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Abstract 
The major carbohydrate component of Jerusalem artichoke tuber powder (JATP) is 

inulin, which is a chain of β-1,2-D-fructose with a glucose terminal. The extracted inulin in the 

form of oligosaccharides from JATP has been applied as a sugar substitute and in prebiotics. 

The conventional methods to extract inulin are carried out by enzymatic methods, which are 

limited by high operational cost, complicated processes, low substrate solubility, narrow range 

of temperature activity of enzymes, and longer reaction times. This study investigates the 

feasibility of using a selective chemical method to extract the oligosaccharide from JATP, 

which could provide a more cost effective and rapid method than the conventional enzymatic 

extractions. The advantages of microwave radiation (MCR) heating in combination with HCl 

as a catalyst were explored in this study to determine the suitable conditions to extract 

fructooligosaccharides, fructose, and glucose from polysaccharides in JATP. Suitable reaction 

conditions for each saccharide were determined. A low temperature of 130 °C, 0.05 M HCl, 

radiation time of 15 min, and the ratio of the reaction volume to JATP mass of 10:1 (mL/g), 

were selective for fructose production with the highest yield of 44.7 %. A small amount of 5-

HMF (0.6 %) was found in the hydrolyzed products (HP), and the UV absorbance of the HP at 

284 nm was in the average range of 1.1, under these conditions. Glucose and fructose production 

with the maximal yields of 10.1 % and 24.0 %, respectively, were obtained at 110 °C, 0.4 M 

HCl, radiation time of 15 min, and the ratio of reaction volume to JATP mass of 10:1 (mL/g). 

A medium amount of 5-HMF at 5.5 % was generated, and the maximal UV absorbance of the 

HP was at 2.8 under these reaction conditions. The reaction conditions for a selective 

fructooligosaccharide production at the highest yield of 12 % was 110 °C, 1.8 M HCl, radiation 

time of 15 min, and 10:1 (mL/g) ratio of the reaction volume to JATP mass. A low reaction 

temperature was suitable for selective saccharide production.
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1. Introduction 
Jerusalem artichoke (Helianthus 

tuberosus L.) is a species of sunflower which 

is widely cultivated in different climate zones. 

It has been conventionally used as food for 

humans and animals [1]. Jerusalem artichoke 

tuber (JAT) is considered an excellent 

potential carbohydrate-rich crop [2] because 

of its high growth rate, without being affected 

by pests and plant diseases. It is resistant to 

poor soil, frost, drought, and requires minimal 

to no fertilizer [3, 4]. In addition, health 

products derived from JAT, such as inulin, 

fructooligosaccharides, fructose, and glucose, 

have recently been discovered [5]. 

The main polysaccharide found in JAT 

is inulin. Inulin is a polysaccharide containing 

a chain of D-fructose with a glucose terminal 

(GFn). D-Fructose connects via β-1,2- 

glycosidic linkages to form a linear chain 

structure of inulin, and D-glucose was found 

at the terminal of inulin with an α-1,2- 

glycosidic linkage [5]. 

The advantage of extracted inulin from 

JAT is its low calories. Thus, it is applied as a 

fat substitute in low fat fermented sausages [6] 

and in cheese productions [7]. In some sectors 

of food production, including orange juice, 

chocolate and coffee, extracted inulin has 

been used as a sugar substitute because of its 

taste [8]. In addition, inulin isolated from JAT 

has been used as an ingredient in pet food 

because of its preferred effects on animal 

digestive systems [9]. Inulin cannot be 

digested by animal intestinal enzymes and 

gastric acids because of the glycosidic linkage 

in its structure. Thus, it is a good source of a 

calorie free fiber [10] and a carbohydrate 

source for diabetic patients [8].  

Prebiotics are a functional food [11] 

which have recently drawn much research 

interest because of their health benefits [12, 

13]. However, at this time, natural sources of 

prebiotics are still limited. 

Fructooligosaccharides (oligofructose, 

oligofructan) are common prebiotics [14], and 

inulin extracted from JAT is a major 

polysaccharide source to produce 

fructooligosaccharide prebiotics [15]. 

Furthermore, fructose and glucose obtained 

from the hydrolysis of JAT are desirable 

monosaccharides. For example, fructose has 

numerous applications in food and beverages 

as a sweetener, flavor enhancer, humectant, 

coloring agent, freezing-point depressor, 

osmotic stabilizer, and pharmaceutical 

ingredient [16]. Glucose is also widely 

utilized in food industries as an ingredient in 

energy drinks and in the health sector [17]. 

Fructooligosaccharides can be 

produced by enzymatic methods: by 

inulinases for hydrolysis reactions of 

extracted inulin from JAT and other sources 

[18] and by fructosyl tranferases for the 

glycosyl transfer reaction of sucrose [19]. 

These enzymatic methods are limited by high 

operational cost, complicated processes, low 

substrate solubility, narrow range of 

temperature activity of enzymes, and longer 

reaction times [20, 21]. A chemical hydrolysis 

of Jerusalem artichoke tuber powder (JATP) 

would generate fructooligosaccharide in a 

more cost-effective fashion; however, such a 

chemical process should be carried out with a 

selective approach to maximize the 

productivity. This study integrates microwave 

radiation (MCR) heating and HCl as a 

catalyst, to facilitate the hydrolysis of JAT in 

a selective manner.  

The heat generated by MCR has been 

investigated for its promising applications in 

various industries [22, 23], including food 

processing, food drying, polymers, and 

organic synthesis. When compared to other 

heating methods, MCR heating has 

advantages, including non-contact heating, 

electromagnetic wave energy transfer as a 

substitute for heat transfer, rapid heating, 

short reaction time, energy savings because of 

volumetric heating, homogeneous heating 

https://en.wikipedia.org/wiki/Helianthus
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from the interior of a material, and quick start-

up and stopping mechanisms [23, 24]. For an 

acid catalyst that is also acceptable for food 

applications, only HCl can be applied in the 

food industry as a food additive [25]. To the 

best of our knowledge, the hydrolysis of JATP 

by a combination of MCR heating and HCl as 

a catalyst, to extract fructooligosaccharides, 

fructose, and glucose, has not been reported. 

Therefore, we aim to explore the 

advantages of MCR heating, in combination 

with HCl as a catalyst, to hydrolyze JATP, in 

order to circumvent the shortcomings of the 

enzymatic methods and to determine the 

optimal conditions to produce both 

fructooligosaccharides and monosaccharides. 

 

2. Material and methods 

2.1 Material and reagents 

     2.1.1 Processing of Jerusalem 

artichoke tuber into JATP 

Fresh JAT was purchased from 

Artichoke View Farm, Singburi province, 

Thailand. The raw material was cut into small 

pieces and dried in a hot air oven at 60 °C for 

2 days to remove most of the moisture. The 

dried JAT flakes were ground by a household 

blender and then sieved to obtain Jerusalem 

artichoke tuber powder (JATP) with a particle 

size of less than 250 µm. JATP was kept in an 

airtight container for further usage. 

    2.1.2 Reagents 

    Phenol, sulfuric acid (95 - 97 %), 

dihydroxyacetone (DHA), Coomassie 

Brilliant Blue G-250, and albumin were 

purchased from Merck (Germany). 3,5-

Dinitrosalicylic acid, sodium hydroxide, 5-

hydroxymethyl-2-furfuraldehyde (5-HMF), 

methanol, and HCl were purchased from 

Sigma-Aldrich (USA). Fructose and 

potassium sodium tartrate were purchased 

from Ajax FineChem Pty Ltd. (Australia). 

Xylose was purchased from Senn Chemicals 

(Switzerland). Galactose and glucose were 

purchased from Fluka (USA). Standard 

mannans, which have the same range of 

retention times on HPLC as the 

oligosaccharides extracted from the JATP, 

were synthesized according to the published 

report [26]. Other reagents for proximate 

constituent analysis of JATP were of 

analytical grade. 

2.2 Physicochemical hydrolysis of 

JATP 

Prior to hydrolysis, JATP was dried at 

60 °C overnight in a hot air oven to remove 

residual moisture in the raw material. The 

hydrolysis of the JATP was done in a closed 

vessel (10 mL), in an MCR reactor (CEM, 

Discover SP 909155, USA). JATP (0.1 g) was 

mixed with HCl (aq. 1 mL) at a specified 

concentration in the MCR vessel. All of the 

hydrolysis reactions were carried out with the 

set conditions for MCR: maximal pressure of 

290 psi, maximal power of 150 watts, and the 

ramping time of 2 min.  

Afterwards, the vessel was allowed to 

cool to room temperature. Reverse osmosis 

(RO) water (8 mL) was added and stirred for 

1 h to separate the soluble and insoluble 

portions. The residual solid was collected by 

filtering through a Whatman No. 1 filter 

paper. The supernatant (hydrolyzed product) 

was continually centrifuged at 14,000 rpm, 4 

°C, for 20 min. The combined residual solids, 

collected from both filtration and 

centrifugation, were dried at 60 °C overnight 

in a hot air oven to obtain a constant weight, 

to determine solid loss. The hydrolyzed 

products (HP) were kept as an aqueous 

solution in a refrigerator at 4 °C for further 

analysis. 

2.3 Experimental conditions 

  2.3.1 The effect of temperature 

on the hydrolysis of JATP 

A reaction temperature of 110 - 200 

°C (10 °C increments) was investigated in this 

study. Based preliminary results, the reaction 

time, concentration of HCl and the ratio of the 

reaction volume to JATP mass were set to be 

15 min, 0.05 M HCl, and 10:1 (mL/g), 

respectively. 

  2.3.2 The effect of HCl 

concentration on the hydrolysis of JATP 

At a temperature higher than 120 

°C, Maillard Browning and Caramelization 
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reactions (MBCR) are accelerated over the 

reaction time. The caramelization temperature 

of fructose is 110 °C [27-29]. Thus, the 

reaction temperature was fixed at 110 °C. The 

HCl concentration was 0.05 - 2.0 M (0.2 M 

HCl increments from 0.2 – 2 M). The reaction 

time was fixed at 15 min. The ratio of the 

reaction volume to JATP mass was 10:1 

(mL/g). 

2.4 Methods 

     2.4.1 Proximate constituent 

analysis of JATP 

The proximate constituents of JATP 

were analyzed, following a standard method 

set by the Association of Analytical 

Communities   (AOAC) [30]. Briefly, 

moisture, total ash, crude protein, and crude 

fat were measured, respectively, by the hot air 

oven method at 100  °C for 16 - 18 h, drying 

ash method at 550 °C for 4 - 6 h, Kjeldahl 

method with 6.25 as the conversion 

coefficient, and Soxhlet extraction method. 

2.4.2 Solid loss (SL) determination 

The SL was calculated by the 

equation (1) [21, 31], 

 

SL =
IS − RS

IS
× 100 % 

 

where, 

SL: Solid loss (%, based on the dried 

weight of JATP), 

IS: Initial dried solid (g), 

RS: Residual dried solid (g). 

 

2.4.3 Total carbohydrate (TC) 

determination 

TC was determined by the phenol-

sulfuric acid assay method [32]. The HP (0.2 

mL) were diluted to 10 mL using RO water in 

a volumetric flask. The diluted HP (1 mL) was 

mixed with 1 mL of aqueous phenol solution 

(5 %) in a closed test tube, and then 5 mL of 

sulfuric acid (95 - 97 %) was added to the 

mixture. The mixture was thoroughly mixed 

and kept in a water bath at 25 °C for 20 min. 

The absorbance of the mixture was recorded 

at 490 nm by using a UV-VIS 

spectrophotometer (Thermo Fisher Scientific, 

G10S UV-VIS, USA). A mixture of RO 

water, aqueous phenol solution (5%) and 95 - 

97 % sulfuric acid (1:1:5, v/v) was used as a 

blank. Fructose aqueous solutions at different 

concentrations were used to construct a 

standard curve. TC was reported in % (g of TC 

in 100 g of the dried weight of JATP). 

2.4.4 Reducing sugar (RS) 

determination 

RS in the HP was measured by the 

dinitrosalicylic acid assay [33]. To prepare 

dinitrosalicylic acid solution, dinitrosalicylic 

acid (1 g) and potassium sodium tartrate (300 

g) were mixed together in 200 mL of 2 M 

NaOH. The mixture was then adjusted to 800 

mL by RO water. The HP (0.2 mL) and the 

dinitrosalicylic acid solution (2 mL) were 

mixed thoroughly in a closed test tube, and 

then the mixture was immersed in boiling 

water for 10 min before being rapidly cooled 

to room temperature by ice water. A UV-VIS 

spectrophotometer (Thermo Fisher Scientific, 

G10S UV-VIS, USA) was used to recorded 

UV absorbance of the mixture at 570 nm. A 

mixture of RO water and dinitrosalicylic acid 

solution (0.2:2, v/v) was used as a blank. 

Fructose aqueous solutions at different 

concentrations were used to construct a 

standard curve. RS was reported in % (g of RS 

in 100 g of the dried weight of JATP). 

2.4.5 Protein determination 

Protein in the HP was quantified by 

the Bradford method [34, 35]. Coomassie 

Brilliant Blue G-250 (0.2 g) and 100 mL of 

ethanol (95 %) were mixed together, and then 

200 mL of 85 % phosphoric acid was added to 

the Bradford reagent. The mixture was 

thoroughly mixed and diluted to 2 L in a 

volumetric flask. Before using, the Bradford 

reagent was filtered through a Whatman No. 1 

filter paper. HP (0.1 mL) was diluted to 1 mL 

by RO water, and then 5 mL of the Bradford 

reagent was added. The mixture was 

incubated at room temperature for 5 min. The 

absorbance of the mixture at 595 nm was 

recorded by using a UV-VIS 

spectrophotometer (Thermo Fisher Scientific, 

(1) 
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G10S UV-VIS, USA). A mixture of RO water 

and Bradford reagent with a ratio of 1:5 (v/v) 

was used as a blank. Albumin aqueous 

solutions with different concentrations were 

used to construct a standard curve. Protein 

content was reported in % (g of protein in 100 

g of the dried weight of JATP). 

2.4.6 UV absorbance level for 

determination of intermediate degradation 

products of MBCR 

The UV absorbance levels of the HP 

at 50-fold dilutions were recorded by using a 

UV-VIS spectrophotometer (Thermo Fisher 

Scientific, G10S UV-VIS, USA) at 284 nm 

[36, 37]. RO water was used as a blank. 

2.4.7 5-hydroxymethyl-2-

furfuraldehyde (5-HMF) determination 

An HPLC (Agilent 1260 Infinity, 

G1329B, Germany), equipped with C18 

(Agilent, ZORBAX Eclipse Plus C18, 

959961-902, USA), was used to quantify 5-

HMF in the HP [21]. The diluted HP was 

neutralized and filtered through a 0.2 µm 

membrane, and 20 µL of the sample was 

injected into the HPLC. A mixture of 

deionized water (DI) to methanol (90:10, v/v), 

filtered through a 0.2 µm membrane, was used 

as a mobile phase with a flow rate of 1 

mL/min [21]. A UV detector on the HPLC 

was used to record the absorbance of 5-HMF 

at 284 nm [36, 37]. 5-HMF aqueous solutions 

with different concentrations were used to 

construct a standard curve. DHA was used as 

an internal standard for all HP and a standard 

curve. The amount of 5-HMF was reported in 

% (g of 5-HMF in 100 g of dried JATP). 

2.4.8 Analysis of the saccharide 

compositions of HP 

The saccharide compositions of the 

HP were analyzed by an HPLC (Agilent 1260 

Infinity, G1329B, Germany), equipped with a 

carbohydrate column (Transgenomic 

CARBOSEP CHO682, LEAD column, CHO-

99-9854, USA) and a guard column 

(Transgenomic CARBOSEP CHO 682, Guar 

Kit, CHO-99-2354, USA). The diluted HP 

was neutralized and filtered through a 0.2 µm 

membrane, and then 20 µL of the sample was 

injected into the HPLC. DI water, filtered 

through a 0.2 µm membrane, was used as the 

mobile phase, with a flow rate of 0.4 mL/min. 

During the analysis process, the column’s 

temperature was maintained at 80 °C. A 

refractive index detector on the HPLC was 

used to monitor monosaccharides and 

fructooligosaccharides in the HP. Fructose, 

glucose, galactose, xylose, arabinose, and 

mannan oligosaccharide aqueous solutions 

with different concentrations were used to 

construct the standard curves. DHA, as an 

internal standard, was applied to all HP and 

the standard curves. Saccharide compositions 

were reported in % (g of each saccharide in 

100 g of dried JATP) 

2.4.9 Statistical analysis of data 

Following the analysis procedures 

done in the previous studies [21, 31, 38], the 

experiments were repeated three times. All of 

the data were expressed as mean ± standard 

deviation (n = 3). 
 

3. Results and discussion 
3.1 Analysis of proximate 

constituents of JATP 

JATP is rich in carbohydrates, 

especially fructose and glucose [5, 8, 39-41]. 

The TC in the dried weight of JATP was 83.1 

± 0.1 %, which makes up the majority of the 

JATP weight (Table 1). 
 

 

Table 1. Proximate constituents of JATP (%) 

Moisture 3.39 ± 0.18 

Total ash 3.66 ± 0.01 

Crude protein 8.91 ± 0.18 

Crude fat 0.91 ± 0.03 

Total carbohydrate 83.13 ±  0.07 

 

 

With the advantages of the combination 

of the MCR heating and HCl as a catalyst, we 

aim to extract most of the TC in JATP and 

preserve the quality of extracted 
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fructooligosaccharides and monosaccharides 

in the HP. 

 

3.2 Oligosaccharides and types of 

monosaccharides analyses by HPLC with 

carbohydrate column 

The percentage of oligosaccharides, 

types, and proportions of monosaccharides in 

the HP of JATP were directly quantified by 

HPLC without the need of chemical 

derivatizations. Glucose, xylose, galactose, 

arabinose, and fructose were the common 

monosaccharides with retention times on 

HPLC chromatograms at 20.6, 22.4, 24.5, 

27.0, and 29.3 min, respectively. The 

retention times of the standard mannan 

oligosaccharides and the extracted 

fructooligosaccharides in the HP were 

distinctively shorter, at around 9 to 16 min. A 

carbohydrate column (Transgenomic 

CARBOSEP CHO682, LEAD column, CHO-

99-9854, USA), with a simple and 

inexpensive eluent (DI water), allows the 

HPLC assay to directly profile the saccharides 

in the HP of JATP and avoid significant errors 

from incomplete chemical derivatizations that 

often occur in typical analysis methods [21, 

42]. 

3.3 The effect of reaction 

temperatures on the hydrolysis of JATP 

In general, the reaction temperature has 

a small positive effect on the overall 

hydrolysis process of JATP within 110 - 160 

°C. The levels of SL (Eq. (1)) and TC 

increased with increasing reaction 

temperature, within this range. Reaction 

temperatures higher than 160 °C negatively 

affected the SL, TC, and RS (Figure 1A). 

The SL level gradually increased and 

reached a maximal value of 80.8 ± 0.6 % at 

170 °C, and it subsequently decreased with 

increasing reaction temperature because some 

carbohydrates and proteins were burned, 

generating a black residual solid at high 

temperature. This observation corresponds to 

a decrease in TC, RS, and protein levels at 

high temperature. TC slowly increased and 

reached a maximal value of 72.1 ± 1.0 % at 

140 °C. The extracted TC was high, 

considering that the available carbohydrate in 

JATP is 83.1 ± 0.1 % (Table 1). The TC level 

remained constant from 140 - 160 °C before 

drastically decreasing at higher temperatures. 

The RS level, which refers to monosaccharide 

and low molecular weight of 

oligosaccharides, remained constant, around 

51.8 ± 1.5 %, for 110 °C to 180 °C. Beyond 

this range, it dramatically decreased to a 

minimal value of 37.2 ± 1.2 % at 200 °C. 

Some carbohydrates and proteins were 

degraded to form the degradation 

intermediates of MBCR [27-29], which were 

in agreement with the decrease of TC and RS, 

and a significant increase in 5-HMF, as well 

as the UV absorbance level of HP (Figure 1B). 

The formation of 5-HMF and the 

degradation intermediates of MBCR require 

the consumption of protons (H+) [27-29]. 

Thus, the final pH of HP increased to the 

highest value of 2.5 ± 0.0, at 160 °C. At higher 

temperatures, the pH decreased because some 

carbohydrates also converted into organic 

acids: acetic, formic, glycolic, and lactic 

acids, via various reaction pathways, 

especially by decomposition reactions [21, 

43-45]. In addition, at high temperature, 5-

HMF in the HP also degraded to form organic 

acids, such as formic acid and levulinic acid 

[21, 46, 47], which also led to a decrease of 

the final pH of HP, at high temperature. The 

released proteins reached a maximal value of 

2.3 ± 0.1 % at 120 °C, and then it decreased 

with increasing temperature because proteins 

were degraded at high temperatures. 
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Figure 1. The effect of temperature on the 

hydrolysis of Jerusalem artichoke tuber 

powder: A) solid loss (■, solid line), total 

carbohydrate (♦, dotted line), reducing sugar 

(▲, solid line), final pH of the hydrolyzed 

products (●, dotted line), and protein (■, 

dotted line) and B) 5-HMF (♦, dotted line) and 

UV absorbance level of the hydrolyzed 

products (■, solid line) of the hydrolyzed 

products (15 min, 0.05 M HCl, 10:1 (mL/g) 

ratio of reaction volume to Jerusalem 

artichoke tuber powder mass). 

 

 

 

 

 

 

 

 

 

 

 

 

A combination of the heat generated by 

MCR and 0.05 M HCl as a catalyst accelerates 

the hydrolysis of polysaccharides in JATP to 

produce fructooligosaccharides, which were 

continually degraded to form 

monosaccharides. Generally, the obtained 

monosaccharides, total monosaccharides 

(TM), and oligosaccharides decreased with 

increasing reaction temperature (Table 2). 

The major monosaccharides found in 

JATP were fructose and glucose, which is in 

agreement with the literature [5, 8, 39-41]. 

The maximal values of fructose and TM found 

in HP were 44.7 ± 0.5 % and 57.4 ± 0.3 %, 

respectively, at 130 °C, and then they 

decreased to the lowest value of 3.7 ± 0.7 % 

and 17 ± 1.8 %, respectively, at 200 °C. 

MBCR accelerate with high temperature [27-

29]. Thus, fructose and TM significantly 

decreased with increasing reaction 

temperature. For the second major 

monosaccharide in JATP, the obtained 

glucose increased and reached the highest 

value of 9.7 ± 0.5 %, at 190 °C. 

The percentage of glucose and minor 

monosaccharides (xylose, galactose, and 

arabinose) in the HP slowly increased, while 

the proportion of fructose decreased when a 

higher reaction temperature was applied 

because of the caramelization reaction 

temperature of fructose at 110 °C, which is 

lower than those of other monosaccharides. 

For example, both glucose and galactose have 

the caramelization reaction temperature at 160 

°C [27-29]. The oligosaccharides yield had a 

maximal value of 1.9 ± 0.1 % at 110 °C, and 

then decreased with increasing temperature 

because the oligosaccharides were degraded 

to form monosaccharides (glucose, xylose, 

galactose, arabinose, and fructose), and/or 

produce other intermediate degradation 

products (methylglyoxal, α-dicarbonyl 

compounds) of MBCR at high temperature 

[27, 48-50]. Low reaction temperatures tend 

to produce more oligosaccharides from the 

hydrolysis process of JATP. 
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Table 2. The effect of reaction temperatures on the saccharide compositions of HP (15 min, 0.05 

M HCl, 10:1 (mL/g) ratio of reaction volume to Jerusalem artichoke tuber powder mass).

 
 

Temperature  

(°C) 

Saccharide compositions (%, based on the dried weight of JATP) 

TM 

Oligosaccharides Glucose Xylose Galactose Arabinose Fructose 

110 1.87±0.08 4.98±0.16 1.59±0.26 0.52±0.34 0.89±0.44 44.13±0.71 53.36±0.90 

120 1.37±0.04 5.80±0.18 2.62±0.11 0.67±0.22 0.98±0.16 41.81±0.44 52.80±0.41 

130 1.32±0.01 7.92±0.34 2.79±0.16 0.82±0.29 0.35±0.04 44.67±0.52 57.43±0.28 

140 1.38±0.10 5.86±0.61 2.77±0.21 0.65±0.35 0.56±0.29 34.30±0.45 45.05±1.51 

150 1.28±0.10 6.46±0.31 2.58±0.33 0.62±0.11 0.94±0.30 36.37±0.64 47.86±1.30 

160 1.55±0.08 5.05±0.78 2.83±0.11 1.15±0.58 1.45±0.45 34.10±0.71 45.60±1.16 

170 1.20±0.06 7.99±0.63 2.86±0.08 1.16±0.27 1.49±0.25 30.41±0.51 44.69±1.50 

180 0.96±0.06 7.02±0.39 2.85±0.18 1.67±0.55 1.15±0.34 19.15±0.73 32.48±1.67 

190 0.94±0.05 9.66±0.46 2.78±0.20 1.64±0.09 0.97±0.16 10.02±0.64 25.68±1.28 

200 1.12±0.40 7.05±0.59 2.33±0.08 2.22±0.90 0.85±0.47 3.67±0.65 16.96±1.82 
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5-HMF is a key degradation 

intermediate of MBCR, and the degree of 

MBCR depend on the reaction temperature, 

time, pH and water activity [27-29]. 5-HMF is 

produced from monosaccharides, which were 

hydrolyzed from the polysaccharide of JATP 

and protein via MBCR [27, 29]. The UV 

absorbance level of the HP at 284 nm 

represents the magnitude of the degradation 

products of MBCR [36, 37]. The intermediate 

degradation products of MBCR are 

undesirable products generated during the 

hydrolysis reaction of JATP. Thus, the 

amount of 5-HMF in the HP was monitored, 

and the UV absorbance level of the HP was 

recorded to determine the effect of reaction 

temperature and HCl concentration on the 

formation of MBCR intermediates. This 

information will facilitate the optimization 

conditions for the hydrolysis reaction of 

JATP, to selectively produce 

fructooligosaccharides and monosaccharides. 

The 5-HMF and UV absorbance levels 

of the HP increased with increasing reaction 

temperature (Figure 1B). The UV absorbance 

level of the HP exponentially increased and 

reached the highest value of 2.8 at 180 °C. 

Then, it remained constant at the higher 

reaction temperatures. 5-HMF in the HP 

dramatically increased with the reaction 

temperature from 110 - 190 °C and reached 

the maximal value of 19.7 ± 0.3 % at 190 °C. 

With a temperature higher than 190 °C, 5-

HMF decreased because it was degraded to 

form organic acids such as formic acid, and 

levulinic acid [21, 46, 47]. This observation 

also corresponds to the decrease of final pH of 

the HP at high temperature (Figure 1A). The 

extents of the MBCR are proportional to the 

reaction temperature [27-29]. Thus, the 

percentage of 5-HMF and UV absorbance 

level of the HP increased at high reaction 

temperatures. This is in agreement with the 

decrease of oligosaccharides, TM, 

monosaccharides, and protein. In addition, it 

should be noted that low reaction 

temperatures tend to generate more 

oligosaccharides and significantly limit 

MBCR. 

In summary, a reaction temperature 

within the range of 110 – 160 °C has a small 

positive effect on the hydrolysis process of 

JATP. The SL, TC, RS, and glucose slightly 

increased with increasing temperature. 

However, the amounts of fructose and TM 

significantly decreased at higher reaction 

temperatures. At the same time, the extracted 

oligosaccharides were low and the 

intermediate degradation products of MBCR 

were very high. 

3.4 The effect of HCl concentrations 

on the hydrolysis of JATP 

Reaction conditions with a low 

temperature of 110 °C, and with a low range 

of HCl concentrations, have a positive effect 

on the hydrolysis process of JATP. SL (Eq. 

(1)), TC, and RS dramatically increased when 

increasing the HCl concentration from 0.05 to 

0.4 M (Figure 2A) and reached a maximal 

value of 86.4 ± 0.4 %, 78.9 ± 0.6 %, and 65.3 

± 0.4 % at 0.4 M HCl, respectively. The TC 

level in the HP at 0.4 M HCl was 78.9 ± 0.6 

%, which accounted for most of the available 

TC in JATP (83.1 ± 0.1 %, Table 1). 

With an increase of HCl concentration 

to 2 M, SL slightly decreased while TC and 

RS significantly decreased to the minimal 

values of 36.4 ± 0.6 % and 33.4 ± 0.4 % at 2 

M, respectively. At high HCl concentrations, 

the extracted carbohydrates were degraded to 

form MBCR intermediate products [27-29], 

which led to a decrease of TC and RS. This 

observation corresponds to the significant 

increase of UV absorbance level of HP and 5-

HMF at high HCl concentrations (Figure 2B). 

A decrease of RS at the HCl concentrations 

higher than 0.4 M also corresponds to a 

decrease of monosaccharide and TM (Table 

3). Protein is sensitive to low pH. Thus, the 

released proteins from JATP were slightly 

decreased from the maximal value of 1.8 ± 0.3 

% at 0.05 M, to 0.9 ± 0.2 % at 2 M HCl (Figure 

2 A). MBCR were accelerated at high HCl 

concentrations [27-29]. Thus, TC, RS and 

proteins decreased. 
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At a low temperature of 110 °C, the 

HCl concentration is a major reaction 

parameter that positively affects the 

hydrolysis of JATP to produce 

fructooligosaccharides. The amounts of 

fructose dramatically decreased when the HCl 

concentration increased (Table 3). The 

extracted fructooligosaccharides significantly 

increased with increasing HCl concentrations. 

The maximal yield of oligosaccharide was 

12.0 ± 0.3 % at 1.8 M HCl. TM, and fructose, 

drastically decreased from the highest yield of 

53.4 ± 0.9 % and 44.1 ± 0.7 % at 0.05 M HCl, 

to 4.1 ± 1.0 % and 0.8 ± 0.5 %, at 2 M HCl, 

respectively. The higher HCl concentrations 

accelerated the degradation of TM and 

fructose into the intermediates of MBCR [27-

29]. This is in agreement with the increase of 

UV absorbance level of HP and 5-HMF at 

higher HCl concentrations. The yield of 

glucose increased and reached a maximal 

value of 10.1 ± 0.4 % at 0.4 M HCl, and then 

it decreased. The levels of the minor 

monosaccharides, which are xylose, 

galactose, and arabinose, were the highest at 

0.4, 1.4, and 1.8 M HCl, respectively. 

The 5-HMF levels dramatically 

increased when the concentration of HCl 

increased from 0.05 M to 0.6 M. The 5-HMF 

level reached the highest value of 10.4 ± 0.1 

% at 1.2 M HCl, and then it decreased. 5-HMF 

can be converted into other non-harmful 

compounds, such as levulinic and formic 

acids in the presence of high concentrations of 

HCl [51, 52] (Figure 2B). Therefore, it would 

also be advantageous to use higher 

concentrations of HCl in the hydrolysis in 

order to accelerate the degradation of 5-HMF 

and to produce more fructooligosaccharides 

(Table 3). MBCR were limited by a low 

temperature of 110 °C [27-29]. Thus, the 

maximal value of 5-HMF found in the HP was 

10.4 ± 0.1 % at 1.2 M HCl, which was 

significantly lower than at 190 °C and 0.05 M 

HCl. The UV absorbance of the HP suddenly 

increased from 0.4 ± 0.1, at 0.05 M HCl, to 2.7 

± 0.1 at 0.2 M HCl, and then it remained 

constant when higher HCl concentrations 

were applied. 

 

 
 

 

 
 

Figure 2. The effect of HCl concentrations on 

the hydrolysis of Jerusalem artichoke tuber 

powder: A) solid loss (■, solid line), total 

carbohydrates (♦, dotted line), reducing sugars 

(▲, solid line), and protein (●, solid line) and 

B) 5-HMF (♦, dotted line) and UV absorbance 

level of the hydrolyzed products (■, solid line) 

(110 °C, 15 min, 10:1 (mL/g) ratio of reaction 

volume to Jerusalem artichoke tuber powder 

mass). 
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Table 3. The effect of HCl concentrations on the saccharide composition of HP (110 °C, 15 min, 

10:1 (mL/g) ratio of reaction volume to Jerusalem artichoke tuber powder mass).

 

HCl 

 concentration 

(M) 

Saccharide compositions (%, based on the dried weight of JATP) 

TM 
Oligosaccharides Glucose Xylose Galactose Arabinose Fructose 

0.05 1.87±0.08 4.98±0.16 1.59±0.26 0.52±0.34 0.89±0.44 44.13±0.71 53.36±0.90  

0.20 1.32±0.02 2.39±0.40 1.29±0.08 1.02±0.06 0.82±0.40 16.69±0.68 22.20±1.40 

0.40 3.31±0.29 10.14±0.41 2.22±0.11 1.59±0.42 1.14±0.25 24.01±0.67 39.11±1.13 

0.60 2.74±0.27 5.09±0.63 1.56±0.02 1.31±0.34 0.84±0.23 9.57±0.84 18.37±1.83 

0.80 5.67±0.16 1.00±0.28 1.83±0.04 2.20±0.85 1.40±0.83 6.82±0.45 13.26±2.35 

1.00 3.96±0.15 0.42±0.23 1.17±0.04 1.17±0.17 0.76±0.22 1.42±0.63 4.94±1.04 

1.20 5.61±0.35 0.94±0.28 1.49±0.03 1.26±0.66 0.61±0.12 0.96±0.65 5.27±1.08 

1.40 10.05±0.16 5.33±0.54 1.84±0.06 2.26±0.06 1.09±0.53 1.04±0.42 11.57±1.42 

1.60 7.84±0.22 1.47±0.19 1.38±0.03 1.52±0.56 1.01±0.65 0.72±0.24 6.11±1.09 

1.80 12.04±0.26 1.56±0.19 0.53±0.06 1.51±0.69 1.88±1.74 1.25±0.60 6.72±2.72 

2.00 11.19±0.20 1.17±0.21 0.99±0.03 0.81±0.40 0.28±0.05 0.80±0.53 4.05±1.04 
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In summary, the concentration of HCl 

significantly affected the hydrolysis reaction 

of JATP. At 110 °C, the levels of SL, TC, and 

RS dramatically increased with HCl 

concentrations from 0.05 M to 0.4 M HCl. 

The amounts of fructose and TM decreased 

with high HCl concentrations, while 

fructooligosaccharides increased when high 

HCl concentrations were applied. 

Furthermore, the formation of degradation 

intermediates from MBCR, which were 

indicated by the 5-HMF percentage and the 

UV absorbance level of HP, were limited by a 

low reaction temperature of 110 °C. In 

comparison with the subcritical water 

treatment [21], the introduction of the HCl 

catalyst, in this study, obviously facilitates the 

hydrolysis of polysaccharides. The effective 

hydrolysis can take place at lower 

temperatures (130 °C versus 250 °C), thus 

preventing the decompositions of the obtained 

saccharides. In addition the equipment 

required in this developed method is less 

sophisticated than the subcritical water 

method.   

 

4. Conclusion 
In this study, we successfully develop a 

rapid method to selectively produce fructose, 

glucose, and fructooligosaccharides, and 

profile the saccharides obtained from the 

hydrolysis, using an HPLC assay. The 

temperature and HCl concentration have 

considerable effects on the hydrolysis reaction 

of Jerusalem artichoke tuber powder, although 

the reaction temperatures from 100° C to 170 

°C only have small positive effects on the 

hydrolysis.  To produce fructose, the selective 

conditions were 130 °C, and 0.05 M HCl. 

Suitable conditions for both glucose and 

fructose production were 110 °C and 0.4 M 

HCl. At 1.8 M HCl, and 110 °C, the highest 

yield of fructooligosaccharides was obtained, 

but only a medium amount of 5-HMF was 

generated. A low reaction temperature of 110 

°C is the best option for the production of both 

monosaccharides and oligosaccharide with 

various HCl concentrations. The developed 

method, utilizing a combination of MCR 

heating and HCl as a catalyst,  is able to 

extract most of the carbohydrate content in 

Jerusalem artichoke tuber powder and 

selectively convert it into 

fructooligosaccharides and monosaccharides 

in a relatively short reaction time with a low 

reaction temperature. 
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