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Abstract

This study investigated the enhancement of the functional properties of pre-gelatinized riceberry powder 
(PRP) through pulsed fluidized-bed agglomeration using inulin as a binder. Response surface methodology was 
employed to optimize binder concentration (10–20%) and feed rate (3.5–5.5 mL·min–1) based on key parameters, 
including final moisture content (6.89–9.46% wb), process yield (71.4–87.2%), and mean particle size (D50, 367–
464 μm). The optimal conditions of 20% binder concentration and a 5.5 mL·min–1 feed rate resulted in an accept-
able moisture content (≤10% wb), a high process yield of 87.2%, and a D50 of 464 μm. Agglomeration significantly 
improved water holding capacity (7.83 g·g–1), oil holding capacity (7.35 g·g–1), and bulk properties such as bulk 
density, tapped density, particle density, and porosity. These enhancements were attributed to the porous granule 
structure formed during agglomeration and the amphiphilic nature of inulin, which facilitates hydrophilic and 
hydrophobic interactions. The combination of inulin and agglomeration also showed potential to moderate the 
glycemic response while expanding the applicability of PRP in plant-based foods for health-conscious consumers. 
Despite the powder’s high cohesiveness (Carr index 32.5%, Hausner ratio 1.34), it exhibited improved wettabil-
ity, dispersibility, and reconstitution properties. These findings highlight pulsed fluidized-bed agglomeration with 
inulin as a promising approach for developing high-performance, plant-based powders for food and beverage 
applications. 

Keywords: air pulsation; instant rice powder; glycemic index; reconstitution; oil holding capacity; water holding capacity

Introduction

The growing demand for convenient and nutritionally 
enriched products has led to the development of instant 
powder drinks, valued for their ease of preparation, 
extended shelf life, and suitability for various dietary 

needs, particularly among the elderly and individu-
als requiring specialized nutrition (Zupo et al., 2021; 
Kim et al., 2023). These drinks, typically in fine powder 
form, offer quick rehydration and ease of consumption, 
addressing challenges related to chewing and digestibility. 
Among the promising ingredients for such products is 
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riceberry, a pigmented rice variety native to Thailand. 
Renowned for its vibrant color and rich nutritional pro-
file, riceberry is packed with antioxidants and bioactive 
compounds that provide significant health benefits. As a 
gluten-free, plant-based ingredient, it is particularly well-
suited for producing instant powder drinks that cater 
to health-conscious consumers and those with dietary 
restrictions (Kongthililerd et al., 2020). However, like 
many fine powders, instant riceberry powder presents 
challenges such as poor flowability, high cohesiveness, 
and low solubility, which can impede its processing and 
reconstitution properties (Rosa et al., 2020; Lim et al., 
2024). Overcoming these limitations requires process-
ing techniques, and pulsed fluidized-bed agglomeration 
has emerged as a highly effective method. This tech-
nique converts fine powders into larger, porous granules, 
enhancing their flowability, bulk density, and reconstitu-
tion properties. The process operates through dynamic 
and interdependent parameters, including fluidizing air 
velocity, temperature, binder feed rate, and atomization 
pressure, all of which influence granule formation and 
quality. Among these factors, the selection of a suitable 
binder and its concentration are particularly critical, 
as they directly affect the binding mechanism, struc-
tural integrity, and functional performance of the gran-
ules (Nascimento et al., 2020; Nascimento et al., 2021). 
Optimizing these parameters is essential for achieving 
powders that are not only functional but also meet con-
sumer expectations for performance and convenience.

Inulin, a soluble dietary fiber, is gaining attention as a 
multifunctional binder in agglomeration processes. Its 
amphiphilic nature, characterized by both hydrophilic 
and hydrophobic components, enables it to improve 
water and oil holding capacities, enhance particle bind-
ing, and contribute to the formation of stable, porous 
granules. These properties make inulin a promising 

candidate for improving the instantaneous and func-
tional attributes of powders. Additionally, inulin contrib-
utes to enhanced flowability, reduced cohesiveness, and 
improved solubility, addressing critical issues in powder 
handling and performance. Previous studies have demon-
strated its success in fluidized-bed agglomeration, where 
it not only improved functional and handling properties 
but also added nutritional benefits to powders such as 
acacia gum (Rosa et al., 2020). Despite these advantages, 
the application of inulin in pulsed fluidized-bed agglom-
eration, particularly for improving the properties of 
instant riceberry powder, remains unexplored.

Given the growing demand for high-quality plant-based 
powders with improved handling and functional prop-
erties, this study aims to bridge this gap by utilizing 
inulin as a binder in pulsed fluidized-bed agglomera-
tion. Specifically, the research focuses on evaluating the 
effects of varying binder feed rates and concentrations 
on the agglomeration process and its impact on the qual-
ity attributes of pre-gelatinized riceberry powder. Using 
response surface methodology, the study seeks to iden-
tify the optimal agglomeration conditions to enhance 
key properties, including final moisture content, process 
yield, and mean particle size. By addressing these chal-
lenges, this research aims to advance the development of 
plant-based instant powders that offer superior function-
ality, convenience, and consumer appeal.

Materials and Methods

Materials and preparation of pre-gelatinized riceberry 
powder

Riceberry (Oryza sativa L.), as shown in Figure 1A, was 
traditionally cooked in a domestic electric rice cooker 

(A) (B)

Figure 1.  Riceberry (A) and Pre-gelatinized riceberry (B).
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with a rice-to-water ratio of 1:3. The pre-gelatinized rice-
berry (Figure 1B) was then dried in a tray dryer at 60°C 
until its moisture content dropped below 10% on a wet 
basis (wb). This pre-gelatinized riceberry was ground 
and passed through an 80-mesh sieve to produce a fine 
powder (PRP), which was subsequently stored in an 
aluminum-foil bag until needed. Additionally, inulin 
powder, provided by 4Care Co., Ltd., Thailand, was dis-
solved in distilled water to prepare binder solutions with 
varying concentrations of 10%, 15%, and 20% by weight.

Experimental setup and agglomeration procedure

Figure 2 illustrates the lab-scale fluidized-bed agglomer-
ator equipped with a pulsed-air setup. Ambient air was 
drawn into the agglomeration system through an air 
blower powered by a 1-hp motor (Mitsubishi Electric 
Automation, Thailand Co., Ltd.) (number 1), with its 
velocity modulated using an inverter (Model H-3200 
Series, Haitec Transmission Equipment Co., Ltd., China) 
(number 2). The air used for fluidization was heated in 
a heating box consisting of ten 1-kW finned heaters 
(number 3), with the temperature regulated by a PID 
temperature controller (Model MAC-3D, Shimax Co., 
Ltd., Japan) (number 4).

A fixed sample of 300 g of PRP was introduced into a 
plexiglass cylinder (number 5) and fluidized at a constant 

inlet air velocity of 0.5 m·s–1 with a fixed temperature of 
70°C. To enhance the flowability of the powder, pulsed 
fluidizing air was introduced through a butterfly valve 
operated by a DC motor (number 6), with an air pul-
sation frequency of 0.5 Hz, adjusted using L298N and 
Raspberry Pi 4B boards. A two-fluid nozzle (number 7), 
positioned 0.3 m above the air distributor (number 8), 
was utilized to atomize the binder solution under an 
atomization pressure of 1 bar. The binder solution was 
administered via a peristaltic pump (number 9) at vary-
ing feed rates of 3.5, 4.5, and 5.5 mL·min–1 over a fixed 
process time of 30 min. During the agglomeration pro-
cess, elutriated powder was collected using a cyclone 
(number 10) installed above the reactor. A full factorial 
experimental design was employed, incorporating two 
factors at three levels each—binder feed rate (3.5–5.5 
mL·min–1) and binder concentration (10–20% w/w)—to 
structure the experimental runs.

Response surface and statistical analysis

Response surface methodology (RSM), associated with 
a 32 full factorial design using Design-Expert (Stat-Ease, 
Inc.), was used to investigate the impacts of two agglom-
eration parameters: binder feed rate (3.5–5.5 mL·min–1) 
and binder concentration (10–20% w/w) on the responses 
of moisture content (MC), mean particle size (D50), 
and process yield (%yield). Furthermore, quadratic 
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Figure 2.  Schematic diagram of a lab-scale fluidized-bed agglomeration system.
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Particle size measurement

Particle size analysis was performed using the laser 
diffraction method with a particle analyzer (Horiba 
LA-960V2, Horiba Ltd., Japan), calibrated to a particle 
refractive index of 1.53. The mean particle size distribu-
tion was expressed using the D50 values, which represent 
the diameters below which 50% of the particles fall.

Process yield

Process yield (%yield) was expressed as the powder 
remaining in the chamber (mf) after sieving with an 850-
μm aperture sieve, avoiding lumps with oversize. The 
%yield value was calculated using equation (4), where mi 
represents the initial powder mass.

	 f

i

m%yield 100
m

= × 	 (4)

Reconstitution properties

The protocols proposed by Jinapong et al. (Jinapong 
et al., 2008) were used to determine wettability and dis-
persibility. Briefly, the wetting time, defined as the time 
required for 0.1 g of powder to completely sink in 100 mL 
of water contained in a 250-mL beaker, was determined 
and expressed as wettability. Dispersibility was measured 
using the ratio of dissolved powder to the total amount of 
dry powder, as expressed in equation (5),

	 ( )10 a %TS
% dispersibility 100 ba

100

+ ×
=

−
×

	 (5)

where constants a and b represent the mass of the pow-
der used (g) and its moisture content (%wb), respectively, 
and %TS indicates the dry matter content of the reconsti-
tuted powder after sieving.

Water holding and oil holding capacity

Following the methods of Zhou et al. (Zhou et al., 2023) 
and Tian et al. (Tian et al., 2024), the water holding 
capacity (WHC) and oil holding capacity (OHC) of the 
powder samples were assessed by mixing 0.1 g of the 
sample with 10 mL of distilled water for WHC or 15 mL 
of corn oil for OHC. The mixtures were allowed to rest 
undisturbed at 25°C for 18 h to ensure thorough absorp-
tion. After this period, they were centrifuged at 2000 rpm 
for 15 min. Following centrifugation, the supernatant and 
any liquid remaining in the tube were carefully removed. 

correlations of all factors and their responses were used 
to explore the influence of operating variables on quality 
attributes.

Mean results were compared using one-way analysis of 
variance (ANOVA) with Duncan’s multiple range test at 
a 90% confidence level, conducted using SPSS software 
(IBM Corporation).

Characterization of instant riceberry powder

Moisture content is one of the most important param-
eters affecting agglomeration efficiency, as it directly 
impacts bed stability during the process. The moisture 
content (MC) of powders was determined using a stan-
dard oven method (AOAC 2020), which involves briefly 
drying 3 g of the sample in a hot air oven at 105°C for 
48 h. In this work, MC was expressed on a wet basis (wb).

Bulk properties in terms of bulk (ρb), tapped density (ρt) 
were determined following the work of Dacanal et  al. 
(2016), while particle density (ρp) was measured using 
a gas pycnometer (Ultrapyc 1200e, Quantachrome 
Instruments, Anton Paar Co., Ltd., Austria) (Jinapong 
et al., 2008). Powder porosity (ε) was expressed using 
equation (1).

 	 ρε
ρ

 
=  − × 
 

b

p
1 100 	 (1)

Carr Index (CI) representing powder flowability was cal-
culated using equation (2) and used to classify the flow-
ability as follows: CI<15 (very good), 15<CI<20 (good), 
20<CI<35 (fair), 35<CI<45 (bad), and CI>45 (very bad) 
(Dacanal et al., 2016).

	
( )tap b

tap
CI 100

ρ ρ

ρ

−
= × 	 (2)

Powder cohesiveness was classified using the Hausner 
ratio (HR), calculated as the ratio of tapped to bulk den-
sity (equation 3). Classifications of cohesiveness were as 
follows: HR<1.2 (low), 1.2<HR<1.4 (intermediate), and 
HR>1.4 (high) (Dacanal et al., 2016).

	 tap

b
HR

ρ
ρ

= 	 (3)

A scanning electron microscope (SEM) (Tabletop 
Microscope, TM4000Plus, Hitachi, Hitachi High-Tech 
Ltd.) was utilized to examine the morphology of the par-
ticles. The SEM was operated at magnifications of 50× 
and 100× with an accelerating voltage of 15 kV.
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Pasting properties

Following Lai (2001) and Yusuf et al. (2022), the pasting 
properties of the powders were determined using a past-
ing analyzer (RVA4, Newport Scientific, Australia) with a 
sample suspension of 12% w/v, prepared by mixing 3 g of 
powder with 25 mL of distilled water. The standard heat-
ing method was used to characterize peak viscosity, min-
imum viscosity, breakdown, final viscosity, setback, and 
pasting temperature.

Results and Discussion

RSM results and optimal condition

Binder characteristics are crucial factors influencing 
agglomeration efficiency. In this study, binder concen-
tration and its feed rate were varied to investigate their 
effects on final moisture content, process yield, and mean 
particle size using response surface methodology. Table 1 
presents the two operating factors, including binder 
concentration (C) and feed rate (F), along with their 
responses in terms of final moisture content (MC), pro-
cess yield (%yield), and mean particle size (D50). The data 
presented in Table 1 reveal the significant impact of both 
input parameters on their responses in different ways.

The moisture content of agglomerates is one of the 
main properties affecting bed stability and the perfor-
mance of the agglomeration process (Lipps and Sakr 
1994; Silva and Taranto 2015; Custodio et al., 2020). 
In fluidized-bed agglomeration, the binder solution is 
top-sprayed onto a powder bed, wetting and bridging, 
followed by drying to form agglomerates. These mech-
anisms must be balanced to avoid bed collapse and 
process imperfections. According to Table 1, the un-ag-
glomerated rice powder had a moisture content of 5.91% 
wb, but this increased to a range of 6.89–9.46% after the 
agglomeration process under various conditions. These 
notably higher moisture contents can be attributed to 
additional moisture retention due to the binder, indicat-
ing that binder drying was insufficient for water evap-
oration during the formation of liquid and later solid 
bridges (Rosa et al., 2020; Atalar et al., 2021). However, 
prolonged drying was not necessary, as the moisture 
contents of the agglomerated powders remained at a 
safe level, below 10% wb (Quek et al., 2007; Atalar et al., 
2021). Nevertheless, the final moisture contents of all 
agglomerates were within the acceptable safe limit of 
≤10% (wb) (Custodio et al., 2020).

Considering the effect of binder feed rate, Table 1 shows 
that the moisture content of agglomerates increased with 
an increasing feed rate for all binder concentrations. This 
positive trend resulted from a higher entry of binder 

The WHC and OHC values were subsequently calculated 
using the following equation,

	 2 1

1

(M M )WHC (OHC)
M
−

= 	 (6)

where M1 and M2 are initial sample and ultimate sample 
weight (g).

Glycemic index

The predicted glycemic index (pGI) was assessed fol-
lowing the protocols proposed by Goñi et al. (1997) and 
Yusufoğlu et al. (2022), using white bread as the reference 
carbohydrate. A 100 g sample was placed in a centrifuge 
tube, combined with 10 mL of HCl–KCl buffer (pH 1.5), 
and vortexed for 15 s. Then, 0.2 mL of pepsin solution (10 
mg/mL HCl) was added, and the mixture was incubated 
at 40°C for 60 min. The volume was adjusted to 25 mL 
with Tri-maleate buffer (pH 6.9), followed by the addition 
of 5 mL of α-amylase solution (2.6 IU). Starch hydrolysis 
proceeded at 37°C, with aliquots taken every 30 min for 
180 min to quantify glucose release. Enzyme activity was 
stopped by heating at 100°C for 15 min and then centri-
fuged (5000 rpm, 10 min). The supernatant was topped 
up to 100 mL with 0.1 M sodium acetate buffer (pH 4.5). 
To complete hydrolysis, 0.1 mL of the solution was mixed 
with 10 µL of amyloglucosidase and incubated at 50°C 
for 20 min, followed by the addition of 3 mL of glucose 
oxidase/peroxidase reagent and another 20-min incuba-
tion at 50°C. Glucose was measured at 510 nm using a 
UV–visible spectrophotometer, converted to starch (by 
multiplying by 0.9), and expressed as a percentage of total 
starch hydrolyzed. Samples were analyzed in triplicate.

The pGI was derived from starch hydrolysis kinetics 
using Equations (7)–(10). In equation (7), C and C∞ rep-
resent the percentages of starch hydrolyzed at each time 
and at equilibrium, respectively; k is the kinetic constant; 
and t is time (0–180 min). Equation (8) calculates the 
area under the curve (AUC), and equation (9) provides 
the hydrolysis index (HI) by comparing the sample AUC 
(AUCs) to the reference AUC (AUCr). Finally, equation 
(10) yields the pGI from the HI.

	 C = C∞(1 – e–kt)	 (7)

	 ( ) ( )f 0k t t
f 0

CAUC C t t 1 e
k

− −∞
∞

  = − − −    
	 (8)

	 s

r

AUCHI 100
AUC

 
= × 
 

	 (9)

	 pGI = 0.7 × (39.71 + (0.549 × HI))	 (10)
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Table 1.  Full factorial experimental runs and their responses.

Operating factor Response

C F MC %Yield D50

10 3.5 7.33±0.79bc 82.76±4.75ab 232.16±1.20g

10 4.5 8.17±0.12b 86.15±2.41a 247.88±1.32f

10 5.5 9.45±0.71a 86.77±1.85a 257.35±0.88e

15 3.5 7.02±0.06c 75.03±6.89bcd 260.11±0.53e

15 4.5 8.19±0.46b 79.70±2.76abcd 263.16±3.07e

15 5.5 9.46±0.82a 82.15±6.35ab 272.16±4.04d

20 3.5 6.89±0.05c 71.86±1.72d 304.66±3.18c

20 4.5 8.04±0.69b 73.37±5.69cd 311.41±3.60b

20 5.5 8.28±0.52b 81.34±5.39abc 463.91±3.56a

Un-agglomerated 
powder

5.91±0.31d – 61.47±7.83h

C–binder concentration (% by weight); F–binder feed rate (mL·min−1); 
MC–moisture content (% wet basis); %yield–process yield (%); D50–
mean particle size (µm); Different superscripts represent significantly 
different value in the same column (p>0.05).

solution into the bed, leading to higher humidity in the 
wetting-active zone and consequently a lower drying 
rate under constant input thermal energy. In contrast, 
an opposite trend was observed despite the increasing 
binder concentration. This inverse correlation between 
binder concentration and moisture content at a certain 
feed rate can be explained by the reduced water content 
in the binder solution at higher concentrations, which 
may facilitate faster drying. From these observations, 
it can be concluded that an optimal balance between 
binder concentration and feed rate must be considered to 
achieve high process performance.

The effect of binder concentration and feed rate on the 
process yield (%yield) of agglomerated pre-gelatinized 
riceberry powder (PRP) can be observed in Table 1. The 
results showed that %yields obtained from all experimen-
tal runs were higher than 70%, ranging from 71.86% to 
86.77%, consistent with the results reported in several 
studies. Nascimento et al. (2020) improved the wettability 
of pea protein isolate using pulsed fluidized-bed agglom-
eration with varied binder feed rates of 2.4–3.8 mL·min–1, 
resulting in process yields of 60–74%. Custodio et al. 
(2020) agglomerated a plant protein blend with a varia-
tion in feed rate, ranging from 1.3–2.50 mL·min–1, and 
reported process yields of 56–82%. 

The results in Table 1 show an increasing trend in %yield 
with a higher feed rate, most evident at 20% binder con-
centration. Custodio et al. (2020) also reported similar 
results, demonstrating that the high process yield at a 
high feed rate can be attributed to the increased wetting-
active zone, where a larger amount of binder spray is 
available within the bed for the same agglomeration time, 

leading to rapid particle growth. The enlarged particles, 
with lower drag rates, were fluidized with a lower flow, 
resulting in greater particle retention in the bed. At low 
feed rates, the increased drying rate due to low humid-
ity in the bed led to a lower process yield. Regardless 
of the binder feed rate, %yield tended to decrease with 
higher binder concentration. At low concentration, the 
higher water content in the binder solution resulted in 
prolonged drying, promoting more coalescence of wet-
ted particles with a lower drag rate. Elutriation of fine 
particles was prevented, which consequently provided 
a higher process yield. These results corresponded to a 
higher final moisture content of agglomerates when using 
lower binder concentration. Additionally, the low water 
level in the binder solution may facilitate a spray-drying 
effect, where binder droplets dry before depositing onto 
the particle surface, resulting in imperfections in particle 
bridging and powder loss. This problematic mechanism 
is commonly found in a top-spray fluidized-bed configu-
ration (Duangkhamchan et al., 2015). The present study 
revealed that the most efficient agglomeration, in terms 
of process yield, could be achieved when using a lower 
binder concentration of 10%.

Mean particle size (D50) is commonly used to evaluate 
the efficiency of the agglomeration process. As shown in 
Table 1, the D50 of the agglomerates, ranging from 232 μm 
to 464 μm, was larger than that of the un-agglomerated 
PRP (∼61.47 μm). The impact of agglomeration on par-
ticle size was confirmed by SEM micrographs, as shown 
in Figure 3. SEM micrographs of the un-agglomerated 
PRP show small, isolated particles with a polysized dis-
tribution (Figure 3A, 3B), while the agglomerated pow-
ders were noticeably larger with more irregular shapes 
(Figure 3C–F). The attachment of small particles to 
form the granules confirmed the agglomeration mecha-
nism. Table 1 shows a positive trend in D50 with increas-
ing binder feed rate across binder concentrations. At 
the highest feed rate of 5.5 mL·min–1, the mean particle 
size increased most notably under the 20% binder con-
centration. More binder spray was introduced into the 
wetting-active zone, resulting in a higher level of humid-
ity in the bed during the same process time. Therefore, 
the drying rate was lower, allowing more wetted parti-
cles to coalesce and form larger granules. A similar trend 
was observed with variation in binder concentration. 
This increase in particle size was likely due to the reduc-
tion of empty spaces between particles saturated with 
liquid (Jinapong et al., 2008; Custodio et al., 2020). The 
dramatic increase observed at the highest feed rate (5.5 
mL·min–1) was attributed to the excessive binder in the 
bed, which enhanced cohesion and promoted the forma-
tion of larger agglomerates. 

The ANOVA results summarized in Table 2 highlight 
the statistical significance of the quadratic relationships,  
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Figure 3.  SEM micrographs of un-agglomerated power (A, B), agglomerated under feed rate of 3.5 mL⋅min−1 and concentra-
tion of 10 % (C, D) and feed rate of 5.5 mL⋅min−1 and concentration of 20 % (E, F) at the magnification of 50x (A, C, E) and 100x 
(B, D, F).

Table 2.  Second-order regression coefficients for moisture 
content, process yield, and mean particle diameter.

Source Estimate coefficients

MC %Yield D50

β0 8.26 78.80 248.98

β1 –0.29* −4.85* 57.10*

β2 0.99* 3.43* 32.75*

β12 −0.18ns 1.37ns 33.51*

β11 −0.20ns 1.42ns 37.75*

β22 −0.06ns 0.25ns 24.24*

p-value <0.0001* 0.0006* <0.0001*

F-value

Model 12.80 6.87 31.76

X1 4.88 21.69 90.01

X2 57.01 10.87 29.61

R2 0.75 0.62 0.88

*Represents significant difference (p<0.05), while ns stands for ‘not 
significant.’

as expressed in equation (11), between the input 
variables—binder concentration (C) and feed rate (F)—
and the corresponding responses (MC, %yield, and 
D50). The analysis shows that all models were statisti-
cally significant (p < 0.05), confirming their reliability in 

predicting the responses based on the operating parame-
ters investigated in this study.

	 Y = β0 + β1X1 + β2X2 + β12X1X2 + β11X1
2 + β22X2

2	 (11)

where Y is the estimated response, Xi is the independent 
process variable and βi denotes the model coefficient for 
variable i.

The moisture content model, with an F-value of 12.80 and 
an R² of 0.75, revealed the significance of linear terms, as 
indicated by a p-value below 0.05. Notably, the binder 
feed rate (F-value = 57.01) was the most influential factor, 
followed by binder concentration (F-value = 4.88). These 
relationships are illustrated in Figure 4, where the highest 
moisture content (~9.4% wb) occurred at the maximum 
feed rate (5.5 mL·min–1) and the lowest binder concentra-
tion (10%). Conversely, the lowest moisture content (6.9% 
wb) was observed at 3.5 mL·min–1 and 20% binder con-
centration. The 3-D contour plot (Figure 4) emphasizes 
that feed rate had a more pronounced effect than binder 
concentration, with higher feed rates leading to increased 
moisture due to greater adsorption in the wetting-active 
zone over the same process duration. This aligns with 
Custodio et al. (2020), who reported similar findings for 
açaí pulp as a binder. However, higher binder concentra-
tions slightly reduced moisture content, as less water in 
the binder solution facilitated faster drying, especially 



Italian Journal of  Food Science, 2025; 37 (3)� 219

Improving functional properties of  riceberry powder via agglomeration

binding. This adverse trend was not reported by Dacanal 
and Menegalli (2010), possibly due to the high viscos-
ity of inulin solutions at elevated concentrations, which 
may produce oversized lumps (>850 µm). Conversely, 
increasing feed rate consistently improved %yield across 
all binder concentrations. Higher feed rates expanded the 
wetting-active zone, enabling more particles to be wet-
ted and promoting rapid particle growth under reduced 
drying rates. This resulted in larger, heavier granules and 
minimized process losses caused by fine powder elutri-
ation, as confirmed by the positive coefficient (3.43) for 
feed rate in the ANOVA analysis (Table 2) and findings 
from Nascimento et al. (2020).

Table 2 highlights a highly significant quadratic relation-
ship for mean particle size (D50), supported by a p-value 
< 0.0001, an F-value of 32.22, and a robust R² value of 
0.88, indicating the model’s reliability. Notably, all mono-
mial, interaction, and quadratic terms were statistically 
significant at a confidence level above 95%. Among the 
factors, binder concentration emerged as the most influ-
ential, with an F-value of 91.17, whereas binder feed rate, 
though significant, had a lesser impact with an F-value 
of 11.56. As illustrated in the 3D contour plot (Figure 6), 
the largest agglomerate size was achieved at the highest 
binder concentration (20%) combined with the maxi-
mum feed rate (5.5 mL·min–1), whereas the smallest size 
occurred at the lowest concentration and feed rate. This 
increasing trend in particle size with higher binder con-
centrations aligns with the positive correlation observed 
in the ANOVA analysis, particularly at high feed rates, 
which can be attributed to the proportional relation-
ship between the viscosity of the binder solution and 
the strength of the solid bridges (Lee and Yoo 2023). 
Similarly, binder feed rate contributed to particle size 
growth, but its influence was less pronounced at lower 

at higher feed rates, as indicated by a negative estimate 
coefficient (–0.29). Dacanal and Menegalli (2010) also 
observed a similar trend with maltodextrin concentra-
tions (10–41.9%) for soy protein isolate. Importantly, the 
influence of binder concentration was more significant at 
higher feed rates (4.5–5.5 mL·min–1), while at lower feed 
rates (3.5 mL·min–1), moisture content remained stable 
despite varying concentrations. These results suggest that 
optimizing the combination of binder concentration and 
feed rate is crucial for maintaining desired moisture lev-
els, ensuring bed stability, and achieving optimal granule 
attributes.

The ANOVA results (Table 2) shed light on the effects 
of binder concentration and feed rate on process yield 
(%yield), with the model showing high statistical sig-
nificance (p = 0.0006, F-value = 6.87), indicating its 
robustness in capturing the influence of agglomeration 
parameters. Although the R² value (0.62) was relatively 
low, the model effectively highlighted the stronger impact 
of binder concentration (F-value = 21.69) compared to 
feed rate (F-value = 10.87), offering a useful guideline 
for process control and optimization. Figure 5 illus-
trates these trends, where the maximum yield (~87%) 
was achieved at a feed rate of 5.5 mL·min–1 and a binder 
concentration of 10%, while the highest product loss 
occurred at 3.5 mL·min–1 with a concentration of 20%. 
Increasing binder concentration led to a notable reduc-
tion in %yield, particularly at lower feed rates, as reflected 
by the negative coefficient (–4.85) in Table 2. This reduc-
tion is likely due to the lower water content in high-con-
centration binder solutions, which promotes faster 
drying and reduces particle coalescence. Consequently, 
fine particles may exit through the chamber outlet before 
forming solid bridges, or the binder spray may dry pre-
maturely, causing attrition losses and incomplete solid 
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Influence of operating variables on agglomerated powder 
properties

In addition to the key parameters used to evaluate 
agglomeration efficiency, such as moisture content, pro-
cess yield, and particle size, the functional properties of 
the agglomerated PRP play a crucial role in determining 
its suitability for practical applications. Bulk properties, 
flowability, cohesiveness, and reconstitution character-
istics are essential attributes that influence powder han-
dling, storage, and performance in end-use scenarios. 
These properties, summarized in Table 3, are particularly 
important for ensuring the consistency and quality of the 
final product—especially when using inulin as a binder to 
enhance functionality. The following sections will present 
and discuss these key attributes, including bulk proper-
ties, flowability, cohesiveness, reconstitution, and other 
functional properties, highlighting their dependence on 
the operating conditions and their implications for the 
further application of the agglomerated PRP.

Bulk properties

Table 3 highlights the impact of binder feed rate and 
concentration on the bulk properties, flowability, cohe-
siveness, and porosity of agglomerated pre-gelatinized 
riceberry powder (PRP). Significant changes in bulk, 
tapped, and particle densities, as well as porosity, were 
observed depending on the operating conditions tested, 
with agglomerated samples consistently differing from 
un-agglomerated PRP.

The un-agglomerated powder exhibited a bulk density of 
779.61 kg·m–3, which was significantly higher than that 
of the agglomerates (443.04–510.28 kg·m–3). Similarly, 
its tapped density (1189.18 kg·m–3) exceeded those of the 
agglomerates (594.81–750.41 kg·m–3). These decreases in 
density were most pronounced at the highest binder con-
centration (20%) and feed rate (5.5 mL·min–1), conditions 
that also produced the largest granules. This reduction in 
density is attributed to the formation of larger particles 
with void structures, leading to less compact agglom-
erates, as reported by Atalar and Yazici (2019). Both 
bulk and tapped densities showed a decreasing trend 
with increasing binder concentration and feed rate, fur-
ther confirming the impact of these factors on particle 
compactness.

The particle density of the agglomerates (1513.20–
1564.82 kg·m–3) was lower than that of the un-
agglomerated PRP (2206.09 kg·m–3), but showed minimal 
variation across agglomeration conditions. This consis-
tency suggests that the agglomeration process primarily 
affects the particle’s external structure rather than its 
internal density. Correspondingly, porosity increased 

binder concentrations, as evidenced by the profile exhib-
iting a shallow gradient. At low viscosities, the strength 
of the solid bridges was insufficient to withstand the 
forces generated during particle collisions, leading to 
fracturing as the dominant mechanism (Lee and Yoo 
2023). Consequently, these results underscore the need 
for careful optimization of binder concentration and feed 
rate to achieve the desired granule size, which is crucial 
for ensuring the functional properties of the powder.

The optimal operating conditions for the agglomera-
tion process were determined based on key parameters, 
including final moisture content, process yield, and mean 
particle size. A binder concentration of 20%, combined 
with a feed rate of 5.5 mL·min–1, produced the most 
favorable results, yielding agglomerated powder with an 
acceptable moisture content (≤10%), a high process yield 
(~81%), and a median particle size (~464 μm) signifi-
cantly larger than those obtained under other conditions 
with similar moisture levels. This optimal combination 
effectively balanced particle wetting and solid bridging, 
as indicated by the slight increase in moisture content 
from the un-agglomerated powder (5.91% wb) to the 
agglomerates (6.89–9.46% wb). These results highlight 
the process’s ability to maintain stable fluidized bed con-
ditions while minimizing product losses and enhancing 
the physical attributes of the powder.

While these parameters effectively demonstrate the 
process efficiency, the functional attributes of the 
agglomerated powder—affected by feed rate and binder 
concentration—are equally critical to assess. Since the 
primary goal of using inulin as a binder was to enhance 
powder functionality, further analysis is needed to explore 
these attributes. The following sections will discuss in 
detail the functional properties of the agglomerates and 
how they are influenced by the process conditions.
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significantly in the agglomerated samples (67.39–70.72%) 
compared to the un-agglomerated PRP (64%), with the 
highest porosity observed at the highest binder concen-
tration and feed rate. This increase is attributed to par-
ticle enlargement and the formation of voids within the 
granule structure, as also noted by Atalar et al. (2021). 
Similar trends have been observed in other materials, 
such as mushroom powder (76%), milk protein isolate 
powder (72–80%) (Ji et al., 2015), and yogurt powder 
(51–81%) (Atalar and Yazici 2018).

Flowability and cohesiveness, evaluated through the Carr 
Index (CI) and Hausner Ratio (HR), respectively, showed 
distinct trends across the tested conditions. The un-ag-
glomerated PRP exhibited a CI value of 34.44%, classify-
ing it as having fair flowability (CI: 20–35%). While the 
CI values of all agglomerated samples were higher, indi-
cating limited improvement in flowability, cohesiveness 
showed noticeable enhancements under certain condi-
tions. Specifically, the un-agglomerated PRP, classified as 
highly cohesive (HR > 1.4), exhibited higher HR values 
compared to the agglomerated samples. Agglomerates 
produced with binder concentrations of 10–15% and feed 
rates of 3.5–5.5 mL·min–1 had slightly lower HR values 
(1.41–1.47), still classified as highly cohesive. Notably, 
at the highest binder concentration (20%) and feed rate 
(5.5 mL·min–1), HR values ranged from 1.34 to 1.38, 
transitioning the powder into the intermediate cohe-
siveness category (1.2 < HR < 1.4). These results suggest 
that higher binder concentrations and feed rates reduce 
cohesiveness while simultaneously improving powder 
handling properties. The observed trends in CI and HR 
provide valuable insights for further optimization to 
enhance both flowability and cohesiveness in agglomer-
ated powders.

Reconstitution properties 

This study also examined the effects of binder feed rate 
and concentration on the wettability and dispersibil-
ity of agglomerated powders, as shown in Table 3. Both 
wettability and dispersibility were generally improved 
after agglomeration. The process with a feed rate of 5.5 
mL·min–1 and a binder concentration of 20% resulted in 
the shortest wetting time of 16.50 s and the highest dis-
persibility of 89.10%. 

Wettability is expressed as the time required to com-
pletely wet the powder. As shown in Table 3, the wetting 
time decreased from 61.20 s to a range of 16.50–52.50 s 
after agglomeration. The agglomerated powders, which 
contained more voids, wetted and sank faster into the 
water, resulting in shorter wetting times. For each binder 
concentration, a higher feed rate resulted in a shorter 
wetting time. For instance, at a 15% binder concentration, 
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the enlarged particles, which facilitate water penetration 
and increase solubility (Lee and Yoo 2020, Lee and Yoo 
2023). Moreover, the higher inulin levels at elevated feed 
rates and binder concentrations facilitated faster mois-
ture absorption, thus increasing dispersibility (Tsokolar 
et al., 2015). Inulin, known as a soluble fiber, forms a 
permeable hydrophilic layer, allowing the agglomerated 
powders to dissolve easily (Ji et al., 2016, Lee and Yoo 
2023). As a result, higher levels of inulin in the powders 
at increased feed rates and concentrations can signifi-
cantly enhance moisture absorption and, consequently, 
the solubility of the agglomerated riceberry powder.

Water and oil holding capacity and predicted  
glycemic index

The functional properties of agglomerated pre-gelatinized 
riceberry powder (PRP), including water holding capacity 
(WHC), oil holding capacity (OHC), and predicted gly-
cemic index (pGI), offer valuable insights into its suit-
ability for various applications. WHC and OHC reflect 
the powder’s ability to retain water and oil, respectively, 
which are important for improving texture, stability, 
and performance in food formulations. Meanwhile, pGI 
serves as a key indicator of the powder’s potential impact 
on blood glucose levels, which is increasingly relevant 
with the growing demand for low-glycemic products in 
health-focused markets. The results of these properties 
under different binder concentrations and feed rates are 
summarized in Table 4, and their implications for the 

the wetting time reduced from 44.40 s at 3.5 mL·min–1 
to 28.50 s at 5.5 mL·min–1, indicating better wettability. 
At the highest levels of feed rate and binder concentra-
tion, the powder with the largest mean particle size (D50 
= 464 μm) took the shortest time to become completely 
wet, while the agglomerates with the smallest size (D50 = 
232 μm) at a feed rate of 3.5 mL·min–1 and a binder con-
centration of 10% had the longest wetting time, demon-
strating that particle enlargement resulted in better 
wettability. This improved wettability was also reported 
by Atalar et al. (2021), who showed that the wetting 
time for mushroom powder, overcoming surface ten-
sion at the solid-liquid interface, decreased dramatically 
from several hours to seconds after agglomeration. This 
enhanced wettability was further confirmed by Atalar 
and Yazici (2019) and Yuksel and Dirim (2020) for yogurt 
powder and spinach powder, respectively. Table 3 also 
shows the adverse effect of binder concentration, with 
shorter wetting times observed at higher binder con-
centrations. This is due to the increased void structures 
inside larger granules, which facilitate faster water pen-
etration. For instance, at a feed rate of 5.5 mL·min–1, the 
wettability exhibited the following ascending order: 10% 
(D50 = 257 μm), 20% (D50 = 272.16 μm), and 30% (D50 = 
463.91 μm). Additionally, as a soluble fiber, higher inulin 
concentrations in the binder solution may facilitate easier 
water absorption during the reconstitution process. This 
finding was supported by Rosa et al. (2020), who demon-
strated the improved wettability of acacia gum powder 
agglomerated with inulin as a binder. The results showed 
that the agglomerated powder took only 2 s to rapidly 
sink in the liquid, while the native powder did not even 
submerge after 600 s.

Dispersibility, which measures the ability of a powder 
to suspend in an aqueous solution, is one of the criti-
cal parameters used to characterize instant powders. 
Table  3 shows that the dispersibility of agglomerated 
powders was improved, with values ranging from 47.76% 
to 89.10%, compared to the un-agglomerated powder 
(53.66%). The enhanced dispersibility of the agglomer-
ates was linked to their larger size and increased poros-
ity, which facilitated greater liquid penetration. This 
observation has been reported for various raw materials, 
such as spinach juice powder (Yuksel and Dirim 2020), 
pre-gelatinized potato starch powder (Lee and Yoo 2023), 
xanthan gum powder (Lee and Yoo 2020), and mush-
room powder (Atalar et al., 2021). Additionally, both 
binder feed rate and concentration positively impacted 
the powder dispersibility. For example, at a 10% binder 
concentration, solubility increased from 47.76% at a 3.5 
mL·min–1 feed rate to 65.46% at a 5.5 mL·min–1 feed rate. 
This improvement was even more pronounced at higher 
binder concentrations, with solubility reaching 89.10% at 
a 20% binder concentration and a 5.5 mL·min–1 feed rate. 
This positive effect can be attributed to the larger voids in 

Table 4.  Water and Oil holding capacity and predicted glycemic 
index of PRP agglomerated under different conditions.

Binder condition WHC OHC pGI

C F

10 3.5 5.67±0.37c 5.66±0.45de 83.51±0.38b

10 4.5 6.05±0.39bc 5.69±0.31e 82.38±0.36b

10 5.5 6.25±0.04b 5.86±0.19de 83.85±0.65b

15 3.5 6.18±0.20bc 6.04±0.25cde 80.47±0.68c

15 4.5 6.30±0.33b 6.33±0.30bcde 80.33±0.81c

15 5.5 6.56±0.16b 6.55±0.59bc 80.25±0.68c

20 3.5 6.50±0.09b 6.36±0.17bcd 76.51±0.60d

20 4.5 7.49±0.28a 6.91±0.35ab 75.42±0.72de

20 5.5 7.83±0.32a 7.35±0.51a 74.42±0.73e

Un-agglomerated 3.43±0.12d 5.04±0.29f 96.77±2.10a

Raw powder 3.82±0.53d 4.57±0.37f 55.74±0.97f

C–binder concentration (% by weight); F–binder feed rate (mL·min−1); 
WHC−water holding capacity (g⋅g−1); OHC−oil holding capacity 
(g⋅g−1); pGI−predicted glycemic index; Different superscripts 
represent significantly different value in the same column (p>0.05).
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functional and nutritional qualities of the agglomerates 
are discussed in detail below.

The WHC values of pre-gelatinized riceberry powder 
(PRP) significantly increased after the agglomeration 
process, with values ranging from 5.67 to 7.83 g·g–1, com-
pared to 3.82 g·g–1 for the raw powder and 3.43 g·g–1 for 
un-agglomerated PRP (Table 4). This improvement can be 
attributed to two primary factors: the structural changes 
induced by agglomeration and the amphiphilic nature of 
inulin. During agglomeration, inulin’s hydrophilic prop-
erties enhance water retention by forming hydrogen 
bonds between its hydroxyl (-OH) groups and water mol-
ecules. Furthermore, the process creates larger, porous 
granules with expanded surface areas and increased 
void spaces, which trap water through capillary action. 
Higher binder concentrations (20%) and feed rates (5.5 
mL·min–1) amplified these effects, resulting in the highest 
WHC values. Additionally, the reduction in bulk density 
during agglomeration contributed to increased water 
retention, as more void spaces allowed water to perme-
ate and be absorbed. These results highlight the dual role 
of inulin and the agglomeration process in improving the 
hydration properties of PRP, making it highly suitable for 
applications requiring enhanced water retention, such as 
in food formulations for improved texture and stability.

The OHC of PRP also demonstrated significant improve-
ments after agglomeration, with values ranging from 5.66 
to 7.35 g·g–1, compared to 4.57 g·g–1 for the raw powder 
and 5.04 g·g–1 for un-agglomerated PRP (Table 4). This 
enhancement is attributed not only to particle enlarge-
ment resulting from agglomeration but also to the amphi-
philic nature of inulin, which possesses both hydrophilic 
and hydrophobic properties. The hydrophobic portion 
of inulin interacts with water-insoluble components on 
the rice powder surface, such as fats and starches, form-
ing stronger associations that enhance oil retention. 
Simultaneously, the structural transformations during 
agglomeration, such as increased porosity and larger 
particle sizes, create physical spaces that trap oil through 
capillary action and mechanical entrapment. Binder 
concentration played a crucial role, with higher concen-
trations (20%) yielding the maximum OHC values due 
to enhanced hydrophobic interactions and more porous 
granule structures. Similarly, increasing the feed rate pro-
moted uniform binder distribution and robust granule 
formation, further improving oil retention. These findings 
emphasize the dual functionality of inulin and its ability to 
enhance both hydrophilic and hydrophobic interactions, 
making agglomerated PRP particularly effective in appli-
cations such as emulsified foods, where both water and oil 
retention are essential for product stability and quality.

The predicted glycemic index (pGI) of PRP was signifi-
cantly reduced following agglomeration, decreasing from 

96.77 in the un-agglomerated PRP to a range of 74.42–
83.85 in the agglomerated samples (Table 4). Remarkably, 
increasing levels of inulin were associated with a step-
wise reduction in pGI, transitioning from a high glycemic 
index to a moderate one. This reduction is likely due to 
the functional role of inulin, which slows carbohydrate 
digestion and absorption by forming granules that resist 
enzymatic hydrolysis (Ferreira et al., 2021). Among the 
agglomeration parameters, binder concentration had the 
most pronounced effect, as higher inulin levels at 20% 
concentration led to the lowest pGI values. However, 
despite this improvement, the agglomerated PRP remains 
classified as a high-GI product (pGI > 70), indicating that 
further optimization is needed to achieve a lower glyce-
mic index. Potential strategies include incorporating addi-
tional functional ingredients or adjusting formulations to 
further slow starch digestion. Nevertheless, the combi-
nation of inulin and agglomeration has proven effective 
in moderating glycemic response while simultaneously 
enhancing other functional properties, such as WHC and 
OHC. These improvements expand the potential applica-
tions of PRP in plant-based foods, especially those target-
ing consumers seeking healthier, functional food options.

Although these functional changes can influence biolog-
ical processes such as hydration, nutrient retention, and 
glycemic response, this study does not directly assess 
biological properties. Instead, it provides insights into 
how pulsed fluidized-bed agglomeration alters the phys-
ical and chemical characteristics of PRP. These findings 
lay the groundwork for future studies that could evaluate 
the biological effects of these modifications in functional 
food applications.

Pasting properties

The pasting parameters of all samples are illustrated 
in Table 5. The pasting properties varied significantly 
among the powder samples. The un-agglomerated pow-
der exhibited a higher pasting temperature compared 
to the raw sample and had lower viscosity parameters, 
except for the setback (Table 5). Pre-gelatinization, which 
results in the degradation of starch granules, was respon-
sible for the lower viscosity against shear stress (Tô et al., 
2020).

When using inulin solution as a binder with various feed 
rates and concentrations, the pasting temperatures were 
significantly higher than those of the raw and un-ag-
glomerated powders. A similar result was reported by 
Zhang et al. (2019) and Wang et al. (2019), who found 
an increased pasting temperature in sweet potato starch 
and rice starch, respectively, after being mixed with inu-
lin. All viscosity parameters presented in Table 5 show 
the adverse effects of binder feed rate and concentration.  
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Table 5.  Pasting properties of PRP agglomerated under different conditions.

Binder 
condition

Peak viscosity Minimum viscosity Breakdown Final viscosity Setback Pasting temperature

C F

10 3.5 146.04±0.65c 142.33±0.35c 3.71±0.30d 208.54±2.06c 77.84±0.12c 85.3±0.49d

10 4.5 139.42±1.18c 132.17±2.0d 7.25±0.82c 194.84±3.30d 69.05±1.59d 84.83±1.03d

10 5.5 107.80±0.18d 108.05±0.18e −0.25±0.35e 156.04±0.06e 57.34±1.89e 87.73±0.53c

15 3.5 101.88±0.64de 101.83±0.35ef 0.04±0.30e 144.37±2.65f 51.75±0.47f 92.58±0.60b

15 4.5 97.96±0.41e 97.83±0.71fg 0.13±0.30e 140.34±0.23g 48.38±1.00fg 94.65±0.00a

15 5.5 95.09±1.89e 95.17±1.89fg −0.08±0.00e 138.42±2.12gh 48.38±0.06fg 92.98±1.24b

20 3.5 93.00±0.71e 93.04±1.12g −0.04±0.41e 135.25±0.71h 47.67±0.47g 94.70±0.00a

20 4.5 82.58±0.00f 82.59±0.12h 0.00±0.11e 119.04±0.18i 42.30±1.24h 94.85±1.41a

20 5.5 75.67±0.47f 75.79±0.41h –0.13±0.06e 110.20±0.53j 39.88±0.42h 95.43±0.04a

Un-agglomerated 169.50±0.11b 158.96±1.12b 10.54±1.01b 252.46±1.47b 93.50±2.59a 82.50±0.14e

Raw powder 216.09±2.35a 177.21±0.76a 38.88±3.12a 259.54±1.00a 82.34±0.23b 72.28±0.60f

C–binder concentration (% by weight); F–binder feed rate (mL·min−1); Different superscripts represent significantly different value in the same column 
(p>0.05).

The decreased peak viscosity of agglomerated powders 
was attributed to reduced water availability for starch 
swelling due to the highly hygroscopic nature of inulin, 
resulting in a lower amount of leached amylose (Zhang 
et al., 2018; Zhang et al., 2019). The lower breakdown 
values suggested that starch granules in the agglomer-
ated powders were more stable during the heating pro-
cess, indicating an improvement in the heat resistance of 
starch associated with inulin. This observation was con-
sistent with the results reported by Wang et al. (2019), 
Witczak et al. (2014), Ye et al. (2018), and Zhang et al. 
(2019). When using inulin as a binder, setback values 
were lower, as inulin, with its high water-holding ability, 
enhanced inhibition of the short-term retrogradation of 
the un-agglomerated powder (Zhang et al., 2019).

Conclusions

This study demonstrated the effectiveness of pulsed 
fluidized-bed agglomeration with inulin as a binder in 
enhancing the functional and instantaneous properties 
of pre-gelatinized riceberry powder (PRP). The process 
significantly improved water holding capacity, oil hold-
ing capacity, and bulk properties such as density and 
porosity, transforming fine powders into larger, porous 
granules. Additionally, the treatment contributed to bet-
ter wettability, dispersibility, and reconstitution proper-
ties, which are crucial for instant food applications. The 
study also revealed that the amphiphilic nature of inu-
lin played a critical role in facilitating hydrophilic and 
hydrophobic interactions, leading to improved hydration 

and lipid retention properties. Moreover, the combina-
tion of agglomeration and inulin moderated the glycemic 
response, as evidenced by a reduction in the predicted 
glycemic index, making it a promising approach for the 
development of functional plant-based powders. The 
optimal agglomeration conditions—a binder concen-
tration of 20% and a feed rate of 5.5 mL·min–1—yielded 
granules with desirable moisture content (≤10% wb), high 
process yield (~81%), and significantly increased particle 
size (~464 μm), all of which contribute to improved pow-
der handling and performance. However, the study also 
identified challenges related to flowability and cohesive-
ness, as the agglomerated PRP exhibited high cohesive-
ness (Carr index 32.5%, Hausner ratio 1.34).

These findings provide a scientific foundation for the 
application of pulsed fluidized-bed agglomeration 
using inulin as a binder in the development of high-
performance, plant-based powders. This approach offers 
potential applications in functional food formulations 
requiring improved hydration, fat retention, and con-
trolled glycemic response. Future research should focus 
on optimizing process conditions and exploring innova-
tive strategies to further enhance powder flow properties 
while maintaining the desired functional characteristics.
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