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a  b  s  t  r  a  c  t

The  superior  effects  of addition  of activated  carbon  were  evidenced  for  microwave  assisted  hydrolysis  of
starches  in  cassava  pulp  and  tapioca  flour  under  hydrothermal  conditions  varying  irradiation  temperature
(160–230 ◦C  at 5 min),  duration  of heating  time  (5–18  min  at 210 ◦C) and  amount  of  activated  carbon  at
eywords:
icrowave-assisted hydrolysis

assava pulp
apioca

0.5–2.0:1:20  of  activated  carbon:solid:liquid  ratio.  The  presence  of  1.0 g/g  in microwave-assisted  hydrol-
ysis  gave  much  improved  glucose  yields  (44.49%  for cassava  pulp  and  71.93%  for  tapioca  flour)  at lower
heating  temperature  (220 ◦C and  200 ◦C, each  for 5  min)  with  suppressed  formation  of secondary  decom-
posed  compounds  than  those  without  addition  of activated  carbon  (32.41%  in cassava  pulp  at  230 ◦C  and
55.11%  in  tapioca  flour  at 240 ◦C,  each  for 5  min).  The  highest  glucose  yield  from  cassava  pulp  (52.27%)
was  obtained  after  heating  at 210 ◦C  for 15  min.
ctivated carbon

. Introduction

Tapioca flour is one of the important products of cassava used
or sizing textiles, adhesive, glucose syrup, vitamin C and food
ngredients. Cassava pulp as a by-product of tapioca industry has
een reported to contain 62–68% of starch and 13–27% of fiber
Kunhi, Ghildyal, Losane, & Natrajan, 1981; Sriroth, Chollakup,
hotineeranat, & Piyachomkwan, 2000). As starch is the main
omponent in the cassava pulp, the important conversion step is
ocused on hydrolysis into glucose which can be further converted
o different kinds of useful chemicals including ethanol.

Hydrolysis of starch in cassava pulp has been investigated by
sing several methods; acid hydrolysis (Ahmed, Ghildyal, Kunhi,

 Losane, 1982; Srikanta, Jaleel, Ghildyal, & Losane, 1987), enzy-
atic hydrolysis (Chotineeranat, Pradistsuwana, Siritheerasas,

 Tantratian, 2004; Jaleel, Srikanta, Ghildyal, & Losane, 1988;

ongkiattikajorn & Yoonan, 2004; Rattanachomsri, Tanapongpipat,
urwilaichitr, & Champreda, 2009), and combination of hydrother-
al  and enzymatic hydrolysis (Kosugi et al., 2009).
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Microwave assisted hydrolysis has been appreciated as a rapid
and convenient method for conversion of biomass into useful
chemicals (Tsubaki, Iida, Sakamoto, & Azuma, 2008; Yoshida,
Tsubaki, Teramoto, & Azuma, 2010). Addition of activated carbon
can further improve microwave heating effects by promoting hot
spots (Zhang et al., 2007). Saccharification rate of corn starch can
be improved at lower temperature without hazardous catalyst such
as sulfuric acid (Matsumoto, Tsubaki, Sakamoto, & Azuma, 2011).
Additionally, activated carbons are also attractive for adsorption of
secondary degraded compounds such as 5-hydroxymethyl furfural
(HMF) which will inhibit the fermentation of glucose into ethanol.

In this study, we have investigated the use of activated carbon on
microwave-assisted hydrolysis of cassava pulp and tapioca flour for
establishment of practical application of this method as a biomass
transformation.

2. Materials and methods

2.1. Materials

Cassava pulp was collected from a small-scale tapioca indus-

try located in Bogor, Indonesia. Tapioca flour was  purchased from
a local market in Jakarta, Indonesia. Activated carbon Y-8/20
AW (previously Y-10S AW)  was purchased from Ajinomoto Fine-
Techno Co., Inc., Japan.

dx.doi.org/10.1016/j.carbpol.2011.08.033
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Table 1
The effects of heating time and amount of activated carbon on glucose yield, pH, and formation of brown compound of cassava pulp hydrolysates after microwave heating
at  210 ◦C.

Heating time (min) Amount of activated carbon (g/g solid sample) Glucose yield (%) pH Absorbance (490 nm)  HMF (mg/100 g)

5 1.0 19.60 ± 4.79 3.35 ± 0.04 0.247 ± 0.006 5.87 ± 0.83
8 1.0  42.69 ± 1.87 3.18 ± 0.03 0.291 ± 0.016 11.32 ± 1.59

10  1.0 47.97 ± 0.27 3.12 ± 0.02 0.374 ± 0.022 19.15 ± 1.22
12  0.5 50.32 ± 1.90 3.19 ± 0.04 0.783 ± 0.048 55.35 ± 0.07
12  1.0 50.85 ± 1.32 3.07 ± 0.02 0.421 ± 0.014 24.96 ± 2.76
12  1.5 50.86 ± 0.72 2.86 ± 0.01 0.264 ± 0.006 11.61 ± 0.88
12 2.0  31.12 ± 3.97 2.75 ± 0.02 0.135 ± 0.016 5.11 ± 0.44
15 1.0  52.27 ± 0.88 3.02 ± 0.02 0.510 ± 0.018 46.25 ± 2.13
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alues are expressed as mean ± SD (n = 3), except for HMF  ± SD (n = 2).

Starch contents of the raw materials were determined using
otal Starch and Amylose/Amylopectin kits (Megazyme Interna-
ional Ireland Ltd., Wicklow, Ireland). Ash and nitrogen contents
ere determined according to AOAC 923.03 and AOAC 990.03,

espectively. Lipid content was determined by extraction with
hloroform: methanol (2:1, v/v) for 5 h at 50 ◦C. Monosaccharide
omposition was determined as described previously (Yoshida
t al., 2010).

.2. Hydrolysis using microwave irradiation

One gram of the sample was suspended in 20 mL  water with and
ithout activated carbon (0.5–2.0 g) in a 100 mL  Teflon tube and

ubjected to hydrolysis using MicroSYNTH (2450 MHz) microwave
ven (Milestone Inc., Shelton, CT, USA) at temperature range
80–240 ◦C for 5–18 min  with pre-heating time of 4 min to reach
he desired temperature in closed condition. After treatment, the
ample was filtered through pre-weighed glass filter paper to sep-
rate solution from residues.

.3. Analysis of soluble fraction

Oligomer distribution in the soluble fraction was  analyzed by
igh performance liquid chromatography (HPLC) on a column of
.5 mm × 200 mm MCI  GEL CK04SS (Mitsubishi Chemical Industry
o., Ltd, Tokyo, Japan) and Shodex SE-51 refractive index detector
Showa Denko K. K., Tokyo, Japan). Water was used as an eluent
t 0.3 mL/min of elution rate. Glucose content was  determined by
lucose CII test kit (Wako Pure Chemical Industries, Ltd, Osaka,

apan) and estimated as starch based theoretical yield. The forma-
ion of brown compound was determined by measuring absorbance
t 490 nm according to Warrand & Janssen (2007) and Whistler and
aniel (1985).  HMF  content was determined according to AOAC

980.23–1999).

. Results and discussion

.1. Chemical contents of raw materials

Cassava pulp contained higher ash (0.64%), lipid (1.78%) and pro-
ein (5.36%) than tapioca flour which contained 0.11% ash, 1.19%
ipid and a trace amount of protein. Starch contents of cassava pulp
nd tapioca flour were 79.45% and 96.06%, respectively, with sim-
lar amylose contents (21.36% and 20.47%). The amount of starch
n the cassava pulp used was higher than those reported in Sriroth
t al. (2000) and Kunhi et al. (1981) amounting around 60–70%.
he relative neutral monosaccharide composition of cassava pulp

as mainly glucose (94.0%) followed by galactose (2.9%), xylose

2.1%), rhamnose (0.7%), arabinose (0.5%) and mannose (0.1%) indi-
ating presence of cellulose and a slight amount of hemicellulose
n cassava pulp in addition to starch.
± 2.11 2.93 ± 0.02 0.645 ± 0.053 63.08 ± 0.71

3.2. Effects of temperature on hydrolysates of cassava pulp and
tapioca flour

Microwave heating with activated carbon under hydrothermal
condition was applied to an actual starchy biomass, cassava pulp,
for the first time with use of tapioca flour as a reference (Table 1
and Fig. 1). The activated carbon which had the lowest oligosaccha-
ride adsorption ability with the highest filtration property among
activated carbons tested previously (Matsumoto et al., 2011) was
selected as a sensitizer. Production of glucose from cassava pulp
occurred above 210 ◦C without activated carbons and attained at
32.4% at 230 ◦C. Addition of activated carbon, however, lowered
this temperature to 220 ◦C (Fig. 1). The maximum glucose yield
improved to 52.3% at 210 ◦C for 15 min  with 1.0 g/g activated car-
bon. In the case of tapioca flour, the glucose yield obtained without
activated carbon (55.1% at 240 ◦C) was  also greatly improved to
71.9% at 200 ◦C with 1.0 g/g activated carbon. The low hydrolyz-
ability of the starch in cassava pulp probably ascribed to the tight
wrapping or association with cell wall components.

The production of glucose was  accompanied by production of
malto-oligosaccharides at around 180–200 ◦C (Suppl. Fig. 1A and
B). The higher production of oligosaccharides from cassava pulp
was observed above 200 ◦C due to stability of starch as described
above.

Degree of secondary decomposition was evaluated by pH,
browning and HMF  production (Fig. 1). Suppression of decrease
in pH by addition of activated carbon is in accord with lower
degree of secondary degradation. The development of brown col-
ored materials monitored by measuring absorbance at 490 nm
progressed remarkably above 220 ◦C in the case of tapioca flour
without activated carbon. The absorption gradually increased in the
case of cassava pulp. This is probably explained by amino-carbonyl
reaction in addition to degradation of sugars due to protein in
the cassava pulp. The addition of activated carbon significantly
prevented the browning of the hydrolysate. The production of
HMF  from tapioca flour showed similar profile with absorbance at
490 nm.  Previously, these fermentation inhibitors were removed by
filtration through activated carbons after conversion into glucose.
The present process offers hydrolysis of the substrate and removal
of the secondary decomposed materials in one pot reaction in addi-
tion to the microwave sensitizing effects provided by the activated
carbon.

3.3. Effects of heating time and activated carbon amount on
hydrolysis of cassava pulp

The duration of heating time (5–18 min) was varied to explore

the effective heating condition for production of glucose at constant
heating temperature (210 ◦C). Elongation of heating time increased
glucose yield up to 52.3% (Table 1). Since the production of glu-
cose from starch occurs after liquefaction, the longer time was
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ig. 1. The effects of heating temperature on glucose yield (a), pH (b), formation of b
white diamond, cassava pulp; black diamond, cassava pulp with activated carbon;
n  data points are mean ± SD (n = 3), except for HMF  ± SD (n = 2).

ecessary (12–15 min) for conversion into glucose than that
equired for extraction of polysaccharide (5 min, Tsubaki et al.,
008). From the results of HPLC analysis more than 12 min  of
eating time was required for complete hydrolysis of malto-
ligosaccharides into glucose, corresponding to the reaction
ehavior of glucose production (Suppl. Fig. 1C).

Subsequently, the effects of the amount of activated carbon
0.5–2.0 g of loading for each 1 g of solid sample) on glucose pro-
uction were investigated. The results (Table 1 and Suppl. Fig. 1)
learly showed that use of 1.0 g/g of activated carbon at heating
emperature of 210 ◦C and heating time of 12 min  was enough to
ive lower absorption at 490 nm and HMF  yield.

. Conclusions

This study demonstrated that addition of activated carbon
mproved hydrolysis of starches in cassava pulp and tapioca flour

ith suppression of formation of the secondary decomposed mate-
ials. The addition of activated carbon up to 1.5 g/g of solid sample
as effective for production of glucose. This method provides one
ot reaction for hydrolysis of starch and removal of fermentation

nhibitors simultaneously.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.carbpol.2011.08.033.
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