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Spray-drying is an encapsulation method that can be used to protect iron from oxidation.

Hydrolysed glucomannan has shown potential as an encapsulant due to its ability to form

a  fine, dense network upon drying. The aim of this study was to evaluate the potential of

hydrolysed glucomannan as a matrix for iron at inlet air temperatures of spray-drying of

110 ◦C, 120 ◦C, 130 ◦C and 140 ◦C. The physicochemical properties and performance of the iron

encapsulation powder were determined. The results indicated that the inlet air temperature

influences the properties and performance of the powder. An increase in the inlet air temper-

ature from 110 ◦C to 140 ◦C led to a greater loading capacity and particle size distribution but

had  an insignificant impact on the moisture content, solubility and swelling. Higher drying

air  temperatures tended to produce a darker powder. The morphological analysis revealed

that  higher inlet drying air temperatures produced powders with rounder shapes, whereas

lower temperatures produced irregular shapes that tended to form deep concavities on the

powder surface. The samples from all inlet temperatures showed similar functional groups

but  in different intensities. The release of iron at pH 6.8 was higher for the lower inlet tem-

peratures. Samples with the highest inlet temperature showed the highest performance in

protecting iron from oxidation. Considering the performance, 130 ◦C is recommended as the
inlet air temperature for iron spray-drying encapsulation using hydrolysed glucomannan.

©  2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
1.  Introduction

Iron is used in the process of oxygen absorption in the blood,
which is ultimately used in digesting food for the process of
physical growth and development (Gupta, 2014). Iron require-
ments are influenced by many  factors, including gender and
age. Iron deficiency or anaemia occurs commonly in infants
and pregnant women. Although rarely resulting in death, iron
deficiency can still impair cognitive performance and immune
system function at all stages of life. Moreover, it affects work

capacity and productivity (WHO,  2001).
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Since a limited degree of iron content is found in dietary
products, the intake of iron could be fulfilled by taking iron
supplements or consuming fortified foods (Bryszewska, 2019).
However, individual choices can substantially alter dietary
components, changing the solubility and absorption of the
iron (Hunt, 2003). Encapsulation could help defend against
iron deterioration. This approach can also protect iron from
oxidation, which can lead to unpleasant odours, tastes and
appearances. In addition, it shields the iron from interactions
with inhibitors that reduce its bioavailability due to chelation
(Bryszewska, 2019).

Currently, spray-drying, in which a solution of a selected
compound is converted into a dry powder, is one of the

most popular encapsulation techniques. This process works
by removing the solvent of a dispersion of the desired com-
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ound in a matrix solution through atomization in hot air,
esulting in a powder (Jana et al., 2017). The matrix used as
n encapsulating material must be food-grade, biodegradable
nd able to form a barrier between the internal element and
ts surroundings (Nedovic et al., 2011). The neutral polysac-
haride glucomannan fulfils these requirements for use as
n encapsulation matrix. Beyond good film formation, a high
evel of water solubility and edibility, glucomannan is able
o form a fine, dense network upon drying (Wattanaprasert
t al., 2017). However, its high viscosity, which measures more
han 4000 cps for a 1% solution of 73% purity glucomannan
Wardhani et al., 2015), places limitations on the application
f glucomannan in spray-drying encapsulation. Given that
he highest possible viscosity for a typical spray dryer is only
00 cps, the high viscosity of glucomannan can cause block-
ge of the nozzle of the spray dryer (Sosnik and Seremeta,
015). However, Wattanaprasert et al. (2017) reported that 1500
nits of mannanase are able to hydrolyse and reduce 18%
lucomannan to a viscosity of 285 cps. Cellulase, which is a
ixture of endoglucanase, exoglucanase and glucosidase, is

he most common enzyme used for glucomannan hydrol-
sis (Jiang et al., 2018). Hydrolysed glucomannan has been
sed to encapsulate various active compounds, such as andro-
rapholide (Wattanaprasert et al., 2017) and antitubercular
rugs (Guerreiro et al., 2019).

Prior research on iron encapsulation using the spray-drying
ethod has been carried out by Churio and Valenzuela (2018)

nd Romita et al. (2011). The former (Churio and Valenzuela,
018) reported various concentrations of bovine erythrocytes
nd ferrous sulphate using 40% maltodextrin. Meanwhile,
omita et al. (2011) used carboxymethyl cellulose, gum ara-
ic and different ratios of hydroxypropylmethyl cellulose
nd maltodextrin as an encapsulation matrix for ferrous
umarate. Neither report, however, studied the effects of the
pray-drying conditions on the resultant powder properties.
n contrast, other investigations, including the studies by
anthalakshmy et al. (2015), Shi et al. (2018), and Tran and
guyen (2018), have reported on the impacts of spray-drying
onditions on the resultant powder properties. Still, the eval-
ation of the impact of inlet spray-drying temperature on

ron encapsulation using hydrolysed glucomannan has not yet
een explored. Therefore, the aim of the present study was
o evaluate the effects of the inlet drying air temperature on
he performance of iron encapsulation using hydrolysed glu-
omannan prepared by the spray-drying method. This paper
resents novel observations of the efficacy of enzymatically
ydrolysed glucomannan as an iron encapsulant using the
pray-drying method.

.  Materials  and  methods

.1.  Materials

his work used glucomannan (100%, Now Foods, Blooming-
ale, IL, USA), Aspergillus niger cellulase (Sigma–Aldrich, St.
ouis, MO, USA, C1184, powder, activity ≥0.3 units/mg solid),
ron(II) sulphate heptahydrate (FeSO4·7H2O, Merck, Kenil-
orth, NJ, USA) and other pro analyst quality compounds.

.2.  Glucomannan  hydrolysis  and  iron  loading

 100-mL glucomannan solution (2%, w/v) was prepared in

istilled water at 3000 rpm homogenisation (RW 16 basic; IKA-
erke, Staufen im Breisgau-German). After the glucomannan
was completely dissolved, cellulase was added to obtain a
final concentration of 20 ppm under 3000 rpm homogenisa-
tion for 12 h at 30 ◦C. Next, the solution was boiled for 10 min
to deactivate the enzyme. After the solution reached room
temperature, 0.375 g of FeSO4·7H2O was dissolved in it.

2.3.  Iron  encapsulation  via  the  spray-drying  method

Spray-drying experiments were carried out using a Mini Spray
Dryer B-290 (BÜCHI Labortechnik AG, Flawil, Switzerland). The
spraying system included a two-fluid nozzle composed of an
internal tip with an opening measuring 0.7 mm in diameter.
The dry air flow rate, liquid feeder pump flow and aspiration of
the spray dryer were set to 667 L/h, 0.18 L/h and 90%, respec-
tively, for all experiments. The hydrolysed product solution
was sprayed at various inlet drying air temperatures (110 ◦C,
120 ◦C, 130 ◦C and 140 ◦C).

2.4.  Moisture  content

The encapsulated iron powder was examined to determine its
moisture content following the Association of Official Agricul-
tural Chemists’ method at 105 ◦C until the sample weight was
steady (AOAC, 2000).

2.5.  Iron  content  and  loading  capacity

The iron content of the encapsulated sample was determined
based on the method of Veerabhadraswamy et al. (2018), with
slight modifications, using a visible spectrophotometer (B-
One, 50 DA-X). The encapsulated sample (0.2 g) was dissolved
in 20 mL  of distilled water. Ten millilitres of this solution were
placed in a 100-mL flask and reacted with 10 mL  of phenan-
throline (1 g/L), 8 mL  of sodium acetate solution (1.2 M)  and
1.0 mL  of hydroxylamine solution (100 g/L). Distilled water was
used to fill the flask up to 100 mL.  After 10 min  of colour
development, the absorbance of the samples was read at a
wavelength of 510 nm.  Loading capacity (LC) was calculated
following Guerreiro et al. (2019). The LC was described as ratio
between the mass of iron in the spray-dried product and the
mass of spray-dried powder as follows:

LC (%) = miron (mg)
mpowder (mg)

× 100% (1)

2.6.  Solubility  and  swelling

The solubility and swelling of the powder particles were mea-
sured following the method of Wardhani et al. (2019a). Ten
millilitres of solution were prepared by diluting 0.1 g of the
sample, and the solution was subsequently heated in a water
bath at 60 ◦C for 30 min. The supernatant was then separated
using centrifugation at 4000 rpm for 10 min. The supernatant
was collected prior to oven drying. The weights of the wet  and
dried supernatant were recorded for solubility determination.
Meanwhile, the weight of the wet and dried paste was also
recorded after separation for swelling determination:

Solubility (%) = weight of dried precipitate
weight of supernatant

×  100% (2)
Swelling = weight of paste
weight of dried paste

(3)
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Fig. 1 – Outlet temperature, moisture content and loading
capacity of encapsulated iron at various inlet spray-drying
2.7.  Particle  size  distribution

The particle size distribution was determined using a particle
size analyser (Malvern Panalytical, Malvern, UK) at 25 ± 1.0 ◦C
with a duration of 50 s, a measurement position of 3.00 mm,
and an attenuator level of 8, with water as the dispersant.

2.8.  Colour

The colour analysis of the particle product was performed
using the Chroma Meter (CR-300; Minolta Co., Ltd., Osaka,
Japan). The L*, a* and b* values of the samples were deter-
mined. L* represents the lightness of the samples in the
direction of darkness to lightness (0 = black, 100 = white), while
a* corresponds to the scale of green (−60) to red (60), with nega-
tive values for greenness and positive values for redness (−120
to 120). Lastly, b* presents negative values for blueness (−60)
and positive values for yellowness (60) (Rigon and Noreña,
2016). The colour difference (�E) was calculated as below:

�E =
√

(L∗
o − L∗)2 + (a∗

o − a∗)2 + (b∗
o − b∗)2 (4)

The colour values of the native glucomannan powder (L∗
o,

a∗
o and b∗

o) were used as references in determining the colour
difference.

2.9.  Morphology  of  the  particle  surface  and  functional
groups

An analysis of the functional groups in the sample was car-
ried out using Fourier-transform infrared spectroscopy (FT-IR)
(PerkinElmer FrontierTM; PerkinElmer, Waltham, MA, USA).
The particle morphology and the quantity of iron on the
particles’ surfaces were determined using scanning electron
microscopy (JSM-6510 LV JEOL Ltd., Tokyo, Japan) at 20 kV with
a magnification of 3000×, equipped by energy dispersive X-ray
(EDX)-spot scanner.

2.10.  Iron  release  profile

The release profile of iron was observed in a pH 6.8 phosphate
buffer (0.1 M)  solution by placing 0.1 g of the sample in an
Erlenmeyer flask with 50 mL  of the buffer solution. After shak-
ing for a certain amount of time, the filtrate was collected and
examined for released iron.

2.11.  Storage  stability

The iron stability was evaluated with respect to the efficacy
of the encapsulation in preventing iron oxidation. The pow-
ders (0.2 g) were placed in an uncovered porcelain dish stored
at ambient temperature (28.0 ± 1.6 ◦C). The evaluation of iron
oxidation was conducted at 120 days by diluting the powder
in distilled water (20 mL)  and measuring the iron content:

Iron retention (%) = iront=120 day

iront=0 day
× 100% (5)

2.12.  Statistical  analysis

All the data were performed in triplicate for each condition

and were expressed as mean ± standard deviation. A one-way
analysis of variance (ANOVA) was performed to compare the
gas temperatures (p < 0.05).

groups. This statistical analysis was run using Ms. Excel 2019.
Differences in the data were considered to be significant at a
level of p < 0.05.

3.  Results  and  discussion

3.1.  Outlet  temperature  and  moisture  content

The outlet gas temperature, moisture content and loading
capacity of the encapsulated iron at different drying inlet air
temperatures are presented in Fig. 1. An increase in the inlet
gas temperature in spray-drying promotes a rise in the out-
let gas temperature and a decrease in the water content of
the encapsulated sample. In this study, the outlet tempera-
tures were lower than the inlet ones since the energy carried
by the inlet gas was transferred to the liquid feed of the spray
dryer, which has a lower temperature during the drying pro-
cess (p < 0.05). Moreover, our results showed a tendency for
higher inlet drying air temperatures to promote a lower mois-
ture content (p < 0.05). Similar results have been obtained by
other authors, including Avila et al. (2015), Dantas et al. (2018),
Mishra et al. (2014) and Moghaddam et al. (2017). The temper-
ature of the drying air inlet during spray-drying had effects
on the temperature of the gas output, particle size, yield and
water content (Arpagaus et al., 2017). Increasing the gas inlet
temperature induced a drying rate that provoked an increase
in the evaporation of water. As a result, the higher inlet tem-
peratures tended to have lower moisture contents than the
lower temperatures. Although the total difference in the mois-
ture content over the range of gas inlet temperatures tested
(110–140 ◦C) was just above 1%, the moisture content of each
inlet temperature was significantly different (p < 0.05). This
result suggests that the differences between the gas inlet and
outlet temperatures were smaller at the highest gas inlet tem-
perature than at the lower gas inlet temperatures. This could
be due to an instant crust formation on the surface of the par-
ticles at the highest temperatures, making it difficult for water
to diffuse across the particle surface (Tontul and Topuz, 2017).
This result is supported by the particle morphology analysis,
which showed a fast drying rate at high temperatures. Hence,
these particles tended to have larger sizes because of the for-
mation of instant crust layers on the surface (Fig. 4).

3.2.  Loading  capacity
Loading capacity was described as the amount of iron actually
in the microcapsule compared to the total amount of powder.
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Fig. 2 – Swelling, solubility and particle size distribution of
encapsulated iron at various inlet spray-drying gas
temperatures (p < 0.05).
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Fig. 3 – Colour evaluation of encapsulated iron at various

positive value. This means that the product tends to have a
he LC results revealed the suitability of hydrolysed gluco-
annan as a matrix for encapsulating iron. Fig. 1 reveals that

he LC in line with inlet temperatures. As the inlet tempera-
ure increased from 110 ◦C to 140 ◦C, the LC increased from
9.43% to 74.46% (p < 0.05). At higher temperatures, a rapid
rying rate could be observed in which the water evaporated
uickly from the particle, thus leaving behind large hollow par-
icles. Hence, the same amount of sample tended to contain a
reater amount of iron at higher temperatures, thus increasing
he LC. Similar results have been reported for the encapsula-
ion of mandarin oil at inlet temperatures of 160 ◦C to 200 ◦C
Bringas-Lantigua et al., 2011) and the microencapsulation of
-carotene at 110–200 ◦C (Corrêa-Filho et al., 2019).

.3.  Solubility  and  swelling

he solubility parameter shows the ability of the spray-dried
owder to form a solution or suspension in water (Bicudo
t al., 2015). Meanwhile, the swelling parameter is a measure
f the water content in the network and is typically reported
s the ratio of either the mass or the volume of the network
n the swollen state to that of the dry state. These parame-
ers were used to evaluate the behaviour of the powders in
ater. The solubility and swelling of the spray-dried particles

re affected by the type and concentration of the matrix, the
pray-drying conditions (e.g., inlet gas temperature, feed flow
ate and atomisation), and properties of the powder (Tontul
nd Topuz, 2017). The solubility and swelling of encapsulated
ron at various inlet temperatures are presented in Fig. 2. The
nlet drying air temperature showed a positive effect on the
ater solubility and swelling of the powder in the reports by
oula and Adamopoulos (2005), Muzaffar and Kumar (2015),
ran and Nguyen (2018), and Vardin and Yasar (2012). However,
n this work, the effects of the inlet temperature on the sol-
bility and swelling were not significant (p < 0.05). This result
as supported by Shi et al. (2018), who studied the effect of

nlet temperature (120–150 ◦C) on watermelon powder, and by
ong and Tan (2017), who reported the effect of 140–180 ◦C

nlet temperatures on honey jackfruit powder. In these stud-
es, higher inlet temperatures resulted in more  hollow space

hich allowed the solvent to penetrate the particle. A similar
henomenon applied to swelling. The use of higher inlet dry-

ng air temperatures produced larger particles, which can be
ssociated with increased swelling (Ferrari et al., 2012; Phisut,
012). Pajareon and Theerakulkait (2017) suggested that sol-

bility and swelling were due to the engagement of hydroxyl
inlet spray-drying gas temperatures (p < 0.05).

groups that form hydrogen and covalent bonds between the
matrix.

3.4.  Particle  size  distribution

The particle size distribution is an important physical param-
eter that had an impact on the handling, stability and storage
properties of the particles. Determinations of particle size
distribution using the particle size analyser from Malvern Pan-
alytical are presented in Fig. 2. Our findings revealed that the
temperature of 140 ◦C led to the highest average particle size,
whereas the temperature of 110 ◦C led to the lowest average
particle size. The average particle size of the 140 ◦C sample was
almost twice as large as that of the particles prepared with the
lowest inlet air temperature (110 ◦C) (p < 0.05). Increasing the
inlet drying air temperature often resulted in the rapid forma-
tion of a crust layer on the droplet surface, making it more
difficult for moisture to diffuse out through the particle sur-
face. As a consequence, the particle size was bigger. On the
other hand, when the inlet air temperature is lower, the parti-
cle remains wet and requires a longer period of time to shrink,
thus decreasing its size (Ferrari et al., 2012). In addition to inlet
drying air temperature, the particle size distribution is also
affected by many  other factors, including carrier concentra-
tion, carrier type, feed flowrate and atomisation (Tontul and
Topuz, 2017). Similar results have been reported in prior stud-
ies (Chegini and Ghobadian, 2005; Ferrari et al., 2012; Jumah
et al., 2000; Tonon et al., 2011).

3.5.  Colour

Colour is another important parameter in determining the
quality of spray-dried products. Proper colour helps to ensure
an attractive appearance for a product. The colour proper-
ties of spray-dried products are affected by the natural feed
and matrix/carrier material colour, as well as the concentra-
tion and the tendency of the matrix to undergo nonenzymatic
browning reactions due to the high drying temperatures
(Tontul and Topuz, 2017). The colour determination from this
study is presented in Fig. 3. The study outcomes indicate that,
when in contact with higher drying air temperatures dur-
ing the spray-drying process, the glucomannan matrix gives
negative values for both �L* and �a*, whereas �b*  has a
darker colour as compared with the native glucomannan pow-
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Fig. 4 – SEM images (left) and SEM-EDX spot analyses
(right) of native glucomannan powder at 2500×
magnification (A) and encapsulated iron powder at 5000×
magnification formed at inlet gas temperatures of 110 ◦C
(B), 120 ◦C (C), 130 ◦C (D) and 140 ◦C (E).
der, which has colour properties of L∗
o = 68.33, a∗

o = 19, and
b∗
o = 30.67 (p < 0.05). This indicates that a browning reaction

occurs during the spray-drying process, making the colour of
the powder browner and darker. There was no amino acid con-
tent in the encapsulant since 100% glucomannan was used
as a matrix. Hence, the browning in this high-temperature
process was due to caramelisation, a carbohydrate reaction
pathway that can occur either in dry or concentrated solutions
when exposed to high temperatures without involving amino
acids (Woo et al., 2015). An insignificant effect of the inlet gas
temperature on the final colour was observed in this work.
Quintas et al. (2007) reported on the colour development of the
caramelisation reaction for temperatures of 100–160 ◦C. Our
results demonstrate that having a greater difference between
the inlet and outlet temperatures at high temperature ranges
has a greater effect on the browning of the encapsulation pow-
ders, resulting in more  severe changes to the colour of the
sample (�E). Quintas et al. (2007) reported the processing tem-
perature did not contribute to the lightness of the final product
or the final colour difference from the initial solution.

3.6.  Particle  morphology

Fig. 4 shows that different gas inlet temperatures produced
various particle sizes and shapes. An irregular particle form
characterised by a basin was observed on the particle surface.
This irregular shape could be due to water evaporation during
the drying process, which left a hollow area inside the droplet,
causing shrinkage and the loss of sphericity (Arpagaus et al.,
2017). At a magnification of 10,000×,  a smooth particle sur-
face was observed. Higher temperatures tended to produce
larger round particles. This suggests that higher temperature
drying resulted in crust formation on the particle surfaces.
In general, higher gas temperatures increase the drying rate,
leading to the formation of hollow particles, while lower gas
temperatures allow for the creation of more  compact parti-
cles (Nandiyanto and Okuyama, 2011). The particle shape is
affected by both the feed properties (e.g., material type, solid
concentration, solvent and surfactant) and the drying condi-
tions (e.g., gas temperature) (Arpagaus et al., 2017). Thus, to
produce a solid, round particle for iron encapsulation using
glucomannan as the matrix, the concentration of the matrix,
active compound and solvent should be altered or a stabiliser
should be added so that the particle does not shrink easily.

In this research, scanning electron microscopy–energy-
dispersive X-ray (SEM-EDX) spectroscopy was used to confirm
the amount of iron on the particles’ surfaces. Fig. 5 shows
that the native glucomannan powder itself contains iron but
at a lower percentage than the encapsulation powder. An
increase in the drying air temperature led to an increase in
the amount of iron on the surface. Samples made with higher
air temperatures had larger particle sizes, which allows for the
encapsulation of more  iron in the particle, either inside or on
the surface of the particle. This result supports the EE deter-
mination, wherein increasing the temperature caused a rise
in EE.

3.7.  Functional  groups

Fourier-transform infrared spectroscopy analysis was used to
elucidate the functional particle groups based on the change
in the inlet drying air temperature. The IR spectra of all iron

encapsulation samples between 4000 to 400 cm−1 were com-
pared with those of native glucomannan and FeSO4·7H2O,
the source of the iron (Fig. 6). A wide peak from the O H
group at 3000–3700 cm−1 (Wardhani et al., 2019b) was observed
in glucomannan, the iron reagent and all of the encapsula-
tion samples. However, methyl and carbonyl groups, which
were assigned to the–CH stretch vibration (∼2900 cm−1) and
the acetyl groups (1720 cm−1), respectively (Liu et al., 2015),
were only observed in glucomannan and the encapsulated
samples. Ultimately, the results of this study indicate that
changes in the gas temperature did not affect the functional
groups. The spectrum of iron was similar to that found in
the study of Asghari-Varzaneh et al. (2017), which detected
the emergence of an iron peak at 620 cm−1 in the spectra of
the iron-glucomannan particles. A peak from a sulphur com-

pound was found at 1300–1000 cm−1 when measuring the iron
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Fig. 5 – Mass and atomic percentages obtained using JEOL
JSM-6510 LV of iron encapsulated in particles formed with
various inlet gas temperatures in spray-drying.

Fig. 6 – IR-spectra of encapsulated iron in various inlet gas
temperatures of spray-drying using PerkinElmer-Frontier
FT-IR.
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Fig. 7 – Iron released from encapsulation in a phosphate
buffer solution at pH 6.8.

Fig. 8 – Iron stabilisation in a hydrolysed glucomannan
encapsulant as a matrix preventing iron oxidation.

face. Increasingly high temperatures lead to the encapsulation
ompound. The addition of FeSO4·7H2O as the iron source also
llowed the peak around 3400 cm−1 to be identified as belong-
ng to O H groups and the peak at 1100 cm−1 to be identified
s belonging to a sulphate group (Gaihre et al., 2008; Gotić and
usić, 2007).

.8.  Release  of  iron

he iron release conducted at pH 6.8 in a phosphate buffer
as used to represent the release of iron from the matrix,

s can be found during food preparation and swallowing.
oreover, neutral pH also represents human saliva, which

an vary from pH 5.9–7.9 (Singh et al., 2018). The release of
ron at this pH shows the potential to disturb the sense of
aste in the mouth. Fig. 7 shows that the lowest inlet tem-
erature released the highest iron concentration (p < 0.05).
he high release could be due to the formation of a crust
hell on the particle surface, as explained in Section 3.1,
hich retards iron diffusion into the surface powder. This
ork showed that the maximum iron release in 120 min  was

%. This value was lower than that of Singh et al. (2018),
ho  reported that the iron release in the same period was

0–18% and 12–25% using chitosan and Eudragit, respectively.
his result suggests that hydrolysed glucomannan has bet-

er potency as iron encapsulant when using the spray-drying
ethod compared to chitosan and Eudragit in protecting iron

elease.
3.9.  Iron  stabilisation

The efficacy of the hydrolysed glucomannan encapsulant in
protecting iron from oxidation was observed at room temper-
ature. As shown in Fig. 8, the iron retention decreased after 120
days of storage. The encapsulation in this work resulted in a
matrix type in which the iron was dispersed over the encapsu-
lant powder, including on its surface. During storage, the iron
on the surface was in contact with and exposed to air. The dif-
fusion of air into the particle could promote iron degradation.
A higher inlet temperature in the spray-drying process lowers
the iron degradation rate in the iron-glucomannan powder.
The hard crust that formed on the surface of the particles hin-
dered air diffusion (León-Martínez et al., 2010), thus protecting
the iron from oxidation.

4.  Conclusions

Inlet drying air temperature has a significant effect on LC, par-
ticle size, and colour but less impact on moisture content,
solubility and swelling. Higher inlet drying air temperatures
produce a rounder shape powder, whereas lower temperatures
produce irregular shapes that tend to form deep concave sur-
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of more  iron on particle surfaces. All samples showed similar
functional groups of the particles but at different intensities.
The amount of iron release at pH 6.8 was higher for sample
of lower inlet temperature. Meanwhile, sample of the highest
inlet temperature showed the highest performance in pro-
tecting iron from oxidation. Considering the performances,
it is recommended that the inlet air temperature for iron
spray-drying encapsulation using hydrolysed glucomannan is
130 ◦C.
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