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Abstract In this study, a central composite design and
response surface methodology were used to study the
effect of various hydrolysis variables (temperature, pH,
and time) on the acid hydrolysis of Jerusalem artichoke-
derived inulin using three different mineral acids (HCI,
H,SO4, and H3PO,4). Numerical optimization was used
to maximize the sugar yield of Jerusalem artichoke
powder within the experimental range for each of the
mentioned acid. The influence of each acid on the
formation of hydroxymethylfurfural (HMF; a known
by-product and inhibitor for fermentative organisms)
was also investigated. H,SO, was found to have a
better potential for sugar yields compared to two other
acids (HCl and H3;PO,) since it can hydrolyze the
highest amount of inulin (98.5 %) under optimal condi-
tions (temperature of 97 °C, pH of 2.0, and time period
of 35 min) without producing inhibiting HMF concen-
trations. The sulfuric hydrolysate of Jerusalem artichoke
was fermented via solventogenic clostridia to acetone-
butanol-ethanol (ABE). An ABE vyield of 0.31 g g and
an overall fermentation productivity of 0.25 g 1I"' h™'
were obtained, indicating the suitability of this feedstock
for fermentative ABE production.
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Introduction

In recent years, the academic and industrial biofuel sectors are
increasingly investigating options beyond grain-based etha-
nol. Alternative biofuels, such as biomass-derived long-chain
alcohols, are of growing importance [1-3]. Butanol (n-buta-
nol) is a very promising biofuel exhibiting several advantages
over ethanol and represents also an important bulk chemical
for industrial purposes. It is more hydrophobic than ethanol
(due to its two additional methyl groups), possesses less
volatility, has a higher energy density, and is fully miscible
with gasoline [4]. One of the major obstacles to commercial
acetone-butanol-ethanol (ABE) fermentation is the high cost
and availability concerns of conventional substrates (corn,
molasses) [5]. Substrate cost account for over 50 % of the
total production costs; therefore, it is crucially important, from
a process economics perspective, to identify inexpensive bio-
mass feedstocks that can be fermented by Clostridium species
[4, 6-8]. While a number of low-cost fermentation substrates
have previously been evaluated [9, 10], Jerusalem artichokes
(Helianthus tuberosus L.) as an alternative carbon source have
a good potential to be fermented to butanol. Jerusalem arti-
choke can grow well in non-fertile land and is resistant to plant
diseases, not competing with grain crops for arable land
[4—11]. Unlike typical crops that use starch, a glucose poly-
mer, as energy storage, Jerusalem artichoke (as all member of
the Asteraceae family) stored excess carbon as inulin, linear
chains of 3 (2—1)-linked D-fructose units terminated by a D-
glucose linked to fructose by o« (1—2) bond [11]. Though the
principal storage carbohydrate of Jerusalem artichoke is inulin
(15 to 20 %), monomeric sucrose, glucose, and fructose are
also present [12].

Most microorganisms cannot directly ferment inulin; there-
fore, inulin first needs to be hydrolyzed into fructose and
glucose monomers. Hydrolysis can be achieved via an acid
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catalyst or enzymes. Acid hydrolysis as a simple pretreatment
for inulin feedstock has a number of important advantages
including a low-cost easily available acid catalyst and a short
hydrolysis time [13]. However, acidic pretreatment strategies
are also known for the irreversible production of growth and
fermentation inhibitors, such as 5-hydroxymethylfurfural
(HMF) [14]. At high concentrations, these inhibitors can
substantially affect the fermenting organism [15, 16].

Various acids can be used as catalyst for inulin hydrolysis,
but mineral acids were shown to be more effective compared
to organic acids. Among mineral acids, hydrochloric acid,
sulphuric acid, and phosphoric acid have been used in many
studies for inulin hydrolysis; however, the available literature
provides little information about the optimum condition and
yield of inulin hydrolysis, nor a controlled comparison of
different acids [13, 17-20]. Also the information about poten-
tially fermentation-inhibiting hydrolysis by-product (HMF) is
limited in the current literature.

The purpose of this study was therefore threefold: (1) to
optimize acid hydrolysis of inulin to maximize its correspond-
ing fermentable sugar yield using three different mineral acids
(HCI, H,SO,4, and H3PO,), (2) to examine the influence of
each acid (HCI, H,SO,, and H;PO4) on HMF formation, and
(3) to study the feasibility of butanol production from the
hydrolysate of Jerusalem artichoke’s tuber.

Materials and Methods
Acid Hydrolysis
Preparation of Jerusalem Artichoke Flour

Jerusalem artichoke tubers, white flesh, were obtained from
the Institute for Chemicals and Fuels from Alternative Re-
sources (ICFAR), University of Western Ontario. The entire
Jerusalem artichoke tubers were washed and sliced to approx-
imately 2-cm cubes. The obtained slices were transferred
directly to a drying oven and dried at 105 °C for 72 h, ground
to fine particles using a coffee grinder, and passed through a
250-pm mesh. The prepared sample with approximately 3 %
moisture content was stored in a dry container at 4 °C for
further use.

Inulin Extraction

Inulin extraction was performed based on a method by Bekers
et al. (2007). Extracts were obtained by adding 100 ml of
water to 5 g of Jerusalem artichoke powder. The slurry was put
into a water bath at 25 °C and agitated using a magnetic stirrer
at 300 rpm for 1 h. The samples were then centrifuged for
20 min at 12,000xg [21]. The supernatant contained the
extractable carbohydrate fraction of Jerusalem artichoke

tubers including 0.52 g g ! inulin, 0.16 g g ' fructose,
0.1 g g ' glucose, and 0.05 g g ' sucrose (Table 1). The
precipitate contained the non-extractable fraction of Jerusalem
artichoke tubers including 0.03 g g ' cellulose and 0.02 g g
hemicellulose [25]. The cellulose and hemicellulose fraction
in Jerusalem artichoke tubers is relatively small; therefore,
only the supernatant was removed for HPLC analysis and
acid hydrolysis.

Chemicals

Hydrochloric acid (12.2 M), sulphuric acid (18.0 M), and
phosphoric acid (14.8 M) were obtained from Caledon (On-
tario, Canada).

Experimental Design

A central composite design (CCD) with three factors was
selected to evaluate the response pattern and to determine
the optimal combination of temperature, pH, and time for
maximizing inulin hydrolysis to fermentable sugars using
three different mineral acids (HCI, H,SO,4, and H;PO,). An
initial full factorial design had shown significant curvature
and confirmed the significance of all three parameters (data
not shown), and the design was expanded to a CCD. The
uncoded values for each parameter were as follows [low star
point, low central point, center point, high central point, high
star point]: temperature in degree Celsius [77.31, 80, 88.5, 97,
99.69], pH [1.84, 2.0, 2.5, 3.0, 3.16], and time in minutes
[1.78, 7.0, 23.5, 40, 45.22]. The experimental design was
developed using Design Expert 8.0.7.1 (Stat-Ease, Inc., Min-
neapolis, MS, USA) and resulted in 14 conditions for each
acid. All conditions were tested in triplicates, including three
center points. The resulting 51 conditions (8 x 3 factorial+6 x 3
augmented+3 x 3 center points) were fully randomized.

Acid Hydrolysis of Inulin

Batch acid hydrolysis was performed in 20-ml scintillation
vials using the above selected experimental conditions for
each of the mentioned acids (hydrochloric acid, sulphuric

Table 1 Jerusalem artichoke carbohydrate composition (average of
triplicates+standard deviation) of raw material and of water extract after
analytical acid hydrolysis based on reference method [22]

Compound gsugargilJerusalem artichoke

Raw material Hydrolysate
Inulin 0.52+0.05 0.003+0.002
Fructose 0.16+0.02 0.60+0.06
Glucose 0.10+0.01 0.15+0.03
Sucrose 0.05+0.008 0.08+0.002
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acid, and phosphoric acid). Each vial contained 10 ml of
water-extracted inulin from Jerusalem artichoke tubers obtain-
ed in “Inulin Extraction” section, and the pH was adjusted
using the respective acid. The concentrations of acid added to
adjust the pH of extract to [2.0, 2.5, and 3.0] were as
follows: HCI [4.4, 3.2, and 2.5 pul I"'], H,SO,4 [1.7, 1.2,
and 0.8 pl 17'], and H3PO4 [4.3, 2.5, and 1.6 ul 17'].
The vials were hermetically covered with Parafilm and
aluminum foil to avoid evaporative loss, and the mix-
ture was heated at the required temperature for the
selected reaction time while shaking at 300 rpm. All
hydrolysis assays were conducted in triplicate.

Statistical Analysis

Linear regression analysis was used to fit the experimental
data with a second-order model as given in Eq. (1):

3 3 3
Y = f +Zﬁixi+2ﬁﬁx? + Z Bixix;+ e (1)
P

i=1 1<i<;j

The experimental data was analyzed using Design Expert
8.0.7.1. The significance of each term was verified via analy-
sis of the variance (ANOVA). The significance of each main
effect, quadratic effects, and effects were determined based on
an « of 0.05 using the F test. The fitted model was evaluated
by normal probability plots, R* and adjusted R?, and lack of fit
coefficient for determining the adequacy. Numerical optimi-
zation via Design Expert 8.0.7.1 determined the optimal con-
ditions for maximizing sugar yields. The model and optimi-
zation results were validated by performing experiments
around the predicted optimum.

Analytical Methods

Concentration of sugars and HMF in Jerusalem artichoke
juice, as well as hydrolysate, was determined via high perfor-
mance liquid chromatography (HPLC) on an Agilent 1260
infinity (Agilent USA, Santa Clara) using an Agilent Hi-Plex
H (7.7%300 mm) column and Cation H" guard column
(Agilent USA, Santa Clara) operating at 60 °C. A refractive
index detector (RID) was used for sugar detection. Also a
diode array detector (DAD) was used for HMF detection with
spectral absorbance at 276 nm. Water was used as the isocratic
mobile phase at a constant flow rate of 0.6 ml min~'. Before
injection, samples were diluted to the appropriate concentra-
tion with deionized water and filtered through a 0.2-pm
membrane filter. The analytes were quantified using pure
inulin, HMF (Sigma Aldrich Co.), fructose, glucose, and
sucrose (VWR Co.) as standards.

The total sugar yield was evaluated based on fructose and
glucose production. The fructose to glucose ratio after
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complete conversion was 4+0.45 (Table 1). Complete hydro-
lysis resulted in 0.15 and 0.60 g gfljemsa]em artichoke
glucose and fructose, respectively. This was achieved
by acid hydrolysis developed for analytical purposes at
a temperature of 100 °C, pH of 2.0, and reaction time
of 60 min using H,SO,4 [22].

Fermentation
Chemicals

Yeast extract and peptone were obtained from BD—Becton,
Dickinson and Company (New Jersey, USA). Soluble starch
was purchased from Alfa Aesar (Massachusetts, USA). Glu-
cose was from AMRESCO (Ohio, USA) and MgSO, was
from EMD Millipore (Massachusetts, USA). Ammonium ac-
etate, KH,PO,, and K,HPO,4 were purchased from Caledon
(Ontario, Canada). FeSO, and NaCl were obtained from BDH
(Georgia, USA).

General Microbiological Conditions

All microbiological work was performed in an aseptic anaer-
obic chamber (Model 855-ACB, Plas Labs, Lansing, MI).

Strain and Maintenance

Clostridium saccharobutylicum DSM 13864 was purchased
from Leibniz Institute DSMZ-German Collection of Microor-
ganisms and Cell Cultures. Cultures of this strain were rou-
tinely maintained as spore suspensions in a seed medium
containing (per liter) 3 g of yeast extract, 5 g of peptone, 5 g
of soluble starch, 5 g of glucose, 2 g of ammonium acetate, 2 g
of NaCl, 3 g of MgSO,, 1 g of KH,PO,, 1 g of K;HPO,, and
0.1 g of FeSO,4, with pH 6.0 at 4 °C. Spores in the seed
medium were heat shocked for 2 min at 90 °C and transferred
to a fresh seed medium. Three milliliters of actively growing
cells was inoculated into 50 ml of inoculum development P2
medium, prepared in a 100-ml screw-capped bottle. The P2
medium contained 30 g 1" glucose, 1 g 17" yeast extract, and
stock solutions (minerals, buffer, and vitamins) [7]. The solu-
tion containing glucose and yeast extract was sterilized at
121 °C for 20 min, and 0.5 ml of each of the filter-sterilized
stock solutions were added to 50 ml glucose-yeast extract
solution. Subsequently the bottles were placed in an anaerobic
chamber for 24 h. The culture (inoculum) was allowed to
grow for approximately 10 h at 37 °C before it was inoculated
into the ABE production medium.

ABE Fermentation

All fermentation studies were conducted in 150-ml flasks
containing 100 ml of fermentation medium. Control
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fermentation medium contained 60 g 1! glucose, fructose, or
mixed sugars (fructose and glucose in the ratio of 3:1), 1 g 17!
yeast extract, and stock solutions (minerals, buffer, and
vitamins) [7]. The solution containing glucose and yeast
extract was sterilized at 121 °C for 20 min, and 1 ml of
each of the filter-sterilized stock solutions was added to
100 ml glucose-yeast extract solution. Ten milliliters of
actively growing cells was inoculated into 100 ml of
fermentation medium and kept in an anaerobic chamber
at 200 rpm for 72 h.

For the hydrolysate fermentation, the pH was adjust-
ed to 6.0 using 1 M NaOH solution. One milliliter of
sterile yeast extract solution (1 g 1™") and 1 ml of each
stock solution were added to each bottle to reach the
same nutrient concentration level as in P2 medium.
Subsequently the bottles were inoculated with 10 ml
of actively growing culture followed by incubation at
37 °C. Following this, the bottles were kept in an
anaerobic chamber and placed on a shaker running at
200 rpm for 72 h. Samples were taken intermittently
and filtered using 0.2-um grade filters. Clear liquid was
stored at —20 °C for ABE and sugar analysis (HPLC,
see section 2.1.7 for conditions).

Analytical Methods

Bacterial growth was monitored by measuring the optical
density at 600 nm using a 200 pro infinite series microplate
reader (Tecan, Switzerland) using 96-well microplates at
200 wl per well. Concentration of solvents produced in the
fermentation was determined via HPLC as described in
“Analytical Methods” section. Total solvents were quantified
using pure butanol, acetone, and ethanol (Caledon, Ontario,
Canada) as standards.

Productivity was calculated as the maximum ABE
concentration achieved (g 17") divided by the fermenta-
tion time at a fixed time of 60 h and is expressed as
gram per liter per hour. Product yield was calculated as
the total amount of solvents produced divided by the
amount of fermentable sugar utilized and is expressed as
gsolvemgflsugar. At least three parallel samples were used
in all analytical determinations, and data are presented
as the means of three replicates.

Results and Discussion

The total solid content of Jerusalem artichoke tuber used in
this study was about 30 % of the fresh weight. Inulin, fructose,
glucose, and sucrose composition of the material are shown in
Table 1. Samples for analysis were randomly taken from the
available material and the small standard deviation indicates

the compositional homogeneity of the tubers. The measured
values are in agreement with values typically found for Jeru-
salem artichoke [12-24].

Acid Hydrolysis

Experimental conditions were chosen based on a central
composite design, and the actual values of the indepen-
dent variables and the measured responses are shown in
Table 2. Acid hydrolysis was performed on water-
extracted inulin. Hydrolyzing the complete tuber could
increase the total sugar yield, as the selected condition
would also favor hydrolysis of the cellulose faction,
releasing additional glucose monomers. However, the
typical cellulose content in Jerusalem artichoke tuber is
<0.03 g g ' while also 0.02 g g ' hemicellulose is
present [25]. The potential increase in fermentable sugar
is negligible considering 0.83 g g ' of extractable car-
bohydrates (Table 1), and the hemicellulose fraction
would likely result in the formation of fermentation-
inhibiting by-products under the employed acid hydro-
lysis conditions.

Response Surface Model Validation

The total sugar yield was chosen as the only response factor
when evaluating the results of the CCD experiments. The
HMF selectivity was not a suitable response as it was below
the detection limit for multiple experimental conditions. Other
factors such as rate constants or pseudo-rate constants
were also not suitable, as the goal of the CCD was to
establish a simple empirical correlation between the
final sugar yield and multiple parameters, including the
hydrolysis time. The hydrolysis would not affect the
rate constant, unless hydrolysis follows a more complex
mechanism as in the case of hemicellulose [26, 27]. A
detailed mechanistic study of acid hydrolysis was not
the aim of this study, hence the choice of a CCD
followed by response surface methodology.

As can be seen from the experimental results in
Table 2, the hydrolysis using any of the three men-
tioned acids (HCI, H,SO4, and H5PO,4) was successful
in converting inulin to monomeric sugars within the
ranges of the input variables.

The complete dataset could be fitted with a quadratic model
as describe in Eq. (1) for each acid. The resulting model
parameters are shown in Table 3. The F values of the models
are 73.4,304.2, and 49.7 for HCI, H,SO,, and H3PO,, respec-
tively. The F values are very high compared to the critical
values, indicating that all three models are highly sig-
nificant. The significance of each parameter coefficient
was determined by p values. In this case, all factors
have great effect on acid hydrolysis using any of the
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Table2  Sugar yield and HMF selectivity after acid hydrolysis (average of triplicates+standard deviation) under conditions determined for CCD (ND
not detected)

Temperature (°C) pH Time (min) Sugar yield (%) HMEF selectivity (mgpmr gflrcducing sugar)
HCl1 H,SO,4 H;PO4 HCl H,S0, H;PO,
77.31 25 235 74.3+0.8 65.8+1.4 69.4+1.6 ND ND ND
80 2 7 68.4+1.1 70.8+0.3 63.0+0.5 ND ND ND
80 2 40 88.5+0.8 87.8+0.6 88.4+0.7 ND ND ND
80 3 7 26.9+0.7 36.1£0.9 25.8+0.4 ND ND ND
80 3 40 67.4+0.8 64.4+£0.5 70.9+0.7 ND ND ND
88.5 1.84 235 88.4+0.3 90.7+0.2 88.9+0.5 0.7 0.5 0.8
88.5 25 1.78 342+1.4 54.7+1.1 38.2+1.2 ND ND ND
88.5 25 23.5 76.0+£0.25 76.5+0.2 68.2+0.5 0.5 0.3 0.6
88.5 25 235 76.3+0.25 76.9+0.2 69.1+0.5 0.4 0.3 0.6
88.5 2.5 23.5 75.8+0.25 76.8+£0.2 68.3+0.5 0.4 0.3 0.6
88.5 2.5 4522 84.3+0.5 84.3+0.4 84+0.5 1.6 1.3 1.9
88.5 3.16 235 60.3+1.1 59.2+1.5 71.9+13 0.3 0.2 0.5
97 2 7 84.4+1.3 87.6+0.9 72.6+0.8 1 0.7 1.2
97 2 40 95.5+0.2 98.5+0.3 94.0+0.2 5.4 4 6.4
97 3 7 38.2+0.5 58.8+0.9 36.2+0.9 0.9 0.5 1.1
97 3 40 79.9+1.2 85.3+£0.6 80.0+1.3 4.8 3.6 5.8
99.69 25 235 77.8+0.9 84.8+0.5 85.7+0.2 2.6 1.7 29

The sugar yield was defined as the amount of measured glucose and fructose as the percentage of the two sugars after analytical acid hydrolysis of the
same based on reference method [22]

three acids. The quadratic effects of pH, time, as well — Table 3. The goodness of fit of each model was con-

as temperature and interaction effect of every two var-  firmed by the coefficient of determination R? and ad-
iables on sugar yields for each acid are shown in  justed determination coefficient Adj. R* (Table 3).

Table 3  Analysis of variance of fitted model

Source Acid Model pH (A) Time (B) Temperature (C) AB AC A? B?
Remark HCI Sig. Sig. Sig. Sig. Sig. Not-Sig Not-Sig Sig.
H,S0,4 Sig. Sig. Sig. Sig. Sig. Sig. Not-Sig Sig.
H;PO4 Sig. Sig. Sig. Sig. Sig. Not-Sig Sig. Sig.
F value HCl 73.4 136.3 168.3 139 19.5 29.33
H,SO4 304.2 788.5 5824 363.5 40.8 14.62 353
H;PO4 49.7 74.7 176.6 14.5 11.7 6.8 15.8
p value HCI <0.0001 <0.0001 <0.0001 0.0029 0.0008 0.0002
H,SO, <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0028 <0.0001
H3PO, <0.0001 <0.0001 <0.0001 0.0029 0.0057 0.0245 0.0022
R-squared HCI 0.97
H,SO, 0.99
H3;PO, 0.96
Adj. R-squared HC1 0.96
H,SO, 0.99
H3;PO, 0.95
Adeq precision HCI 27.6
H,SO, 64.88
H5PO, 237
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Based on the selected significant variables, the quadratic
model for the sugar yield in terms of actual factors is shown as
follows:

HCI

Sugar Yield = 1054 — 463 x pH + 0.49
x Time 4+ 0.5 x Temperature

+ 0.8 x pH

x Time — 0.03 Time? (2)

H,SO,

Sugar Yield = 1574 — 76.2 x pH + 0.21

x Time — 0.197 x Temperature
+ 04 x pH x Time + 0.47
x pH x Temperature — 0.012

x  Time? (3)

H,PO,

Sugar Yield = 185.1- 1254 x pH + 0.6 x Time
+ 0.58 x Temperature + 0.64 x pH
x Time + 17.64 x pH>—0.024

x Time? (4)

The residuals can be judged as normally distributed based
on a normal probability (data not shown).

Combined effect of Temperature, pH, and Time

Response surface methodology was used to study the interac-
tion effects of the three factors using any of the mentioned
mineral acids. Surface plots of the combined effects of pH and
time on sugar yield using HCI, H,SO,4, and H;PO, at a
constant temperature of 88.5 are shown in Fig. la, b, c,
respectively. The sugar yield is a function of both the pH
and time using any of the mentioned mineral acids. The plots
clearly indicate that an optimum exists within the observed
design space with respect to pH and time, and increasing the
temperature appears to increase the sugar yield over the ob-
served design space. The sugar yield is also a function of both
the pH and temperature only when H,SO, was used as
catalyst.

Sugar yield (%)

A

b) H,s0,

-
® O
o O

Sugar yield (%)
D
o

Sugar yield (%)
H D
o O

BN
oo

30 3
7 20 25
i

Fig. 1 Surface plots of combined effect of process variables on the sugar
yield. a pH and time using HCl as catalyst. b pH and time using H,SO, as
catalyst. ¢ pH and time using Hy;POy, as catalyst

Response Optimization and Model Validation

Based on the model, numerical optimization was used to
determine the optimal combination of process parameters for
the maximum sugar yield. The optimal conditions were a
temperature of 96 °C, pH of 2.0, and time period of 36 min
using HCI; temperature of 97 °C, pH 0f2.0, and time period of
35 min using H,SOy; and temperature of 95 °C, pH 0f 2.0, and
39-min time period using H3PO,4. The best result was ob-
served using H,SO,4 which can hydrolyze up to 98.5 % of
inulin under optimal conditions compared to 95.5 and 94 %
using HCI and H5PO,, respectively. To the best knowledge of
the authors, this is the first attempt to optimize the conditions
of acid hydrolysis of water-extracted inulin from Jerusalem
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artichoke tubers using different mineral acids and to compare
the effectiveness of each acid on hydrolysis at optimal
conditions.

In a closely related study, the hydrolysis of Jerusalem
artichoke tubers was carried out using HCI at a temperature
of 120 °C, pH of 2.5, for 60 min resulting in 68 % hydrolysis
of inulin [17], which is lower than the results obtained in this
study. It has been reported that the sugar yield, evaluated as
fructose and glucose production, is very heat sensitive in
acidic conditions as the products easily degrade at temperature
higher than 97 °C [19], as was the case for the work of
Razmovski et al. [20], resulting in a lower hydrolysis yield.
Szambelan et al. reported complete inulin hydrolysis in 1 h
using H,SO, at temperature of 100 °C, and pH of 2.0 [22],
which is close to the results obtained in this study in terms of
temperature and pH. The longer hydrolysis time can be po-
tentially explained by different methods of preparation of
Jerusalem artichoke tubers for hydrolysis. The Jerusalem ar-
tichoke powder used in this study appears to have positive
effects on hydrolysis time compare to mashed tubers used by
Szambelan et al. [22]. In another study, H;PO, was used to
hydrolyze 90 % of inulin in 7 h at temperature of 80 °C, and
pH of 2.0 [18], which is close to the result of this study at
temperature of 80 °C, pH of 2.0, and time period of only
40 min.

To validate the applicability of this RSM model, some
confirming experiments were carried out around the estimated
optimal conditions. The measured and predicted sugar yields
of three conditions around the optimum are listed in Table 4.
The predicted results were compared with the actual values
obtained experimentally. 7"test at 95 % confidence showed no
significant difference between the predicted and actual values.
In summary, the proposed RSM model could be a useful
model for the prediction of maximum sugar yield.

HMF Contents of Jerusalem Artichoke Hydrolysate

The data on HMF formed during acid hydrolysis of Jerusalem
artichoke using three different mineral acids (HCl, H,SOy,

Table4 Predicted and measured sugar yields around estimated optimal
conditions

Acid  Temperature (°C) pH Time (min) Sugar yield (%)
Predicted Experimental

HCl1 96 2 36 95.5£0.7 93.9+0.9
HCl1 96 2 35 94.9+0.7 94.2+0.7
H,SO, 97 2 35 98.5£0.5 98.0+0.8
H,SO, 94 2 32 96.6+06 97.8+0.9
H;PO, 95 2 39 94.0£0.4 93.4+0.3
H;PO, 96 2 37 93.3£0.7 93.5+0.4
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and H3PO,) are shown in Table 2. An increase in temperature,
decrease in the pH, and increase in hydrolysis time are ex-
pected to result in an increase of HMF during dilute acid
hydrolysis [17-20] which is also the result of this study.
However, the use of less-intense conditions, temperature of
80 to 97 °C, and time of 7 to 40 min resulted in a low amount
of HMF (0.0-6.4 mgHMFg_lreducing sugar). Accordingly, the
highest HMF concentration in a batch fermentation of the
Jerusalem artichoke hydrolysate with an initial sugar concen-
tration of 50 g 1" would be 0.32 g 1"". This worst-case value
was achieved in the Jerusalem artichoke hydrolysate using
H;PO, as catalyst at temperature of 97 °C, pH of 2.0, and time
period of 40 min (Table 2). In a related study, the effect of
HMF on Clostridium beijerinckii growth and fermentation
was assessed which shows no negative effect on growth and
butanol fermentation up to 2 g I"' HMF concentration [28]. A
similar result was obtained from the work of Zhang et al. [29]
and Qureshi et al. [30]. By comparison, the highest HMF
concentration in this study (6.4 mgHMFgflreducing sugar) 18
noticeably lower than the HMF concentration typically con-
sidered inhibitory to the growth and fermentation.

Within the current design space, phosphoric acid produced
the highest HMF concentration, followed by hydrochloric
acid and sulfuric acid. It is clear that the nature of the acid
can influence the HMF formation. Taking into consideration
the efficiency of inulin hydrolysis, expressed as maximum
yield of fermentable sugars (fructose and glucose) and non-
inhibiting HMF concentration, it can be concluded that H,SO,
seems to have a better potential as a catalyst for inulin hydro-
lysis compared to two other acids (HCI and H;POy).

Comparison of Acid and Enzymatic Hydrolysis
of Water-Extracted Inulin from Jerusalem Artichoke Tubers

Hydrolysis of water-extracted inulin from Jerusalem artichoke
tubers can be achieved via an acid catalyst or enzymes. Acid
hydrolysis can lead to fermentation-inhibiting by-products,
while enzymatic hydrolysis is dependent on potentially high-
cost enzymes and has a longer hydrolysis time. Results typi-
cally achieved through enzymatic hydrolysis are summarized
in Table 5 with hydrolysis times varying between 2 and 72 h
and yields between 70 and 95 %. By comparison, sulphuric
acid in this study can hydrolyze up to 98.5 % of inulin within
35 min with a non-inhibiting HMF concentrations, while the
same Jerusalem artichoke extract required 24 h to achieve
similar numbers enzymatically [4]. The shorter reaction times
and lower catalyst costs would imply acid hydrolysis to be
favorable over enzymatic conversion if conducted as separate
process steps.

Alternatively consolidated bioprocessing can be used
allowing enzymatic hydrolysis to occur simultaneously with
the fermentation step. Yeast strains expressing high levels of
inulases have been developed and successfully used for
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Table 5 Reference data on
enzymatic hydrolysis of extracted

inulin from Jerusalem artichoke
tubers

Enzyme Temperature (°C) pH Time (h) Yield (%) Reference
Inulinase from Aspergillus niger 48 4.8 24 94.5 [4]
Inulinase from Penicillium sp. TN-88 50 2 72 70 [29]
Inulinase from Aspergillus tamari 45 52 2 71.6 [30]

ethanol production from Jerusalem artichoke [31]. However,
not very biotransformation can be achieved by inulase-
producing strains. In such cases, simultaneous saccharifica-
tion and fermentation (SSF) can still be realized by adding
commercial enzyme during the fermentation stage [25], which
might also be possible for the butanol process due to the
relatively low pH value during the butanol fermentation.

ABE Fermentation from Mixed Sugars and Acid Hydrolysate
of Jerusalem Artichoke by C. saccharobutylicun DSM 13864

Prior to carrying out butanol fermentation on Jerusalem
artichoke-derived carbohydrates, control experiments with
synthetic media simulating the hydrolysate were carried out
with C. saccharobutylicum DSM 13864. The initial total sugar
level was 55 g 1!, including 14 g I"! glucose and 41 g 1
fructose. As was shown in Fig. 2a, the culture started to use
glucose and fructose directly after the inoculation. Almost all
the glucose was utilized by the culture within 24 h. In contrast,
79.6 % fructose was consumed at 60 h, leaving behind
8.4 g "' unused fructose in the medium. It was anticipated
that the glucose utilization rate was greater than the fructose
rate, as glucose is the preferred carbon source [32]. In a closely
related study, batch fermentation of the glucose/fructose mix-
ture by Clostridium acetobutylicum L7 on a complex medium
showed that this bacterium metabolizes glucose first and
rapidly before utilizing fructose for ABE production [33].
Results presented in Fig. 2a suggest that the
C. saccharobutylicum DSM 13864 was able to utilize glucose
and fructose simultaneously. A solvent concentration of
15.1 g 1" was achieved after 60-h fermentation with
3.1 g 1I'" acetone, 2.3 g I"! ethanol, and 9.7 g 1" butanol.
Yield and productivity of the solvent were 0.3240.008 gqo1vent
gflsugar and 0.25+£0.002 g I"' h™', respectively. The yields
obtained in this work are of similar values reported for
ABE fermentation with Clostridium (0.25-0.37 gsoivent
g sugar) [341.

Hydrolysate of Jerusalem artichoke was obtained using
H,SO,4 under optimal conditions. It was subsequently used
for ABE fermentation by C. saccharobutylicum DSM 13864
under similar condition as in the control experiment. For the
hydrolysate fermentation, the pH was adjusted to 6.0 using
1 M NaOH solution. At the beginning, 59.4 g 1" sugars were
present, of which glucose and fructose were 16.8 and
42.6 g I'", respectively. After 24 h of fermentation, glucose
was completely utilized, as was shown in Fig. 2b. When the

fermentation stopped at 60 h, 73.6 % fructose was used,
leaving behind 11.2 g 1" fructose unused, compared to
8.4 g I'! fructose when mixed sugar was used. At the end of
the fermentation, the culture produced 15.1 g 1"' ABE,
resulting in a productivity of 0.25+0.008 g 1”' h™'. The
individual levels of solvents were acetone 3.0 g 1!, ethanol
23 g 1I'!, and butanol 9.8 g I'' (Fig. 2b). The culture used
48.2 ¢ 17" sugar to produce 15.1 g 1" ABE, thus resulting in a

50 — T T " T T T T T T

Substrates [g/L]
Products [g/L]

ey
o
1

0 10 20 30 40 50 60
Time [h]

Fig. 2 Profiles of solvent production and sugar utilization in a mixed
sugar and b hydrolysate of Jerusalem artichoke by Clostridium
saccharobutylicum DSM 13864. Residual glucose content (filled
square), residual fructose content (filled circle), ethanol concentration
(filled diamond), acetone concentration (star), butanol concentration
(filled triangle), and combined solvent concentration (filled inverted
triangle). A biomass increased was observed during the fermentation
through an increase of turbidity from 0.185 to 1.654 OD units
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yield of 0.31+0.004 gsolvemgflsugap Based on the amount of
sugars present in the medium, the maximum theoretical yield
18 0.39 gyotvent gflsugar [35] corresponding to a percent yield of
80 %. In a comparable study, C. acetobutylicum L7 was used
for hydrolysate fermentation of Jerusalem artichoke with
62.9 g 1! sugars, resulting in a solvent concentration of
172 g I, corresponding to a yield of 0.29 gsolventg_]sugar
[33], which appears to be lower than the results obtained in
this study; however, a larger amount of sugars could be
converted. It has been reported that raising the initial carbo-
hydrate concentration above 60 g 17!, as was the case for the
work of Chen et al., will reduce the fermentation efficiency
[34]. Additional deviation can be potentially explained by
strain characteristics of the Clostridia (L7 vs. DSM 13864).

Fermentation with water-extracted inulin from Jerusalem
artichoke tubers showed identical yields (within error) with
mixture of glucose and fructose as a control fermentation. This
indicates that acid hydrolysate of Jerusalem artichoke is a
reliable feedstock for ABE production.

The experimental work in the study largely focuses on the
acid hydrolysis of water-extracted inulin from Jerusalem arti-
choke tubers as a potential feedstock for butanol production.
The fermentation process was not optimized and the setup
used in this study is not intended to represent a potential
industrial process. More advanced fermentation process de-
sign, possibly including continuous fermentation and/or in
situ product removal, would likely have to be used in an
industrial process, as evaluated for different feedstocks else-
where [36, 37].

Conclusions

The optimal conditions for inulin hydrolysis to glucose and
fructose are temperature of 97 °C, pH of 2.0, for 35 min using
H,SO,4, which was the most suitable acid tested. Phosphoric
acid resulted in the highest amount of HMF followed by
hydrochloric acid, whereas sulfuric acid results in the lowest
HMF concentration. C. saccharobutylicum DSM 13864 is
able to ferment acid hydrolysate of Jerusalem artichoke sim-
ilarly to fermenting synthetic medium with an equivalent
carbohydrate composition. The culture converts 48.2 g 1
sugar to 15.1 g "' ABE, resulting in a yield of 0.31 ggorvent
g_lsugap Therefore, the inulin of Jerusalem artichoke can be
seen as a good raw material for butanol production after
simple acid hydrolysis.
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