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A B S T R A C T

In this study the operational extraction variables to obtain higher yields of inulin from Jerusalem artichoke
tubers (JAT), as well as the optimal conditions to obtain a stable and dispersible powdered product by either
spray or freeze drying, were studied. With this purpose, the powder yield, moisture content, water activity and
flowability or products obtained by different experimental conditions were analyzed. Inulin rich carbohydrates
(IRC) extraction was performed from lyophilized and ground tubers employing distilled hot water as solvent. It
was proved that the solid:solvent ratio (S:S) was the critical variable in the extraction process, followed by
temperature. Thus, the IRC extraction was optimal without ultrasound assistance, at 76 °C, employing a S:S of
1:16, during 90 min. In addition, the powder obtained by freeze-drying of the IRC extract showed advantages
respect to powders obtained by spray-drying regarding the yield and considering that maltodextrin was not
necessary as encapsulation agent. In another hand, spray drying process provided IRC powered materials with
appropriate flow properties, and taking into account cost and time of production, this method should be con-
sidered as an alternative of freeze-drying.

1. Introduction

Jerusalem artichoke (Helianthus tuberosus L.) is used for many pur-
poses such as human food, animal feed and the production of bioenergy
and biochemical products (Li, Wang, Du, & Qin, 2013), and it is a crop
that can be developed under different environment conditions (Rébora,
2008). Jerusalem artichoke tubers (JAT) accumulate high levels of in-
ulin and fructo-oligosaccharides (FOS) (16–20% of fresh weight) (Van
Loo et al., 1999). The chain length, composition, and polydispersity of
inulin depend on plant species, harvesting conditions, and extraction
and post-extraction processes (Ronkart et al., 2007; Rubel, Pérez,
Genovese, &Manrique, 2014), and these parameters determine its bio-
logical and technological properties (Roberfroid, 2005). Inulin is a
water soluble fiber that consists of a mixture of oligo- and/or poly-
saccharides of β(2 → 1) linked D-fructose units with a terminal glucose
residue (Causey, Feirtag, Gallaher, Tungland, & Slavin, 2000) which are
classified as fructans. Inulin-type fructans are considered as prebiotic

compounds, meaning that they can preferentially stimulate the growth
and activity of a limited number of desirable bacteria in the colon,
which in turn improve host health (Bach, Jensen, Kidmose,
Sørensen, & Edelenbos, 2013; Causey et al., 2000; Gibson & Roberfroid,
1995).

JAT represents a valuable alternative source of prebiotic compounds
(Marx, Nosberger, & Frehner, 1997; Rubel et al., 2014). Inulin is used as
an ingredient in the development of functional foods given its techno-
logical properties and its beneficial effects on health (Rastall, 2010;
Roberfroid, 1993). Many application of inulin from different sources in
food products can be mentioned (Di Criscio et al., 2010; Quattrucci,
Bruschi, Manzi, Aromolo, & Panfili, 1997; Sánchez et al., 2009). In
particular, Rubel, Pérez, Manrique, and Genovese (2015) analyzed the
enrichment of wheat bread with JAT inulin, finding that the dose ap-
plied had significant consequences on dough machinability and gassing
power, while Khuenpet, Jittanit, Sirisansaneeyakul, and Srichamnong
(2017) investigated the effect of fortifying commercial products with
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inulin powder obtained from JAT, and revealed that the improvement
in either product formula or JAT inulin quality especially in matter of
color must be carried out before launching these inulin fortified pro-
ducts to the market.

Different methods for obtaining several types of prebiotic oligo-
saccharides have been proposed, including: isolation and purification
from plant sources, microbiological production or enzymatic synthesis,
and enzymatic degradation of polysaccharides (Crittenden & Playne,
1996; Gulewicz et al., 2003). Although inulin serves as storage poly-
mers in many members of the Compositae such as Cichorium intybus
(chicory), Inula helenium (elecampane), Taraxacum officinalis (dande-
lion), and Helianthus tuberosus L. (Jerusalem artichoke)
(Waterhouse & Chatterton, 1993). At present, both inulin and oligo-
fructose are mainly obtained as commercial food ingredients from
dahlia and chicory (Franck, 2002), however the endeavor to improve
the extraction quality of other crops does not bring to a stop. So, it
seems to be promising the study of alternative plant sources for ob-
taining these prebiotic ingredients that could stimulate the exploitation
of crops with high agronomic potential.

The extraction is the first key step for the inulin production from
JAT (Franck, 2002). Many different sources and conditions for the ex-
traction process of inulin have been reported in the literature. For in-
stance, Laurenzo, Navia, and Neiditch (1999) applied boiling water
extraction 10–15 min for inulin extraction from JAT, while Lingyun
et al. (2007) found that a temperature of 76.65 °C during 20 min were
the optimum process parameters predicted to obtain the highest yield
for the same source material. Saengthongpinit and Sajjaanantakul
(2005) applied distilled water at 80 °C for 1 h for inulin extraction from
JAT and then they precipitated it by alcohol addition prior drying.
Toneli, Park, Ramalho, Murr, and Fabbro (2008) extracted inulin from
dry chicory roots applying a hot water diffusion procedure at an
average temperature of 80 °C for 1 h with continuous stirring. The
second step for inulin production consists in the obtaining of inulin
powder suitable to be employed as an ingredient in the food industry.
For the production of inulin powder various drying methods, including
spray- and freeze-drying, could be used. Spray drying allows the
transformation of a solution into a dried powder in a single operation,
where usually maltodextrin as drying agent is used. Beyond being a
rapid drying process, this technique is also inexpensive, its operation is
simple and continuous and reduced time-to-market due to scale up
benefits and better product quality, with no batch to batch variations.
Nevertheless, this technology requires adequate adjustment of oper-
ating conditions as well as of the composition of feed solution that
contains the active principles. Also, the drying temperature must be
controlled considering that high temperatures in this process may lead
to the obtaining of burned powders, as well as the low temperatures
might produce unstable and sticky powders (Barbosa et al., 2015; Quek,
Chok, & Swedlund, 2007). On the other hand, freeze-drying is a process
in which the water is removed from a frozen solution by sublimation
under reduced pressure giving rise to high quality dried products (Ratti,
2001). In this process, flavours, smells and nutritional content generally
remain unchanged, however, it is expensive and time-consuming
(Castro, Teixeira, & Kirby, 1997).

The aim of this study was to determine the operational variables to
obtain higher yields of extraction of inulin rich carbohydrates from
Jerusalem artichoke tubers, and to analyze the properties of the pow-
dered products obtained either by spray- or freeze-drying, in order to
assess its suitability to be used as ingredient in functional foods. With
this purpose, the powder yield, moisture content, water activity and
flowability of powdered samples were analyzed.

2. Materials and methods

2.1. Tuber handling

Jerusalem artichoke tubers (JAT), Bianca variety, were grown in

Córdoba, Argentina, were kindly provided by Nacional Institute of
Agricultural Technology (INTA, Argentina) and harvested ten months
after planting. Ten days after harvest, the tubers were washed and
brushed manually to eliminate soil residues. In order to reduce super-
ficial microorganisms, the tubers were soaked in a 0.038 M sodium
hypochlorite solution for 30 min, and then they were dried on a surface
exposed to a fan stream with an air velocity of 48 m/min at room
temperature. Clean and dry tubers were packed in plastic woven bags
and stored in a chamber at 4–5 °C and> 98% relative humidity until
use. The tubers were cut into slices of 3 mm thickness with a domestic
food processor (Moulinex, Fresh Express). Slices were frozen at −20 °C
and freeze-dried (LA-B3-C, Rificor, Argentina). The lyophilized material
was stored in Ziploc® bags under nitrogen atmosphere, kept in a cool
and dry place (15–25 °C, 40% RH) and utilized within a month. The
chemical composition of JAT employed (carbohydrates, protein, lipid
and ash content), was previously assessed and published (Rubel et al.,
2014).

2.2. Inulin rich carbohydrates extraction

For the experimental design the function of MINITAB statistical
software (Version 17, Minitab Inc., Minitab Software, USA) was em-
ployed. Response surface methodology (RSM) consists of a group of
mathematical and statistical procedures that can be used to study re-
lationships between one or more responses and a number of in-
dependent variables. RSM defines the effect of the independent vari-
ables, alone or in combination, on the process. Furthermore, the
Advanced Design of Experiments (DOE) tool, which allowed de-
termining the relevant factors of the process, was applied. A fractional
factorial design (FFD) 2^k was employed, were k = 3 (temperature,
solid:solvent ratio, ultrasound) with 2 levels for each factor: −1 (low
level) and 1 (high level), defining the yield of total solids as the re-
sponse parameter. The FFD was employed to identify the most im-
portant extraction parameters and finally the central composite design
to optimize the extraction process. The experimental design included
three steps of study. The first step consisted in the analysis of 75 dif-
ferent conditions of extraction combining 3 selected factors. Factorial
ANOVA analysis was applied to define the effect of each factor on the
response, with a significance level α= 0.05. The inulin rich carbohy-
drates (IRC) extraction from lyophilized and ground JAT using hot
distilled water in a batch stirred system (Magnetic stirrer FBR, Decalab
SRL, Argentina) at 200 rpm was optimized. The levels employed on the
FFD (defined as low and high) were 70 and 85 °C for temperature, 1:8
and 1:20 for the S:S, and 0 and 30 min for indirect ultrasound assistance
(42 Khz and 100 W, 8891-26 Cole-Parmer Ultrasonic bath, Cole Parmer
Instruments, USA). For the indirect ultrasound pre-treatment the
sample in a plastic tube with a diameter of 30 mm, was immersed in an
ultrasound bath, the tube was shaken periodically with an orbital
shaker and the liquid level inside the tube was about 1 cm below the
liquid surface in the bath.

The extraction time was initially set as a constant (120 min) and
then adjusted employing the optimal values of the other parameters
analyzed. The working ranges of the extraction variables were loaded
into the DOE and they were processed using the Box-Wilson composite
central design, yielding 75 specific experiments with different combi-
nations of working conditions, which were carried out. The corre-
sponding yields were calculated as g of total solids/100 g tubers (dry
weight) and introduced as a response to the system, allowing to predict
the conditions to reach the highest yield. The RSM was employed to
optimize multiple variables to predict the condition that produced the
highest yield with a minimum number of experiments (Kong, He,
Chen, & Chen, 2004; Shi, Xu, & Cen, 2006). The pH of the IRC extracts
during the extraction process was kept natural, at 6.59 ± 0.15. Once
selected the temperature, the ultrasound assistance, the S:S, the kinetic
of the process (different extraction times) as well as three independent
extraction steps were also analyzed. The three independent extraction
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steps were carried out consecutively under the same experimental
conditions, using the solid material from the previous step and adding a
new batch of fresh solvent.

2.3. Proximate analysis of IRC extracts

Moisture content of the IRC extracts was determined using an
electronic moisture analyzer (Kern, DBS 60-3 N, Germany), protein
content by the micro-Kjeldahl method, using an automatic digestor and
distillation units (B-316, Büchi, Suiza) (AOAC, 1990) with a factor of
6.25 for converting nitrogen to protein. Fats were extracted with n-
hexane (b.p. 68–72 °C) in a Soxhlet apparatus following IUPAC
Standard Method 1.122 (1992), ash content was evaluated by the
technique AOCS Ba 5a-49 (1993), and total carbohydrates content was
calculated by difference method. Proximate analysis was conducted in
duplicate. Finally, soluble solids content was determined employing a
refractometer (ABBE 1 T, ATAGO, Japan) and expressed as °Brix.

2.4. Thin layer chromatography

The IRC extracts were analyzed by thin layer chromatography
(TLC). This assay was performed on Silica gel 60 plates (Merck,
Germany) using butanol:isopropanol:water:acetic acid (7:5:4:2) as
mobile phase (Lingyun et al., 2007). Carbohydrates were visualized as
blue spots by spraying a solution of p-amino benzoic acid (7 g/L) and o-
phosphoric acid (30 g/L) in methanol (Zweig & Sherma, 1978) and
heating at 85 °C for about 10 min. Standards of fructose, sucrose, FOS;
1-kestose, nystose and inulin from dhalia (Sigma-Aldrich, USA) 0.1%
w/v were employed. Inulin Orafti®GR (IGR) and Orafti®HP (IHP)
(Beneo-Orafti, Belgium) kindly donated by Saporiti SA (Argentina),
were also analyzed.

2.5. IRC extracts drying

The IRC extracts were dried either by spray- or freeze-drying using
laboratory-scale equipment. For freeze-drying, each sample of 100 mL
was initially frozen at −20 °C and then desiccated under vacuum for
2 days in a freeze dryer (FD-1A-50, Beijing Boyikang Instruments Co.
Ltd., China).

The IRC extracts were atomized in a lab-scale spray dryer (Mini
Spray Dryer B-290, BÜCHI, Flawil, Switzerland) equipped with a
standard cyclone. A two-fluid nozzle with a cap-orifice diameter of
0.5 mm was used. The extracts were constantly stirred to keep the
samples homogeneous and fed into the drying chamber through the
nozzle by means of a peristaltic pump. The following conditions were
used during the procedure: air inlet temperature (co-current flow) 140,
165, 170, 175 and 180 °C; drying air flow rate: 35 m3/h; liquid feed
flow rate: 3–4 mL/min and atomization air flow rate: 670 L/h. These
conditions were selected based on preliminary assays using other ma-
trices (data not shown), considering that the outlet temperature must
not exceed the degradation temperatures of the product. The process
yield was estimated as the collected powder weight respect to the total
solid content fed to the spray drier.

The powder recovery was calculated applying the following equa-
tion:

% powder recovery = (Solid weight of powder after drying/Total
solid weight in feed material before drying) × 100. Each experiment
was conducted in duplicate.

The IRC extracts, with a given content of soluble solids (SS), were
mixed with maltodextrin (M) as drying adjuvant. For both drying
process, different SS:M ratios (1:1.25, 1:1, 1:0.5, 1:0.25, 1:0) were
analyzed.

2.6. Analysis of powders

2.6.1. Water activity
The water activity (aw) of powders obtained was measured in a

water activity meter (AquaLab, Dew Point Water Activity Meter 4TE,
USA) at a constant temperature of 25 ± 0.1 °C.

2.6.2. Moisture content
The moisture content was determined using an electronic moisture

analyzer (Kern, DBS 60-3N, Germany). The moisture content was
measured immediately after the drying process. Approximately 1 g of
powder was heated until the weight change was< 1 mg in 90 s.

2.6.3. Bulk density
Bulk density was determined by adding 2–4 g of powder to a 15 mL

graduated tube and holding on a vibrator for 1 min. The bulk density
was calculated by dividing the mass of powders by the volume occupied
in the tube as described by Jirayucharoensak et al. (2015).

2.6.4. Water solubility index and water absorption index
Water solubility index (WSI) and water absorption index (WAI)

were determined adding 2 g of powder sample in 25 mL of distilled
water at 25 °C, left for 30 min in an orbital shaker at 240 rpm (M-23,
Vicking, Argentina), and then centrifuged at 5000 g for 10 min (Sorvall
Legend X1, Thermo Scientific, Germany). The supernatant was sepa-
rated out whereas the remaining sediment was weighed. The WAI was
calculated by the following formula:

=WAI S
Ds

x100

where, S correspond to the sediment weight, and Ds correspond to the
dry weight of the initial powder sample.

The WSI was calculated by the following formula:

=WSI Dss
Ds

x100

where, Dss correspond to the amount of dry solids in the separated
supernatant, and Ds correspond to the dry weight of the initial powder
sample.

2.7. Statistical analysis

For the statistics analysis of data, InfoStat Software (Version 2011p,
Córdoba, Argentina) was employed. Results were expressed as the mean
value ± standard deviation of two or more independent experiments.
Analysis of the variance (ANOVA) followed by the LSD Fisher's test was
applied and significant differences were considered when p-value<
0.05.

3. Results

3.1. IRC extraction optimization

It has been described that the main factors that influence the yield
of inulin extraction from JAT employing hot water as solvent include
temperature, extraction time and solid to solvent ratio, (Apolinario
et al., 2014; Khuenpet, Jittanit, et al., 2017; Khuenpet, Fukuoka,
Jittanit, & Sirisansaneeyakul, 2017; Paseephol, Small, & Sherkat, 2007;
Saengkanuk, Nuchadomrong, Jogloy, Patanothai, & Srijaranai, 2011).
In this work, RSM was employed to optimize the IRC extraction con-
ditions from JAT. Lyophilized JAT were employed in order to avoid
changes in the carbohydrates composition and distribution during sto-
rage (Rubel et al., 2014; Saengthongpinit & Sajjaanantakul, 2005). The
percentage of total solids obtained in the extracts was employed to
calculate the yield for each set of experimental conditions and it was
considered the dependent variable or response. This parameter varied
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markedly for the different assays with values from 22 to 72 g total so-
lids/100 g dry weight. The minimum total solids extraction yield was
obtained with the highest solid:solvent ratio (S:S) 1:8 at 85 °C, even
when the maximum time of ultrasound pretreatment (30 min) was
applied. The data clearly showed that the decrease of the S:S ratio as
well as the increase of the temperature resulted in significantly higher
yields of total solids. In all the experiments pH value was measured at
the beginning and at final with control purpose (6.59 ± 0.15). More-
over, according to the results of the FFD regression analysis, the ul-
trasound assistance did not significantly affect the total solid extraction
(p < 0.05), which may be explained taking into account the pre-
treatments of drying and milling of tubers employed. In the same way,
Lingyun et al. (2007) observed that indirect ultrasound-assistance did
not affect the maximum extraction yield of inulin from fresh JAT,
however they informed that the ultrasound-assistance would be useful
for short times of extraction process. Moreover, Pourfarzad, Najafi,
Khodaparast, and Khayyat (2015) showed that the indirect sonication
extraction is a suitable method for fructan extraction from Eremurus
spectabilis tubers. It was reported that direct sonication caused a de-
crease in the degree of polymerization of fructans extracted from dif-
ferent sources (Abbasi & Farzanmehr, 2009; Milani,
Koocheki, & Golimovahhed, 2011; Pourfarzad et al., 2015).

The response surface of Fig. 1, shows that IRC extraction yield
reached a maximum value at 76 °C with a S:S 1:20 (w/v), and this
model predicted a maximum yield of 73% at this point. The metho-
dology allowed to determine the relative amounts by which the factors
have to vary to attain a maximum response, considering also the en-
vironmental factor and an improvement observed in the drying process
(data not shown), a S:S ratio of 1:16 was chosen as optimal, without a
significant variation of extraction yields. The results obtained in the
present work are lower than those reported by Lingyun et al. (2007)
who informed significant influence of both temperature and S:S on the
inulin extraction yield from JAT, and obtained a maximum value inulin
extraction yield of 83.6%, at 76.65 °C for 20 min and a solid to solvent
ratio of 1:10.56 (w/v). The kinetics of IRC extraction under optimized
conditions (76 °C and S:S 1:16 w/v) was analyzed (Table 1). It was
observed that with this experimental setting, there were not significant
differences in the yield of total solids obtained among the times ana-
lyzed; however, at 90 min a significantly higher percentage of sugars in
total solids was obtained. It was observed that the reducing sugars were
constant during the different extraction times (data not shown), in-
dicating that the IRC were not degraded during the process.

Then, the IRC extraction process in three independent steps (90 min
each) was also analyzed. It was observed that no significant differences
in the total solids yield were obtained when more than one independent
step of extraction was applied, reaching values between 69 and 72%
(w/w). This may be explained considering the presence of a weakened
physical barrier in the material as a consequence of drying and milling
processes of JAT employed, that allowed reaching the maximal yield of
IRC extraction in the first step.

3.2. IRC extracts composition

Proximal composition of IRC extracts is described in Table 2. The
data confirmed that the main components of the extracts were carbo-
hydrates, as expected. The protein content in IRC extracts was
9.99 ± 0.40 g/100 g dry weight, followed by ash (4.41 ± 0.66 g/
100 g dry weight), while fats were not detected. Similar results were
obtained by Khuenpet, Jittanit, et al. (2017) who described in JAT in-
ulin powder the presence of carbohydrates (84 g/100 g dry weight),
proteins (7 g/100 g dry weight), and ash (5 g/100 g dry weight). TLC
analysis of IRC extracts (Fig. 2), showed a polydisperse carbohydrate
with different DP, and also sucrose was detected. In a previous work,
simple sugars in the range 0.09–4.70 g/100 g dry weight were detected
in IRC extracts from JAT (Rubel et al., 2014). Also in line with these
observations, Khuenpet, Jittanit, et al. (2017) described that glucose,
fructose and sucrose were present in JAT inulin powder in concentra-
tions of 0–0.14; 0.15–2.38 and 0.01–0.91 g/100 g dry weight, respec-
tively.

3.3. IRC extracts powder

The IRC extracts were dried either by spray- or freeze-drying. The
spray-drying process was analyzed considering some process variables
that affect the yield and properties of the powders obtained such as the
inlet temperature, the pump feed rate as well as maltodextrin addition

Fig. 1. Inulin rich carbohydrate extraction. Response surface plot of extraction yield (as
percentage of total solids), as a function of temperature (°C) and solid:solvent ratio.

Table 1
Analysis of the one step (A) and three steps (B) extraction of IRC
from JAT in selected conditions (Solvent: water, Temperature:
76 °C, ratio solid:solvent 1:16).

A

Kinetic extraction

Extraction time
(min)

Total solids yield
(%)

Sugar in total solids
(%)

15 71.13 ± 0.88a 66.59 ± 3.72a

30 70.80 ± 0.68a 56.54 ± 1.06ab

45 72.98 ± 1.05a 56.45 ± 8.79ab

60 68.53 ± 0.68a 53.09 ± 2.56b

90 67.75 ± 1.29a 81.26 ± 1.80c

B

Step extraction

Steps (90 min) Total solids yield
(%)

1 69.37 ± 4.07a

2 72.54 ± 0.14a

3 72.54 ± 0.14a

Different letters in the same column indicates that values are
significantly different (p < 0.05).

Table 2
Proximal composition of the IRC extracts obtained at 76 °C, S:S ratio 1:16, and
90 min, expressed as % dry weight.

Component Content

Total carbohydratesa (g/100 gd.w.) 85.6
Proteins (Nx6,25) (g/100 gd.w.) 9.99 ± 0.40
Lipids (g/100 gd.w.) nd
Ash (g/100 gd.w.) 4.41 ± 0.66
Soluble solids (°Brix) 6–8

nd: not detectable; d.w.: dry weight.
a Calculated by difference to 100%.
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(Maury, Murphy, Kumar, Shi, & Lee, 2005). This method is the pre-
ferred route due its capacity to produce powders with precise specifi-
cations (i.e., moisture content, solubility and bulk density) in con-
tinuous operations (Souza &Oliveira, 2006). The drying temperature
must be controlled considering that high temperatures in this process
may lead to actives degradation, while low temperatures might produce
unstable and sticky powders (Barbosa et al., 2015; Quek et al., 2007).
The moisture content of the final powder influences its cohesiveness
(Bhandari, 2013), as well as its storage stability, glass transition tem-
perature and microbiological stability. It was observed that the air inlet
temperature was the variable that mostly affected the properties of the
powders obtained by spray drying, while variations of liquid feed flow
rate (3–4 mL/min) did not improve substantially the powder properties
and recovery. Jirayucharoensak et al. (2015) reported that inulin
powder recovery from JAT obtained by spray-drying may be increased
through an increase in the inlet temperature (190 °C), as well as by
increasing the soluble solid content (°Brix) of the fed solution.

In this work it was not possible to completely recover IRC extract
dry-material by spray-drying at inlet temperatures of 140 and 180 °C
and additionally the powders obtained under these conditions had to be
discarded due to its stickiness and/or its dark coloration. By selecting
an inlet temperature of 175 °C, a low process yield (35%) was obtained

by spray-drying. Moreover, the resulting powder was unstable, it
changed its appearance over time. This behavior was attributed to its
high moisture content, high hygroscopicity and low glass transition
temperature. It has been reported that the presence of low molecular
weight sugars such as fructose and sucrose in the extracts may affect the
drying process, since they tend to generate adherence of particles to the
internal wall of the drying chamber, resulting in a low process yield and
operating difficulties (Bhandari, Datta, & Howes, 1997;
Bhandari & Howes, 2005; Hennigs, Kockel, & Langrish, 2001). Also, the
heat exposure together with the reducing sugars and amino acids in the
IRC extract may result in a browning as a result of the Maillard reac-
tions and caramelization.

Considering the thermal lability of components present in the IRC
extracts, the addition of encapsulating agents in the drying process may
contribute to obtain powders with higher stability and increase yield.
So, the use of maltodextrin as carrier material to IRC extracts before
drying was studied. In addition to its suitability as food additive, var-
ious properties make maltodextrin as an excellent encapsulating agent
in spray-drying processes. Maltodextrin has high aqueous solubility,
soft taste, convenient price and availability as well as capability to re-
duce the stickiness and the tendency to crystallize of the resulting
powders (Desobry, Netto, & Labuza, 1997).

It was observed that both, the increase in the inlet temperature and
the addition of maltodextrin led to higher powder yields by spray-
drying. IRC extract powder yield varied from 23 to 48% when total
SS:M ratio was 1:0.25 and 1:1.25 at inlet temperature of 170 °C. The
highest yield was 67.15 ± 1.58% and was reached employing a SS:M
ratio 1:1, using a liquid feed flow rate of 3.5 mL/min and an inlet
temperature of 175 °C. Conditions that led to an outlet air temperature
of 109 °C. As an alternative to obtain maltodextrin-free powders, IRC
extracts were dried by freeze-drying. During this drying process there is
high preservation of components, nutrients and flavours; also freeze
dried products can be easily rehydrated before use (Tsami,
Krokida, & Drouzas, 1999). In this drying method the addition of mal-
todextrin did not significantly affect the powder yield obtained. As
expected, in all cases the freeze-dried powder yields were significantly
higher than those obtained by spray-drying. Also, as freeze drying is
performed at low temperature, the degradation of inulin is negligible.
However, as was mentioned previously, freeze-drying is an expensive,
discontinuous and time consuming process. Despite the good results
obtained for this drying method, it is important to consider the time and
cost of production. The spray drying process is commonly employed in
industry considering cost, versatility, time consume and the possibility
to be a continuous process. Also, powders obtained by spray-drying
with maltodextrin addition showed good powders yields, and a pleasant
appearance. Other authors have shown that for the spray-drying pro-
cess, the inlet temperature and the initial concentration are variables
that may also influence the powder yield and the physical character-
istics of the products obtained (Jirayucharoensak et al., 2015;
Khuenpet, Fukuoka, et al., 2017). Then, these parameters may also be

Fig. 2. Thin layer chromatography. DPn: Degree of polymerization n. IRC-JAT: Inulin rich
carbohydrates extracted from Jerusalem artichoke tubers. IGR: Commercial inulin (GR).
IHP: Commercial inulin (HP). FOS: Fructooligosaccharides. ID: Inulin from Dhalia.

Table 3
Physical characteristics of IRC extract powders obtained by spray- and freeze drying.

Powder sample
(total solids: maltodextrin ratio)

Bulk density
(g/L)

WSI
(%w/v)

WAI
(g/g)

Moisture
content (%)

Spray drying (1:0.25) 321 ± 12a 6.99 ± 0.29a 0.278 ± 0.029c 5.99 ± 0.06cd

(1:1)Tinlet = 175 °C 465 ± 30b 7.50 ± 0.09b 0.095 ± 0.014ab 5.64 ± 0.82c

(1:1)Tinlet = 165 °C 489 ± 6b 8.07 ± 0.20c 0.058 ± 0.040a 5.34 ± 0.06bc

(1:1.25) 577 ± 19c 7.25 ± 0.06ab 0.082 ± 0.014ab 6.73 ± 0.17d

Freeze drying (1:0) 875 ± 39f 7.28 ± 0.14ab 0.720 ± 0.058d 4.76 ± 0.18ab

(1:0.25) 762 ± 22e 7.50 ± 0.15b 0.100 ± 0.012ab 6.21 ± 0.02cd

(1:0.5) 728 ± 1e 7.39 ± 0.42ab 0.110 ± 0.022ab 5.62 ± 0.34c

(1:1) 731 ± 5e 7.29 ± 0.15ab 0.089 ± 0.002ab 5.20 ± 0.36abc

IGR 656 ± 7d 7.59 ± 0.33b 0.122 ± 0.037b 4.22 ± 0.05a

Different letters in the same column indicates that values are significantly different with p < 0.05. ANOVA followed by LSD Fisher test was applied.
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considered to complement the analysis.

3.4. Powder physical characteristics

The analysis of physical parameters of the IRC extract powders is
relevant to determine its applicability as ingredients in food industry.
Physical parameters evaluated are shown in Table 3.

The moisture contents of powders obtained by both drying methods
were in the range of 4.76–6.73 g/100 g. IRC extracts powders with 1:1
total solids:maltodextrin relation and without maltodextrin addition,
obtained by freeze-drying, did not present significant differences in
moisture content with respect to IGR powder (control). Freeze-dried
powders obtained with different levels of maltodextrin did not present a
clear tendency respect to their moisture contents. All the powders ob-
tained by spray-drying presented moisture contents significantly higher
than IGR powder. Jirayucharoensak et al. (2015) described that lower
moisture content of powder may result in higher glass transition tem-
perature and subsequently less hygroscopicity and stickiness of product.
Given that a mean moisture content for different soluble fiber powders
products has been reported as 6% (Yousif & Alghzawi, 2000), the
powders obtained from IRC extracts in the present study can be con-
sider stable during storage. Also, powders obtained can be considered
safe regarding microbiological requirements (Aw < 0.6) (Fontana,
2008), since values were in the range 0.20 to 0.49.

The bulk density could be related to the flowability properties of the
powder, being improved with higher bulk density values (Gallo, Llabot,
Allemandi, Bucalá, & Piña, 2011). So, the bulk density of the powders
obtained from IRC extracts were analyzed here as an indirect indication
of the powder particle structure and flowability. The powders obtained
by freeze-drying presented a significantly higher bulk density compared
to the IGR and spray-dried powders, demonstrating that freeze-drying
did not cause shrinkage or toughening of the material being dried. In
another hand, the addition of maltodextrin in freeze-drying decreased
the bulk density of the powders.

The powder particle structure may also influence its solubility
(Caparino et al., 2012). The water solubility index (WSI) at 25 °C of the
powders obtained by freeze-drying did not show significant differences
with the corresponding to IGR powder, even when this material was
obtained by freeze drying (Franck, 2002). The high solubility of freeze-
dried powders could be due to the porous structure related to the re-
hydration capacity and that this process did not cause shrinkage of the
products (Barbosa et al., 2015; Ratti, 2001). The WSI of powders ob-
tained by spray drying (at 175 °C inlet temperature) with maltodextrin
1:1 and 1:1.25 did not differ significantly from that of IGR powder,
whereas the powder obtained with maltodextrin 1:1 at lower inlet
temperature (165 °C), presented significantly higher solubility. In ad-
dition, the powder obtained with the lower maltodextrin content
(1:0.25) presented significantly lower WSI. Some authors (Cano-
Chauca, Stringheta, Ramos, & Cal-Vidal, 2005; Caparino et al., 2012;
Goula & Adamopoulos, 2008) found that maltodextrin addition im-
proved powder hygroscopicity and solubility, whereas it deteriorated

slightly its moisture content and density, meanwhile there are also re-
ports where the reduction in maltodextrin concentration improved the
solubility (Abadio, Domingues, Borges, & Oliveira, 2004). Thus, results
of the effect of maltodextrin addition on solubility are ambiguous and
may be related to the properties of the original compound. Moreover,
the addition of maltodextrin decreased WAI of powders obtained by
both drying-methods.

Powders obtained by spray-drying with a total solids:maltodextrin
ratio 1:1 or 1:1.25 with inlet temperature 165 and 175 °C did not
present significant differences among them. The lowest maltodextrin
addition conducted to significantly higher WAI value. The powder ob-
tained by freeze-drying without addition of maltodextrin had a WAI
value significantly higher than all the other powders. The variation in
WAI could be due to differences in the degree of engagement of hy-
droxyl groups to form hydrogen and covalent bonds between carbo-
hydrate chains. In concordance with the results obtained in this work,
Ahmed, Akter, Chin, and Eun (2009) informed that WSI and WAI were
positively and negatively correlated with maltodextrin addition, re-
spectively in sweet potatoes flour. Jirayucharoensak et al. (2015) in-
formed that drying temperature may also determine WSI as well as
WAI, resulting in better WSI and WAI of the powder with the higher
spray-drying temperature analyzed (190 °C). Analysis of the micro-
structure of powders would be necessary to complete and explain the
differences in physical characteristics between them.

Images of the powders obtained and the commercial powder are
presented in Fig. 3. The commercial powder has as a general char-
acteristic a high degree of uniformity regarding to shape and better
particle distribution (smooth and intact surfaces). The powders ob-
tained by spray-drying shown small particle size with strong interaction
among particles causing agglomeration, and presented a color similar to
the commercial powder. The freeze-dried powder presented a pleasant
appearance, adherence among particles, and slightly brown color.

4. Conclusion

In this work it was possible to optimize the extraction of IRC from
lyophilized and milled JAT employing the response surface metho-
dology. It was observed that the application of more than one extraction
step as well as an ultrasound pretreatment in the process did not ef-
fectively enhance the IRC extraction yield. The IRC extract powder
obtained by freeze-drying showed advantages regarding the yields ob-
tained and the addition of maltodextrin, in this case, resulted un-
necessary. Despite the good results obtained for this drying method, it is
important to consider the time and cost of production. The spray drying
process is commonly employed in industry considering cost, versatility,
time consuming and the possibility to be a continuous process.
Understanding how changes in these processing parameters affect flow
properties and stability attributes in the powders produced is desirable
for further industrial production of solid. So, it would be worthy to
complement the study with more spray-drying conditions analyzing
others inlet air temperature, airflow, pump speed, liquid flow rate,

Fig. 3. Digital images of powders obtained by different
drying methods. (A) IRC extract freeze-dried without
maltodextrin (B) IRC extract spray-dried with mal-
todextrin 1:1Tinlet = 175 °C (C) IGR.
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atomization and solids concentration, and composition of the solution
to be spray-dried, to optimize powders obtaining. This information
could be used to promote the use of IRC extracts from JAT, and some
other studies about the structure and microstructure would complement
the analysis of the powders properties. The present study described a
method of extraction and drying for obtaining IRC from JAT possible to
be applied at industrial scale allowing the production of an ingredient
feasible to be used in the formulation and development of functional
foods.
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