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Abstract

X-ray diffractograms, optic and electronic microscopy were used to study the
structural changes on extruded orange pulp using a Brabender® laboratory
single-screw extruder (GNF 1014/2, 20:1, L/D). The results showed that most
of the cellulose would be in the amorphous state, with small crystalline areas
in the angular region of 20 = 14.5°. The evaluated extrusion conditions did
not affect the crystallinity of the raw cellulose, maintaining the size of the
crystalline regions in the angular region of 26 = 22.5°. Neutral detergent so-
lubilized the crystalline areas of potassium citrate and cellulose, formed dur-
ing the extrusion process. However, these conditions did not affect the crys-
tallinity of the raw cellulose. In addition, no change was observed in the crys-
tallinity of pectin. The electron microphotographs allowed for the estimation
of the heterogeneity of orange pulp and assessment of the difference of resis-
tance between the walls of the buds and juice vesicles. Thus, it was demon-
strated that during the extrusion process most of the porosity and the cellular
structure of the endocarp remained unaltered.
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1. Introduction

The production of oranges in Brazil reached more than 17 million metric tons in
2019, an increase of around 2.3 percent in comparison to the previous year [1].

The number of residues accounted for 50 percent of the whole fruit mass.
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Orange pulp is the main by-product during the processing of citrus fruits, and a
latent load to environment without further treatment [2]. The peel of citrus
fruits is a byproduct of processing of orange juice that is not used; recent re-
searches have reported that the orange peel is rich in antioxidants, fiber and
bioactive compounds. The incorporation of meat and bakery products improves
their texture and color [2].

Orange fruits have three parts: 1) the skin, called epicarp or flavedo, in this
part essential oils and carotenoids are present, as main components, 2) mesocarp
or albedo, here found pectins and hemicelluloses, and 3) endocarp, the edible
part of the fruit, formed mainly by 9 to 13 segments similar to triangles. In the
inward of each segment are located the juice vesicles, which are linked to the ca-
pillary membrane for fine coats or trichomes, that gradually accumulate juice
during the fruit maturation. In orange can be found up to six staple fiber
sources, located in the vesicles of juice, core, albedo, flavedo membranes and
seeds [3]. The pulp is composed of pieces of membrane materials from the rup-
tured juice sacs and segment walls, contributing to the texture and mouthfeel of
citrus juice. In the orange juice, pulp is characterized as either “sinking” or
“floating”: the “sinking” pulp is an integral part of the juice and consists of small
particles (<0.5 mm) which settle with time; the floating pulp consists of the larg-
er membrane pieces and broken juice vesicles removed through the finishers [4].
A manual dissection of the components of mature orange (Pineapple orange)
showed the following distribution in weight: flavedo and albedo (37%); juice ve-
sicles (10%); membranes (19%); seeds (8%) and juice (26%) [5].

Orange bagasse is a dietary fiber source because it contains both soluble and
insoluble dietary fiber: 57% total fiber (db: dry basis,), 476 g/kg insoluble fiber,
and 94.1 g/kg soluble fiber [6].

The dietary fiber compositions of the differently dried samples of insoluble
dietary fiber, soluble dietary fiber and total dietary fiber contents were in the
range of 29.49% - 33.53%, 7.08% - 8.48% and 37.86% - 41.84% (db), respec-
tively. Different drying methods, namely hot air-drying, vacuum-drying and
low-pressure superheated steam-drying, at 60°C - 80°C did not significantly af-
fect the fiber composition. The citrus fibers are mostly composed of carbohy-
drates, which make up approximately 80% of the total composition. The most
prevalent polysaccharides in the citrus fibers are pectin (42.25%), hemicellulose,
and lignin (15.95%). Considering the source of the raw material, this is not a
surprise and is consistent with others who also report similar amounts of pectin
and cellulose in citrus fiber [7].

This high fiber content makes it a potential alternative fiber source. In pectin
and hemicelluloses, major components are arabinose, galactose, and galacturon-
ic acid, whereas rhamnose, glucose and xylose are very less [8]. In addition to the
well-recognized abilities of dietary fiber to retard glucose absorption and inhibit
gastrointestinal enzymes, dietary fiber has recently been shown to possess my-
cotoxin adsorption capability [9].

The dietary fiber of citrus fruit is a higher quality because has a higher soluble
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dietary fiber ratio and associated bioactive compounds (flavonoids, polyphenols,
carotenoids and vitamin C) with antioxidant properties, which may provide ad-
ditional health-promoting effects [10].

The by-products generated by the citrus juice industries are sources of dietary
fiber but are commonly used in animal feed or fertilizer. However, due to their
high fiber content, they can be used as ingredients in food [11]. The potential
hypoglycemic effects of extruded orange pulp suggest that orange pulp is a good
and abundant dietary fiber resource that could be of great benefit in controlling
glucose levels in the blood. It could also be added to high-fiber foods as a
low-calorie bulk ingredient to reduce the calorie level [12]; It is assumed that
during high-shear treatment rearrangements within the fruit fiber structure take
place, including disintegration of cells and cell wall fragments and the formation
of a three-dimensional network.

Most of the cellulose orange pulp would be in amorphous state, showing small
crystalline regions, mainly in extruded samples [13].

The application of heat and moisture generate one marked increase in the in-
dex of crystallinity of cellulose. While, cellulose with higher initial crystallinity
showed only small changes in crystallinity. Also, the pre-processing with chemi-
cal substances such as: alkaline hydrogen peroxide, hydrochloric acid, neutral
and acid originated an outstanding increment in the crystallinity of pure cellu-
lose [11]. Influences of pretreatment from on selected characteristics of dietary
fiber from orange pulp powder (washing, blanching, soaking in ethanol), drying
methods (hot air drying, infrared-drying, microwave-drying and drying temper-
ature) confirmed in scanning electron micrograph images (SEM) that washing
and blanching led to the losses of water-soluble components and resulted in
porous and breakage structures capacity. This in turn implies, according to these
studies, that the porous structure of the fiber is an important parameter affecting
the change in diverse properties. Microscopy results, on the other hand, verified
an increase in the porosity of the fiber after pretreatments also, statistical analy-
sis, permit verified that fiber structure played a more important role in the func-
tional properties. This is again because some components of the residues were
lost during the pretreatments, resulting in turn in an increase in the surface area
and porosity, which facilitated entrapment of glucose molecules [14].

The aim of this work was to study the modifications on the crystallinity com-
ponents of fiber orange pulp during extrusion process and the effect of neutral

detergents on these components.

2. Material and Methods
2.1. Raw Material

Washed orange pulp (90% moisture content) was obtained from Citrosuco Pau-
lista S. A. (Limeira, SP, Brazil). The samples were dried to about 9% moisture
content in a forced-air oven at 80°C for 12 h. The samples were milled using a

Brabender Quadrumat Senior Mill (Duisburg, Germany) to generate products
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with a particle-size < 1 mm to aid in further analyses.

2.2. Extrusion Process

Extrusion experiments were performed using a laboratory Single Screw Extruder
19/25 (Brabender®, Inc., Duisburg, Germany) with a barrel of 380 mm in length
and 19 mm of diameter. The barrel had three sections with electric heaters in-
dependently controlled and a 3:1 compression ratio screw. A die with 4 mm di-
ameter was used. Compressed air was circulated around the barrel to maintain a
precise control of the temperature of the barrel and die assemble. Flour samples
were fed by a forced feeding. The feed rate was maintained constant at 70 g/min
(dry matter). The extrusion conditions were: barrel temperature (145°C, 167°C,
and 125°C), feed moisture content (22%, 30%, and 38%), and screw speed (126,
160, and 160 rpm). Samples were dried in a forced-air oven at 60°C for 12 h, and
milled using a roller mill (Brabender® Inc., Duisburg, Germany) to produce par-

ticles with a size < 0.840 mm and stored in polyethylene bags for further analysis.

2.3. X-Ray Diffraction Analysis

The X-ray powder diffraction analysis was performed on dried samples accord-
ing to the method of Artz et al [15]. The insoluble solid fractions from extruded
fiber orange pulp and raw fiber orange pulp were prepared following the method
of Gourgue et al [16].

The fibers were milled and sieved with particle size < 150 um, then were
densely packed into an Al frame. X-ray diffraction patterns and analyzed using a
Philips PW 1170 diffractometer operating at 40 kV, 30 mA with Cu K radiation
wavelength 1 = 1.5406 A. Data were collected from 0 - 30° on a 26 scale with a
step size of 0.02° and reported as interplanar d-spacing values expressed in A.

The effects of some chemical substances in the crystallinity of extruded and
raw fiber pulp were carried out in fiber neutral detergent [17], and the samples
of pectin were previously isolated by extraction with hydrochloride acid pH =
2.2 [5]. The crystallinity (%) was calculated by normalizing the integrated dif-
fracted intensity over the measured 268 range to the integrated noncoherent in-
tensity. The noncoherent intensity was obtained by subtracting the sharp dif-
fraction peaks from the total diffraction pattern using the software Diffract/AT
from Socobin VI: 2. Measurements of each sample were performed in dupli-

cate.

2.4. Optic Microscopy

Raw and extruded orange pulp (145°C barrel temperature, 22% moisture con-
tent and 126 rpm screw speed) were hydrated in distilled water. Samples were
stained with solutions of safranin, and blue of toluidine for effect of contrast and
histochemical analysis. After, that the stained samples were placed on nylon
sieve washed to remove excess of stain and placed on glass slide mounted in gly-

cerin under a glass cover slip.
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2.5. Scanning Electron Microscopy

The samples were stored with silica, at 35°C for 10 days, to remove the residual
moisture. Sections were adhered to stubs, coated with Au-Pd alloy in high va-
cuum and examined using the scanning electron microscope Jeol J-SM, 5800 LV
with 15 kV of acceleration [15].

3. Results and Discussion

3.1. X-Ray Diffraction Analysis

In Figures 1-3 are shown the intensities of diffraction of rays-x of raw and ex-
truded orange pulp. (A) raw orange pulp; (B) extruded orange pulp (145°C bar-
rel temperature, 22% moisture content, and 126 rpm screw speed); (C) extruded
orange pulp (167°C barrel temperature, 30% moisture content, and 160 rpm
screw speed); (D) extruded pulp (125°C barrel temperature, 38% moisture con-
tent, 160 rpm screw speed).

Figure 1 shows the previously washed samples with solution of ethanol for
recovery of insoluble solids in alcohol. All the samples showed higher peaks,
with little resolution with values of approximately 26 = 12° and interval of 26
from 20° to 23°. In addition, it was observed in all the extruded samples, the
presence of small peaks in angular regions of 26 = 14.5° and 26 = 24.5° and in
raw orange pulp absence of peaks in the angular regions 26 = 14.5°. The peaks
located at 26 = 12° and 21.5° would be attributed to the presence of pectin
(Figure 3).

The peaks localized in the region 26 = 24.5° are relevant to potassium, or
some compounds of potassium, probably monobasic potassium citrate with
sensible crystallinity mainly in the diffractograms A and D. This affirmation is
supported by the studies of Koch [18]. This researcher isolated crystalline ag-
glomerates in samples of concentrated orange juice, demonstrating that in these

agglomerates the citrate and potassium ions showed a stoichiometric relation of
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Figure 1. X-ray diffractograms of insoluble solids in alcohol from orange pulp. A: with-
out extrusion; B: with extrusion (145°C, 22% moisture, 126 rpm); C: with extrusion
(167°C, 30% moisture, 160 rpm); D: with extrusion (125°C, 38% moisture, 160 rpm).
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Figure 2. X-ray diffractograms of neutral detergent fibers from orange pulp. A: without
extrusion; B: with extrusion (145°C, 22% moisture, 126 rpm); C: with extrusion (167°C,
30% moisture, 160 rpm); D: with extrusion (125°C, 38% moisture, 160 rpm).
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Figure 3. X-ray diffractograms of pectin from orange pulp. A: without extrusion; B: with
extrusion (145°C, 22% moisture, 126 rpm); C: with extrusion (167°C, 30% moisture, 160
rpm); D: with extrusion (125°C, 38% moisture, 160 rpm).

1 mol of citrate: 1 mol of potassium, being the monobasic potassium citrate the
major component of these crystalline agglomerates. These peaks showed lower
intensity when the barrel temperatures were higher than 145°C and 167°C.

Kimball [19], reported the presence of crystalline agglomerates in concen-
trated orange juice with greater acidity from Florida State, USA. By other hand,
the peaks found in the regions 26 = 14.5" and 26 = 22.5° are proper of cellulose.
The natural structure of the cellulose shows a degree of polymerization from
1.000 the 15.000 glucose residues anhydre [9].

Alankar et al [20], reported similar results for cellulose raw cotton. These re-
searchers studied the effect of some chemical reagents and the effect of heat on
the crystallinity of cellulose, using sigmacel 100 and sigmacel 50 as cellulose
sources. Their finds showed that most of the cellulose orange pulp would be in

amorphous state, showing small crystalline regions, mainly in extruded samples,
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where, they observed formations of small crystalline regions at 26 = 14.5° when
compared with raw pulp, this intensity decreased gradually as the temperature of
the process was increased.

This behavior would be explained by the application of combined effects of
heat, moisture content and mechanical attrition during the extrusion process.
Alankar et al [20], reported similar trends with the application of heat and
moisture with an increasing in the relative crystallinity of sigmacel 100 (cellulose
of moderate crystallinity). Also, these researchers found that heating at 50°C the
cellulose of moderate crystallinity (SC100) in aqueous medium, was enough to
generate one marked increase in the index of crystallinity, and this increase was
higher at higher temperatures. Contrary to this behavior, and using the same
processing conditions, cellulose with higher initial crystallinity (monocrystal
cellulose) showed only small changes in crystallinity. In addition, they reported
that the pre-processing with chemical substances such as: alkaline hydrogen pe-
roxide, hydrochloric acid, neutral and acid detergents used to recover cellulose
of vegetal products, originated an outstanding increment in the crystallinity of
pure cellulose (SC100).

In the present study, the size of the crystalline regions was determined from the
width to the half-height of the peak registered at 26 = 22.5° using commercial
standard of Al203. The diffractograms showed: A (27A); B (38A); C (21A); and D
(23A), and did not show differences in this level between extruded and raw sam-
ples. Research conducted by Artz ef al [15], reported that the extrusion process
did not modify the structure of fiber maize, without any significant change in the
crystallinity of the cellulose; therefore, no change took place in the profile of rays-x
diffraction. The polymerization degree varies greatly, depending on the source and
of the type of processing to which cellulose had been submitted. The cellulose
chains are added to form elementary fibrils that are linked through hydrogen lin-
kages of adjacent chains resulting in the crystallinity of the cellulose [21].

Thus, the cellulose shows where the chains are parallelly ordered, called crys-
talline zones, which are separate for regions less ordered, known as amorphous.
In this way, the cellulose is considered as a paracrystalline substance, and not a
perfect crystal. The average longitude of the crystalline regions is approximately
500A for native cellulose, and 150A for regenerated cellulose, estimating the
proportion of the crystalline material in 50% - 90% [22].

Figure 2 shows the diffractograms reported by Van Soest & Jones [17] of
samples previously treated with neutral detergent, in this study the fiber was
basically formed by cellulose, hemicelluloses and lignin. The analysis showed the
presence of wide peaks in the region 26 = 22.5° of cellulose with low degree of
crystallinity, due to it showed small crystalline areas with sizes of A (25 A), B (23
A), C (20 A) and D (23 A), indicating that the action of neutral detergent did not
modify the crystallinity of the samples at this level. The peaks between the values
of 260 = 12°, 20 = 14.5° and 26 = 24.5° proper of pectin, extruded cellulose
slightly crystallized and potassium citrate, respectively, were not registered as

consequence of the solubilization with neutral detergent. Gilbert & Tsao [23] es-
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timated that the cellulose approximately shows 85% of crystalline regions and
15% of amorphous regions. The greater part of hemicelluloses is composite of
pentoses and hexoses, and frequently shows main chain and branches, being
therefore generally amorphous [24]. The structure of hemicelluloses varies
greatly, depending on the origin of the plant. Combining thermal and mechani-
cal energies, extrusion process affects the chemical structure of dietary fibers,
and it may impart new functional properties, ie., enhancing viscosity or gel
forming ability. For example, extrusion cooking has been applied to onion waste
derived from the white outer fleshy scale leaves [25]. After extrusion, an increase
in solubility of the cell wall pectin polymers and hemicelluloses was observed
along with swelling of the cell wall material, while carbohydrate composition of the
cell wall material remained unaffected. With such modifications in solubility and
apparent viscosity, the onion waste material can be used as a potential source of
DF, leading to benefits when applied to new formulations to produce extruded
foods. Among other technological food processing procedures, such as fractiona-
tion through drying of materials [26].

In Figure 3 is shown the diffractograms of samples of isolated pectin extracted
with acid. All the samples showed higher peaks at values 26=12° and 26 = 21.5°
proper of pectin with lower degree of crystallinity, the sizes of the crystalline
areas observed in this region of 26 = 21.5°, were A (33A), B (284), C (374), and
D (43A). In this figure the peaks of cellulose and potassium citrate were not reg-

istered, due to that they were separate during the process of extraction of pectin.

3.2. Optic Microscopy

Optic microscopy of raw and extruded orange pulp stained with safranin, and
blue of toluidine are shown in Figure 4 and Figure 5 respectively. The samples
were hydrated with the purpose of desegregating the samples and facilitating the
extraction of pectic compounds from the tissues Also, it was evident that the
orange pulp is morphologically characterized by the juice vesicles that conserved
pectic structure, evidenced for the area stained with blue of toluidine in raw and
extruded samples (Figure 5).

Figure 4 showed optic micrographs of the orange pulp stained with safranin.
A: raw orange pulp, shows juice vesicles at 32x increasing; the internal shading
of the walls is a device of illumination due to wavy surface of the walls of the tis-
sue; B: raw orange pulp, it shows at 125x increasing that the juice vesicles or
endocarp of buds show the structured tissue, even that they are kneaded and cut;
C: extruded orange pulp and D: show at 125x increasing that the extrusion
process did not disintegrate the portions most resistant of endocarp from buds.

The juice vesicles empty and elongated, stained with violet coloration, shows
richer composition in pectic material; C and D extruded samples show succes-
sion of separated forms in endocarp more resistant, cellulosic of the walls of the
bud, and juice vesicles of pectic nature adhered to buds.

Figure 5 showed optic micrographs of the orange pulp stained with blue of tolui-

duin (125%). A: raw orange pulp, blue staining in regions of endocarp shows
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Figure 4. Optic micrographs of the orange pulp stained with safranin. (A) Raw orange
pulp, shows juice vesicles at 32x increasing; (B) Raw orange pulp, shows juice vesicles at
125x increasing; (C) Extruded orange pulp, show at 125x increasing; (D) Extruded
orange pulp, show at 125X increasing.

where the cellulose predominate, and regions in violet rose, where the pectin
confers methacromaticity to the stain; B: extruded orange pulp, in blue stain the
cellulosic tissue of endocarp is little dense, and the cellulolitic orifices are being
taken away in the inferior margin of the figure. The vesicles juice empty and
elongated, in methacromaticity violet staining, demonstrate a composition more
rich in pectic material; C and D extruded orange pulp showed succession of se-
parated forms of endocarp, these fragments of walls of gomo are more resistant
and cellulosic, and vesicles of juice of nature more pectic, adhered to the gomos.
However, with reference to molecular mass, prevailed the presence of cellu-

losic material of the walls of the buds that lost little molecular mass during the
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5% ©

Figure 5. Optic micrographs of the orange pulp stained with blue of toluiduin (125x).
(A) Raw orange pulp; (B) Extruded orange pulp; (C) (D) Extruded orange pulp showed
succession of separated forms of endocarp these fragments of walls of gomo are more re-
sistant and cellulosic, and vesicles of juice of nature more pectic, adhered to the gomos.

extrusion process and conserved the porous structure.

The present study demonstrated that appropriate sample pretreatments
could create more porous structure of dietary fiber that resulted in improved
hydration and oil-holding properties and GDRI. However, such pretreatments
led to the losses of dietary fiber components, which led to the reduction in the
a-amylase inhibitory activity and in vitro AFB1 adsorption capacity. Fouri-
er-transform infrared spectroscopy (FT-IR) results indeed confirmed the
losses of the fiber functional groups during pretreatments. Microscopy results,
on the other hand, verified an increase in the porosity of the fiber after pre-

treatments.
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Influences of drying methods on composition and statistical analysis re-
vealed that it was the fiber structure that played a more important role in the

functional properties.

3.3. Scanning Electron Microscopy

Due to the necessary dehydration of the samples, the differences between raw
and extruded samples were reduced (Figure 6). The analysis demonstrated that
dehydrated orange pulp conserved its porous structure and that; the extrusion
process conserved the structure of the vegetal tissue and promotes discrete
fragmentation. The porous structure of raw material and the unaltered structure

of extruded sample are shown in Figure 6.

Figure 6. Electronic micrographs of extruded orange pulp. (A) (B) Raw orange pulp (15
kV, 100 mm, 100x and 15 kV, 50 mm, 270X, respectively); (C) (D) Extruded orange pulp,
(15 kV, 200 mm, 95x and 15 kV, 100 mm, 250X, respectively).
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According to Sheltami ef al [27] the peaks located at around 22 - 23 A are
originate from the cellulose crystals. Nevertheless, the peak at around 18 A indi-
cates the amorphous background present in the fiber samples. The results of
orange peel bers [28] indicate a degradation peak at around 163°C - 170°C.
Scanning electron micrograph (SEM) images demonstrated that the surface of
soluble dietary fiber (SDF) from orange peel treated by SE-SAS was rough and
collapsed. It can be concluded that SDF from orange peel treated by SE-SAS has
the higher potential to be applied as a functional ingredient in food products.
Generally, literature suggest that treatments like extrusion and high-pressure
application enhance, while grinding and peeling lower the water absorption ca-
pacity of fibers [29] possible decrease in the material's phenolic compounds [30].

Artz et al [15], reported that the effect of the extrusion process in the
structural conformation of staple fibers depend on the processing conditions,
basically temperature. Thus, the extrusion of maize bran at 90°C barrel temper-
ature, 50% moisture content and 200 rpm screw speed induced a little breaking
of the fiber structure, while that temperatures of 150°C caused greater structural
changes, in the same conditions of moisture content and screw speed.

Figure 6 Electronic micrographs of extruded orange pulp: A and B: raw
orange pulp (15 kV, 100 mm, 100x and 15 kV, 50 mm, 270x, respectively). The
endocarp was formed by flattened fragments, with porous and irregular surfaces;
C and D: extruded orange pulp (15 kV, 200 mm, 95% and 15 kV, 100 mm, 250x,
respectively). Small structure was broken up by the extrusion process; the mod-

ified cellulose did not conserve the structure of the fragments of endocarp.

4. Conclusions

Extrusion process did not diminish the size of the crystalline areas of the cellu-
lose orange pulp. However, it induces the formation of small crystalline regions
in the angular direction 26 = 14.5°. Neutral detergent solubilized the crystalline
areas of cellulose orange pulp formed during the extrusion process in the region
20 = 14.5°. Thus, the crystalline structure of the monobasic potassium citrate
solubilized, however, did not modify the crystallinity of the raw cellulose in the
value 260 = 22.5°. However, it was not observed alteration in the crystallinity of
extruded pectin, with relation to the pectin of raw pulp.

The microscopy study showed the heterogeneity of orange pulp, and assess-
ment of the resistance of the walls of buds in relation to the extruded juice ve-
sicles. Electronic microscopy also demonstrated that most of the porosity and
the cellular structure were conserved and that the free pectin remains together
with the cellulose involving it during the rehydration. The composition, images
of citrus fibers in this study provide a much better understanding of the struc-

ture or form of citrus fibers and their functional properties.
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