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Abstract

Chicory (Cichorium intybus var. foliosum) roots are an agricultural residue and a low cost feedstock for the production of the
platform chemical 5-Hxdroxymethylfurfural (HMF). In a first step, inulin and fructose have to be extracted from the roots. The
resulting aqueous extract represents the starting material for the HMF production. In the reaction to HMF, inulin has to be
hydrolyzed first to fructose. For this reason, two methods to increase the fructose content in these extracts before the reaction were
investigated. This was conducted within the framework of integrating acid hydrolysis into a biorefinery process for HMF
production. The first method (one-step process) was acid-assisted extraction to directly hydrolyze inulin in the course of the
extraction process. Chicory roots were extracted at 60 and 80 °C at pH 2 and 4 using buffer solutions. The second approach (two-
step process) was aqueous extraction at neutral pH followed by nitric acid hydrolysis of the extract at 60 and 80 °C under reduced
pH. It was found that in the first approach, the pH of 2 led to a fivefold increase in the fructose content of the extract, resulting
from inulin hydrolysis and corresponding to 56% of theoretical fructose yield. For the second approach, it was possible to achieve
complete hydrolysis at pH below 2.5 and at 80 °C. Separating extraction and hydrolysis was found to be more suitable in terms of
including this process step into a biorefinery concept for HMF production. It was possible to reduce the initial inulin content by

95%.
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1 Introduction

The production of biobased materials from agricultural resi-
dues is an indispensable component of the transformation of a
fossil-based to a biobased economy. Zero-waste approaches
can lead to a reduction in worldwide CO, emissions and ma-
terial cycles can be closed. For this purpose, residual materials
are processed in biorefineries, which are part of a well-
functioning bioeconomy.

Chicory roots (Cichorium intybus var. foliosum) are an
agricultural residue. After field cultivation, these are harvested
and then stored up to several months at low temperatures [1].
After storage, ctiolated buds (chicons) are produced in dark
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forcing chambers for 21 days at 15-20 °C [2]. The chicons are
sold as salad; the roots are, from this point, an agricultural
waste with only low-value application like biogas production.
But also the unforced roots that represent the fraction of
rejected roots after harvest, which do not match the standards
for forcing, are of interest. They can be also be a starting
material for the production of the platform chemical 5-
hydroxymethylfurfural (HMF) [3]. For this purpose, it is nec-
essary to extract sugars from the roots. Here, inulin and fruc-
tose are of particular importance. Inulin is a storage carbohy-
drate in plants and primarily consists of a varying number of
[3-2-1 glycosidically linked fructose molecules [4]. For this
reason, inulin can also be called polyfructose. The length of
inulin chains is expressed by the degree of polymerization
(DP). It normally ranges from 2 to 60, but the average DP
(DP,) in chicory is normally between 10 and 15 or even lower
[5]. In general, inulin with a DP < 10 is named short-chained
or low-molecular weight inulin [6].

The extraction of inulin from chicory roots can be conduct-
ed with water at elevated temperatures. Generally, inulin is
extracted from fresh roots as oven drying reduces the yield
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[7]. About 80-90% of the soluble sugars can be extracted
within 15 min at 80-90 °C [8] in a batch process or, at slightly
reduced temperatures, in continuous processes using pretreat-
ments like pulsed electric fields [9]. However, the extractabil-
ity depends strongly on the chicory roots and on the specific
surface of the feedstock. During cultivation, harvest, storage
and forcing, the composition of the sugar changes. During
cultivation, more long-chained inulin and only a small propor-
tion of monosaccharides can be found in the roots [10]. At the
time of storage and forcing, these chains are broken down
causing an increase in monosaccharides, mainly fructose [11].

HMF is produced via dehydration from fructose. It
can also be produced from sucrose [12], glucose (via
isomerization) and inulin, which has to be hydrolyzed
first to fructose. This can lead to higher reaction times
and lower yields. Hydrolysis of the chicory inulin could
lead to high fructose concentrations in the extracts that
enable high conversion rates to HMF. Inulin hydrolysis
has been studied earlier, mainly with regard to the pro-
duction of fructose for different applications, like the
production high fructose syrup [13] or for ethanol pro-
duction [14]. In general, there are two ways to conduct
hydrolysis of inulin. The first way is enzymatic hydro-
lysis. This can be conducted with the enzymes exo- and
endoinulinase. The exoinulinase breaks the molecules
from the end of the chain whereas the endoinulinase
acts on the internal linkages [15]. The optimum temper-
ature of different inulinase strains covers a range of 30
to 60 °C [15]. Therefore, the combination with the com-
monly performed process (chicory extraction at, prefer-
ably, 80 °C) is difficult. A relevant disadvantage for the
biorefinery process, however, would be the long reac-
tion times in enzymatic inulin hydrolysis [16]. As enzy-
matic hydrolysis is, in addition, very expensive, the sec-
ond method, which is acid hydrolysis, is more suitable.
A disadvantage that is mentioned in literature [17] is
that acid hydrolysis leads to undesirable coloring of
the hydrolysate and less sweetness due to the formation
of difructose anhydrides, which both does not matter for
this paper. The research here is done within the frame-
work of developing a process unit for a biorefinery
plant where the extracts should be used for HMF pro-
duction. Therefore, color changes and sweetness do not
matter. Acid hydrolysis was conducted earlier, mainly
using Jerusalem artichoke inulin [18, 19]. It is stated
to be easy to realize at mild pH and temperature con-
ditions and it leads to the production of the free sugars
fructose, glucose, and sucrose [20].

This study presents two methods for the extraction and
hydrolysis of sugars from chicory roots. A one-step approach,
combining extraction and hydrolysis in one process by using
water (pH 6) and buffer solutions at two pH (2 and 4), is
compared to a two-step approach, in which extraction and
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hydrolysis are separated process units. The aim of this study
is to work out a first approach to produce fructose-enriched
extracts from chicory root in the framework of an HMF-
biorefinery unit.

2 Material and methods
2.1 Material—chicory roots

For all the experiments, unforced chicory roots (Cichorium
intybus var. foliosum) of the cultivar “Flexine,” received from
Nationale Proeftuin voor Witloof (Herent, Belgium), were
used. These roots were sown on May 2018. Harvest date
was November 2018. In Belgium, the roots were stored at —
1 °C for 2 months, followed by storage at — 20 °C in a freezer
after receipt. The dry matter content (Table 1) of the chicory
roots was determined in a drying cabinet according to DIN
12880 for 24 h at 105 °C. The chicory that was taken for sugar
analysis was freeze-dried with an Alpha 2-4 LSCplus model
from Martin Christ Gefriertrocknungsanlagen GmbH
(Osterode, Germany) as high drying temperatures can lead
to caramelization of the sugars.

The composition of inulin and fructose varies strongly de-
pending on the production state, storage time etc. For this
reason, unforced roots were used for the experiments, as these
have a higher content of inulin. For the experiments, a total
amount of 5 kg of the roots was cut into julienne shape (3 mm
thickness and approximately 6 cm length) with an industrial
food cutter (GSH300, GGM Gastro International GmbH,
Ochtrup, Germany).

The roots were not peeled before cutting as this would
require an additional process step. Fractions of 100 grams
were frozen in plastic bags at — 20 °C, in order to ensure the
comparability among different experiments.

2.2 Methods

Two approaches were investigated (see Fig. 1). The first one
was acid-assisted extraction using buffer solutions at pH 2, 4
and 6, respectively. Deionized water was used to produce
reference experiments, which were the basis for the two-step

Table 1 Composition of

unforced chicory roots Content (%)

(cultivar “Flexine”). The

error represents the Dry matter 242 (#*0.2)

standard deviation Inulin 43.9 (+3.3)

between the three Sucrose 15.4 (£ 2.7)

analytical repetitions of

measurement Glucose 0.4 (£ 0.6)
Fructose 5.0(1.7)
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Fig. 1 Overview of different
processing methods

Chicory roots

One step approach

Acid assisted extraction (Batch)

approach, in which hydrolysis with nitric acid was initiated
after the neutral extraction.

2.2.1 One-step approach: extraction experiments
with adjusted pH

The extraction experiments were all performed in triplicate.
The following parameters were varied: pH value (2; 4; 6) and
temperature (60 °C, 80 °C and 100 °C) (see Table 2). The
parameters for the pH range were chosen after literature
values. According to Gliboswki et al. [21], the difference be-
tween pH 1 and 2 for intensive inulin hydrolysis is low, which
is why no experiments were conducted below pH 2. The tem-
perature range was chosen as 80 °C extraction temperature is
state of the art [8, 9, 22]. The higher and lower temperatures
were investigated to see if acid has a beneficial effect in view
of lowering the extraction temperature. 100 °C is known to be
the temperature where inulin is completely hydrolyzed at re-
duced pH [16].

Table 2 Experimental parameters and setup for the one-step approach
(extraction of sugars from chicory roots at adjusted pH). All experiments
were conducted at 1:10 solid-to-liquid ratio, which means that in each
experiment, 100 g fresh matter chicory was extracted in 1 L of water.
Samples were taken after 0.5, 2, 4, 6, 10, 15, 30, 30, 45, 60, and 75 min,
respectively

Experiment pH Temperature (°C) Extraction time (min)

El 2 60 75
E2 2 80 75
E3 2 100 75
E4 4 60 75
E5 4 80 75
E6 4 100 75
E7 6 60 75
E8 6 80 75
E9 6 100 75

Two step approach

Water extraction (Batch)

JInverse“ cross flow
extraction with water (fresh
chicory added in 5 stages)

Hydrolysis

The solid-to-liquid ratio was kept at 1:10 w/w as deter-
mined earlier [8]. The amount of chicory was calculated in
fresh matter. According to the chicory composition in
Table 1, the input of inulin, sucrose, glucose and fructose
was 10.6 g, 3.7 g, 0.1 g and 1.2 g, respectively, for each
experiment. The pH value of 6 represents the set of experi-
ments without acid addition, so only deionized water (with a
pH of 5.8) was used. For adjustment of the other pH values,
buffer solution (citric acid/sodium hydroxide/hydrogen chlo-
ride) traceable to standard reference material from NIST-
Standard (Merck Chemicals, UK) was used. The buffer solu-
tions were at pH 2 and 4, respectively. In pretrials, 1 M nitric
acid was used to adjust the pH, but due to the addition of
chicory and the subsequent extraction, the pH was not stable,
also due to the gradual increase of water from the chicory
pieces and potentially buffering components in the extract.
By reason of that, buffer was used to keep the pH stable over
the duration of the extraction.

The extraction solvent (1 L for 100 g biomass) was
preheated in a 2 L glass beaker to the desired temperature on
a heating plate (IKA, RCT basic, Staufen, Germany). To
avoid heat and evaporation losses, the beaker was covered
and wrapped in aluminum foil. After reaching the tempera-
ture, the chicory pieces were added to the solvent. The speed
of the magnetic stirrer was kept at 350 rpm in order to ensure
that all the chicory was flowing in the resulting water current.
The time was recorded from the addition of chicory. All the
samples were directly filtered using 0.45 pum polypropylene
filters and were cooled down in an ice bath to stop any reac-
tions that might have occurred during the extraction.
Additionally, the samples from the extraction at pH 2 and
pH 4 were neutralized using some drops of 5 M NaOH
(VWR Chemicals, Radnor, USA). After the extraction, chic-
ory and water were separated using a sieve (3 mm mesh size).
The extracts were then directly filtered using 0.45 um poly-
propylene filters. The final extract was stored in polypro-
pylene tubes at — 20 °C in a freezer for further analy-
ses. Before analysis, the extract was heated again to 60,
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80 °C and 100 °C, respectively, to dissolve potentially
precipitated inulin.

2.2.2 Two-step approach: acid hydrolysis of chicory extracts

Step 1: Extraction The trials for the acid hydrolysis were con-
ducted in triplicate with the final extract (75 min extraction) of
experiment number 8 (ES, pH 6, 80 °C, Table 2, hereinafter
“Unconcentrated extract”). Additionally, a concentrated ex-
tract was produced. As it was found that the hydrolysis of
the unconcentrated extract occurs rather fast, the concentrated
extract was prepared to enable higher sugar concentrations to
gain better visibility of the hydrolytic processes. It was also
used to show what happens if the sugar concentrations are
higher, if, for example, the extracts are produced in a counter-
current process. The concentrated extract was prepared with
the same conditions, using a five-stage “inverse” cross-flow
extraction. Usually in cross-flow extraction, fresh solvent is
used in each stage. Here, fresh chicory feedstock was extract-
ed, and the solvent was used again in the next stage. The
extraction was conducted in a glass beaker on a heating plate
with continuous stirring at 350 rpm. 100 g of fresh matter
chicory were used for each stage and the solid-to-liquid ratio
was 1:10 w/w. The same chicory as for the acid extraction
experiments was used and deionized water was used as ex-
traction solvent. After 15 min, the extraction was stopped and
chicory and water were separated using a sieve (3 mm mesh
size). The volume of the extract was measured. Fresh chicory
was then added to the extraction solvent, again in solid-to-
liquid ratio 1:10, and the extraction was conducted again.
This procedure was repeated five times as, after this time,
the equilibrium of sugar concentration in the solution was
reached and no additional sugar was transferred to the extrac-
tion solvent. As this final extract was very turbid, it was first
centrifuged at 14000 rpm for 10 min (Z 326 K, Hermle
Labortechnik GmbH, Wehingen, Germany) and then filtered
using 0.45 um polypropylene filters. The extract was frozen at
— 20 °C for further analyses and for the hydrolysis. For anal-
ysis of solids in the extract, the dry matter content of the
extract was determined as described under 2.1 for the chicory
roots.

Step 2: Hydrolysis The acid hydrolysis for both
unconcentrated and concentrated extract was carried out in
triplicate in a water bath. The hydrolysis was, same as for
the extraction experiments, conducted at 60 °C and 80 °C at
pH 2,2.5,3 and pH 4 (Table 3). A total of 2 mL of extract was
added to the bottom of glass reagent tubes that were covered to
avoid evaporation. The tubes were then preheated to the de-
sired temperature.

After preheating, the pH was adjusted by using 1 M nitric
acid. The tubes were mixed thoroughly and put directly back
to the water bath. Single reagent tubes were taken after 5, 10,
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Table 3  Experimental parameters and setup for the hydrolysis
experiments (extraction of sugars from chicory roots at adjusted pH).
All experiments were conducted for 180 min

Extract Experiment Nr. pH Temperature (°C)
Unconcentrated H1 2 60
H2 2.5 60
H3 3 60
H4 4 60
Unconcentrated H5 2 80
H6 2.5 80
H7 3 80
H8 4 80
Concentrated H9 2 60
H10 2.5 60
Hl11 3 60
H12 4 60
Concentrated H13 2 80
H14 2.5 80
HI15 3 80
H16 4 80

30, 60, 90, 120, 150 and 180 min. The reagent tubes were
directly cooled down in an ice bath to avoid further hydrolysis.
Additionally, the solution was neutralized with NaOH after
cooling.

2.3 Analysis
2.3.1 Sugar and extract analysis

The sugar content in the extracts was determined by using
different enzyme test kits from Megazyme (Bray, Ireland):
The test kit “K-SUCGL” was used for measuring the sucrose
content of the extracts. There, sucrose is hydrolyzed to glu-
cose and fructose. The glucose content in the samples is then
measured by converting it to a quinoneimine dye compound
[23]. Fructose and glucose were determined by using “K-
FRUGL.” For the inulin content, “K-FRUCHK” was used,
the procedure follows AOAC Method 999.03 and AACC
method 32.32.01. The error was below 2% for each test.

For the determination of the sugar content of solid samples,
a dried sample was first grinded in a CryoMill (Retsch, Haan,
Germany). Ten stainless steel balls (7 mm @) were used for
each charge. Bead milling was conducted for 5 min at 30 Hz
frequency. 0.2 g of sample was dissolved in 100 mL of dis-
tilled water for 30 min at 80 °C. The sample was filtered with a
0.45 um polypropylene filter. Afterwards, it was measured
with the enzyme kits the same way as the extract samples.
To validate the results, the samples were additionally mea-
sured by HPLC (Shimadzu 20 AD, Shimadzu, Canby, USA,
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equipped with an Aminex HPX-87H column and an UV-vis
detector (SPD-20A, Shimadzu) and a refractive index detector
(RID-10A, Shimadzu)). The eluent was 0.004 mol/L sulfuric
acid solution at a flow rate of 0.65 mL/min. The separation in
the column was carried out at 25 °C. For the analysis of the
results, the extraction yield of sugars from the chicory roots
was calculated by using Eq. 1.

Ci_extracted *100% ( 1 )

Ci_initial

YE =

yE is the extraction yield, c is the concentration of the respec-
tive sugar, and 7 represents the type of sugar (e.g. inulin or
fructose). The initial content represents the content of the bio-
mass input; the extracted content represents what is found in
the extract after the reaction time.

Hydrolysis yields for both approaches were expressed in
fructose yield (yg). This was calculated similar to Eq. 1.

Cfructose *100 (2)

Cfructose_theoretical

Yr =

The following values were used to obtain the theoretically
achievable fructose content: For the one-step approach and the
two-step approach with the unconcentrated extract, the final
yields of experiment E3 (Table 2) were used, for the second
two-step approach, the concentrated extract was hydrolyzed
under pH 2 (adjusted with nitric acid as described under sec-
tion 2.2.2) for 1 h at 100 °C. In both ways, the maximum
possible inulin hydrolysis is achieved [16].

Statistical analysis for the final fructose yield was per-
formed with the ANOVA tool from OriginPro 2017. The let-
ters in the output diagram, which indicates significant differ-
ences among the treatments, are obtained based on pairwise
mean comparisons following a Student ¢ test procedure (sig-
nificance level 5%).

As a mixture of 5 kg roots was prepared, it can be assumed
that the error of the sugar concentrations within the biomass
was below 1%. The error of the pipettes was, on average,
0.05% and every enzyme test has an error below 2%.
Therefore, it can be assumed that the highest error resulted
from the analytics with the enzyme test.

2.3.2 Kinetic modeling of experimental data and inulin
hydrolysis

Previous studies have demonstrated that the experimental data
from extraction experiments accurately fit to Eq. 3 [24-26],
which is the analytical solution for the system of differential
equations in Egs. 4 and 5. In there, it is assumed that the
relationship between unextracted (A) and extracted (B) sugars
can be described in terms of a first-order mechanism.

B = C—Apexp(—kt) (3)
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dAJdt = —k[A] (4)
dB/dt = +k[A] (5)

Ay is the starting concentration of A. It can further be noted
that C represents the sum of the starting concentration of A
and B (Eq. 6).

C = A + By (6)

By is the starting concentration of B. In analogy of applying
Eq. 3 to extraction data, the concept was also used to describe
model lines for the hydrolysis experiments. On the other hand,
B represents the concentration of the hydrolyzed substance,
which is fructose in this study. The parameters C, A, and k
were fitted by non-linear regression using OriginPro 2017.

3 Results and discussion

The content of the respective sugars in the chicory root bio-
mass is presented in Table 1. In comparison with our previous
studies [8, 27], where the sugar extraction from forced chicory
roots was studied, it is again confirmed that it is difficult to
achieve matching results in case of using a heterogeneous
biomass. The content of inulin, mono- and disaccharides in
chicory roots is highly dependent on numerous parameters
like cultivar, growth, harvest time and storage [10, 11, 28].

Unlike in previous publications [8, 27], unforced roots
were used instead of forced roots in this paper. As already
mentioned in the materials section, the higher inulin content
of unforced roots facilitates studying hydrolysis processes. In
the framework of a sustainable bioeconomy, forced roots
would be preferred as they are an agricultural residue.
However, it has to be noted that chicory cultivation itself gen-
erates numerous amounts of roots, which do not match the
quality standards of the forcing facility. Therefore, these roots
are also considered unforced roots and represent another ma-
jor potential that should be addressed in future work.

3.1 One-step approach: extraction with adjusted pH
3.1.1 Influence of pH and temperature

For the experiments conducted at pH 6, the extraction yield
(obtained by Eq. 1) of total sugars (inulin, glucose, fructose,
sucrose) was 92.3% (+ 3.7 %), resulting in a content of 14 g/L
in the extract. The fructose yield for E8 (87.0%) is similar to
the fructose yield from our first study (89.5%) [8], where the
same parameters, but another chicory cultivar was used. The
inulin extraction yield was 85.1% at 80 °C and 77.5% at 60 °C
(E8 and E7, see Table 2). Similar results have been found by
Negro et al. [29]. The authors extracted Jerusalem artichoke
tubers, but they also reported inulin recovery to be around
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80% at temperatures between 60 and 80 °C. According to
them, 100% of the theoretical inulin extraction yield was
achieved in boiling water. At neutral pH, the equilibrium con-
centration in the extract was reached after 6, 8, 6 and 15 min
for fructose, glucose, sucrose, and inulin, respectively. The
reason why these plateaus are reached faster in comparison
with our other study [8] (where 10 min was the minimum
time) is that the roots used in this paper were frozen. This
probably caused a cracking of the cell walls. An advantage
of freezing the roots before doing the extraction is that the
consistency changes noticeably so the pieces can soak up wa-
ter much better. Freezing and thawing can therefore be seen as
a pretreatment as a disintegration of cell walls and tissue oc-
curs [30].

It is most important to pay attention to fructose, which is
the main product of hydrolysis of inulin under these condi-
tions. If the fructose content increases during the extraction, it
can be indicated that hydrolysis occurs at the same time or that
the cells are, due to the lowered pH, destroyed, which enables
a better transport of the sugars into the solvent. Although the
yield remained similar within most of the experiments, signif-
icant changes can be seen at pH 2 (Fig. 2). At lower temper-
ature (Fig. 2a), pH 2 did not have such a strong effect as for the
higher extraction temperature. This was also described earlier
by Matusek et al. [31] who studied the degradation of fructo-
oligosaccharides at pH 2.7-3.3. According to them, the hy-
drolysis at 60 °C is insignificant and increases starting from 70
°C in this pH range. Lower temperatures are rather suitable for
enzymatic hydrolysis due to the low thermostability of the
enzymes [16].

It is clearly visible that pH 2 increased the content of fruc-
tose in the extract by using 80 °C and 100 °C as extraction
temperature. 100 °C led to a complete hydrolysis of inulin. At
80 °C and pH 2, 56.5% of this theoretical fructose yield was
achieved (obtained by Eq. 2). This means that, in comparison
to the same experiment conducted at pH 6, additional 47%

were achieved through inulin hydrolysis. These lower yields
as compared to 100 °C can be explained by the decomposition
of the biomass. At pH 2 and 100 °C, the chicory biomass is
almost completely destroyed. This is why all the cells are
accessible. At 80 °C, a disintegration of the structure also
occurs, but the single pieces basically remain in their original
shape. It can be assumed that, by using freeze-dried and
grinded material, the yields at 80 °C can be increased as ob-
served by Glibowski and Bukowska [21]. However, this was
not done in this paper, as the research here was focused on the
work with chicory fresh matter in order to adapt the experi-
ments to the biorefinery process. Grinding the biomass is also
not state of the art in conventional inulin extraction from chic-
ory [7], also generally known from the production of table
sugar from sugar beet [32]. The use of julienne or cossette
shape facilitates separation processes. Figure 3 shows the per-
centage amount of fructose in the final extracts (after 75 min
of extraction) over all experiments. It can be seen that pH 2
was the only condition that led to appreciable hydrolysis and a
resulting increase in fructose concentration. As shown in Fig.
3, the fructose yields of pH 4 and 6 are not significantly dif-
ferent. At pH 6, the concentrations remained similar for all
investigated temperatures. This shows that for the conduction
of an effective hydrolysis, it is not enough to only increase the
temperature; the pH has to be below 4 to initiate hydrolytic
processes.

Glibowski and Bukowska [21] state that intensive hydro-
lysis only occurs in strong acidic environment at this rather
low temperature. They also found high contribution of inulin
hydrolysis at or above pH 3, whereas starting from pH 4, only
weak or no hydrolysis was measured. In summary, it can be
said that decreasing the pH of the extraction solvent leads to
higher amounts of fructose as hydrolysis product. The amount
can be further increased by increasing the extraction temper-
ature or the extraction time as it can be confirmed by the
experiment conducted at 100 °C and pH 2. As discussed

1004 a 1004 b 100
g 75 - g 75 1 g
o o o
2 Q2 2
> N = >
v 50 2 o
£ L L
g o 3]
E 254 A A 4. A E L‘?C
0 Ll T T 0 i T T T
0 20 40 60 80 0 20 40 60 80
Time [min] Time [min] Time [min]
A pH2 <« pH4 = pHG6

Fig.2 Fructose extraction yield at 60 °C extraction temperature (a), 80 °C
extraction temperature (b), and 100 °C extraction temperature (c) under
different pH (pH 2 =black; pH 4 = blue; pH 6 = red) of extraction solvent.
The yield (yr) represents the percentage of theoretical achievable fructose
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during hydrolysis. Extraction experiments were conducted batchwise at
1:10 solid-to-liquid ratio. Relative error bars are obtained and calculated
from the three experimental repetitions (< 5%). Model lines are derived
by Eq. 3
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(2] o
o o
1 1

Fructose yield [%)]
'
o

2 4 6

pH

Fig. 3 Fructose yield over the experiments. Yield (yg) represents the
percentage of theoretical achievable fructose during hydrolysis. All
experiments were conducted at 1:10 solid-to-liquid ratio. Relative error
bars are obtained and calculated from the experimental repetitions (< 3%).
Bars that have the same letter are not significantly different (pairwise
mean comparisons by ¢ test (5%))

above, pH 4 had no significant effects on the hydrolysis dur-
ing the extraction. For further investigations, it might be pos-
sible to observe an effect during a long-term experiment, be-
cause the hydrolysis might be so slow that an effect is not
visible in the data presented in this paper.

The concentrations of the respective sugars for extraction at
pH 2 and 80 °C are presented in Fig. 4. The concentration of
fructose and glucose increased while the inulin content de-
creased after 2030 min. The initial increase in inulin concen-
tration is a result of the extraction process. As explained
above, the sugars are first transferred from the easily

Concentration [g/L]

0 > T T T T T T

0 10 20 30 40 50 60 70
Time [min]
—— Inulin —&— Sucrose —+— Glucose —=— Fructose

Fig. 4 Concentrations of carbohydrates over the extraction time. The
extraction was conducted at 80 °C and pH 2. Error bars are in the range
of the symbol size and therefore not shown here (see Fig. 2)

accessible cells and the cutting surfaces into the solvent. The
highest inulin concentration reached was 6.2 g/L after 15 min
(Fig. 4). Except from this peak, it is difficult to monitor the
extraction processes for the further course, when hydrolysis
occurs at the same time. Sucrose, glucose and fructose are not
only extractable substances, but also hydrolysis products, thus
making it difficult to attribute their concentration profile to
either hydrolysis or extraction.

In Fig. 4, an accelerated increase of the fructose concentra-
tion can be seen after about 20 min. This is reflected in the
decreasing inulin concentration. This shows that first, by hy-
drolysis within the inulin chain, more fructosyl ends are pro-
duced, which results later in a high fructose production rate.
The hydrolysis of the glucosyl-fructosyl bond, which, in most
inulin molecules, represents the starting molecule sucrose, is
the limiting step in the total hydrolysis of inulin, which was
also observed in previous studies [20, 33]. It can be assumed
that the kinetics of the inulin hydrolysis are not dependent on
the average chain length. In the case of chicory, the average
chain length is normally rather low [5]. It was found that at
low average DP, the kinetic constant of inulin degradation is
only slightly dependent on the chain length [19].

3.2 Two-step approach: acid hydrolysis of chicory
extracts

For the hydrolysis of the extracts, the main focus in the fol-
lowing section will be on the fructose yield as this is the main
hydrolysis product. This section is intended to serve as an
approach — there are numerous studies on the hydrolysis and
stability of inulin [21, 33, 34], but not on the hydrolysis of an
extract from chicory biomass containing a mixture of sugars.
It has to be noted that parts of all the hydrolysis products
(sucrose, fructose and glucose) were already present in the
extract before hydrolysis. The hydrolysis was not conducted
below pH 2 as there, the dehydration of fructose is most no-
ticeable at elevated temperatures [18].

3.2.1 Hydrolysis of unconcentrated extract

Figure 5a and b shows the hydrolysis of the unconcentrated
extract under different temperature and pH. The percentage
results are based on total hydrolysis at 100 °C of the respective
extract which represents the value of 100%. The combination
of elevated temperature (80 °C) and low pH (below 3) led to a
rapid hydrolysis of inulin and sucrose. The same effect as for
fructose was observed for glucose, which is why it is not
presented in a separate figure. Compared to the results of the
one-step approach (extraction with adjusted pH) described
above (Fig. 2), it is interesting to see that for the extraction
at pH 2, it was not possible to reach an equilibrium during
45 min whereas for the extract hydrolysis (two-step approach)
at the same pH, the fructose equilibrium was reached rapidly
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Fig. 5 Hydrolysis of the unconcentrated extract (obtained from one-step
approach experiment E7, obtained by single stage batch extraction at 80
°C) at 60 °C (a) and 80 °C (b) with HNO3 and hydrolysis of concentrated
extract (obtained from five-stage countercurrent extraction) at 80 °C) at

after 10 min (Fig. 5b). In the two-step approach, hydrolysis
occurs much faster than in the one-step approach. The reason
for that could be that the sugars are already dissolved, which
means that they are available in the solution, from the begin-
ning. In the one-step approach, they first have to be extracted
from the chicory root cells. The structure of the cells has to be
destroyed first to enable a transfer of the sugars to the solvent.
Another reason could be the temperature transfer. The extrac-
tion was conducted in a beaker on a heating plate, the hydro-
lysis in a reagent tube in a water bath — the temperature trans-
fer might be better in the water bath. It took longer at pH 3 (30
min), for pH 4, an equilibrium can be assumed after approx-
imately 180 min. Also at lower temperature (Fig. 5a), the same
fructose concentration was achieved for pH 2, 2.5 and 3, while
it was lower for pH 4. The measurements at 60 °C were
stopped after 180 min, but according to the data points, it
can be assumed that the fructose concentration at pH 4 in-
creases, but very slow. The small hydrolysis rate at pH 4
was reported earlier [21].

3.2.2 Hydrolysis of concentrated extract

As the hydrolysis of the unconcentrated extract was fast, it
was difficult to see the effects between the different pH at

@ Springer

60 °C (c) and 80 °C (d) with HNO3. The yield (yg) represents the per-
centage of theoretical achievable fructose during hydrolysis. Relative
error bars are obtained and calculated from the experimental repetitions
(< 6%). Model lines are derived by using Eq. 3

the chosen temperatures, especially 2 and 2.5. To show the
effects more clearly and to study the effect of the initial sugar
concentration, the hydrolysis was also conducted by using the
concentrated extract. It was produced with the same roots than
the unconcentrated extract. After the five stages of extraction,
it was possible to achieve a total concentration of 75.1 g/L
sugars. These were, in detail, 2.8% glucose, 10.9% fructose,
28.4% sucrose and 57.8% inulin. As described above, this
extract contained an appreciable amount of solids. These
were, in detail, 90.3 g/L (£ 0.4) solids, which means that, apart
from the sugars, about 15 g/L of other solids are dissolved. It is
assumed that these are adhesions to the root peel like small
remaining dirt particles. These also cause a dark and “dirty”
coloration of the extract. Filtration was almost impossible and
only viable by using a centrifuge at high speed. Further inves-
tigations on this have to clarify how this might affect the
following processes like the HMF production. It is not clear
if solid byproducts in the extract have an impact on the HMF
formation. From Fig. 5¢ and d, it can be seen that also for the
high initial sugar concentration, with above 94%, almost the
maximum yield for fructose (defined as yr = 100%) was
achieved at pH < 4 at 80 °C (Fig. 5d) and 75% were achieved
at pH 2 at 60 °C (Fig. 5¢). The time until complete hydrolysis
at pH 2 (approximately 30 min) was similar to the results of
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Pekic et al. [18]. The hydrolysis of the unconcentrated extract
at 80 °C did not show changes between pH 2 and 2.5. Here,
for the concentrated extract, it can be seen that this 0.5 pH
increase changes the rate of hydrolysis.

3.2.3 Comparison and kinetics of the hydrolysis of both
extracts

Comparisons between unconcentrated and concentrated ex-
tract were made on the basis of the carbon balance (Fig. 6),
which, in contrast to the mass balance (the mass balance is
altered by water addition during hydrolysis reactions), re-
mains constant during the experiment.

For the unconcentrated extract, the carbon share of fructose
increased from 7.0% to 76.0% after hydrolysis. For the con-
centrated extract, the increase was from 10.3% to 75.0% (Fig.
6). At pH 4 (concentrated extract), the highest increase was up
to 17.4%. In this experiment, 83.3% of the initial inulin
remained in the hydrolyzed extract and the content of sucrose
almost remained unchanged. It can be assumed that this is also
due to the fact that fructosyl-fructosyl bonds are broken down
faster than glucosyl-fructosyl bonds [19]. It was possible to
close all balances to 97.5% (£ 2.9). The fact that it was not
closed to 100% can be traced back to the analytical error.

The kinetics of the two-step approach for both extracts
were also compared. Table 4 displays the parameter & obtain-
ed by fitting Eq. 3 to the concentration profile of fructose; it
can therefore be regarded as a “fructose production rate con-
stant.” The rate constant is increasing with temperature and
with decreasing pH, as expected.

This effect in the rate constants in combination with tem-
perature and pH was also described by L’homme et al. [33]
who studied the kinetics and hydrolysis of

Unconcentrated extract Concentrated extract

N .
80

60 4

Carbon [%]

40 -

20

Raw 60_2 80_2 Raw 60 2 802 804

[ Glucose [ ] Fructose[ | Sucrose |l Inulin
Fig. 6 Carbon balance of the extract hydrolysis. 60_2 = 60 °C and pH 2;
80 2 =280 °C and pH 2; 80 4 = 80 °C and pH 4; Raw = extract before
hydrolysis

Table 4  Fructose production rate constants (from Eq. 3) for the
hydrolysis of a concentrated (CE, concentrated extract, “inverse” cross
flow extraction at 80 °C) and a normal (UE, unconcentrated extract, batch
extraction at °C) chicory extract with nitric acid at 60 °C and 80 °C. The
parameter k is derived by fitting experimental data to Eq. 3

Extract Temperature (°C) Fructose production rate constant & (1/min)

pH2 pH 2.5 pH3 pH4
CE 60 7.0E-03 2.7E-03 2.7E-03  1.4E-03
80 1.6E-01 2.5E-02 6.5E-03 6.1E-04
UE 60 7.0E-02 5.0E-02 49E-02 1.7E-02
80 32E-01 2.6E-01 1.0E-01 1.8E-02

fructooligosaccharides. The highest rate constants were re-
corded for the unconcentrated extract at 80 °C, the lowest
for the concentrated extract at pH 4. Independently from tem-
perature and pH, one can see that the rate constant for the
unconcentrated extract is always higher compared to the con-
centrated one, which is an indicator for different reactions
orders for the two cases. This means that, unlike proposed
for inulin hydrolysis [35], the experiments with the concen-
trated extract show that the hydrolysis is slowed down. This is
probably a result of a shortage or lack of water molecules that
changes the reaction order from pseudo-first order to second
order. Formally, this leads to a decrease and concentration
dependence of k. Therefore, it follows for the second order
approach:

dC/dt = K'[H,0] [R] (7)

and for the pseudo-first-order approach (under the assumption
that [H,O] = constant):

k = K[H,0] (8)
dC/dt = k [R] 9)

3.3 Evaluation of process steps (one-step and two-
step approach) regarding the application in a
biorefinery concept for HMF production

For the one-step approach, it was shown that 100 °C led to
maximum hydrolysis of the inulin and an extract with high
fructose concentration. However, these high temperatures are,
for the biorefinery process concerned, out of question since
they lead to changes in the material, which will become pulp-
like. In terms of process engineering, this would cause prob-
lems in the design of the plant components, mainly with solid-
liquid separation. The benefit of using fresh matter biomass in
julienne or cossette shape was already discussed above.
Elevated temperatures (> 100 °C) can yield in the formation
of side products like HMF or levulinic acid.
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The hydrolysis of chicory extracts has a high poten-
tial. It can be noted that such fructose-rich extracts are
not only interesting for the production of 5-HMF. The
results presented in this paper may also be of interest
for other applications as, for example, high fructose syr-
up. Normally, this is named high fructose corn syrup as
it is produced from corn. To yield a high fructose con-
tent, it is necessary to use a multienzymatic process as
the conversion is via starch and glucose. By using inu-
lin as a starting material, it is possible to use a single-
step process which produces a fructose yield that is 2-
folds higher than from starch [36]. However, the quality
is better when using enzymatic hydrolysis [37], but
which quality is necessary depends on the application.

Figure 7 presents an overview of the different ap-
proaches for a scenario using 100 g fresh matter chicory
input at 80 °C extraction and hydrolysis temperature. It
shows the amount of carbon that is found in fructose
and inulin for the input biomass and the respective ap-
proaches. It can be seen that the two-step approach is
more efficient in terms of inulin hydrolysis and fructose
production. With the two-step approach at pH 2, it was
possible to reduce the initial inulin content by 97.0%,
while with the one-step approach at pH 2, the reduction
was only 59.1%.

Even though the two-step approach yields a higher
fructose content in the extract, further investigations
and a techno-economic assessment of both approaches
is needed. The economic point of view is important to
find out which process is more suitable. The benefit of
using a two-step approach is that acid resistance does
not have to be taken into account for the construction of
an extraction unit. The fact that the two-step approach
is more flexible in terms of pH and temperature offers
many possibilities for the process design and optimiza-
tion. It is also interesting for the use of different

@ Springer
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biomass types in one biorefinery plant. Further studies
could deal with the thermodynamics of this process dur-
ing storage or transport—for temporary storage or trans-
port of the extract, it might be even possible that the
hydrolysis takes place during cooling down from 80 °C
extracting temperature.

4 Conclusion

In this paper, two different approaches of acid-assisted
extraction were successfully investigated and evaluated.
Fructose-enriched extracts were produced in both ap-
proaches. It can be assumed that they are suitable for
the production of HMF. A one-step approach led to 56%
of maximum possible fructose yield at temperatures of 80
°C and pH 2 in the context of the investigated conditions.
However, a two-step approach, where the extract is pro-
duced with water and, by means of nitric acid, hydrolyzed
in a second step at pH 2 and 80 °C, can decrease the
initial inulin content in the biomass by more than 95%.
For further investigations, a techno-economic assessment
is needed to see if this approach is also practical from an
economic point of view.
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