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Abstract

This investigation focuses on optimising the milling processes of white quinoa flour (Chenopodium
quinoa Willd.) to enhance its industrial applications. Three milling technologies—knife, disc, and ball
milling —were employed to produce flours characterised by various physicochemical analyses. The
granulometric analysis indicated that ball milling achieved the finest particle size distribution,
significantly improving water absorption capacity and dispersion. Mathematical modelling
confirmed that the Rosin-Rammler-Bennett model provided superior predictive capability for
rheological behaviour. X-ray diffraction revealed a reduction in crystallinity as milling progressed,
while differential scanning calorimetry indicated a decrease in gelatinisation enthalpy and
temperature range, suggesting enhanced thermal processing efficiency. Scanning electron
microscopy illustrated structural changes, particularly in ball-milled samples, which disrupted starch
granules and improved digestibility and solubility —essential attributes for gluten-free and low-
glycaemic food products. Furthermore, fractionation of the flours yielded nutrient-rich bran,
containing high levels of protein and fibre. These findings establish critical processing-structure-
function relationships, promoting the scalable production of high-value quinoa ingredients that cater
to the increasing demand for sustainable and health-oriented food solutions.

Keywords: quinoa flour; milling processes; technological properties; particle size distribution;
gelatinisation temperature; food processing

1. Introduction

Quinoa (Chenopodium quinoa Willd.), an ancient Andean pseudocereal from the
Chenopodiaceae family, originated in South America and was initially cultivated in Peru and Bolivia.
It is consumed by a large part of the Brazilian population. High nutritional quality and diet
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diversification were the main motivations for the consumption of these pseudocereals [1]. Quinoa
contains functional ingredients such as bioactive peptides, polysaccharides, saponins, polyphenols,
flavonoids and other compounds [2]. Its structure and utilisation mirror those of true cereals,
positioning it as a valuable raw material for food applications [3,4]. Numerous studies have focused
on developing varieties adapted to diverse climatic conditions and soil types, with recent research
demonstrating enhanced drought resistance and yield in Mediterranean environments through
selective breeding [5]. The plant exhibits remarkable pest resistance and thrives in challenging
conditions of high altitude, low humidity, and nutrient-poor soils—settings where conventional
cereals often fail [6]. Quinoa’s exceptional nutritional profile, including 13-15% protein content with
all essential amino acids in balanced proportions, surpasses that of traditional cereals while being
naturally gluten-free, making it particularly suitable for coeliac disease management and specialised
dietary needs [7-9]. Recent investigations have confirmed its superior protein quality and antioxidant
potential, bioactive principles [10], highlighting its role in addressing global food security challenges
[11-13].

The conversion of quinoa grains into flour is a pivotal processing step that profoundly affects its
technological functionality and industrial viability. According to regulatory standards, such as those
from Brazil’s National Health Surveillance Agency [14], flours are derived from edible parts of
cereals, legumes, fruits, seeds, tubers, or rhizomes through safe technological processes, with the
product name specifying the plant species. In the food industry, flours serve as primary,
intermediate, or final products, necessitating the preservation of organoleptic and nutritional
qualities during production [15]. However, food powders are inherently susceptible to changes in
water absorption, softening, fusion, and granulometry due to their composition of living tissues
[16,17]. The intensity of milling and grain texture critically determine damaged starch content,
influencing technological quality assessments [18]. Milling operations alter grain shape, size,
composition through fractionation, and thermal/moisture characteristics [19]. Recent advances
underscore how optimised milling preserves bioactive compounds and enhances functional
properties in gluten-free formulations [8,10]. For instance, techniques like ball milling reduce
crystallinity and improve digestibility while maintaining nutritional integrity [20], and extruded
quinoa flour has shown promise in developing gluten-free breads with superior sensory and
nutritional profiles [21-24].

Chenopodium quinoa matrices showed antioxidant, antidiabetic, immunoregulatory,
neuroprotective, and antimicrobial effects in in vitro and in vivo models and some clinical studies
[25]. Despite quinoa’s increasing commercial relevance amid rising demand for gluten-free and
functionally enhanced foods [26], significant knowledge gaps persist regarding the systematic impact
of specific milling processes—such as knife, disc, and ball milling—on flour’s technological
properties. While existing literature emphasises nutritional fortification in cereal products, there is
limited exploration of processing-structure-function relationships [27]. Advanced analytical tools are
essential for bridging these gaps: mathematical models like Gates-Gaudin-Schuhmann and Rosin-
Rammler-Bennett enable precise particle size distribution analysis and process optimisation [28-33].
X-ray diffraction elucidates starch crystallinity and polymorphic forms; differential scanning
calorimetry characterises thermal transitions like gelatinisation; and scanning electron microscopy
reveals morphological features affecting hydration and performance.

This investigation addresses these gaps by systematically evaluating how different milling
processes influence the technological properties of white quinoa flour. Through comprehensive
analysis using particle size modelling, X-ray diffraction, differential scanning calorimetry, and
scanning electron microscopy, the study elucidates key relationships between processing parameters
and functional characteristics. The findings offer practical insights for optimising quinoa flour
production, enhancing its application in gluten-free and functional foods, and supporting food
manufacturers in developing innovative, health-promoting products for diverse markets.
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2. Materials and Methods

2.1. Experimental Location and Facilities

The experiments were conducted at several institutions, including the Laboratory of Food
Engineering (LEA) at the Universidade Federal de Campina Grande, located in Campina Grande,
Paraiba State, Brazil. Additionally, efforts were made in conjunction with the Unit Operations
Laboratory at the Federal University of Paraiba in Jodo Pessoa, Paraiba State, Brazil. Further, this
research was undertaken in partnership with the Laboratory of Food and Effluents Treatment (LATE)
at the National Technological University, Mendoza Regional Faculty, Mendoza, Argentina.

2.2. Raw Materials

2.2.1. Quinoa Grain Procurement and Preparation

White quinoa grains (Chenopodium quinoa Willd.) were procured from local commercial suppliers
in the city of Campina Grande, Paraiba State, Brazil. The raw material underwent a selection and
preparation protocol consisting of the following sequential steps: initial grain selection through
visual inspection to remove damaged, discoloured, or foreign materials; subsequent cleaning using
an air blower to eliminate dust, lightweight impurities, and residual debris adhering to the grain
surfaces; and storage in vacuum-sealed polyethene bags. The grains were stored in a cool, dry
environment at a temperature of 20 + 2°C and relative humidity of 60 + 5% (Figure 1) to preserve
grain integrity and prevent deterioration during storage prior to subsequent analyses.

The prepared quinoa grains were maintained under controlled conditions to ensure consistent
moisture content and to prevent oxidative changes that could affect the final flour properties. Quality
control measures included periodic visual inspection and strict maintenance of optimal storage
conditions throughout the experimental period.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0461.v1
http://creativecommons.org/licenses/by/4.0/

4 of 32

Utilization of an air blower for
cleaning purposes

e

BE "5"0 00"

@ Bulk purchase of quinoa grain in
Campina Grande, Paraiba State, Brazil

-

Visual selection in order to
remove the damaged grains
and foreign particles

@ Storage at 20 # 2°C and 60 . \ o

T £ 5% humidity to maintain = o _ _ _ _ _ aFULtJrTlpaclf in

:g, grain integrity and prevent polyethylene bags
b | P deterioration

v

Figure 1. Workflow for the selection, cleaning, and storage of white quinoa grains. Created in BioRender.
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2.2.2. Chemicals and Reagents

All analytical grade chemicals and reagents used in this study were obtained from certified
suppliers. Sodium hydroxide (NaOH p.a., 1 N standardised solution) was used for acidity titrable
determination. Distilled water was utilised throughout all analytical procedures. The gold coating
material for scanning electron microscopy sample preparation was of high-purity grade. Carbon
dioxide for critical point drying was of industrial grade with 99.9% purity.

2.3. Equipment and Instrumentation

Three distinct milling systems were employed for flour production: (1) Knife mill (Marconi,
model MA 048, Brazil), (2) Disc mill (Botini, model B5509, Brazil), and (3) Ball mill (Tecnal, model TE-
350, Brazil). Additional equipment included standardised sieves (Tyler series, 42-200 mesh),
electromagnetic sieve shaker (AGT.P-220V Bertel, Brazil), analytical balance (precision + 0.0001 g),
pH meter (calibrated with standard buffer solutions), and vacuum packaging system for sample
storage.

2.4. Flour Production and Sample Designation

2.4.1. Milling Process Design and Equipment Specifications

White quinoa grains were processed using three distinct milling technologies to evaluate the
comparative effects of different mechanical stress patterns on flour characteristics. The experimental
design incorporated three flour samples with specific designations: F1: white quinoa flour obtained
through knife milling; F2: white quinoa flour obtained through disc milling; and F3: white quinoa
flour obtained through ball milling.

2.4.2. Equipment Technical Specifications

For F1 flour production, a knife mill manufactured by Marconi, model MA 048, was utilised,
operating under standardised conditions to ensure reproducible particle size reduction. The F2 flour
production employed a disc mill manufactured by Botini, model B5509, configured with optimised
disc spacing and rotational parameters for efficient grain fragmentation. F3 flour production utilised
a ball mill manufactured by Tecnal, model TE-350, operated with controlled ball-to-grain ratios and
predetermined milling duration to achieve consistent particle size reduction.

Following the milling operations, all flour samples were transferred to vacuum-sealed plastic
packages and stored in a dry and cool environment to prevent moisture absorption, oxidative
deterioration, and microbial contamination that could compromise subsequent analytical
determinations (Figure 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Workflow of the flour production process and sample handling, which illustrates the milling techniques employed in the production of F1, F2, and F3 flour samples, highlighting the

equipment used: knife mill (Marconi, model MA 048) for F1 flour, disc mill (Botini, model B5509) for F2 flour, and ball mill (Tecnal, model TE-350) for E3 flour, as well as the post-milling procedure.

Created in BioRender. Gonzalez Pacheco, J. (2025) https://BioRender.com/hcj65lr.
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2.5. Physicochemical Characterisation

2.5.1. Proximate Analysis Methodology

Physicochemical analyses were conducted to determine moisture content, ash content, crude
protein, lipids, pH, and titratable acidity following standardised methodologies established by the
Instituto Adolfo Lutz [34]. These analytical procedures were selected due to their proven reliability
and widespread acceptance in food science research applications (Figure 3).

A 100g sample of quinoa grains, taken representatively from the grain lot, was ground in a
mortar for the subsequent determination of its chemical composition. Moisture content
determination was performed using the gravimetric method, with oven drying at a controlled
temperature of 102 + 2°C, until a constant weight was achieved. Ash content was quantified through
complete incineration in a muffle furnace under standardised temperature and time conditions. The
crude protein content was determined using the Kjeldahl method, with the appropriate nitrogen-to-
protein conversion factors applied. Lipid content was extracted and quantified using Soxhlet
extraction procedures with appropriate organic solvents. pH measurements were conducted using a
calibrated digital pH meter after preparing flour-water suspensions (1:10 w/v). Titratable acidity was
determined by titration with standardised 1IN NaOH p.a. solution, with results expressed as mL
NaOH 1N/100g sample.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Summary of the tests performed on quinoa grains to analyse key nutritional and compositional factors. The assessment included measuring moisture, ash, crude protein, lipids, pH and
titratable acidity. The results are expressed in g/100g of dried matter. Created in BioRender. Gonzalez Pacheco, J. (2025) https://BioRender.com/hcj65Ir.
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2.6. Particle Size Distribution Analysis

2.6.1. Sieve Analysis Procedure

Particle size distribution analysis was conducted through differential sieving of 100 g white
quinoa flour samples, characterised by direct weighing measurements of sieve fractions using a
standardised sieve series ranging from 42 to 200 Mesh (Figure 2). The sieving operation employed an
electromagnetic shaker manufactured by Bertel, operated for a total analysis time of 10 minutes per
sample according to the validated methodology described by Gusmao et al. [35].

The sieve analysis protocol involved weighing each sieve fraction to determine the mass
distribution across different particle size ranges. Quality control measures included triplicate
analyses and verification of complete mass recovery to ensure analytical accuracy and precision.

2.6.2. Mathematical Modelling of Particle Size Distribution

Two mathematical models were applied: the Gates—-Gaudin-Schuhmann (GGS) model and the
Rosin — Rammler — Bennett (RRB) model to evaluate and characterise the particle distribution patterns
of the three flour samples F1, F2, and F3 [29,36-40].

The Gates-Gaudin-Schuhmann model was expressed according to equation (1):

a Iggs (1)
L ( )
KGGS

where X, represents the mass fraction of material finer than the sieve opening a,, Kgs is the
size parameter representing average particle size, and I is the distribution parameter representing
dispersion characteristics.

Where the outcome of the linearisation is as follows, equation (2):
) = Iges Inay — Iggs InKggs ©)

InX, =1 1(“"
nf—GGsnKGGS

The Rosin — Rammler — Bennett model, equation (3), was formulated according to:

n \!RRB
X 1ol ®

where Kppp represents the characteristic size parameter and Irzp represents the uniformity
parameter.
And its linearisation provides the following expression, equation (4):

n

a 4
ln[_ ln(l_Xf)] = IRRB ln (_) = IRRB lnan_IRRB anRRB ( )
KRRB

Model parameter determination required linearising both mathematical expressions (equations

2 and 4, respectively) to enable statistical analysis and goodness-of-fit evaluation through the
determination of the correlation coefficient.

2.6.3. Particle Size Standardisation Protocol VG

To standardise particle size for subsequent analytical procedures, all following analyses were
performed exclusively with the flour fraction retained on the 80-mesh sieve from the particle size
analysis (Figure 2). This standardisation approach ensured consistency across all analytical
determinations and eliminated potential variations attributable to particle size differences.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.7. Technological Properties Characterisation

2.7.1. Scanning Electron Microscopy (SEM) Analysis

Morphological characterisation of flour particles was conducted using scanning electron
microscopy following the methodology of Atrous et al. [41] with specific modifications to optimise
sample preparation and imaging conditions. The sample preparation protocol involved the following
sequential steps: small quantities of flour particles were dispersed on double-sided metallic adhesive
tape and mounted on cylindrical metallic supports to ensure representative sampling and optimal
particle distribution for microscopic examination (Figure 4).

Additional sample batches were dehydrated using a CO: critical point dryer manufactured by
SHIMADZU to preserve particle morphology and prevent structural artefacts that could compromise
morphological analysis. To confer electrical conductivity essential for high-quality imaging, all
samples were coated with gold using a vacuum metallizer under standardised deposition conditions.

Micrographic examination was performed using a Superscan microscope (model SSX-550)
operated at an acceleration voltage of 10 kV, with systematic image capture at multiple magnification
levels, including 50x%, 100x, 250%, 500x, 1000%, and 2000%, to provide morphological characterisation
across different size scales.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Morphological and structural analysis of flour particles conducted through Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), and Differential Scanning Calorimetry (DSC).
Created in BioRender. Gonzalez Pacheco, J. (2025) https://BioRender.com/hcj65Ir.
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2.7.2. X-Ray Diffraction (XRD) Analysis and Crystallinity Determination

Crystalline structure analysis was performed using X-ray diffraction employing a Shimadzu
XRD-7000 X-ray diffractometer following the methodology of Won et al. [42] with specific
adaptations for quinoa flour analysis. The instrumental parameters were optimised as follows:
copper Ka radiation (wavelength 1.5418 A), 40 kV operating voltage, 40 mA current, step size of 0.05°,
and scanning rate of 0.5°/min at ambient temperature (Figure 4).

The diffraction scanning range was adjusted for angles from 5° to 65° (20) to capture all relevant
crystalline reflections characteristic of starch polymorphs. The obtained diffractograms were utilised
for phase identification of crystalline components present in the flour samples. Diffractometer data
acquisition was performed through graphical recording, providing counts per second measurements
(proportional to diffracted intensity) versus diffraction angle 20.

The degree of crystallinity of samples was quantitatively determined according to equation (5):

e (5)
X. = 100
C I+,

Where X, represents the degree of crystallinity expressed as a percentage, I, is the sum of
crystalline peak areas obtained through peak deconvolution, and I, represents the amorphous halo
area determined through baseline subtraction methods.

2.7.3. Differential Scanning Calorimetry (DSC) Analysis

Thermal characterisation was performed using differential scanning calorimetry to determine
gelatinisation properties and thermal transitions of the flour samples. Sample preparation involved
adding 6.0 uL of distilled water to 2.0 mg of flour in specialised DSC crucibles (aluminium pans) to
achieve sample hydration for thermal analysis.

The sealed containers were weighed to verify the accurate mass of the sample and water, then
maintained at 30 + 2°C for 24 hours to ensure complete equilibrium between the flour samples and
water. This equilibration period was critical for obtaining reproducible thermal transition
temperatures and enthalpies.

Subsequently, samples were subjected to a controlled heating and cooling cycle from 20°C to
120°C at a heating rate of 10°C/min for comprehensive thermal characterisation, including
gelatinisation enthalpy determination. Sealed aluminium capsules were employed, with an empty
sealed capsule serving as a reference to eliminate instrumental artefacts and ensure accurate heat
flow measurements.

The experiment was conducted under dynamic atmospheric conditions, with nitrogen gas flow
maintained at 50 mL/min to prevent oxidative reactions and ensure reproducible thermal behaviour.
In addition to enthalpy determinations, the following critical thermal parameters were quantified:
onset temperature (To), representing the initial gelatinisation temperature and peak temperature (Tr),
corresponding to maximum gelatinisation rate.

2.7.4.Statistical Analysis.

Statistical analyses were performed using BioRender Graph 2024© (Science Suite Inc., Canada),
adhering to a significance threshold of p<0.05. Prior to conducting any analyses, the normality of the
data was evaluated using the Shapiro-Wilk test, while the homogeneity of variance was assessed with
Levene’s test. For datasets demonstrated normal distribution with equal variances, parametric
analyses were applied utilising one-way ANOVA, followed by Tukey’s multiple comparisons test.
This approach was specifically employed for the measurements of water content, pH, crude protein
content, and lipid content in quinoa grains and flour samples (n = 20). When the normality
assumptions were not met, non-parametric analyses were conducted using the Kruskal-Wallis test in
conjunction with Dunn’s multiple comparisons test, particularly for acidity measurements in flour
samples (n=>5). The statistical analysis of the data presented in Table 1 (n=3) was conducted utilising
IBM® SPSS® Statistics (V22.0, IBM® Corporation, NY, USA).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Experimental data pertaining to the particle size distribution of white quinoa flour, obtained through

knife, disc, and ball milling processes. The retained mass expressed in grams, as well as InX; and

In(— ln(l -X f) are presented as mean +SD (standard deviation) (n=3). IDifferent lowercase letters in the same

column indicate significant differences (p< 0.05).

Mill  Sieve Average Retained
Type (mesh) Size a Mass (g) Ina, In X, In(—In(1 - X;)
(pm)
16 991 0.780+0.0172¢  6.90 -0.0078+1.71E-04= 1.5801+0.00402
32 495 15.82+0.001" 6.20 -0.1719+1.19E-05  0.6128+3.42E-052
60 248 60.39+0.231¢ 5.51 -0.9235+0.0062 -0.6811+0.00802
Knife 80 175 9.100+£0.079¢  5.16 -0.0952+0.0012 0.8749+0.00402
115 124 9.160+£0.0584  4.82 -0.0959+0.0012 0.8721+0.00302
200 74 3.830+0.011e 4.30 -0.0390+1.14E-04= 1.1830+0.00104
Tray - 1.090+0.0272¢ - - -
16 991 0.040+0.0282=  6.900  -0.0004+2.80E-042 2.0574+0.10902
32 495 7.300+£0.011>  6.200  -0.0757+1.18E-042 0.9628+0.00102
60 248 42.53+0.024» 5510  -0.5527+4.16E-042 -0.1548+0.00102
Disc 80 175 17.14+0.032¢  5.160  -0.1877+3.85E-042 0.5684+0.00102
115 124 15.67+0.090¢  4.822 -0.1701+0.00102 0.6179+0.00302
200 74 10.76+0.010b< 4300  -0.1136+1.12E-04=  0.8024+4.17E-04~
Tray - 6.720+0.012° - - -
16 991 0.090+0.0842  6.900 -0.0009+0.0010a 1.9479+0.22302
32 495 14.74+0.002>  6.200  -0.1594+2.34E-05=  0.6498+7.08E-052
60 248 61.29+0.017¢  5.510  -0.9481+4.38E-042 -0.7130+0.00104
Ball 80 175 17.47+0.046>  5.160 -0.1919+0.0010a 0.5569+0.00202
115 124 5.660+0.008>  4.820  -0.0582+8.47E-05*  1.0551+4.92E-04~
200 74 0.690+0.0512  4.300 -0.0069+0.0010a 1.6048+0.01502
Tray - 0.120+0.002a - - -
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3. Results and Discussion

3.1. Grain Characterisation

White quinoa grains (Chenopodium quinoa Willd.) (Figure 5.b.) were characterised for their
physico-chemical composition, revealing a water content of 11.62 + 0.34%, ash content of 2.56 + 0.20
(g/100 g dm), protein content 13.75+ 0.46 (g/100 g dm) and lipid content of 5.34 + 0.28 (g/100 g dm)
(Figure 5.a.). These values align with recent studies highlighting quinoa’s nutritional variability
influenced by processing and environmental factors [3,43,44]. The water content falls within the
typical range of 10-13% for raw grains, which is crucial for storage stability, with levels below 12%
recommended to prevent oxidation and microbial growth. The ash content indicates substantial
mineral richness, providing insights into the product’s nutritional density, particularly for bone and
metabolic health benefits [12]. The lipid content of 5.34% is consistent with reported averages of 5-7
%, which exceed that of maize (approximately 5.29%) and contribute to enhanced caloric value and
antioxidant properties [26,43,45]. Initial milling does not substantially alter these components;
however, intensive processes such as ball milling may slightly reduce lipids due to thermal friction,
while preserving overall nutritional integrity [23,24,46].
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Figure 5. a-1. Physico-chemical characterisation of raw white quinoa grains and white quinoa flours processed
using various milling techniques. (a) Proximal composition of quinoa grains showing water content, ash, lipids,
and crude protein percentages (n = 15). (b) Raw quinoa grains used as starting material. (c) Correlation heatmap
displaying Pearson correlation coefficients between physicochemical parameters across all flour samples, with
colour intensity representing correlation strength (red: positive correlations, blue: negative correlations). (d-h)
Comparison between water content (significant differences, F (2, 12) = 58.091, p < 0.001), pH (non-significant
differences, F (2, 12) = 3.689, p = 0.056), titratable acidity (non-significant differences, Kruskal-Wallis statistic =
0.257, p = 0.879), crude protein (significant differences, F (2, 12) = 77.814, p < 0.001) and lipids content (non-
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significant differences, F (2, 12) = 0.031, p = 0.969) between flour types F1 (knife milling), F2 (disc milling), and
F3 (ball milling); (i) Visual appearance comparison of white quinoa flours processed using different milling
techniques. From left to right: F1 (knife milling), F2 (disc milling), and F3 (ball milling). (j-1) Comparative analysis
between control samples and processed flours showing water (significant differences, F (5, 24) = 3.646, p =0.014),
lipids (non-significant differences, F (5, 24) =2.356, p = 0.071), and crude protein content (significant differences,
F (5, 24) = 33.209, p < 0.001), n = 5 for parametric and non-parametric analyses, p < 0.05 considered statistically
significant. Created in BioRender. Gonzalez Pacheco, J. (2025) https://BioRender.com/hcj65lr.

In Figure 5.c., a correlation heatmap is presented that summarises the linear associations among
the physicochemical variables measured across the quinoa flour samples produced by the three
milling methods (knife, disc, and ball). Each cell displays a Pearson correlation coefficient (r), with
colour intensity and hue indicating both the magnitude and direction. The heatmap reveals distinct
clusters of positively correlated parameters, indicating variables that respond coordinately to milling
intensity. The most notable positive correlations are observed between moisture content and certain
compositional parameters, suggesting that water activity fundamentally influences the retention and
accessibility of other flour constituents during processing. This finding aligns with previous
observations that water content significantly affects protein-starch interactions and overall flour
stability during storage [47,48]. Titratable acidity exhibits minimal correlation with other measured
parameters, suggesting that the flour’s buffering capacity remains relatively stable across different
milling treatments [49]. The lipid fraction shows moderate correlations with both moisture and
protein content, reflecting the complex lipid-protein-water interactions characteristic of quinoa
matrices. The preservation of these correlations across milling treatments indicates that mechanical
processing does not fundamentally disrupt the lipid distribution patterns, though surface lipid
exposure may increase with particle size reduction [50].

3.2. Characterisation of White Quinoa Flour

In Figure 5. d-h., the characterisation of flours F1, F2, and F3 for water content, pH, acidity, crude
protein content and lipids is displayed. It can be observed that the average water content for flours
F1, F2, and F3 are 11.33 + 0.08%, 11.49 + 0.13%, 12.02 + 0.10%, respectively (Figure 5.d.), values close
to those reported by Torres et al. [51] and Cobarrubias et al. [52] who investigated the
physicochemical composition of quinoa flour, and reported water contents of 11.14% and 9%,
respectively. The pH values are 6.83 + 0.08, 6.89 + 0.02 and 6.80 + 0.03 for F1, F2 and F3, respectively
(Figure 5.e.). Regarding acidity values, these are 0.02 + 0.01 mL 1N NaOH/100g for all quinoa flours
(Figure 5.f.). The protein content of the flours is as follows: Flour F1 has a protein content of 13.52 +
0.14 g/100 g dry matter (dm), Flour F2 contains 14.30 + 0.15 g/100 g dm, and Flour F3 exhibits a protein
content of 13.36 + 0.07 g/100 g dm (Figure 5.g.). The lipid content for these flours is consistently
measured at 5.07 £ 0.03 g/100 g dm for F1, 5.07 £ 0.02 g/100 g dm for F2, and 5.08 + 0.02 g/100 g dm
for F3 (Figure 5.h.). Additionally, the ash content remains uniform across all flours at 2.78 + 0.02 g/100
g dry matter (dm). Various starch extraction techniques are described in the literature, ranging from
simple extraction with pure water to the use of different chemical reagents. The quality of starch
extraction is evaluated based on its protein, lipid, and ash contents. The lower the content of these
components, the higher the quality of the extraction process [53,54]. Compared with recent
investigations, it is highlighted that low ash and lipid contents in fine flours indicate high starch
purity, which is crucial for industrial extraction. This suggests that F3 (ball mill) is optimal for
products with high starch content, such as gluten-free baked goods [8,9,20,24,26,55-57].

The crude protein content in the flours ranged from 13.36 to 14.30 g/100 g dry matter (dm), with
flour F2 showing a significant difference compared to F1 and F3, indicating a higher crude protein
index. The protein content reported by Vilcacundo et al. [58] in their study on the biological and
nutritional value of quinoa, the value was 13.1%, a value very close to that found in the present study.
These are also similar to those reported by Nowak et al. [44], who found protein levels ranging from
9.1t015.7 g/100 g dry matter (dm) in quinoa. Today, quinoa is recognised for its high protein content,
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which features a balanced amino acid profile with elevated levels of lysine and methionine [59-61].
Compared to proteins found in cereals and legumes, the proteins in quinoa have sparked interest in
the scientific community regarding the nutritional potential of quinoa [62]. The lipid content found
in the flours was, on average, 5.75 g/100 g dry matter (dm). Navruz-Varli et al. [63] studying the
nutritional benefits of quinoa for human health, show that due to the quality and quantity of its lipid
fraction, quinoa is accepted as an alternative oilseed, presenting an oil content of 2.0% to 9.5%, with
this grain being rich in essential fatty acids such as linoleic and alpha-linolenic acids. These fatty acids
account for nearly 88% of the total fatty acids in quinoa seeds [27,64,65]. Concerning Figure 5.i., the
visual appearance of white quinoa flours processed by different milling techniques is represented.
Representative photographs showing the macroscopic appearance of F1 (knife milling), F2 (disc
milling), and F3 (ball milling) samples, illustrating the progressive particle size reduction induced by
increasing mechanical processing intensity.

On the other hand, a comparative analysis between control samples and processed flours is
presented in Figure 5.j-1., which provides insights into the magnitude of compositional changes
induced by mechanical milling processes relative to the original quinoa grain matrix. The water
content comparison (Figure 5.j.) reveals statistically significant differences between control and
processed samples, F(5,24) = 3.646, p = 0.014, demonstrating that mechanical milling fundamentally
alters the moisture retention characteristics of quinoa flour. The processed flours exhibit reduced
water content compared to control samples, indicating that mechanical disruption of cellular
structures compromises the natural water-holding capacity of the grain matrix [51,66,67]. The lipid
analysis (Figure 5.k.) demonstrates non-significant differences between control and processed
samples, F(5,24) = 2.356, p = 0.071, indicating that mechanical milling processes preserve the lipid
fraction integrity across different processing intensities. This finding holds technological importance,
as it indicates that the beneficial fatty acid composition of quinoa, which includes essential omega-3
and omega-6 fatty acids, is preserved during mechanical processing [68,69]. The crude protein
analysis (Figure 5.1.) reveals significant differences between control and processed samples, F(5,24) =
33.209, p < 0.001, representing significant compositional change induced by mechanical milling.
Several mechanisms contribute to this apparent protein enrichment: mechanical disruption breaks
protein-starch associations, making previously bound proteins more extractable and detectable
through conventional analytical methods. Additionally, the physical breakdown of cellular
compartments may redistribute protein fractions, concentrating higher-quality proteins from the
embryo and aleurone layers throughout the flour matrix [70-73]. Analytical improvements post-
milling are covered by Simsek et al. [74], validating increased detectability.

Likewise, quinoa flour provides high-quality proteins, with a complete profile of essential amino
acids. The grain protein is rich in amino acids like lysine and methionine, which are deficient in
cereals [45]. In biscuits, adding 12.5% to 25% quinoa flour increases protein content by up to 30%,
improving biological value compared to pure wheat products. In gluten-free breads, using extruded
quinoa flour (up to 45%) elevates proteins and fibres, contributing to 16-19% of the recommended
daily protein intake [7,56]. On the other hand, an increase in dietary fibres (soluble and insoluble) is
observed, improving digestibility and reducing rapidly digestible starch content [75]. For example,
in biscuits and cakes, substituting up to 30% wheat flour with quinoa increases fibres by 16%, along
with minerals such as iron, magnesium, and phosphorus. This also raises resistant starch content,
reducing the estimated glycaemic index (eGI) by 20-30% in breads and biscuits [56,76,77].

3.3. Granulometric Analysis of White Quinoa Flour

The experimental data for the sieving of white quinoa flour obtained from knife, disc, and ball
mills are presented in Table 1. The retained mass fractions differed among the flours, with the knife-
milled flour (F1) exhibiting a higher percentage of larger particles, particularly on the 16-mesh sieve,
in contrast to the disc-milled flour (F2), which produced finer particles (Figure 6.a.).

According to Brazilian legislation, approximately 98% of wheat flour must pass through a sieve
with a 250 um (0.25 mm) mesh opening to be classified as fine flour [14]. The results from
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granulometric analysis of white quinoa grains fragmented using different mills (knife, disc, and ball)
indicate that only the material passing through the 60-mesh sieve (0.248 mm) can be considered fine
flour (F). As there is no specific legislation for white quinoa flour, the wheat grain flour regulations
were used as a reference, given their commonality across the country [59,78].

Table 1 presents a comparative analysis of the mass retained on each sieve by mill type, along
with the transformed variables essential for modelling the accumulated pass-through using Rosin—
Rammler—Bennett (RRB) and Gates-Gaudin-Schuhmann (GGS) processes. All three mills
demonstrate a mode around 248 pm (60 mesh), yet they exhibit variations in amplitude and fines
generation.

The blade mill (F1) exhibits a concentrated particle size distribution, retaining 60.39 + 0.231 g on
the 60-mesh (248 pum) screen, which comprises 60.3% of the total mass. This concentration in the
modal size indicates that the shear mechanism effectively facilitates controlled fragmentation. The
formation of ultrafine particles is minimal, with only 1.09 g (1.1%) collected in the tray, confirming
that the operation primarily utilises shear forces to promote uniform fragmentation without excessive
fineness [79,80].

Conversely, the disc mill (F2) presents heterogeneous behaviour, resulting in a broad particle
size distribution across various fractions. The retention on the 60-mesh screen totals 42.53 + 0.024 g
(42.5% of the total mass), along with a substantial range of finer fractions. It is noteworthy that this
mill excels in generating ultrafine particles, with a total of 6.72 + 0.012 g (6.7% of the total mass)
collected in the tray. The intermediate fractions account for 43.57 g (43.5% of the total mass),
indicating progressive fragmentation influenced by the interplay of impact and shear forces [81].

The ball mill (F3) demonstrates distinct performance characteristics, combining high
fragmentation efficiency with effective control over over-pulverisation. It achieves a concentration of
61.29 £+ 0.017 g on the 60-mesh screen (61.3% of the total mass), surpassing the blade mill in terms of
modal concentration while significantly reducing coarse fractions to 14.83 g (14.8%). A notable
attribute of this mill is the minimal production of ultrafine particles, with only 0.12 + 0.002 g (0.1% of
the total mass), attributed to its controlled fragmentation mechanism that efficiently employs both
impact and attrition processes [82].
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Figure 6. a-h. X-ray diffraction and microstructural characterisation of quinoa flours produced by three milling
technologies. (a) Particle-size retention profiles for knife (F1), disc (F2) and ball (F3) mills plotted as retained
mass (g) versus average sieve aperture. (b) Comparative distribution of InX; and In(—In(1-X f)) values
across mill types shown with medians, interquartile ranges, and individual data points; brackets denote pairwise
comparisons with p-values. Non-significant differences for both approaches were detected, GGS & RRB Kruskal-
Wallis statistic = 1.235, p = 0.539. Statistical significance set at p < 0.05. (c-d) RRB (c) and GGS (d) modelling of
cumulative passing: linearised relationships of In(—in(1—X f)) versus Ina, with fitted curves, 95%
confidence intervals, coefficient of determination (R?), standard error (SE), and model parameters, such as Iccs
& Irrs, as well as Kacs & Krrs, for each mill, evidencing higher fineness and uniformity for ball milling. (e-g)
Representative scanning electron micrographs of flours from knife (e), disc (f) and ball (g) mills at increasing
magnifications, highlighting differences in particle morphology, fracture surfaces and aggregation. (a) 50x, (b)
100x, (c) 250x, (d) 500x, (e) 1000x, and (f) 2000x. (h) X-ray diffraction patterns (5-65° 20) of F1, F2 and F3, showing
progressive peak broadening and attenuation from knife to ball milling, consistent with partial loss of crystalline
order and increased amorphisation under higher mechanical energy. Created in BioRender. Gonzalez Pacheco,
J. (2025) https://BioRender.com/hcj65lIr.

The particle size distribution analysis presented in Figure 6.a-b., coupled with the quantitative
modelling data from Table 1, provides insights into the mechanical efficacy and comminution
mechanisms inherent to each milling technique. The knife-milled flour (F1) demonstrates retention
on coarser sieves (particularly the 16-mesh fraction with 0.780 g retained), indicative of the limited
mechanical energy input characteristic of cutting-based size reduction mechanisms. This distribution
pattern suggests that the knife milling process operates primarily through shearing forces, with
insufficient energy density to achieve particle fragmentation [83,84]. Contrary, the disc-milled flour
(F2) exhibits intermediate particle size reduction efficiency, with reduced retention on the 16-mesh
sieve (0.040 g) and enhanced fine particle generation. This intermediate performance reflects the
combined action of impact and shearing forces characteristic of disc milling systems, where particle-
impactor interactions generate sufficient energy for moderate size reduction whilst maintaining
process efficiency. The ball-milled flour (F3) demonstrates the most extensive particle size reduction,
with minimal coarse particle retention (0.090 g on 16-mesh) and fine particle generation evidenced
by increased tray collection (6.720 g for F2 compared to 0.120 g for F3). This distribution pattern
corroborates the high-energy nature of ball milling, where repeated collision and attrition forces
generate the mechanical energy necessary for comprehensive particle fragmentation [85-87].

Among physicochemical characteristics, granulometry holds significant importance for
technological applications, as particle size influences various quality parameters, such as water
absorption in dough and the final product’s appearance. The milling process causes tissue disruption,
which may allow the internal parts of quinoa to come into contact with air, thus affecting its storage
stability [22]. Particle size reduction is an important processing step that can impact the nutritional
profile, functional, and rheological properties of quinoa flour [20,55]. These modifications enhance
quinoa’s versatility in gluten-free products, where smaller particles improve texture and nutrient
bioavailability, as evidenced by studies on starch granule clustering and crystallinity [88,89]. The
granulometric distribution varied significantly: F1 retained more large particles (16 mesh sieve),
while F3 showed finer particles, with 98% passing through 250 um, classifying it as fine flour
according to wheat legislation. Recent studies confirm that ball milling produces nanometric particles
(122-295 nm), improving dispersion and water absorption [55]. The amorphous (non-crystalline)
starch content increases with the milling process.

This process of nanoscale reduction, achieved through high-energy mechanical actions such as
shear and impact, disrupts the integrity of starch granules, resulting in an increased surface area and
modified rheological properties. These findings are consistent with existing research on the role of
ball-milling in enhancing digestibility and functional characteristics [68,90]. This contrasts with F1
and F2, where larger particles (248991 um) result in reduced fineness. In a former study conducted,
depending on both ball milling time and speed, the particle size first decreased and then increased,
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the crystallinity, lamellar structure, and short-range ordered structure gradually decreased, and the
contact angle gradually increased [91]. A study performed by Deshpande et al. [26] found that smaller
sizes in quinoa flour increase swelling capacity and solubility, positively impacting the texture of
baked products. Recent studies have investigated the roller milling process and its effectiveness in
fractionating nutrient-dense bran, which is rich in protein and fibre, from perisperm fractions. This
approach allows for the development of customised formulations that not only enhance nutritional
value but also contribute to a reduction in the glycaemic index of the resulting blends [24,92,93].
Additionally, the application of mathematical models (GGS and RRB) showed a better fit for RRB (R?
> 0.96) (Figure 6.c.), aligning with research that used RRB to predict rheological behaviour in
pseudocereal flours [8]. The average diameter (388-514 um) indicates that F2 and F3 are ideal for
wheat blends, reducing the glycaemic index by increasing resistant starch [8,20,23,56]. Overall, these
milling-induced changes not only optimise quinoa’s techno-functional attributes but also support its
application in sustainable, health-promoting foods, with ball milling emerging as an eco-friendly
method for producing high-value flour [24,88,94]. Industrially, such processes enable scalable
production of quinoa-based ingredients for gluten-free baking, extruded snacks, and fortified
products, enhancing market viability and addressing global demands for nutrient-dense, plant-based
foods [26].

3.4. Application of Mathematical Models

The mathematical models of Gates-Gaudin-Schuhmann (GGS) and Rosin-Rammler-Bennett
(RRB) were applied to the granulometric data from the white quinoa flour samples obtained via knife,
disc, and ball mills. The model applications are presented in Figure 6.c-d. with their respective
linearisation. As observed, the RRB model provided the best fit for each of the respective flours. Using
the RRB model, the KRRB values, representing the average particle diameter of the white quinoa
flours, were determined. The IRRB represents the slope of the line in the graph, yielding values of
1.831, 1.827, and 2.890 for the flours from the knife, disc, and ball mills, respectively. Additionally,
the IRRB uniformity parameters indicate that the ball mill produces the most uniform particle
distribution among the three methodologies. The granulometric data indicate that the disc and ball
mills achieved superior particle size reduction at laboratory scale, producing 50.29% and 23.94% fine
flour (passing through the 60-mesh sieve), respectively. Although the literature reports various
studies, numerous factors influence mill efficiency, including speed, frequency, grinding media
material and size, atmosphere, temperature, and grinding time [95-97]. From the RRB graph
equation, KRRB values of 514.05 um for F1, 352.11 um for F2, and an average diameter of 388.39 um
for F3 were obtained (Figure 6.c.). These values approximate the particle size in the most significant
mass fraction from the granulometric distribution, which occurred on the 60-mesh sieve.

This is supported by Deshpande et al. [26] studied applying RRB to model grinding in quinoa,
correlating with flow and compaction properties. Recently, Ahmed et al. [55] have demonstrated that
intensive grinding alters crystallinity, affecting starch hydration and pasting. This explains why F3
exhibits a smaller diameter, promoting dense starch networks that enhance viscous textures [20,24].
Milling significantly reduces particle size, which directly enhances functional attributes like water
absorption, swelling power, and solubility [20,98]. Smaller particles increase surface area, leading to
improved water interaction and bioavailability of nutrients. For instance, ball milling can produce
nanoscale particles (122-295 nm), boosting dispersion and hydration. This is particularly evident in
finer flours (e.g., F3 from ball milling), where 98% of particles pass through 250 pum, resulting in
higher swelling capacity and solubility compared to coarser fractions from knife or disc milling. All
these factors are significant because their relationship underpins the utilisation of quinoa in gluten-
free products, where improved hydration enhances texture and dough consistency. It is pertinent to
cite the energy dissipation during milling, which disrupts starch granules and elevates solubility,
e.g., from 1.5% to 29.7% at higher temperatures [95].
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3.5. Scanning Electron Microscopy (SEM)

The micrographs illustrated in Figure 6.e-g. depict the gradual structural modifications achieved
through knife, disc, and ball milling processes, respectively. The quinoa flour produced via knife
milling exhibits characteristic polygonal starch granules that maintain relatively well-preserved
structural integrity (Figure 6.e.). The resulting particles demonstrate a heterogeneous size
distribution with distinctly defined angular surfaces, which aligns with prior observations of
mechanically processed quinoa starches. The microstructural analysis indicates minimal
agglomeration phenomena, suggesting that the knife milling process imparts limited mechanical
energy compared to alternative methods. The individual starch granules largely remain intact,
showcasing the typical quinoa starch morphology characterised by polygonal shapes ranging from
0.4 to 2.0 um [99,100]. The surface texture appears moderately rough, indicative of the initial stages
of mechanical deformation without extensive fragmentation.

In relation to the disc-milled sample (Figure 6.f.), it demonstrates intermediate levels of particle
size reduction and morphological modification. An increased particle fragmentation relative to knife
milling is revealed, with evident surface roughening and the emergence of smaller particle fractions
[101]. The mechanical action involved in disc milling generates sufficient shear forces to disrupt the
original granule structure while preserving recognisable starch particle morphology [102].

Conversely, the ball-milled quinoa flour (Figure 6.g.) exhibits the most significant structural
alterations, consistent with the high-energy mechanical processing characteristic of this technique
[103]. Ball milling, particularly high-energy ball milling, causes the most significant structural
alterations in quinoa flour [20,104].This method applies intense mechanical actions including shear,
friction, collision, and impact, leading to a substantial reduction in particle size, often into the
nanoscale range (e.g., 122-295 nm for quinoa) [20,90]. The micrographs reveal extensive particle
fragmentation, resulting in numerous smaller particles and notable agglomeration behaviour. The
original polygonal starch granules have been predominantly transformed into irregular, deformed
structures, leading to a considerable increase in surface area [105].

The three milling processes examined exhibit distinct levels of particle agglomeration, with the
extent of agglomeration directly correlating to the mechanical energy input applied during the
milling process. The sample processed by ball milling demonstrates the most significant
agglomeration behaviour, which can be attributed to the markedly increased surface area and surface
energy of the fragmented particles. This phenomenon arises from the van der Waals forces acting
between individual particles, facilitating the formation of larger aggregates from smaller fractured
components [102]. The agglomeration tendencies observed in the scanning electron microscopy
(SEM) micrographs align with the particle size distribution data presented in Table 1. Despite the
extensive fragmentation achieved through the milling processes, the formation of aggregates results
in the retention of larger particle fractions. This dynamic interplay between particle breakage and
agglomeration exemplifies the “crushing limit” effect commonly noted in high-energy milling
operations. The morphological transformations identified through SEM analysis yield valuable
insights into the connection between milling-induced structural changes and the functional
properties of quinoa flour [90]. The progressive degradation of granular integrity, observed from
knife milling to disc milling and ultimately to ball milling, corresponds with an increase in water
absorption capacity, alterations in gelatinisation behaviour, and modifications to rheological
properties. The substantial increase in surface area, particularly prominent in the ball-milled sample,
enhances the accessibility of bioactive compounds and improves digestibility characteristics by
disrupting starch clustering.

3.6. Nutritional and Bioactive Enhancements

Quinoa is a pseudocereal celebrated for its excellent nutritional quality and potential to improve
global food security, especially in marginal environments [61,106]. Milling improves digestibility and
nutrient bioavailability without chemical additives, promoting sustainability [107,108]. Nanoscale
reduction via ball milling enhances functional properties like digestibility by disrupting starch
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clusters and increasing bioactive compound accessibility as proteins, fibres, and polyphenols
[20,55,107]. Bran fractions from roller milling are nutrient-dense (up to 20% protein, 24% fibre),
reducing antinutritional factors and supporting health benefits like anti-inflammatory and
antidiabetic effects reported by other authors [98,107]. With regard to eco-friendly aspects, ball
milling is a green method that minimises waste and energy use while preserving minerals (e.g.,
sulphur, magnesium) and improving overall nutritional profile [20,55,108]. All of these properties are
health-promoting foods, such as fortified products with reduced glycaemic index, and cite how
milling energy (e.g., 0-4.08 k]/g) correlates with increased resistant starch [109].

Concerning the sensory and nutritional quality of baked products, quinoa flour has gained
attention in the food industry for its potential to improve both aspects of baked products, such as
breads, biscuits, cakes, and gluten-free items [27]. Other studies highlight its high content of proteins,
fibres, minerals, and bioactive compounds, which allow the enrichment of traditional products
without significantly compromising flavour or texture [8,9,20,55,110,111]. The incorporation of
quinoa flour in baked formulations elevates the nutritional profile, increasing the content of essential
nutrients and reducing the glycaemic index [63,98,111-115]. This flour releases phenolic compounds
during baking, improving antioxidant activity. In breads fortified with 5-15% quinoa, an increase in
polyphenols and a reduction in starch digestibility are reported, benefiting people with diabetes
[3,10,111]. Andean indigenous crops have excellent potential as sources of health-promoting
bioactive compounds, such as flavonoids, and nutritional properties [106]. These advances enable the
development of functional products, such as breads with higher vitamin B content (up to 17.8% of
daily thiamine) and lower glycaemic impact.

3.7. X-Ray Diffraction (XRD) Analysis and Crystallinity

The X-ray diffractograms of flours F1, F2, and F3 are presented in Figure 6.h. X-ray diffraction
analysis distinguishes three types of crystallinities in granules, classified as A, B, and C based on their
form and crystalline structure, with intensity peaks at diffraction angles 20, as presented [75].

Analysing X-ray diffraction patterns offers insights into how starch is organised in quinoa flour
samples. As shown in Figure 6.h., the diffractograms, along with the crystalline structure data in
Table 2, highlight structural changes caused by different levels of mechanical processing during the
production of the flour. The quantitative assessment of crystallinity degrees revealed variations
amongst the three flour samples, with values of 18.8%, 16.2%, and 17.7% recorded for F1, F2, and F3,
respectively. These measurements indicate modifications in the ordered molecular arrangements
within the starch structure, directly correlating with the mechanical energy input applied during the
respective milling processes. According to the established classification system presented in Table 2,
X-ray diffraction analysis distinguishes three principal types of crystalline polymorphs in starch
granules: Type A, Type B, and Type C, based on their characteristic diffraction patterns and
crystalline structure arrangements. The comprehensive peak analysis revealed characteristic
intensity maxima at specific diffraction angles (20): Type A crystallinity exhibits peaks at 15.3°, 17.1°,
18.2°, and 23.5°%; Type B demonstrates peaks at 5.6°, 14.4°, 17.2°, 22.2°, and 24°; whilst Type C presents
a combination pattern with peaks at 5.6°, 15.3°, 17.3°, and 23.5°. The detailed analysis of intensity
peaks at specific diffraction angles (20) enabled the systematic classification of the quinoa flour
samples according to established starch polymorphic forms. The observed peak patterns,
characteristically positioned between 15-23° 20, permitted the identification of mixed Type A and
Type B crystalline structures. The major diffraction peaks were identified at 15.3°, 17.1°, 18.0°, and
23.1°, consistent with A-type starch patterns, whilst additional evidence of V-type amylose-lipid
complex formations was observed at approximately 20° 20. This classification aligns with the
pseudocereal nature of quinoa, which exhibits intermediate crystallographic properties between
traditional cereals (predominantly Type A polymorph) and tuber-derived starches (primarily Type
B polymorph). The coexistence of both Type A and Type B characteristics reflects the unique botanical
origin of quinoa and its distinct starch molecular architecture. Studies have characterised quinoa
starch as having a low amylose content, typically ranging from 9.43% to 10.90% in some varieties,
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which contributes to its lower water solubility index and higher swelling power compared to maize
or potato starch [116].

According to Londofo-Restrepo et al. [117], the broad peaks exhibited by starches are associated
with nanocrystalline structures of amylose or amylopectin, due to the elastic and inelastic
contributions to the X-ray diffraction pattern in nanoparticles. X-ray diffraction studies have been
used to explain starch granule structure and crystallinity. Depending on biological origin, amylose-
to-amylopectin ratio, and amylopectin branch length, starch granules exhibit three diffraction
patterns associated with different crystalline polymorphic forms: type A (cereal), type B (tubers), and
type C (crystals, or A and B coexisting in the same granule)[98,118]. Recent studies indicate that
grinding reduces crystallinity by up to 10-20%, facilitating gelatinisation. Several studies associate
this with amylopectin nanocrystalline structures, improving antioxidant properties [20,55,119].

Table 2. X-ray diffraction analysis and crystalline structure characterisation of quinoa flour samples processed
by different milling techniques. Peak positions (20°), relative peak intensities (counts), d-spacing values (A), and
assigned crystalline phases showing characteristic A-type starch diffraction patterns with major peaks at 15.3°,
17.1°,18.0°, and 23.1°, and V-type amylose-lipid complex peak at ~20°. F1: knife milling; F2: disc milling; F3: ball
milling. Analysis performed using Shimadzu XRD-7000 diffractometer with Cu Ka radiation (A = 1.5418 A), 40

kV operating voltage, 40 mA current, step size 0.05°, scanning rate 0.5°/min at ambient temperature.

Types of crystallinity Intensity peaks at the diffraction angle 20
A 15.3°1 17.1° | 18.2° | 23.5°
B 5.6°1 14.4°1 17.2°1 22.2°] 24°
C 5.6°1 15.3°1 17.3°| 23.5°

3.8. Effects on Cellular Structure, Granule Disruption and Size Reduction

Quinoa seeds have a complex cellular makeup, with starch granules (polygonal and ~1-2 um in
size) clustered in the perisperm, surrounded by protein-rich embryo and bran layers rich in fibre and
bioactive compounds [20,118,120]. Milling breaks down these structures through mechanical forces
like shear, impact, and friction [17]. High-energy milling, such as ball milling, transforms quinoa
seeds into nanoscale flour (122-295 nm particles), converting polygonal starch granules into flake-
like forms and reducing crystallinity without fully altering the A-type polymorph [20,120]. Wet
milling yields higher purity fibre fractions (up to 72%) by separating bran and germ, but it increases
granule aggregation and surface roughness compared to dry milling [88].

On the other hand, milling reduces relative crystallinity (e.g., from 29% in enzymatic extraction
to 26.8% in alkali methods), disrupting amylose and amylopectin arrangements [110]. This leads to a
loss of ordered helical structures, with ball milling causing energy dissipation as heat, further
degrading granule integrity [108]. Alterations in cellular structure directly enhance quinoa’s
functional properties, making it more versatile for industrial use. Key effects include hydration and
swelling, smaller particles from milling boost water absorption and swelling power (e.g., up to 16.4
g/g at 85°C in high-energy milled starch), as disrupted granules allow better water interaction. Ball
milling increases solubility from 1.5% to 29.7%, aiding in gluten-free formulations [91,121].

3.9. Differential Scanning Calorimetry (DSC)

DSC enables quantitative determinations, as the peak areas are related to the energy involved in
the process. The DSC analysis results are presented in Table 3 for parameters including material heat
capacity, enthalpy variation (AH), and temperatures of thermal events.

Table 3. Table 3. Differential scanning calorimetry parameters of white quinoa flours obtained through knife

(F1), disc (F2), and ball (F3) milling processes. Reported parameters include: onset temperature (To, °C),
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representing the initial temperature at which gelatinisation commences; peak temperature (Tp, °C),
corresponding to the temperature of maximum gelatinisation rate and peak heat flow; gelatinisation
temperature range (Tr - To, °C), indicating the breadth of thermal transition; and enthalpy of gelatinisation (AH,
J/g dry basis), calculated through baseline-corrected peak integration representing the total energy required for
complete starch molecular reorganisation. All values represent mean + standard deviation (n=5 independent
measurements from separate batches). Different lowercase letters within the same row indicate statistically
significant differences between treatments (p < 0.05) as determined by one-way ANOVA followed by Tukey’s

multiple comparison test.

Flours
Parameters F1 F2 F3
To (°C) (gelatinisation) 50.19+0.01%*  50.04+0.02>  50.08+0.02
Tr (°C) 79.35+0.032  71.68+0.092>  70.47+0.02°
Tr —To (°C) 29.16+0.032  21.64+0.09®  20.39+0.04°
AH (J/g) (enthalpy of 1791+0.712 1211+0.71° 1221+1.10¢

gelatinisation)

The differential scanning calorimetry analysis revealed significant processing-dependent
modifications in thermal behaviour across the three quinoa flour samples (Table 3). The onset
temperatures (To) remained relatively consistent at approximately 50°C across all treatments,
indicating that the initial gelatinisation threshold was not fundamentally altered by mechanical
processing. However, marked variations were observed in peak gelatinisation temperatures (Tp),
which decreased progressively with milling intensity: F1 (79.35°C) > F2 (71.68°C) > F3 (70.47°C). The
gelatinisation temperature range (Tr-To) narrowed significantly with increasing mechanical
processing intensity, from 29.16°C in knife-milled flour to 20.39°C in ball-milled flour. This reduction
indicates more uniform and rapid gelatinisation behaviour in mechanically disrupted samples,
suggesting enhanced thermal efficiency for industrial processing applications.

The most pronounced differences were observed in gelatinisation enthalpy values, with F1
exhibiting the highest energy requirement (1791 J/g) compared to F2 and F3 (1211 and 1221 J/g,
respectively). This reduction of approximately 32% in mechanically processed samples indicates that
ball and disc milling pre-disrupt crystalline structures, thereby reducing the thermal energy required
for complete starch gelatinisation.

These thermal modifications align with findings by Contreras-Jiménez et al. [107], who reported
similar onset temperatures for quinoa flour. As noted by Sharma et al. [122], fine grinding reduces
peak gelatinisation temperatures, facilitating processing at lower temperatures and suggesting
potential for products requiring minimal thermal impact [111,113]. The enhanced thermal
responsiveness of mechanically processed quinoa flour enables energy-efficient processing whilst
preserving heat-sensitive bioactive compounds, making these flours particularly suitable for gluten-
free applications and low-glycaemic formulations. Compared with other studies, the decreased
gelatinisation enthalpy in varieties of quinoa species is related to their varied particle size distribution
and starch composition, including the amount of bran fraction [123].

4. Conclusions

This investigation has elucidated the influence of mechanical milling processes on the
technological properties of white quinoa flour, establishing structure-function relationships that
advance both fundamental understanding and industrial applications. The comparison of knife, disc,
and ball milling techniques revealed that the milling strategy represents a determinant in optimising
quinoa flour functionality for diverse food applications. Ball milling emerged as the most efficacious
processing method, generating the finest particle size distribution (98% <250 pum, with nanoscale
fractions ranging 122-295 nm) whilst demonstrating superior control over ultra-fine particle
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formation compared to disc milling. This particle size reduction corresponded with significant
modifications in crystalline structure, evidenced by reduced starch crystallinity (17.7% versus 18.8%
for knife-milled samples) and decreases in gelatinisation enthalpy (approximately 32% reduction
from 1791 J/g to 1221 J/g). These structural alterations translated directly into enhanced functional
properties, including improved water absorption capacity, increased solubility, and digestibility
characteristics crucial for gluten-free formulations and low-glycaemic index products. The
application of mathematical modelling demonstrated the superior predictive capability of the Rosin-
Rammler-Bennett model (R? >0.96) over the Gates-Gaudin-Schuhmann model, providing a robust
framework for process optimisation and quality control in industrial settings. The uniformity
parameter (Irrs = 2.890) obtained for ball-milled flour confirmed the most homogeneous particle
distribution, supporting consistent processing behaviour and product quality. Scanning electron
microscopy analyses revealed progressive structural degradation from knife to ball milling, with
extensive particle fragmentation and increased surface area facilitating enhanced bioactive
compound accessibility and improved digestibility. The thermal analysis outcomes possess
implications for industrial processing efficiency, as the reduced gelatinisation temperature range
(20.39°C for ball-milled versus 29.16°C for knife-milled flour) enables energy-efficient processing
whilst preserving heat-sensitive bioactive compounds. The findings support the development of
customised quinoa flour ingredients tailored to specific applications.
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