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Abstract
By offering a powder that ensures the healthy value of the fruits, a proper flowability and adequate viscosity after rehydration, 
there could be an opportunity to promote fruit consumption. The particle size is of critical importance with regard to the 
properties of a powder. But the separation of a product by particle size is usually associated with compositional changes. In 
this study, an orange powder product with the same composition but different particle size was compared. The particle sizes 
considered (269 ± 4, 189 ± 4, 118 ± 3 µm) offer a product with the same bioactive compound content and guarantee a good 
powder flowability: angle of repose, compressibility, density, porosity and Hausner’s and Carr’s indexes. Nevertheless, grind-
ing can be used as a simple green technology with which to adjust the particle size so as to obtain rehydrated products with 
differing viscosities and, therefore, powders with different applications: the smaller the particle size, the lower the viscosity.
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Introduction

We are all aware of the health benefits of eating fruit. How-
ever, there is a dearth of these foods in the human diet, 
which, at least in part, may be due to the fact that there are 
inconveniences involved in their consumption. The agri-food 
industry increasingly handles the production of food pow-
ders, and so, there is a need for information about their han-
dling and processing characteristics (Ortega-Rivas, 2009). 
The availability of powdered fruit could help to encourage 
fruit eating by alleviating several of the disadvantages of 
fresh fruit consumption, such as difficulty of handling and 
short shelf-life stability. In fact, dried fruits and their appli-
cation in powder form have been gaining more and more 
attention in the food industry (Karam et al., 2016).

Orange is an important food crop in many countries 
which enjoys wide acceptance around the world. There is 
a large amount of information regarding the human health 
benefits of eating oranges. These are not only the result of 
their composition in macronutrients, mainly fibre, but also 

because of their content in other bioactive compounds, such 
as vitamins and phytochemicals, which, although minor, 
seem to play an important role in the prevention of different 
diseases and various dysfunctions associated with ageing 
(Ma et al., 2020). Specifically, when we talk about oranges, 
we are talking about vitamin C and flavonoids, which seem 
to play an antioxidant role (Proteggente et al., 2002). Despite 
there being many references in the literature to the above-
mentioned characteristics, there is a lack of information as 
regards the physical, physicochemical, reconstitution and 
handling properties of an orange product in powder form, 
either offered as an ingredient for foods or consumed as a 
rehydrated formula.

As regards the powdered product, it is important to 
know some of the physical properties because it helps 
to understand its behaviour during storage, handling and 
processing (Ortega-Rivas, 2009). In this sense, different 
properties related to powder flowability are of interest so 
as to ensure the correct movement of bulk particles either 
relative to each other or along the container wall surface 
(Savlak & Turker, 2020). This is the case of bulk and 
tapped densities, porosity, compressibility and angle of 
repose, among others. Nevertheless, as pointed out by Goh 
et al. (2018), powder flow remains as yet poorly under-
stood. As suggested by Mitra et al. (2017), it is important 
to note that the flow characterisation techniques of many 

 * N. Martínez-Navarrete 
 nmartin@tal.upv.es

1 Food Technology Department, Food Investigation 
and Innovation Group, Universitat Politècnica de València, 
Camino de Vera s/n, 46022 Valencia, Spain

/ Published online: 14 February 2022

Food and Bioprocess Technology (2022) 15:683–692

http://orcid.org/0000-0001-8345-8495
http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-022-02773-9&domain=pdf


1 3

traditional powders result in poor repeatability and do not 
simulate dynamic processing conditions. In addition, water 
content can greatly affect these flow properties. On the 
other hand, for rehydration purposes, an adequate wettabil-
ity, solubility and dispersibility of the powdered product 
must be ensured and once rehydrated, the viscosity must 
be considered.

It should be noted that powder particle size is of criti-
cal importance as regards the functional, reconstitution and 
handling properties (Savlak & Turker, 2020). From this 
point of view, the degree of grinding may be employed as 
a suitable and user-friendly way to produce powders with 
outstanding properties, such as flowability and rehydration 
behaviour (Zhu et al., 2015). However, a distinction must be 
made between the powder obtained from the regular grind-
ing of a product and the different granulometric classes that 
could be separated by sieving the ground product. The latter 
may lead to compositional variations between the different 
classes which may be responsible for differences in pow-
der properties associated not only with the varying sizes 
but also with the different compositions (Alam et al., 2014; 
Jayadeep et al., 2009). Compositional changes, especially 
those related to the different fibre fractions, may also occur 
depending on the technology used to obtain the powder, as 
is the case with superfine grinding (Bender et al., 2020; Liu 
et al., 2016; Zhu et al., 2015).

Nevertheless, even when the grinding procedure is not 
expected to cause any compositional changes, it seems that 
the size does not always affect the behaviour of bulk pow-
ders in the same way. In this regard, despite the fact that 
larger and rounder particles are generally associated with 
better flow than small or irregular ones and a decrease in 
particle size may be associated with poorer flowability 
with an increased angle of repose (Goh et al., 2018; Horta 
de Oliveira et al., 2014; Lv et al., 2014), some other ref-
erences justify the inverse relationship (Zhao et al., 2009; 
Zhong et al., 2016). As described by the authors referred to 
above, when varying the particle size one of two things may 
predominate, either the formation of aggregates or that of 
adhesive forces. This will depend on the product, its water 
content and the size range considered. Adjusting the particle 
size may also lead to modifications of the release of bioac-
tive compounds, the behaviour of the powder against rehy-
dration and the properties of the corresponding rehydrated 
formula (Lv et al., 2014). Small particles usually display 
high surface areas, thus enhancing the release of phenolic 
compounds and promoting antioxidant capacity (Zhong 
et al., 2016; Zhu et al., 2015). In the case of powder prod-
ucts with the same composition, little information has been 
found that relates particle size to viscosity after rehydration. 
Lv et al. (2014) point to an increase in the viscosity of rehy-
drated mushroom as the powder particles become smaller, 
related to an increase in particle friction. Nevertheless, 

Lundberg et al. (2014) related the increase in the viscosity 
of rehydrated citrus fibres to its larger fragments.

For all the above reasons, and from the point of view of 
handling a powder product, it is important to know the rela-
tionship between the particle size of each foodstuff, always 
within a specific size range, and its flowability and rehydra-
tion behaviour. The aim of this study was to analyse some 
quality attributes of an orange powder product as affected 
by the particle size. The orange product was obtained from 
the fruit puree with added gum Arabic and bamboo fibre as a 
means of preventing the development of stickiness and cak-
ing phenomena in the powder (Silva-Espinoza et al., 2020). 
The range of particle sizes corresponds to those obtained by 
a regular grinding process, so that no compositional changes 
were expected. As this powdered orange product could be 
used either as an ingredient in the formulation of other foods 
or for its further consumption as a beverage, both flowability 
and rehydration properties have been studied.

Materials and Methods

Raw Materials

Oranges (Citrus × sinensis cultivar Navel) were purchased in 
a local supermarket in the city of Valencia (Spain). The crite-
ria of selection of the oranges were based on the homogeneity 
of size, colour, weight, and absence of physical external dam-
age. Gum Arabic (GA, Scharlab, Sentmenat, Spain) and bam-
boo fibre (BF,  VITACEL®, Rosenberg, Germany) were used 
as drying agents to stabilise the orange powder, as suggested 
by Agudelo et al. (2017) and Silva-Espinoza et al. (2020).

Obtaining Samples

The oranges were washed and peeled, and the pulp was tritu-
rated (40 s, 2000 rpm and 40 s, 9200 rpm (Thermomix TM21, 
Vorwerk, Barcelona, Spain) to obtain an orange puree. To 
prevent stickiness and caking of the powder that will finally 
be obtained, GA and BF were added in a ratio of 5 and 1 g, 
respectively, per 100 g of orange puree (Silva-Espinoza et al., 
2020). The mix was distributed in 3 aluminium plates, 25 cm 
in diameter and 1 cm thick (approximately 1000 g of sample 
per plate). The sample was frozen at −45 °C (freezer chest 
Liebherr Mediline LGT2325, Liebherr, Baden-Wurtemberg, 
Germany) for at least 24 h, and freeze-dried at 5 Pa, −45 °C 
in a condenser and 50 °C as shelf temperature for 24 h (Tel-
star Lyo Quest-55 freeze dryer laboratory equipment, Telstar, 
Terrassa, Spain). Each of the three freeze-dried orange purees 
were ground to obtain an orange powder with differing aver-
age particle sizes, using sieves with meshes of 500, 300 and 
200 µm. In the case of those powders sieved through the 
500 or 300 µm meshes, the freeze-dried cake was manually 
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ground over each sieve, for the purposes of sieving as much 
sample through each as possible. In the case of the powder 
sieved through the 200 µm mesh, the cake was ground (elec-
tric grinder Kenwood CH580, Barcelona, Spain). In all three 
cases, the small amount of sample that failed to pass through 
the respective sieves was incorporated into the powder set to 
ensure the same composition in each of the three powders.

Analytical Determination

Water Content

The water content (g water/100 g powder) of the powder 
sample was determined by using an automatic Karl Fisher 
titrator (Mettler Toledo, Compact Coulometric Titrator C10S, 
Worthington, OH, USA). Three replicates were taken per 
sample.

Particle Size Distribution

Three batches of approximately 40 g of each sample were 
passed through 12 sieves (1600, 1000, 800, 500, 300, 200, 
150, 100, 63, 45, 32, and 25 µm mesh, CISA 200/50, Barce-
lona, Spain), coupled with the cover and the bottom, using 
a sieving machine (RP 200 N CISA, Barcelona, Spain) to 
determine the particle size distribution. The powder retained 
in each sieve and in the bottom was weighed to determine 
both the relative frequency (%) according to Eq. 1 and the 
mean particle size of each sample according to Eq. 2.

wi being the weight of the powder retained in each sieve 
(g), w the sum of the weight of the powder retained in the 
different sieves and in the bottom (g), and ADi the average 
mesh diameter of the sieve in which the powder is retained 
and that of the previous one (μm).

Flowability

Angle of Repose The angle of repose (AoR, °) is the angle 
between the slope formed when the powder is poured into 
a funnel and the horizontal surface onto which the powder 
drops down. The angle was determined as described by Silva-
Espinoza et al. (2021a, b). The AoR was calculated by meas-
uring the diameter and height of the product cone formed 
(Eq. 3). Three replicates were carried out per sample.

(1)Relative frequency (%) =
wi

w
× 100

(2)Average particle size =

∑

i(ADi × wi)

w

where h = height from the top of the formed product cone 
to the horizontal surface (cm); d = maximum cone product 
diameter (cm), taken as an average of at least 6 values.

Compressibility The compressibility of a product (b, /Pa) 
may be obtained from the variation of its apparent density 
when a mechanical compression test is carried out at low 
stress levels (σ < 9 0.807∙104 Pa) (Eq. 4, Peleg, 1977). The 
variation of the apparent density was obtained using a tex-
ture analyser TA-XT (Stable Micro Systems, Surrey, UK) 
under the conditions described by Silva-Espinoza et  al. 
(2021a, b))

where ρ0 and  v0 are the apparent density and the volume of 
the initial poured sample, ρs and  vs are the apparent density 
and the volume of the sample under the normal stress applied 
at each moment ( � , Pa) and a and b are constants. Constant b 
represents, specifically, the compressibility of a powder (/Pa).

Density, Porosity, Hausner and Carr Indexes The true, bulk 
and tapped densities were characterised. The calculation of 
the true density (ρ, g/cm3) was based on the sample compo-
sition (Eq. 5). The bulk density (ρB, g/cm3) was evaluated 
as the ratio of the weight of the powder and the volume 
that it occupied. To obtain the tapped density (ρT, g/cm3), 
the powder was poured into a graduated tube to a volume 
of 10 mL and submitted to a vibration process (1200 rpm, 
10 s) in a vortex (Advanced Vortex Mixer, ZX3,  VELP® 
SCIENTIFICA, Usmate (MB), Italy). The true and tapped 
density values were used to calculate the porosity (ɛ, %), 
and the Hausner and Carr indexes of each sample follow-
ing Eqs. 6, 7 and 8, respectively. Four replicates were car-
ried out for each of the three powders.

where  xw and  xCH are the mass fractions of the two main 
components of each sample (water and carbohydrates, respec-
tively;  xw was determined by following the “Water Content” 
section and  xCH by difference); ρw and ρCH are their densities 
(ρCH = 1,4246 g/cm3, ρw = 0,9976 g/cm3, Okos, 1986).

(3)AoR = arctan ∗ (
2h

d
)

(4)
�� − �

0

�
0

=
v
0
− v�

v�
= a + b log �

(5)�=
1

Xw

�w
+

XCH

�CH

(6)�(%) = 100
� − �T

�

(7)Hausner index =
�T

�B
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Bioactive Compounds

Vitamin C Vitamin C (VC) was analysed considering its two 
active forms, ascorbic acid (AA) and its oxidized form, dehy-
droascorbic acid (DHAA). The sample AA was extracted 
with 0.1% oxalic acid (Scharlau, Spain). To know VC con-
tent DHAA was previously reduced to AA with dithiothreitol 
(DTT) (Sánchez-Mata et  al., 2000; Sánchez-Moreno et  al., 
2003). DHAA was calculated by the difference between 
VC and AA content. The AA quantification was carried out 
according Xu et al. (2008) by using high-performance liquid 
chromatography (HPLC) (Jasco equipment, Italy), a Kro-
maPhase 100-C18 5 µm column (4.6 × 250 mm) (Scharlau, 
Spain) and the following chromatographic conditions: 10 μL 
injection volume, 1 mL/min flow rate and 0.1% oxalic acid as 
mobile phase. The identification was made at a wavelength 
of 243 nm (detector UV–visible MD-1510, Jasco equipment, 
Italy). Four replicates were carried out per sample.

Hesperidin and  Narirutin Hesperidin (HES) and narirutin 
(NAT) was extracted from 0.075 of freeze-dried sample with 
2  mL dimethylsulfoxide (DMSO) (Scharlau, Spain) grade 
HPLC and 1 mL double-distilled water (Gómez-Mejía et al., 
2019; Manthey & Grohmann, 1996). The quantification of 
HES and NAT was carried out by HPLC, at a wavelength 
of 284 nm, using a gradient of water and methanol grade 
HPLC (VWR, Spain) for the mobile phase. A SpeedCore 
C18 2.6 µm column (Jasco, Italy) was used. The injection 
volume was 10 μL, and the flow rate was 1 mL/min. Four 
replicates were carried out per sample.

Rehydration Properties

Wettability The wettability refers to the wetting time taken 
by all the powder particles to sink completely. The wettabil-
ity is inversely related to the wetting time. 10 g of powder 
was discharged over 250 mL of distilled water at 25 °C ± 1 
contained in a 500-mL glass beaker with an internal diameter 
of 85 mm. The time (s) taken by all the particles to sink com-
pletely and disappear from the surface was recorded (IDF, 
2014). Three replicates were carried out for each sample.

Rehydration and  Rheological Behaviour The powder was 
rehydrated to obtain the equivalent product before it was 
freeze-dried. The water loss in the mix during freeze-drying 
was considered to be added to the powder to obtain a rehy-
drated product with a water content of 82%. Once each pow-
der sample was rehydrated at 20 °C, the flow behaviour was 
obtained at 8 °C, simulating the usual consumption tempera-

(8)Carr index =
�T − �B

�T

ture of a refrigerated orange juice, by means of a controlled 
shear stress rheometer (Kinexus DSR, Malvern Panalytical, 
Malvern, UK) with a coaxial cylinder sensor system (Z34 
DIN), coupled to a thermostatic bath (Viscotherm VT 10, 
Physica). The shear rate ( ̇𝛾 ) was increased from 0 to 120/s 
and the shear stress (σ, Pa) was recorded. The results were 
fitted to the Ostwald de Waele model (Eq.  9) in order to 
obtain the flow behaviour index (n) and the consistency 
index (K, Pa·sn). Instead of calculating the apparent viscosity 
at a specific shear rate as a means of comparing the viscos-
ity of the rehydrated samples, in this study it was calculated 
by applying the mean value theorem (Eq. 10) so as to give 
a representative value over the entire range (Silva-Espinoza 
et al., 2021a, b).

where σ is the shear stress (Pa), �̇� is the shear rate (/s), n is 
the flow behaviour index, K is the consistency index (Pa·sn), 
�̇� max is the maximum rate = 120/s and ƞ is the apparent vis-
cosity (Pa·s).

Results and Discussion

Particle Size Distribution and Water Content

As a result of the grinding and sieving used in this study, 
three powders with different particle size distributions were 
obtained (Fig. 1), which is reflected in the different mode, 
median and mean sizes of each of them (p < 0.05). The mean 
particle sizes were 269 ± 4, 189 ± 4 and 118 ± 3 µm for the 
sample sieved through 500, 300 and 200 µm meshes, respec-
tively. As described by Day et al. (2010) and Moelants et al. 
(2014), each of this particulate plant material samples may 
contain either cell fragments, single cells or cell clusters. For 
the discussion of the results, these sizes have been classified 
as coarse, medium and fine. The fine sample was also the 
one with the widest particle size distribution, which may be 
related to the different grinding method used in this case. As 
regards the water content, the fine and medium samples had 
similar values (p > 0.05), 2.1 and 2.05 g water/100 g sample, 
respectively, which were lower than the 2.5 g water/100 g 
sample shown by the coarse powder (p < 0.05). A slight 
change in the environmental conditions in the laboratory dur-
ing sample grinding and sieving could account for these dif-
ferences. However, in all cases the water content was below 
the critical water content for the onset of the glass transi-
tion of this product, the value being 0.031 g water/g sample 

(9)𝜎 = K(�̇�)n

(10)𝜂 =
K

n
�̇�max(n−1)
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(Silva-Espinoza et al., 2021a, b), so its effect on stickiness 
and powder agglomeration is not expected to be relevant. 
The calculated true density (Eq. 5) was not affected by the 
slight differences in the water content observed, this being 
1.4112 ± 0.0015 g/cm3.

Powder Flowability

As regards the physical properties related to flowability meas-
ured in these samples (Table 1), the mean particle size was 
shown to be inversely related to both bulk density and tapped 
density, so that the smaller the size, the better the packing of 
the powder products and, therefore, the lower the interparticle 
porosity (p < 0.05, Fig. 2). A significant (p = 0.0002) positive 
Pearson correlation was observed between both properties 
(r = 0.933). Savlak and Turker (2020) also observed this trend 
when working with banana peel powder. Nevertheless, these 
authors described a sudden bulk density drop and porosity 
increase at sizes of under 74 µm, achieved by ultrafine grind-
ing, which was attributed to the quick collapse shown by 

these small cohesive particles. The fact that this change in 
tendency was not observed in the current study may indicate 
that the size range tested in this study does not lead to a 
significant development of stickiness and product agglom-
eration. In any case, the difference in porosity between the 
fine and medium samples was much greater than between the 
medium and coarse samples. The wider span of the particle 
size distribution of the fine sample probably contributes to its 
much lower porosity, as it is easier for the smaller particles 
to occupy the void spaces during compaction.

However, the angle of repose, compressibility, and the 
Hausner and Carr indexes did not show such a clear relation-
ship with the mean particle size (Table 1). As regards AoR, 
values between 40.9 and 43.5° are considered to be some-
what cohesive but with acceptable flowability (Barbosa-
Cánovas et al., 2005), the medium-sized sample being the 
one that showed the lowest angle (p < 0.05). When the values 
of the Hausner and Carr indexes are taken into account, the 
medium sample would be a free-flowing powder (excellent 
flowability), the coarse would be in the easily fluidised group 

Fig. 1  Particle size distribution according to the ratio of weight of 
the retained sample in each sieve to total sample sieved (relative fre-
quency, %) for the samples with different mean particle size ( x , µm), 

mode (Mo, µm) and median (Md, µm). The different lowercase letter 
within rows indicates different homogeneous groups established by 
the ANOVA (p < 0.05)
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(good flowability) and the fine would flow but with some dif-
ficulty (regular flow) (Barbosa-Cánovas et al., 2005; Royal 
Spanish Pharmacopoeia, 2015). In the case of the fine and 
medium samples, as the particle size increased, the value of 
all the properties shown in Table 1 decreased, which sug-
gests a better flowability (Savlak & Turker, 2020; Tay et al.,  
2016). This is the pattern to be expected when gravitational 
forces overcome attractive interparticle forces, such as Wan 
der Waals forces (Lv et al., 2014; Tay et al., 2016). Never-
theless, the highly cohesive nature of very fine powders has 
been observed to prevent the correct flow of the powder 
through the funnel when measuring AoR, so that the heaps 

created would not be stable and may collapse to produce  
much shallower cones (Tay et al., 2016).

From this point of view, the fact that the fine sample had a 
higher AoR than the medium in this study (Table 1, p < 0.05) 
again points to the fact that the smallest particle size does not 
lead to a powder that is too cohesive. The coarse sample had 
the same AoR as the fine (p > 0.05), which could be justified 
by the larger size of the fragments of the orange pulp’s own 
fibre. Their cross-linking during powder handling could hin-
der the proper powder flowability, thus increasing the angle 
of repose as well as the compressibility and the Hausner and 
Carr indexes (Table 1, p < 0.05).

Table 1  Values 
(mean ± standard deviation) 
of the different properties 
related to the flowability of 
the fine (118 ± 3 µm), medium 
(189 ± 4 µm) and coarse 
(269 ± 4 µm) powders

The different lowercase letter within rows indicates different homogeneous groups established by the 
ANOVA (p < 0.05)

Property Particle size

Fine Medium Coarse

Bulk density (g/mL) 0.467 ± 0.012(c) 0.344 ± 0.008(b) 0.277 ± 0.005(a)
Tapped density (g/mL) 0.586 ± 0.012(c) 0.370 ± 0.002(b) 0.311 ± 0.002(a)
Angle of repose (°) 42.9 ± 0.9(b) 40.9 ± 0.5(a) 43.5 ± 0.2(b)
Compresibility (N/mm) 0.122 ± 0.019(ab) 0.105 ± 0.005(a) 0.132 ± 0.008(b)
Hausner index 1.255 ± 0.009(c) 1.07 ± 0.02(a) 1.12 ± 0.02(b)
Carr index 0.203 ± 0.006(c) 0.068 ± 0.016(a) 0.108 ± 0.014(b)

Fig. 2  Values (mean ± standard deviation) of the wetting time and 
porosity for powder samples with different mean particle size: fine 
(118 ± 3 µm), medium (189 ± 4 µm) and coarse (269 ± 4 µm). Differ-

ent letters indicate different homogeneous groups established by the 
ANOVA (p < 0.05)
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Bioactive Compounds

The bioactive compounds analysed in the powders with the 
three particle sizes are listed in Table 2. As can be observed, 
no differences were found either in the vitamin C content, 
or in that of AA or DHAA (p > 0.05). Nevertheless, greater 
quantities of the flavonoids hesperidin and narirutin were 
extracted in the smaller powders (p < 0.05). The same behav-
iour may even be observed when comparing the content of 

the different bioactive compounds on a dry basis. The ease 
with which the different compounds are extracted may jus-
tify the different behaviour. The greater solubility of VC 
would explain the absence of any significant differences 
among samples. In the case of the more insoluble hesperidin 
and narirutin, Zhong et al. (2016) also detected an improve-
ment in flavonoid release as pomegranate peel powder par-
ticles became smaller, a phenomenon which could be attrib-
uted to the fact that the specific surface area increases as a 
result of the reduction in particle size. Nevertheless, these 
authors found that the total content of polyphenols and flavo-
noids in the samples with different particle sizes was nearly 
identical when the extraction time was extended. From this 
point of view, it does not appear that the particle sizes used 
in this study affect the chemical composition of this product.

Rehydration Properties

As regards the rehydration behaviour of the orange powders, 
the smaller the particle size, the worse the wettability (Fig. 2) 
and the lower the viscosity of the rehydrated product (Fig. 3). 
Several studies have reported that more intense grinding, lead-
ing to smaller particle sizes, may be related to a redistribution of 
the dietary fibre fractions in such a way that part of the insoluble 

Table 2  Values (mean ± standard deviation) of the different analysed 
bioactive compounds of the fine (118 ± 3 µm), medium (189 ± 4 µm) 
and coarse (269 ± 4 µm) powders

The different lowercase letter within rows indicates different homoge-
neous groups established by the ANOVA (p < 0.05)

mg/100 g sample Particle size

Fine Medium Coarse

Vitamin C 360 ± 6(a) 360 ± 4(a) 358 ± 3(a)
Ascorbic acid 273 ± 15(a) 275 ± 4(a) 269 ± 7(a)
Dehydroascorbic acid 87 85 89
Hesperidin 205 ± 4(b) 193 ± 3(a) 193 ± 3(a)
Narirutin 127 ± 2(b) 127.0 ± 1.3(b) 123.8 ± 1.8(a)

Fig. 3  Flow curves: shear stress (σ) vs. shear rate ( ̇γ ) of one of the 
replicates of the rehydrated fine (118 ± 3 µm), medium (189 ± 4 µm) 
and coarse (269 ± 4 µm) powders. Mean values (and standard devia-
tion) of flow behaviour index (n), consistency index (K, Pa  sn) and 

apparent viscosity calculated through the mean value theorem (ɳ, Pa 
s). The different lowercase letter within columns indicates different 
homogeneous groups established by the ANOVA (p < 0.05)
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fraction degrades to soluble, which would improve its wetta-
bility (Lu et al., 2020; Speroni et al., 2020). However, in this 
case, all the samples showed 16.4°Brix after rehydration, which 
seems to indicate that the grinding did not lead to a redistribu-
tion of fibre components into soluble and insoluble. A negative 
and significant (p = 0.0019) Pearson correlation was observed 
between mean particle size and wetting time (r =  −0.878). The 
long wetting time of the fine powder (2340 ± 216 s) may be 
related to the increase in particle surface area, which promotes 
stronger adhesion forces of the finer particles leading to a ten-
dency to agglomerate on the surface of the liquid (Schubert, 
1987). In addition, the fact that the fine powder showed a much 
lower interparticle porosity makes it more difficult for water to 
penetrate by capillarity and come into contact with the entire 
surface of the particles (Fitzpatrick et al., 2016). In fact, a strong 
negative Pearson correlation (p = 0.0000, r =  −0.9850) was also 
found between wetting time and porosity.

A significant η increase in the rehydrated powder was 
observed as the particles became bigger (p < 0.05), the 
obtained values being 0.088 ± 0.005, 0.189 ± 0.014 and 
0.253 ± 0.007 Pa s for the fine, medium and coarse rehydrated 
samples, respectively. If the apparent viscosity of some com-
mercial orange juices is taken as a reference, it varies between 
0.0032 and 0.041 Pa s (Silva-Espinoza et al., 2021a, b), values 
close to the apparent viscosity of the fine rehydrated powder. 
Taking into account that the rehydrated products characterised 
in this study come from fruit puree, the greater presence of 
fibre than in a conventional juice is what increases its viscosity. 
However, with a smaller particle size, it is possible to obtain a 
product similar in viscosity to a commercial juice but with a 
higher nutritional and functional value due to its higher fibre 
content. In addition to temperature, the viscosity of a fluid is 
influenced by the quantity and type of soluble and insoluble 
solutes. Also, particle size and type appear to be key structural 
parameters controlling the rheology of plant-based food sus-
pensions (Moelants et al., 2013). In this case, where the only 
change associated with more intense grinding appears to be the 
reduction in fibre length, with no change in its solubility, what 
is observed is that the smaller the fibre, the lower the viscos-
ity of the rehydrated product. The same trend was found by 
Lundberg et al. (2014), who underline the significant impact 
of the physical size of citrus fibres on the apparent viscosity. 
The better reorientation of the smaller particles in the direction 
of the flow when imposing the shear movement would justify 
this behaviour.

Conclusions

The three particle sizes considered in this study do not change 
the chemical composition of the orange product and seem to 
be an adequate means of ensuring a good powder flowabil-
ity; the one with a mean size of 189 ± 4 µm demonstrated the 

best properties in this respect. The larger fragment size of the 
orange pulp’s own fibre when the particle size is increased, 
hinders the powder flow both in air and in water. The parti-
cle size can be used to adjust the viscosity of the rehydrated 
powder. With smaller particles, the viscosity decreases and, 
although the wetting time is extended in this case, it could be 
improved by proper agitation.

Industrial Relevance

Oranges are a very popular fruit both for fresh consumption 
and as jam or juice. However, the handling of fresh fruit has 
significant disadvantages for retailers as well as for consum-
ers. In this sense, the supply of fruit powders can help to 
promote its consumption, currently at a low level, either as a 
food ingredient or after rehydration. The powder product must 
ensure the nutritional and functional quality of the fruits, as 
well as demonstrate good flowability and ensure an adequate 
viscosity after rehydration. The relevance of this study, from 
an industrial point of view, is that grinding can be used as a 
simple, green technology with which to maintain the composi-
tion of the orange powder, while varying its properties. The 
most interesting aspect of the findings is that by adjusting the 
particle size of the powder, it is possible to obtain rehydrated 
products of differing viscosities and, therefore, powders with 
different applications.
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