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Dilute H2SO4-catalyzed hydrothermal pretreatment
to enhance enzymatic digestibility of Jatropha
curcas fruit hull for ethanol fermentation
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Abstract

Dilute sulfuric acid pretreatment of the Jatropha curcas fruit hull at high temperatures (140°C to 180°C)
performed in a 110-mL stainless steel reactor was investigated to enhance the enzymatic digestibility of its
lignocellulosic components. Carbohydrates accounted for 43% of the dry matter of the J. curcas fruit hull
biomass. The goal of the study was to optimize the pretreatment conditions (acid concentration, time, and
temperature) in order to obtain the highest sugar yield after subsequent enzymatic hydrolysis. A Box-Behnken
design was applied to the experimental setup in order to reduce the number of experiments. The optimal
pretreatment conditions are 30-min incubations at a temperature of 178°C with a sulfuric acid concentration of
0.9% (w/v). Using these pretreatment conditions for a fruit solid loading of 9.52% followed by a 24-h enzymatic
hydrolysis resulted in a liberation of 100% of all pentoses present (71% yield and 29% degradation to furfural)
and 83% of the hexoses (78% yield and 5% degradation to 5-hydroxymethylfurfural). The simultaneous
saccharification and fermentation experiment showed that acid-pretreated fruit hull can be used as a substrate
for Saccharomyces cerevisiae to produce ethanol.
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Background
Jatropha curcas has become widely known as a biofuel
crop due to the high oil content of the oilseeds har-
vested from this plant [1]. The biodiesel produced from
J. curcas oil via transesterification compares well to
petrochemical diesel and meets the latest biodiesel stan-
dards [2]. However, whereas palm oil is widely used as
feedstock for biodiesel production in Indonesia, Jatropha
oil has not been traded at price levels that satisfactorily
reward growers/farmers. Low oil productivity and high
labor cost for fruit harvesting are the most important
reasons. Many potential Indonesian farmers in the sub-
sistence sector are now reluctant to invest time and
money in planting J. curcas since the profit from Jatropha
products is much less compared to other agricultural
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commodities. Hence, one of the strategies to improve the
economics of this potentially profitable plant is to in-
crease the value of the side streams of oil production
(trimmed stems/branches, seed or kernel cake, seed
shells, and fruit hulls).
J. curcas bears fruit from the second year after crop es-

tablishment, but seed production becomes economically
feasible from the fifth year onward [3,4]. In Indonesia,
J. curcas is planted at a 2 × 2-m distance, yielding 2,500
plants/ha. A productivity of 2 kg seeds/plant/year on a
J. curcas plantation in Indonesia has been reported [5].
One hectare of the Jatropha plant therefore would yield
5 tons of seeds annually (containing 25% to 33% oil),
with 1 ton/year of fruit hull biomass (dry weight) as side
stream. Fruit hull is composed of lignocellulose (39.3%
cellulose and 14.2% lignin) with 5.3% protein [4], making
this biomass a potential raw material for the production
of bioethanol, enzymes, organic acids, and other fermen-
tative products, or as animal feed [6,7]. The use of fruit
hulls so far focuses on applications such as fertilizer and
substrate for co-firing installations or for biogas
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production [1,3,4,8]. Another way to valorize the fruit
hull side stream is to convert it to fermentation products
such as ethanol and lactic acid. In that case, pretreatment is
required to enhance the enzymatic digestibility of the
lignocellulosic biomass. Pretreatment aims at a partial dislo-
cation of the inter- and intra-fibrillic structure of ligno-
cellulose with a reasonable energy input [9]. From an
economic point of view, pretreatment must improve fer-
mentable sugar yield, maintain carbohydrate content,
minimize formation of degradation products that are in-
hibitory to subsequent fermentation processes, and be cost-
effective [10]. Various methods, from physical to chemical
pretreatments or combinations, have been widely studied;
one of which is hot dilute sulfuric acid pretreatment. Dilute
acid pretreatment of lignocellulosic biomass conducted at
high temperature (more than 160°C) results in high xylan
conversion yields and low levels of sugar degradation, thus
resulting in an improved overall cellulose hydrolysis [10].
There are no reports on pretreatment of the fruit hull of
J. curcas yet.
The subject of this study is the pretreatment of the

Jatropha fruit hull by sulfuric acid at an elevated
temperature in order to improve the enzymatic digest-
ibility of this lignocellulosic byproduct. We study the
influence of varying sulfuric acid concentration, pretreat-
ment time, and temperature on the following three
factors:

1. Pentose and hexose degradations after fruit hull
pretreatment, calculated from furfural and 5-HMF
formed, respectively

2. Pentose and hexose yields after subsequent
enzymatic hydrolysis of the pretreated fruit hull

3. Total sugar yield after subsequent enzymatic
hydrolysis of the pretreated fruit hull

A Box-Behnken design was applied to the experimental
setup in order to reduce the number of experiments. The
main objective is to obtain an optimum sulfuric acid con-
centration, time, and temperature of pretreatment that give
a low level of sugar degradation and a high level of sugar
yield in the subsequent enzymatic hydrolysis. Simultaneous
saccharification and fermentation (SSF) of J. curcas fruit
hull hydrolysates by Saccharomyces cerevisiae for ethanol
production is also studied.

Methods
Experimental design and setup
Design-Expert 8.0.3 software (Stat-Ease, Inc., MN, USA)
was used for the experimental design, model fitting, and
statistical data analysis. In order to reduce the number
of experiments, a Box-Behnken design (BBD) [11] was
applied. Experimental data of each response factor (Y)
were expressed in a second order mathematical model:
where i=1 to 3, j=2 to 3, and X= input variables. The
number of runs (N) required to measure the responses in
BBD is defined as N= 2k(k−1) +Co, where k is the number
of input variables and Co is the number of central points.
Since there were three input variables tested (sulfuric acid
concentration, time of pretreatment, and temperature) and
four replicates in the central point of the design to calculate
the experimental error, a total of 16 experimental runs were
carried out. The response factors are pentose degradation,
hexose degradation, pentose yield, hexose yield, sugar deg-
radation, and sugar yield. The significant effects and two
variable interactions were estimated by ANOVA. The rela-
tionship between the response factor and input variables
was further elucidated using response surface plots.

Materials
All chemicals were of analytical grade and used as received.
Termamyl and amyloglucosidase were purchased from Novo
Nordisk, Bagsvaerd, Denmark. Cellulase of GC220 was pur-
chased from Genencor, Rochester, NY, USA. S. cerevisiae
CBS 8066, maintained on YPD agar medium, was used
for ethanol fermentation.

Preparation and analysis of fruit hull
Ripened J. curcas fruits (with yellow color only, harvested
in November 2009, Serpong, Indonesia), were peeled. The
hulls were collected and dried at 60°C for 48 h. The dried
hulls were milled in a home blender (Philips HR 2071,
Royal Philips Electronics, Amsterdam, The Netherlands)
and sieved through a strainer with a 0.8-mm hole diameter.
The dry matter of the milled hull was 95.32% (w/w) (24 h,
105°C). The milled hull material was kept in a sealed plas-
tic container at 4°C until used.
The chemical composition of the hull (Table 1) was ana-

lyzed in triplicate according to the following methods. The
organic solvent extractives, the total water extractives, and
the non-extractives (except protein) were measured by
TAPPI methods [12-17], with minor modifications as
described previously [18]. The protein content of the fruit
hull was determined using the Kjeldahl method, which
consists of a destruction unit (Gerhardt Kjeldahlterm) and
distillation unit (Gerhardt Vapodest). The amounts of
amino acids in the water extractives were determined using
a Dionex Ultra-HPLC instrument (Dionex Corporation,
Sunnyvale, CA, USA) as described previously [19]. For
measuring monomeric sugars and water-soluble oligosac-
charides in the fruit hull, the samples were prepared as

Y ¼ βo þ
Xn

i
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Table 1 J. curcas fruit hull composition (% (w/w) dry
matter)

Constituents Content (% (w/w) dry matter)

Organic solvent extractives

- Ethanol-toluene extractives 4.1 ± 0.02

- Ethanol extractives 2.0 ± 0.02

Water extractives

- Glucose 4.0 ± 0.01

- Galactose, mannose, rhamnose, and
arabinose

0.3 ± 0.00

- Glucan 7.2 ± 0.26

- Other oligosaccharide (galactan and
mannan)

0.6 ± 0.00

- Amino acids 0.1 ± 0.00

- Others 24.0

Non-extractives

- Glucan 20.4 ± 0.01

- Xylan 5.7 ± 0.01

- Galactan 2.0 ± 0.01

- Mannan 1.1 ± 0.01

- Rhamnan 0.8 ± 0.00

- Arabinan 0.8 ± 0.01

- Protein 4.9 ± 0.35

- Uronic acid 3.2 ± 0.16

- Acid-soluble lignin (ASL) 0.8 ± 0.00

- Acid-insoluble lignin (AIL) 11.7 ± 0.00

- Others 6.3

Total 100.0

Total pentose sugarsa 6.5

Total hexose sugarsb 35.6
aFor response surface analysis, the data of pentose sugars (xylose and
arabinose) were grouped to calculate pentose yield. bSimilarly, the data of
hexose sugars (glucose, galactose, mannose, rhamnose) were grouped to
calculate hexose yield.
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shown in Figure 1. Monomeric sugars were measured by
high-performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) as described
earlier [18].
Fruit hull pretreatment
Milled fruit hull (5.00 g; 4.76 g dry matter) was mixed with
45.0 mL of sulfuric acid solution (0.1%, 0.5% or 0.9% (w/v)),
resulting in 9.52% (w/w) dry hull solid loading. The hull/
acid mixture was soaked for 20 to 24 h at room
temperature and then transferred to a 316-SS (stainless
steel) reactor (inner height×diameter, 90.0×40.0 mm;
5.0-mm wall), fitted with thermocouples. Four reactors
were heated at a time in an oil bath (Haake B bath filled
with silicon oil of DC 200 fluid, 100 cSt, Dow Corning,
Midland, MI, USA), equipped with a Haake N3 temperature
controller (Thermo Fisher Scientific, Waltham, MA, USA).
Sample core temperature was digitally recorded using a
Picotech data collector and software (Picotech, Neots,
Cambridgeshire, UK). Pretreatments were conducted at
140°C, 160°C, and 180°C. Holding time was 30, 45, or
60 min, starting from when the desired core temperature
was reached. The heating bath oil was preheated between
1°C and 5°C above the desired sample core temperature; by
this way, the time until the desired core temperature was
reached ranged between 16 and 20 min. During the holding
time, the reaction temperature in the reactors oscillated at a
maximum of 1°C from the desired temperature. The reac-
tors were cooled after the incubation to 25°C in less than
10 min by quenching in ice water. After the pretreatment,
the resulting material was transferred to pre-weighed
250-mL baffled shake flasks. The pH was adjusted to 5.0
with 10 M NaOH, and sodium azide solution (0.025% (w/w)
final concentration; Merck KGaA, Darmstadt, Germany)
was added. A 1-mL sample was taken for analysis. Mono-
meric sugars were measured by HPAEC-PAD method [18].
Furfural, 5-hydroxymethylfurfural (5-HMF), and acetic acid
were measured by high-performance liquid chromatog-
raphy (HPLC) [18]. The monomeric sugar yield was calcu-
lated as follows:

Yield %ð Þ ¼ SL
SS

� 100 %ð Þ ð2Þ

where SL is the amount of sugar (g) in the aqueous phase,
and SS is the amount of monomeric sugar present in the
sample of dry hull (g sugar equivalents in polymeric sugar).
The sugar degradation was calculated in a similar way in
which SL is accounted as the amount of sugar equivalents
(g) to the amount of furfural or 5-HMF present in the
aqueous phase, calculated in mole basis.

Enzymatic hydrolysis of pretreated fruit hull
To start enzymatic hydrolysis, GC220 (0.4 g (w/w) dry
matter hull) was added into the baffled shake flask con-
taining the pH-adjusted (pH 5.0) pretreated fruit hull.
GC220 is a cellulase enzyme mixture (batch 4900759148,
7608 IU/mL cellulase activity). The amount of GC220
used corresponded to 46 FPU/g original dry matter hull.
We used GC220 in excess (in the plateau region of the
dose-effect curve of the enzyme mixture) to ensure that
the effect of pretreatment on the sugar yield was mea-
sured, not the effect of the enzyme concentration. The
weight of the material plus the flask was determined; after
which, the flasks were closed with airtight plugs and
placed in an Innova 44 incubator shaker (50°C, 150 rpm,
2-in. stroke; NBSC, NJ, USA). Samples of 1.5 mL were
taken at t=0, 24, and 72 h. GC220 was inactivated by



Figure 1 A scheme for determination of water-soluble sugars in fruit hull. A Hermle Z33M2 (HERMLE Labortechnik GmbH, Wehingen,
Germany) was used in centrifugation. The amount of soluble oligosaccharides in the fruit hull was calculated by subtracting the initial
monosaccharide present in the fruit hull from the total soluble sugar measured after enzymatic digestion.
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incubation at 90°C for 10 min. Samples were stored at
−20°C until analysis. Monomeric sugars were measured
by HPAEC-PAD method [18].

SSF of acid-pretreated hull hydrolysate into ethanol
Ten grams of milled fruit hull pretreated with 90 mL
of sulfuric acid solution at the optimum conditions
was used for ethanol fermentation tests with the yeast
S. cerevisiae CBS 8066.
To prepare inoculums, yeast cells were grown in a

100-mL liquid medium of YPD (Merck) at pH 5.0 in a
250-mL Erlenmeyer flask. The culture was incubated for 24 h
in an Innova 44 incubator shaker (37°C, 150 rpm, 2-in. stroke;
NBSC, NJ, USA). The yeast cake was prepared by centrifu-
gation at 17,000× g for 15 min using the SORVALL RC6+
centrifuge (Thermo Fisher Scientific, Waltham, MA, USA).
Prior to fermentation, the pH of the acid-pretreated hull

was adjusted to 5.0 using 10 M NaOH. Pre-hydrolysis was
conducted to reduce the viscosity of the pretreated hull
suspension and was performed by the addition of 0.95 g
GC220 (equivalent to 0.1 g/g dry matter hull) followed by
incubation for 6 h in an Innova 44 incubator shaker (37°C,
150 rpm, 2-in. stroke; NBSC, NJ, USA). After pre-hydroly-
sis, the pre-hydrolysed substrate was enriched with the fol-
lowing (per liter): 4.2 g (NH4)2SO4, 2.5 g KH2PO4, 0.42 g
MgSO4�7H2O, trace elements (consisting of 15.0 mg
Na2EDTA, 4.5 mg ZnSO4�2H2O, 0.84 mg MnCl2�2H2O,
0.3 mg CoCl2�6H2O, 0.3 mg CuSO4�5H2O, 0.4 mg
Na2MoO4�2H2O, 4.5 mg CaCl2�2H2O, 3 mg FeSO4�7H2O,
1 mg H3BO3, 1 mg KI, 0.05), vitamins (consisting of 0.05
mg biotin, 1.0 mg calcium panthotenate, 1.0 mg nicotinic
acid, 25 mg inositol, 1.0 mg thiamine, 1.0 mg pyridoxine
HCl, 0.2 mg para-aminobenzoic acid), and fatty acids (10.0
mg ergosterol and 420 mg Tween 80 dissolved in 1.25 mL
ethanol). Trace element solution, vitamin solution, and
fatty acid solution were prepared separately in stocks of
1,000×, 1,000×, and 800×, respectively, as described previ-
ously [20]. A 2.86-g enzyme mixture (GC220), equivalent
to 0.3 g/g dry matter hull, was added to the substrate. The
total volume of the substrate just before fermentation was
circa 100 mL. An initial yeast cake concentration between
0.50 and 0.55 g/100-mL substrate was applied in the SSF
experiments [21]. Fermentation was conducted at 37°C
and 70 rpm for 72 h. All SSF experiments were done in du-
plicate, and homogenous samples of 1.5 mL were with-
drawn at 0 (just after yeast addition), 6, 11, 24, 35, 48, and
72 h of incubation for the analysis of monosaccharides, or-
ganic acids, and ethanol. For the analysis of ethanol and or-
ganic acids in SSF samples, the supernatant of centrifuged
samples (5 min at 17,400× g) was diluted 1:1 with 6 mM
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sulfuric acid and filtered in order to remove solids and pre-
cipitated proteins. Samples were analyzed using a HPLC
system (Waters Corp., Milford, MA, USA) using the or-
ganic acid column IOA-1000 (Alltech, Deerfield, IL, USA)
with 3.0 mM sulfuric acid as the mobile phase at 90°C and
a flow rate of 0.4 mL/min. Peaks were detected by using a
RI detector (Waters 2414, Waters Corporation, Milford,
MA, USA). SSF results of sugars, organic acids, and etha-
nol were reported in grams of product formed per liter fer-
mentation medium. The theoretical ethanol yield was
calculated from the total glucose consumed by the yeast,
taking into account a fermentation yield of 0.51 [21,22].

Results and discussion
Raw material composition
Table 1 shows the composition of the J. curcas fruit hull.
Carbohydrates account for 42.9% of the dry weight. This
value is lower than those reported for other lignocellulosic
materials such as wheat straw (59%) and cardoon biomass
(52%) [22,23]. A glucan (as glucose) content of 31.6% is
comparable to those reported for agricultural residues such
as cardoon, sunflower, or Brassica [22,24,25] but slightly
lower than those for wheat straw and rice straw (36%)
[18,26]. Unlike wood and straw, the hull contains about
12% water-soluble sugars. The total lignin value is 12.5% of
which acid-soluble lignin (ASL) accounts for 0.8% only.
The lignin value of the hull is less than 50% of that of wood
[27,28]. ASL will solubilize during acid pretreatment, while
acid-insoluble lignin remains in solid form. Hemicellulosic
sugars (xylose, galactose, mannose, rhamnose, and arabin-
ose) account for 10.4% of the hull with xylose (5.7%) as the
main hemicellulosic carbohydrate. No xylose was found
after incubation of the water-extractable fraction with the
enzyme mixture GC220 (data not shown), indicating that
the material does not contain soluble xylan. Together, the
organic solvent extractables and water extractables account
for 30% of the total dry matter, which may include non-
structural components of fruit hulls such as waxes, fats,
tannins, some resins, and soluble pectins [28,29]. In com-
parison, the values for glucan and lignin content obtained
are lower than those of the J. curcas fruit hull (39.3% and
14.2%, respectively) previously reported [4], which could be
due to differences in cultivar, cultivation conditions, or
ripeness of the fruit.

Pretreatment and enzymatic hydrolysis of fruit hull
The experimental conditions for the 16 runs according
to the BBD can be seen in Table 2. Table 2 also sum-
marizes the overall experimental results of sugar liber-
ation from milled Jatropha fruit hull after pretreatment
and subsequent enzymatic hydrolysis for 24 h.
Both the highest pentose yield (34.4%) and pentose

degradation (42.4%) after pretreatment were achieved at
0.9% sulfuric acid, 45 min, and 180°C, in which 57.4%
pentose and 80.6% hexose were recovered after subse-
quent enzymatic hydrolysis (Table 2). After the subse-
quent 24-h enzymatic hydrolysis, the highest pentose
yield (84.7%) was obtained from the biomass pretreated
at less severe conditions (0.9% sulfuric acid, 30 min, and
160°C) in comparison to the highest hexose yield
(80.6%) which was obtained at more severe conditions
(0.9% sulfuric acid, 45 min, and 180°C).
In terms of total sugar liberation (Table 2), both the

highest sugar yield (21.0%) and sugar degradation
(24.4%) after pretreatment were achieved at 0.9% sulfuric
acid, after 45 min, and at 180°C. After the subsequent
24-h enzymatic hydrolysis, the highest sugar yield of
77.0% was reached at this pretreatment condition.
Statistical analysis of sugar degradation and sugar yield
In the experimental Box-Behnken design, the influence
of the three input variables (sulfuric acid concentration,
time, and temperature of pretreatment) on pentose deg-
radation, hexose degradation, pentose yield, and hexose
yield were determined. The Box-Behnken model used to
describe the experimental results is based on the effect
of the three input variables studied, extended with
parameters for interactions and squared factors. A
square root transformation of the response factors was
applied for improved model fit. To describe the inter-
active effects of the input variables on responses in the
statistical analysis, one variable is set constant while
the other two variables are varying in the design space.
The input variables of X1, X2, and X3 are the coded
factors of sulfuric acid concentration, time, and
temperature of pretreatment, respectively. The coded
variables are defined as follows: X1= (SA− SA,C)/SA,S,
X2 = (t− tC)/tS, and X3= (T−TC)/TS, in which SA= con-
centration of sulfuric acid (%), t =pretreatment time
(min), and T=pretreatment temperature (°C); subscript
C= center value and subscript S = step value; SA,C= 0.5%,
SA,S = 0.4%, tC= 45 min, and tS = 15 min, TC= 160°C and
TS = 20°C.
Pentose and hexose degradation after pretreatment
The starting point was a quadratic model which was
found significant for the degradation of pentose into fur-
fural and the degradation of hexose into 5-HMF during
the pretreatment (both with P < 0.0001). The quadratic
model was then adjusted by backward elimination: tak-
ing out terms that had no significant contribution
(P > 0.05) one by one and then recalculating the model
with the remaining terms. The adjusted regression mod-
els fit the data with the Radjusted

2 of 0.99 for pentose deg-
radation (Equation 3) and 0.97 for hexose degradation
(Equation 4) as follows:



Table 2 Experimental conditions according to Box-Behnken design and experimental results of sugar liberation from
milled J. curcas

Run number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Pretreatment conditions

Sulfuric acid (% w/v) 0.1 0.5 0.5 0.9 0.1 0.1 0.9 0.9 0.5 0.5 0.5 0.5 0.1 0.5 0.5 0.9

Time (min) 45 30 60 45 30 60 30 60 45 45 45 45 45 30 60 45

Temperature (°C) 140 140 140 140 160 160 160 160 160 160 160 160 180 180 180 180

Response factors

A. Pentose (% w/w)

Pretreatment

Pentose yield 1.2 5.4 7.8 16.1 2.9 2.8 26.5 33.5 10.2 11.1 10.9 10.1 2.5 10.4 9.6 34.4

Pentose degraded 0.2 0.6 1.1 2.0 0.5 0.9 7.7 12.7 3.9 3.8 3.8 3.5 3.0 12.1 20.2 42.4

Total pentose liberated 1.3 5.9 8.9 18.2 3.4 3.7 34.1 46.2 14.1 15.0 14.7 13.6 5.5 22.4 29.8 76.8

After 24-h enzymatic hydrolysis

Pentose yield 29.3 35.1 40.4 56.6 47.7 54.4 84.7 80.7 69.5 66.0 67.7 69.3 57.6 70.5 46.8 57.4

B. Hexose (% w/w)

Pretreatment

Hexose yield 12.5 14.0 14.5 15.2 8.8 6.6 17.8 18.1 13.7 12.8 13.0 13.9 1.5 8.3 6.0 18.6

Hexose degraded 0.1 0.5 0.6 0.9 0.2 0.3 1.8 2.5 1.3 1.3 1.3 1.3 0.4 2.7 3.6 6.4

Total hexose liberated 12.6 14.5 15.1 16.1 9.0 6.9 19.6 20.6 15.0 14.1 14.3 15.2 1.9 11.0 9.6 25.0

After 24-h enzymatic hydrolysis

Hexose yield 57.6 58.7 57.6 57.6 54.0 51.2 65.6 69.9 59.9 58.3 59.0 59.6 51.2 64.8 63.7 80.6

C. Total sugars (% w/w)

Pretreatment

Sugar yield 10.7 12.7 13.4 15.3 7.8 6.1 19.1 20.5 13.1 12.5 12.7 13.3 1.7 8.6 6.5 21.0

Sugar degraded 0.1 0.5 0.9 1.5 0.4 0.6 4.7 7.6 2.6 2.6 2.5 2.4 1.7 7.4 11.9 24.4

Total sugar liberated 10.8 13.2 14.3 16.8 8.2 6.7 23.8 28.1 15.7 15.1 15.2 15.7 3.4 16.0 18.4 45.4

After 24-h enzymatic hydrolysis

Sugar yield 53.3 55.1 55.0 57.4 53.0 51.7 68.6 71.5 61.4 59.5 60.4 61.1 52.2 65.7 61.1 77.0

Only data of the 24-h enzymatic hydrolysis are presented because no increase of sugar liberation was observed between 24 and 72 h of hydrolysis (data not
shown).
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in which YPD,Pr (% w/w) is the pentose degradation, and
YHD,Pr (% w/w) is the hexose degradation after pretreat-
ment, respectively.
Figure 2 shows the response curves of pentose and hex-

ose degradation as three-dimensional surfaces. As can be
seen in Figure 2a and Equation 3, minimizing the degrad-
ation of pentose into furfural depends, for a large part, on
sulfuric acid concentration and temperature. Degradation

YPD;Pr
� �0:5 ¼ 1:97þ 1:31X1 þ 0:29X2 þ 1:57X3

þ0:94X1X3 þ 0:19X2X3 þ 0:51X3
2

ð3Þ

YHD;Pr
� �0:5 ¼ 1:13þ 0:56X1 þ 0:50X3 þ 0:30X1X3

�0:15X1
2 þ 0:13X3

2

ð4Þ
of pentose increases rapidly at higher sulfuric acid concen-
tration and temperature. Because the degradation of pen-
tose is, for a small part, influenced also by time, conducting
the pretreatment step in a shorter time (30 min) is prefer-
able than a longer pretreatment time if high pentose recov-
ery is the target. A pentose degradation of 34% is obtained
at 30 min, 0.9% sulfuric acid, and 180°C (Figure 2a) in
which 33% of the pentose is simultaneously recovered (data
not shown), resulting in a total pentose liberation from the
biomass of 67%. A corresponding result has been reported
in the pretreatment of corn stover at 20% (w/w) solid load-
ing by using sulfuric acid (0.5% to 1.4% (w/w)) at 165°C to
195°C for 3 to 12 min, in which pentose degradation ranged
between 5% and 31% [30].
In case of hexose degradation, from the three input vari-

ables studied, the pretreatment time has no significant con-
tribution on the degradation of hexose (Equation 4). The



Figure 2 Three-dimensional response surfaces for (a) pentose
degradation and (b) hexose degradation of J. curcas fruit hull.
The response surfaces were graphed after dilute sulfuric acid
pretreatment. Pretreatment time is 30 min.
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influence of the sulfuric acid concentration and temperature
causes less than 6% hexose degradation in the design space
as shown in Figure 2b. The low hexose degradation at pre-
treatment demonstrates that only a small fraction of the six-
carbon polysaccharides (mostly cellulose) of the biomass was
completely depolymerized and degraded during the pretreat-
ment, a positive property of a pretreatment, assuming the
treatment's ability to facilitate the subsequent enzymatic
hydrolysis.

Pentose and hexose yields after enzymatic hydrolysis
The starting point was a quadratic model which was found
significant for the pentose yield and the hexose yield after the
subsequent 24-h enzymatic hydrolysis of pretreated fruit hulls
(both with P<0.0001). The quadratic model was then adjusted
by backward elimination: taking out terms that had no signifi-
cant contribution (P>0.05) one by one and then recalculating
the model with the remaining terms. The adjusted regression
models fit the data with the Radjusted

2 of 0.91 for pentose yield
(Equation 5) and 0.99 for hexose yield (Equation 6) as follows:

YPY ;24h
� �0:5 ¼ 8:19þ 0:75X1 þ 0:65X3 � 0:53X1X3

�0:50X2X3 � 1:23X3
2

ð5Þ

YHY ;24h
� �0:5 ¼ 7:69þ 0:47X1 þ 0:22Xþ0:11X1X2

þ0:45X1X3 þ 0:11X3
2

ð6Þ
in which YPY,24h (% w/w) is the pentose yield, and YHY,24h
(% w/w) is the hexose yield after the 24-h enzymatic hy-
drolysis, respectively. Figure 3 shows the response analysis
of pentose and hexose yields as three-dimensional surfaces.
As can be seen in Figure 3a and Equation 5, maximizing

the pentose yield is, for a large part, dependent on sulfuric
acid concentration and temperature. The time of pretreat-
ment on its own has no direct significant contribution on
the pentose yield, but its interaction with the temperature
has. In comparison to our results, it was reported that the
yield of xylose (a major component of pentose) after a di-
lute sulfuric acid (0.5% to 2%) pretreatment of rapeseed
straw at high temperature (180°C) is dependent on acid
concentration and time of pretreatment [31].
Figure 3 shows that pretreatment of the fruit hull at the

conditions studied results in a significant increase of the pen-
tose yield and the hexose yield in the hydrolysis step. Ap-
proximately 84% pentose yield after enzymatic hydrolysis
can be achieved at 0.9% sulfuric acid (30-min pretreatment
at 160°C) in which approximately 10% pentose is degraded
(Figure 2a). Increasing the temperature above 160°C or the
time of pretreatment for more than 30 min (data not shown)
does not improve the pentose yield due to the degradation
of pentose into furfural. The 30-min pretreatment results in
a higher pentose yield than the longer pretreatment periods.
We found that without enzymatic hydrolysis, pretreat-

ment alone of the fruit hull with 0.1% sulfuric acid at a
temperature between 140°C and 180°C resulted in pen-
tose yields of less than 4% (data not shown). However,
high overall pentose yields obtained after enzymatic hy-
drolysis of the fruit hull pretreated with 0.1% sulfuric
acid at 140°C to 180°C (Figure 3a) demonstrate that the
hydrothermal treatment itself contributes to hemicellu-
lose digestibility, thereby enhancing the enzymatic hy-
drolysis. It has been reported that heating lignocellulosic
biomass in aqueous media at a temperature above 150°C
to 180°C will solubilize parts of the biomass, firstly the
hemicellulose and shortly after the lignin [32].



Figure 3 Three-dimensional response surfaces for (a) pentose
yield and (b) hexose yield. The response surfaces were graphed
after the 24-h enzymatic hydrolysis, respectively, of the pretreated
J. curcas fruit hull. Pretreatment time is 30 min.

Figure 4 Three-dimensional response surfaces for total sugar
degradation (dark) and total sugar yield (light). The response
surface for total sugar degradation was graphed after pretreatment,
and that for total sugar yield was graphed after the 24-h enzymatic
hydrolysis of the pretreated J. curcas fruit hull. Pretreatment time is
30 min.
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From Figure 3b and Equation 6, the hexose yield ranged
from approximately 52% at the least severe pretreatment
(0.1% sulfuric acid, 30 min, 140°C) to approximately 78%
at the more severe conditions (0.9% sulfuric acid, 30 min,
180°C).

Total sugar yield after enzymatic hydrolysis
For the total sugar degradations (pentose plus hexose
degradation) after pretreatment and the total sugar yield
(pentose plus hexose yield) after the subsequent 24-h
enzymatic hydrolysis of the pretreated fruit hull, the
starting point of a quadratic model was found signifi-
cant (P < 0.0001). The quadratic model was then
adjusted by backward elimination: taking out terms
that had no significant contribution (P > 0.05) one by
one and then recalculating the model with the
remaining terms. The adjusted regression models fit
the data with the Radjusted

2 of 0.98 for the total sugar
degradation (Equation 7) and 0.96 for the total sugar
yield (Equation 8) as follows:

YSD;Pr
� �0:5 ¼ 1:58þ X1 þ 0:21X2 þ 0:15X3

þ0:69X1X3 þ 0:38X3
2

ð7Þ

YSY ;24h
� �0:5 ¼ 7:79þ 0:51X1 þ 0:28X3 þ 0:32X1X3

�0:09X3
2

ð8Þ
in which YSD,Pr (% w/w) is the total sugar degradation after
pretreatment, and YSY,24h (% w/w) is the total sugar yield
after the subsequent 24-h enzymatic hydrolysis.
Figure 4 shows the response curve of the total sugar yield

and the total sugar degradation as three-dimensional surfaces.
Statistical analysis of combined sugars (pentose plus hexose)
showed that the time of pretreatment has no influence on the
total sugar yield (Equation 8). Sulfuric acid concentration
and temperature as well as their interaction have positive
influences on the total sugar yield, to the increase of overall
sugar yield as sulfuric acid concentration and temperature in-
crease. Because of the negative squared term of the
temperature (Equation 8), an optimum point somewhere in
the experimental space might be expected; however, the
temperature coefficient seems too small to level off the curve.
A yield of 78% was the maximum achieved value at the



Figure 5 Course of ethanol formation. Formation of ethanol,
liberation of acetic acid, and the consumption trends of glucose and
xylose during fermentation by S. cerevisiae CBS 8066 of (a) standard
medium containing glucose as a sole carbon source in comparison
to (b) SSF of the pretreated J. curcas fruit hull.
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temperature of 180°C using 0.9% sulfuric acid, in which 21%
sugar is degraded into furfural and 5-HMF (Figure 3).

Optimization and confirmation test
It has been shown that the maximum sugar yield as well
as the hexose yield, respectively, after enzymatic hydroly-
sis can be achieved only if pretreatment of the fruit hull
(9.52% solid loading) was performed using 0.9% sulfuric
acid at a temperature around 180°C. Using the Design-
Expert 8.0.3 software, optimization was conducted to ob-
tain the highest hexose/sugar yields with minimum
sugar degradations. The optimal conditions were as fol-
lows: sulfuric acid equals 0.9%; time equals 30 min, and
temperature equals 178°C. Under these conditions, the
model predicts the responses as follows: pentose degrad-
ation of 31%, hexose degradation of 6%, a pentose yield
(after 24-h enzymatic hydrolysis) of 72%, and a hexose
yield (after 24-h enzymatic hydrolysis) of 77%.
A confirmation test was performed under the pretreat-

ment conditions described above, in duplicate. The experi-
mental results with the deviations from the average were as
follows: pentose degradation of 29.4 ±1.27% (equivalent to
1.5±0.05 g/L furfural), hexose degradation of 5.2± 0.14%
(equivalent to 1.2 ±0.03 g/L 5-HMF), a pentose yield of
70.8± 1.20% (equivalent to 4.4± 0.08 g/L pentose), and a
hexose yield (24 h) of 78.3± 0.70% (equivalent to
26.5± 0.25 g/L hexose). These experimental sugar values
agree well to those predicted by the model with deviations
less than 1%. In addition, we found that acetic acid liber-
ation was 1.5±0.02 g/L.

SSF of hydrolysed fruit hull into ethanol
Fruit hull of 9.52% solid loading pretreated at optimum
conditions (0.9% sulfuric acid, 178°C, 30 min) was applied
in a SSF process using S. cerevisiae at 37°C. In a SSF
process, the glucose liberated by enzymatic hydrolysis is
simultaneously converted into ethanol, thus reducing prod-
uct inhibition of the enzyme by glucose. Figure 5 shows the
course of ethanol formation for the 72-h fermentation in
the standard medium containing 30 g/L glucose (Figure 5a)
in comparison to the medium containing the pretreated
fruit hull (Figure 5b).
In the standard medium, glucose is depleted within 12 h.

In that period, ethanol was rapidly produced and peaked at
about 10.7 g/L. This ethanol concentration corresponds to
74% of the maximum theoretical yield.
In the pretreated fruit hull medium (Figure 5b), a 6-h

pre-hydrolysis to reduce the viscosity of the hydrolysate
suspension resulted in 18 g/L glucose initially available
in the medium before the fermentation started. As can
be seen in Figure 5b, glucose depletion in the fruit hull
medium was slower than in the standard medium,
reaching 2 g/L after 36 h and remaining constant from
that point; the maximum ethanol concentration was 8.4
g/L at 24 h (corresponding to 71% of the maximum the-
oretical yield). This trend of ethanol formation, peaking
at 24 h, corresponds well to the results previously
reported [21]. It is clearly seen that ethanol formation
was slightly inhibited in the pretreated fruit hull bio-
mass, leading to a lower ethanol yield (71% compared to
74%) and longer fermentation time (24 h compared to
12 h) at peak points. In biomass hydrolysis, limiting con-
centrations of byproducts are important when the hy-
drolysate is to be used as a fermentation medium. For
ethanol fermentation, it was reported that the presence of
acetic acid (5 g/L), furfural (1.2 g/L), and 5-HMF (1.3 g/L)
slightly decreased the ethanol yield in the fermentation
process; however, a low acetic acid concentration (about
1 g/L) was found to have a positive effect on the ethanol
production yield [33]. Due to pretreatment of the fruit hull
at optimum conditions, 1.5 g/L furfural, 1.2 g/L 5-HMF,
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and 1.5 g/L acetic acid were also formed in the fermenta-
tion substrate. Therefore, inhibition of ethanol formation
in the fruit hull substrate was probably caused by the pres-
ence of these compounds.

Conclusions
It is demonstrated that the model equations developed
using the Box-Behnken design with the three input vari-
ables studied (sulfuric acid, time, and temperature) can be
used to predict liberation and degradation of sugars from
the J. curcas fruit hull after dilute sulfuric acid-catalyzed
hydrothermal pretreatment and subsequent enzymatic hy-
drolysis. A pretreatment at optimum conditions (0.9% sul-
furic acid, 30 min, 178°C) followed by a 24-h enzymatic
hydrolysis liberates nearly all of the sugars present, consist-
ing of 71% pentose, 78% hexose, 29% pentose degradation
into furfural, and 5% hexose degradation into 5-HMF.
Therefore, higher sugar yields cannot be expected within
the space studied. The SSF experiment of ethanol produc-
tion showed that the sulfuric acid-pretreated fruit hull can
be used to produce ethanol by S. cerevisiae in the simultan-
eous saccharification and fermentation process.
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