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ABSTRACT

The objective of this work was to study the acid and enzymatic hydrolysis of cassava bagasse for the recovery of
reducing sugars and to establish the operational costs. A statistical program “Statistica”, based on the surface
response was used to optimize the recovery of reducing sugars in both the processes. The process economics was
determined considering the values of reducing sugars obtained at laboratory scale, and the operations costs of a
cylindrical reactor of 1500 L, with flat walls at the top and bottom. The reactor was operated with 150 kg of cassava
bagasse and 1350 kg of water. The yield of the acid hydrolysis was 62.4 g of reducing sugars from 100 g of cassava
bagasse containing 66% starch. It represented 94.5% of reducing sugar recovery. The yield of the enzymatic
hydrolysis was 77.1 g of reducing sugars from 120 g of cassava bagasse, which represented 97.3% of reducing
sugars recovery. Concerning to the time, a batch of acid hydrolysis required 10 minutes, plus the time to heat and
cool the reactor, and a batch of the enzymatic hydrolysis needed 25 hours and 20 minutes, plus the time to heat and
to cool the reactor. Thus, the acid hydrolysis of 150 kg of cassava bagasse required US$ 34.27, and the enzymatic
hydrolysis of the same amount of cassava bagasse required US$ 2470.99.
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from the cassava tubers. Cassava bagasse is
generally disposed in the surrounding environment
of the processing units. However, due to its high
organic ~ material content and it’s  high
biodegradability, it could cause serious

INTRODUCTION

Cassava (Manioca esculenta Crantz) is a plant
cultivated in tropical countries. Brazil is one of the
largest producers of cassava in the world. One part

of cassava production in Brazil is used to obtain
the cassava flour, or used directly as meal and the
other part is processed to obtain starch. Industries
that produce starch from the cassava roots generate
daily thousands of tons of cassava bagasse as solid
waste of the process. It is composed basically of
fibers and residual starch that was not extracted

" Author for correspondence

environmental pollution (Pandey et al., 2000, 2001).
Starch is a polymer of glucose and contains
amylose and amylopectin as building blocks. The
hydrolysis of the starch present in cassava bagasse
produces a broth with available reducing sugars,
chiefly glucose, which could be directly fermented
by microrganisms (Bobbio and Bo bbio, 1995).
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Due to richness in organic matter, basically starch,
cassava bagasse could be in ideal substrate for
biotechnological processes where the objective
could be to produce metabolites with commercial
value. Cassava bagasse can be used directly in
solid-state  fermentation, or in submerged
fermentation after hydrolysis. Table 1 shows the
range of variation of its physico-chemical
contents.

Table 1 - Physico-chemical composition of cassava
bagasse (g/100 g dry weight)

Component Range of content
Humidity 5.02-11.2
Protein 0.32-1.61
Lipids 0.53-1.06
Fibbers 14.88 — 50.55
Ash 0.66 — 1.50
Carbohydrates 40.50 — 63.85
Source: (Pandey et al, 2000)
Various  biotechnological processes, which

involved the use of cassava bagasse as substrates
include production of edible mushrooms (Beux
1995; Tonial, 1997), enzymes and, organic acids
such as citric acid (Kolicheski 1995), fumaric acid
(Carta, 1998; Soccol, 1994), lactic acid (Soccol et
al., 1994a, 1994b), etc. Another approach to utilize
cassava bagasse involves its hydrolyze to convert
starch present in it into reducing sugars (mainly
glucose), and then wuses it in submerged
fermentation to produce metabolites.

To obtain reducing sugars from cassava bagasse, it
must have a thermal hydro lytic treatment with acid
or enzyme. The acid or enzymatic hydrolysis of
cassava bagasse produces two fractions: one liquid
composed of soluble sugars from the starch
hydrolysis (basically glucose), and one solid
fraction composed of insoluble cellulose and
fibers.

The objective of this work was to compare the
recovery of reducing sugars from cassava bagasse
using two different hydrolysis methods, and also
to compare the cost economics of both the
methods of hydrolysis.

MATERIALS AND METHODS

The physical conditions for acid and enzymatic
hydrolysis were optimized using an experimental
factorial design, where the response variable was

the reducing sugars concentration. The response
data were analyzed using the statistical program
“Statistica” based on the response surface.

Acid Hydrolysis: Acid hydrolysis was performed
using hydrochloric acid at 0.5, 1.0 and 1.5%
concentrations. Cassava bagasse in acid solutions
was submitted to a thermal treatment at different
temperatures (100, 120 and 130°C) for 5, 10 and
15 minutes. The tests were made in 250 mL flasks,
using 5 g of cassava bagasse and 50 mL of the acid
solution.

Enzymatic Hydrolysis: To perform the enzymatic
hydrolysis, the starch present in the cassava
bagasse was pre-gelatinized by heating at 100°C
for 15 min. The enzymatic hydrolysis was
performed in two steps. The first, using a-amylase
(Termamyl 120L-Novo Nordisk), and the second
using amyloglucosidase (AMG 200L-Novo
Nordisk). The optimal pH, reaction time,
temperature and the enzyme concentra tion of both
the steps were determined using the experimental
factorial design. After the hydrolysis, the enzymes
were inactivated with heat for 10 minutes at
100°C. The tests were made in 250 mL flasks,
using 6 g of cassava bagasse, and 50 mL of water
with the appropriate enzyme (Carta, 1999).

Reducing Sugar Analysis The reducing sugars
recovered from the cassava bagasse was analyzed
by Somogyi-Nelson method (Nelson, 1944;
Somogyi, 1945; Somogyi, 1952).

Energy Costs: The energy costs of both the
processes, viz. acid and enzymatic hydrolysis were
done considering the reducing sugars recovered
during the optimization studies, and a scale -up in a
reactor of 1500 L. The hydrolysis costs were
calculated considering the energy and the
chemicals necessary for both the processes.

Reactor: A cylindrical stainless steel reactor
(1500 L) with thermal insulation and jacket heated
was used. Its diameter was 1.0 m, height (L) 2.15
m, (working height 1.9 m) and insulation
thickness: Dx = 0.05 m of glass wool.

Heat Needed for the Processes: In order to
compare the heat necessary by both the methods of
hydrolysis, the heat necessary to increase the
temperature and the heat necessary to maintain it
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during each step of the both processes was
calculated as described by Hol man (1992).

Heat to increase the temperature of the aqueous
medium with cassava bagasse:

0 =m.c,. AT

Where

m = 1500 Kg (10% of cassava bagasse = 150 kg +
90% of water = 1350 kg).

¢, = 3.9 kl/kg°C — 0.1x1.25 kJ/kg (cassava
bagasse) + 0.9x4.18 kl/kg (water ).

AT = temperature variation depending on the
process step.

Heat to maintain the temperature = heat lost
during the processes: Here the heat lost by free
convection though the cylindrical wall and through
the plan wall at the top and at the bottom of the
reactor was considered.

a. Through the cylindrical wall (Holman 1992):

Q = U Aout D T

The global coefficient of thermal exchange for the
cylindrical wall was calculated using the following
expression:

U= l/[Ay/Aishin + Aoudtt (Voud/Vin)/2 7KL + 1/h,,]

1.The first term was related to the convection
inside the reactor. To determine the medium
parameters, water was considered.

h,‘n =Nu. Kin/D

K, =0.685 W/mK.

For reactor heat with coil:

Nu=0.87 Re"” P,

Re = N.D’p/us (Doran 1998)

N=3.33 rpm

p=1000 kg/m’

1=2.3.10" kg/ms

Pr= 1.45 (water-120° C)

2. The second term was related to the insulation of
reactor wall.

Aout = 743 l’Il2

rout/rin = 0.55m/0.5m

Kglass wool — 0.038 W/m.K

3. The third term was related to the convection
outside the reactor

how = Nu . Kgiv / Doy

D, =1.005m

K,,=0.0328 W/m K.

For cylindrical wall:

Nu= C (Gr.Pr)"

Where:

C, m = constants for the system
Gr =g B(Tojuce - T) L' / V.
2=9.8 m/s’

B=1/Tguace =3 10° K

Turface = considered 60°C = 333 K
T,=25°C=298K

v=2.59.10 " m’/s

Pr = 0.7 (for the air)

Gr.Pr = 7.9.10 = Table: C = 0.10; m = 1/3
(Holmann, 1992)

b. Through the top and bottom flat walls
(Holman1992):

Q =U. Aout AT

The global coefficient of thermal e xchange for top
and bottom flat walls was calculated using the
following expression:

U= ][AX/kisulant + l/hout]

1. The first term was related to the conduction
through the insulation walls:
Kicoran: = 0.038 W/m K

2. The second term was related to the convection
out side the reactor:

how = Nu . ke / M

Nu = C (Gr Pr)"

M = characteristic measure = 0.9 D =0.9

Gr = as above

Pr=as above

Gr.Pr = 7.14 .10° > Table: C = 0.1; m = 1/3
(Holmann1992).

3. As h;, >>>> hg, the term related to the
convection inside the reactor was not considered
for plain wall.

Total heat to maintain the temperature during
the processes: The total heat necessary for the
processes was calculated considering the time of
each step of the process:

0,=0.t
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RESULTS AND DISCUSSION

Table 2  shows the  physico-chemical
characteristics of the cassava bagasse used in this
work, which has in general matching with those
reported by Pandey et al. (2000).

Table 2 - Physico-chemical composition of cassava
bagasse (g/100 g dry weight)

Component g/100 g
Humidity 8.50
Protein 1.52
Lipids 0.53
Fibbers 21.10
Ash 1.50
Starch 66.00

Acid Hydrolysis: Figures 1 and 2 show the data
obtained with cassava bagasse hydrolysis using
acid. Evidently best acid hydrolysis conditions
were: hydrochloric acid concentration of 1%,

reaction time of 10 minutes, and temperature of
120°C, which resulted 62.4 g of reducing sugars
from 100 g of cassava bagasse This value
represented 94.5% of recovery of reducing sugars
from the starch available in cassava bagasse.

Enzymatic Hydrolysis: According to Carta (1999),
in enzymatic hydrolysis of cassava bagasse, firstly
starch must be gelatinized at 100°C for 10 minutes.
Best reaction conditions for the hydrolysis were by
using 100 nL of the a-amylase (Termamyl 120L/g
starch) at pH 6.5 for 1 hour at 90°C. In the second
step, 471 nlL of the amyloglucosidase (AMG
200L)/g of starch at pH 4.5 was used for 24 hours
at 60°C. The last step consisted of inactivating the
enzymes by increasing the reaction temperature to
100°C for 10 minutes. Highest reducing sugars
value obtained was 77.1 g from 120 g of cassava.
This value represented 97.3% recovery of reducing
sugars.

Fitted Surface; Variable: REDUCING SUGAR
3 3-level factors, 1 Blocks, 27 Runs; MS Residual=22,36596
DV: REDUCING SUGAR
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Figure 1 - Reducing Sugar recovered from the cassava bagasse, at the acid hydrolysis, according to the time and
temperature used.
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Fitted Surface; Variable: REDUCING SUGAR
3 3-level factors, 1 Blocks, 27 Runs; MS Residual=22,36596
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Figure 2 - Reducing sugars recovered from the cassava bagasse by acid hydrolysis, according to concentration of

hydrochloric acid and temperature used.

Energy Costs for the Acid Hydrolysis:

Energy to heat the material from 25°C
(environment temperature considered) to 120 °C =
556 MJ ....... (4))

Heat lost to the environment = 550 J/s

Hydrolysis time = 10 minutes = 600 s

Total lost heat=330kJ ........ 2)

Total heat required = 556.4 MJ ....... 1O+Q)
The total energy necessary to the cassava bagasse
acid hydrolysis was 154.1 kWh.

Energy Costs for the Enzymatic Hydrolysis:
Gelatinization

Energy to heat the material from 25 to 100°C =
439MJ ...... 1)

Heat lost to the environment = 435 J/s

Hydrolysis time: 15 minutes = 900 s

Total heat lost =391.5k...... ?2)
Total heat required =439.4 MJ ...... a1+@Q)
Hydrolysis with Termamyl 120 L (90 °C)

Heat lost to the environment =377 J/s  ..... (1)
Hydrolysis time = 60 minutes = 3600 s

Total heat lost=1400kJ .... (2)

Total heat required = 1400 kJ ....... 1+@Q)

Hydrolysis with AMG 200 L (60°9)

Heat lost to the environment = 203 J/s .... (1)
Hydrolysis time = 24 h =86 400 s

Total heat lost=18 MJ ....(2)

Total heat required =18 MJ .... (1) + (2)

Enzyme inactivation

Energy to heat the material from 60 to 100°C =
234MJ..... (1)

Heat lost to the environment = 435 J/s

Inactivation time = 10 min = 600 s

Total heat lost =261 kJ .... (2)

Total heat required =234.3 MJ .... (1) +(2)

Total energy necessary to the cassava bagasse
enzymatic hydrolysis was 692.8 MJ = 192.5 kWh.

Considering the costs in energy, the most
advantageous process to use for the hydrolysis of
the residual starch present at the cassava bagasse
was the acid one. The energy consumption for the
enzymatic hydrolysis was 24.92 % more expensive
then the acid hydrolysis, although the reactor was
well insulated.

While doing these comparisons, the equipment
cost was not considered, as it was the same for
both the processes.
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Costs of the chemical components for the Add
and Enzyme Hydrolysis of cassava bagasse (150

kg):

Tables 3 and 4 show the costs of the chemical
components of acid and enzyme hydrolysis for a
batch (considering the specific weight of
hydrochloric acid = 1.159 g/L. and enzyme specific
weight = 1.2 g/L), respectively.

Table 3 - Price and chemicals for the acid hydrolysis of
150 kg of cassava bagasse

Product Conc. Amount Price Total

% Kg US$ Price
HCI 37 46.96 0.3 14.09
NaOH 100 19.04 1.06 20.18
Total 34.27

Table 4 - Cost of chemicals for the enzymatic
hydrolysis of 150 kg of cassava bagasse

Product Conc. Amoun Pric Total Price

% t e

kg US$
Termamyl 100 11.88 11.5 137.21
120 L 5
AMG 200L 100 55.95 41.7 2333.11
0

HCI to pH 37 0979 0.3 0.29
4.5
NaOH 100 0360 1.06 0.38
(neutr.)
Total 2470.99

Considering the chemicals necessary for a batch,
acid hydrolysis was much less expensive than the
enzymatic one. Cost of chemicals was considered
as an important factor because the price difference
was very high, which would largely affe ct any cost
analysis. The only limitation with acid hydrolysis
could be the issue of toxicity, because the acid
process increases the medium salinity, and it could
be a limiting factor

CONCLUSION

Analysing the process yields of the recovered
reducing sugars from the starch present in cassava
bagasse, both processes were quite efficient and
similar with 94.5% for the acid hydrolysis against
97.3% for the enzymatic hydrolysis. Looking at
the time required for each process, acid hydrolysis

was more advantageous than the enzymatic
process. For a batch, the acid hydrolysis was
completed in only 10 minutes plus the time to heat
and cool the material. The enzymatic hydrolysis,
on the contrast took 25 hours and 20 minutes, plus
the time to heat and cool the material for the whole
process in a batch.

This study showed that the both methods were
almost equally efficient concerning to the yield
based on the reducing sugar recovered from the
cassava bagasse, but economically, the acid
hydrolysis was more advantageous.

RESUMO

O objetivo deste trabalho foi estudar a hidrolise
acida e enzimatica do bagaco de mandioca
relacionando a eficiéncia de recuperacao de aguicar
redutor com os custos de operagdo. As condicdes
de operacdo de ambos os processos foram
otimizados usando o programa de anéalise de dados
“Statistica”, baseado em superficie de resposta. O
estudo economico foi feito tomando -se por base os
valores de agucar redutor obtidos nas hidroélises em
escala de laboratério, ¢ os custos de operagdo
foram calculados para um reator de escala
industrial com volume util de 1500 L, de paredes
laterais cilindricas, e planas no topo e no fundo. O
reator pode operar com 136 kg de bagago e 1360
kg de agua. Para o calculo do gasto de energia
foram considerados os calores necessarios para
aquecer o material e o calor necessario para
manter a temperatura do reator em cada etapa do
processo. Os custos com produtos quimicos foram
considerados, e também o tempo de reacdo, que
mostrou ser um ponto muito importante na
defini¢cdo da viabilidade do processo.

O rendimento da hidrélise acida foi 62.35 g de
acucar redutor a partir de 100 g of bagago de
mandioca com 66% de amido residual. Isto
representa 94.5% de acticar redutor recuperado. O
rendimento da hidrélise enzimatica foi de 77.1 g
de agucar redutor a partir de 120 g de bagago de
mandioca com 66% de amido residual,
representando  97.3% recuperacdo de aglicar
redutor.Em relacdo ao tempo, uma batelada da
hidrélise acida gasta 10 minutos, mais o tempo
para aquecer e resfriar o reator, ¢ uma batelada da
hidrolise enzimatica precisa de 25 horas e 20
minutos, mais o tempo para aquecer e resfriar o
reator Quanto aos custos operacionais com
produtos quimicos e energia, a hidrélise acida de
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150 kg de bagaco de mandioca, custa US$ 34.27, e
a hidrolise enzimatica da mesma quantidade de
bagaco de mandioca custa US$ 2470.99.

LIST OF SIMBOLS

A - Area of thermal exchange,

A oput/in - area outside/inside the reactor

Ao - outside reactor area

C, m - Constants for the system

D - inside diameter

D,y - Reactor outside diameter

g - acceleration of gravity

Gr - Grashof number

h - convective coefficient of thermal
exchange

h;, - convective coefficient inside the
reactor

Pows - convective coefficient outside the
reactor

K - thermal conductivity

K; - inside thermal conductivity

Kotass ool glass wool thermal conductivity

K, - air thermal conductivity

L - wall height

N - agitation

Nu - Nusselt number

Pr - Prandtl number

Q - Heat

VoudVin - reactor outside/inside ratio
conductivity

Re - Reynolds number

t - time

Touface - wall temperature

T, - environment temperature

U - Global coefficient of thermal
exchange

AT - temperature degree.

Ax - isolant wall thickness

Y] - thermal coefficient of expansion =
1/T ve

y7, - medium viscosity

v - kinematic viscosity.

P - medium density
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