems, USA) at

–50°C and 100 mTorr for 48 h. Representative samples

of the fresh pulp were used to determine moisture con-

tent (vacuum drier, 95°C/100 mmHg, 48 h), ascorbic

acid content by iodine titration [15], total soluble solids

by refratometry (ABBE, Atago, 3T, Japan), reducing

and non-reducing sugars by Fehling’s method and

titrable acidity [16], pectin by Carré and Haynes

method [17] and pH by direct reading with a pHmeter

(WTW, pH 320, Germany). All measurements were

made in triplicate and the average value is reported.

Freeze-dried samples (�1 g) were maintained in

closed environments of constant relative humidity ob-

tained with saturated salt solutions (LiCl, MgCl2,

K2CO3, Mg(NO3)2, NaNO2, NaCl, (NH4)2SO4, KCl,

BaCl2) at 25°C, in order to reach water activities be-

tween 0.11 and 0.90 [18]. After equilibrium was

reached (about 2 weeks), samples of approximately

10 mg (�0.1 mg) were taken for DSC analysis. After

DSC analysis, the remaining material was used to de-

termine equilibrium moisture content (vacuum oven,

95°C/100 mmHg, 48 h) and water activity at 25°C

(Aqualab, CX2, Decagon Devices Inc., USA). In the

high moisture content domain (aw>0.90), samples were

obtained by direct addition of distilled water to the

freeze-dried sample [19]. These wetted mixtures were

equilibrated at 4°C for 24 h before DSC analysis.

Phase transitions were determined by differential

scanning calorimetry using a DSC TA2010 controlled

by a TA5000 module (TA Instruments, USA). Sam-

ples, conditioned in TA aluminum pans were heated

from –120 to 120°C at a heating rate of 10°C min–1 un-

der inert atmosphere (45 mL min–1 of N2). An empty

pan was used as reference. Liquid nitrogen was used

for sample cooling before the runs. Samples showing

devitrification peak after the first run, were annealed at

the devitrification peak temperature (Td) for 30 min be-

fore the second DSC run. Glass transition temperature

(Tg), devitrification temperature (Td), onset of ice melt-

ing temperature (Tm) and enthalpies of ice melting

(�Hm) and devitrification (�Hd) were determined by

the thermograms from DSC using the Software Uni-

versal Analysis V1.7F (TA Instruments). All measure-

ments were made in triplicate. All regressions were

made with the help of Software Statistica V.1.1.5 using

Quasi-Newton method.

Results and discussion

Raw material

The chemical composition of fresh camu-camu pulp

is presented in Table 1. The reducing sugar content

was low in comparison with most fruits. Sucrose was

absent, but according to Zapata and Dufour [2] this

profile is typical of fruits with high ascorbic acid

content. The high acidity, together with the low sugar

content induces a low value of brix/acidity ratio,

which is often used as an indicator of sensorial and

quality characteristics.

Sorption isotherm

The adsorption isotherm of freeze-dried camu-camu

pulp at 25°C was obtained and is shown in Fig. 1. As

observed, sample conditioning allowed the correlation

of equilibrium moisture content with its respective water

activity at 25°C. The sigmoidal shape of the isotherm is

typical of food products and biological materials [20]

and was similar to the isotherms found by Sá and

Sereno [21] for strawberries, grape and onion. Gugen-

heim–Anderson–DeBoer (GAB) model (Eq. (1)) was

used to adjust the experimental points (r2=0.996).

X
CkX a

ka ka Cka
w

m w

w w w

�
�( – )( – )1 1

(1)

In Eq. (1), Xw is the moisture content (dry basis),

aw is the water activity, Xm is the monolayer moisture

content and C and k are parameters associated with the

enthalpies of monolayer and multilayers, respec-

tively [22]. The values of these parameters, calculated

by non-linear regression, were Xm=0.158 g H2O/g (dry

basis), C=27.364 and K=0.924.

DSC experiments

In the low moisture content range (0.11�aw�0.75),

samples exhibited only one well defined glass transi-

tion represented by an endothermic deviation in the
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Table 1 Chemical composition of camu-camu fresh pulp

Component Result*

Moisture (g H2O/100 g) 93.35�0.04

Total soluble solids (°Brix) 6.0�0.1

Reducing sugars (g glucose/100 g) 3.25�0.03

Non-reducing sugars (g sucrose/100 g) ND**

Titrable acidity (g citric acid/100 g) 2.30�0.03

pH 2.63�0.02

ascorbic acid (mg AA/100 g) 1721.7�15.9

Brix/acidity ratio 2.60

*wet basis, ** not detectable



baseline (Fig. 2). It can be observed that due to the

plasticizing effect of water, Tg moved towards lower

temperatures by increasing the moisture content. This

same trend was observed by several authors working

with other freeze-dried fruits [14, 19, 22–24].

Ice formation was observed in samples with wa-

ter activities higher than 0.75. However, samples with

aw of 0.80 and 0.84 showed a devitrification peak af-

ter glass transition and before ice melting. Since Tg

controls viscosity of the unfrozen material, rapid

cooling of solutions may result in partial freeze-con-

centration and ice formation during rewarming

(devitrification) above Tg of the partially freeze-con-

centrated solution [7, 25]. Devitrification is an

exothermal transition, which results from the release

of heat during ice formation. Annealing was per-

formed in these samples by holding the sample at Td

for 30 min, allowing a maximum amount of ice to be

formed and leading to a maximum concentrated solid

matrix. As expected isothermal annealing led to an in-

crease in Tg and the elimination of the devitrification

exotherm. This time dependence of ice formation,

which is associated with heating of rapidly cooled so-

lutions is typical for rapidly carbohydrate solu-

tion [20]. The DSC curves for the samples before and

after annealing are showed in Fig. 3.

Thermal properties of the samples before and af-

ter annealing are showed in Table 2. The ascending Tg

suggested that plasticizing water was removed from

the partially freeze-concentrated solute matrix during

annealing.

In the high moisture content range (aw>0.90),

two thermal events between –120 and 120°C were ob-

served (Fig. 4). The endothermic peak of ice melting

was the most visible phenomenon. Tg appeared as a

small deviation of the baseline before the ice melting

endotherm because the heat involved in glass transi-

tion is negligible in comparison with the latent heat of

ice melting [24]. In samples with high moisture con-

tent, ice formation causes freeze-concentration of dis-

solved solids and a decreasing in freezing temperature

for the remaining water, resulting in the formation of

an amorphous freeze-concentrated phase that con-

tains unfrozen water within the ice phase [9, 26, 27].

At sufficiently low temperatures, the freeze-concen-

trated phase may solidify in the glassy state and ice

formation ceases due to kinetic restrictions. So, for

samples showing ice formation the Tg is actually the

glass transition temperature of the maximally freeze-

concentrated phase ( ).Tg

’ As expected, Tg

’ for the sam-

ples with aw>0.90 remained practically constant, in-

dependent of the moisture content (Fig. 4). For frozen
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Table 2 Phase properties before and after annealing

Sample
aw

0.80 0.84

Before annealing

Tg/°C
�Hm/J g–1

Td/°C

–74.8�0.3
8.5�2.9

–33.2�2.0

–80.3�1.2
31.0�1.0

–52.2�3.9

After annealing

Tg/°C –62.7�2.2 –47.5�3.4

Fig. 1 Sorption isotherm of freeze-dried camu-camu pulp at 25°C

Fig. 2 DSC curves of freeze-dried camu-camu pulp in the low

moisture content domain (aw, Xw): a – 0.11, 0.128;

b – 0.33, 0.166; c – 0.43, 0.189; d – 0.53, 0.217;

e – 0.65, 0.276; f – 0.75, 0.334

Fig. 3 DSC curves of freeze-dried camu-camu pulp in the in-

termediate moisture content domain (aw, Xw): a – 0.80,

0.388; b – 0.84, 0.418; — – without annealing and

--- – with annealing



foods, Tg

’ becomes the reference parameter concern-

ing chemical and physical changes, since below Tg

’

diffusion limited reactions are greatly restricted. Sim-

ilar results were observed by Sá et al. [28] with apple,

Roos and Karel [8] with dilute sucrose solutions,

Telis and Sobral [19] with pineapple and

Moraga et al. [14] with strawberries.

The state diagram for freeze-dried camu-camu

pulp is showed in Fig. 5. In the range of aw<0.90, the

plasticizing effect of water was evident, showing a

great reduction in Tg by increasing the moisture con-

tent, especially in the lower moisture content range.

The Gordon–Taylor model (Eq. (2)) adequately adjust

the experimental data (r2=0.995). The predicted model

parameters, calculated by non-linear regression were

Tgs=347.6 K (74.6°C) and K=3.92, being Tgs the glass

transition temperature of the anhydrous solids and K a

constant. The glass transition temperature of pure wa-

ter (Tgw) was considered 138 K (–135°C).

T
X T kX T

X kX
g

s gs w gw

s w

m
�

�

�
(2)

In the high moisture content range (aw>0.90), the

continuous glass transition curve exhibit a sudden

increase in Tg and the temperatures approached a

constant value (–58.8°C), corresponding to Tg

’

(horizontal arrow in Fig. 5).

Figure 6 shows the DSC curve obtained for a

10 mass/mass% solution of ascorbic and citric acid

(1:1.33), which is the concentration ratio normally

found in camu-camu. The value of Tg

’ obtained for this

solution (–62.9°C) suggests that the low value of Tg

’ ob-

served for camu-camu pulp is mainly influenced by its

high concentration of ascorbic and citric acid and not by

its sugar concentration as for most fruits [4, 19, 24].

The melting curve is also showed in the state dia-

gram of Fig. 5. As expected the onset melting temper-

ature (Tm), for samples showing ice melting, de-

creased with decreasing the moisture content. The ex-

perimental data were adjusted by a polynomial model,

represented by Eq. (3) (r2=0.995).

T X Xm w w

2
� �18654 16258 7935. . – . (3)

The intersection of the glass transition and melting

curves, should theoretically occur at Tg

’ [4, 20]. Accord-

ing to Eq. (3), the intersection occurs around –49.2°C,

corresponding to an unfrozen water content of

0.27 g H2O/g sample. This temperature was higher than

the one obtained by the high moisture content samples

(indicated by the horizontal arrow). The same behavior

was observed by Telis and Sobral [29] with tomatoes.

These authors attributed this difference to the lack of ex-

perimental points in this region of the diagram.

As expected, enthalpy of ice melting showed a lin-

ear dependence on moisture content (Fig. 7), repre-

sented by Eq. (4), r2=0.994. Therefore, the amount of

unfrozen water can be determined by extrapolation of

the curve to �Hm=0, which would represent the minimal
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Fig. 4 DSC curves of freeze-dried camu-camu pulp in the high

moisture content domain (aw, Xw): a – 0.91, 0.538;

b – 0.93, 0.586; c – 0.95, 0.638; d – 0.96, 0.693;

e – 0.98, 0.791

Fig. 5 State diagram of freeze-dried camu-camu pulp: � – Tg,

� – Tm

Fig. 6 DSC curve for a 10 mass/mass% solution of ascorbic

and citric acid (1:1.33)



moisture content where ice formation is observed or

X g

’ [4, 23].

�Hm=430.47Xw–149.76 (4)

The unfrozen water content calculated by Eq. (4)

was 0.35 g H2O/g sample. So, Tg

’ can be estimated by

substitution of this value in Eq. (2), resulting in a

Tg

’= –67.3°C, which was considerably lower than the

value observed by the samples in the high moisture

content range. The same trend was observed by Telis

and Sobral [19] with pineapple.

Conclusions

DSC showed to be an adequate method for the determi-

nation of phase transitions of camu-camu and therefore

for the construction of the state diagram for this fruit.

Devitrification peaks were observed in samples with

aw 0.80 and 0.84, which completely disappeared af-

ter 30 min of isothermal annealing at Td. Gordon–Tay-

lor model adjusted well the experimental points in the

low and intermediate moisture content range. Samples

with aw>0.90, exhibited a Tg value practically constant

(–58.8°C) which represented the glass transition tem-

perature of the maximally freeze concentrated phase

( ).Tg

’ The low value of Tg

’ observed for camu-camu

pulp can be mainly attributed to its high concentration

of ascorbic and citric acid and not only to its sugar

composition, since camu-camu presented a low sugar

concentration compared with other fruits.
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Fig. 7 Ice melting enthalpy as a function of moisture content
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