
International Journal of Chemical Engineering

Recent Trends in Integrated 
Biorefineries Development for 
Sustainable Production
Guest Editors: Diego T. Santos, Anuj K. Chandel, FranÇois Maréchal, 
M. Angela A. Meireles, and Adriano V. Ensinas 



Recent Trends in Integrated Biorefineries
Development for Sustainable Production



International Journal of Chemical Engineering

Recent Trends in Integrated Biorefineries
Development for Sustainable Production

Guest Editors: Diego T. Santos, Adriano V. Ensinas,
Anuj K. Chandel, François Maréchal,
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Biorefinery applications gather several important and diverse
fields of research: biofuels production, process engineering,
biotechnology, agronomy, and environmental impact assess-
ment, among others. The highly interdisciplinary dimension
of the biorefinery concept makes it extremely difficult to have
an overview of the research activities in this field. Moreover,
the diversity of pretreatment, conversion, and separation
processes to transform biomass into value-added chemicals
and biofuels is immensely important. Furthermore, there
is lack of concrete information to fill the gap and build
the necessary interface between research laboratories and
industries (chemical industries, forestry industries, and food
industries). This will foster the right kind of environment for
the harnessing of the fullest potential of biomass into valuable
products while providing employment and safe environment.

This special issue presents a diverse range of advance-
ments focused on the design and development of integrated
facilities aiming at the production of multiple products
from biomass (3 articles) and industrial effluents (2 articles).
Authors here reported the potential of mix feedstocks to
yield a wide range of products by employing a combination
of technologies (e.g., chemical and/or biological transforma-
tions and separations) in integrated biorefineries. Fourteen
contributions were peer-reviewed and revised in order to
meet the standards for publication in the journal, with five
articles being accepted for inclusion in this especial issue:

three articles related to the use of biomass fractions aiming
at the production of multiple products and two articles
discussing the use of industrial effluents adapting biorefinery
concepts.

The fractionation of lignocellulosicmaterials is addressed
in three manuscripts. J. K. Kurian et al. performed experi-
mental study on calcium hydroxide-assisted delignification
of hydrothermally treated sweet sorghum bagasse. The paper
by F. A. F. Antunes et al. explores the use of dilute acid
hydrolysis as the fractionation method to obtain a sugarcane
bagasse hemicellulosic hydrolysate. In their study, ethanol
production performance of novel xylose-fermenting yeast,
Scheffersomyces shehatae UFMG-HM 52.2, was evaluated
under batch fermentation conditions using sugarcane bagasse
hemicellulosic hydrolysate as carbon source. J. Q. Albarelli
et al. compared two fractionation technologies (liquid hot
water and steam explosion) using simulation tools in a biore-
finery producing ethanol from sugarcane juice and second
generation ethanol production using a new raw material:
sugarcane bagasse fine fraction composed of parenchyma
cells (P-fraction).

Two of the manuscripts deal with the use of industrial
effluents, evaluating the possibility to minimize the use
of water with wastewater treatment with the integration
of this process to others aiming at the development of
sustainable integrated biorefineries. M. Berni et al. discuss
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the perspectives of treating effluents through anaerobic diges-
tion using an up-flow anaerobic sludge blanket (UASB) reac-
tor as biorefinery annex in a pulp and paper industrial plant
to be burned in the boilers. The paper by Â. P. Matos et al.
evaluates experimentally the cultivation of microalgae using
wastewater from the desalination process of groundwater.
They studied the influence of dilution rate on the continuous
cultivation to establish relationship between the desalination
wastewater and protein/lipid contents along with fatty acid
distribution in continuously cultivated Chlorella vulgaris.

The editors of this special issue would like to thank
the contributing authors for sharing their quality research
through this special issue and the reviewers for their critical
comments and suggestions which helped to improve the
quality of the articles.

By compiling these articles, we have attempted to dissemi-
nate the key information on recent trends in integrated biore-
fineries development for sustainable production of bioenergy
and bioremediation.

Diego T. Santos
Adriano V. Ensinas
Anuj K. Chandel

François Maréchal
M. Angela A. Meireles
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The hydrothermally treated sweet sorghum bagasse (SSB) powder was treated using Ca(OH)
2
to extract the lignin from it. Changes

in chemical composition of SSB and the formation of sugars and hydrolytic products were studied.The optimum conditions of 10%
(g/g substrate) Ca(OH)

2
and 106.3min of isothermal treatment residence time at 394K resulted in 69.67 ± 1.26% of the lignin

extracted from the hydrothermally treated SSB powder, producing a solid residue containing 68.29 ± 0.31% residual cellulose
and 13.26 ± 0.32% residual lignin in it. The Ca(OH)

2
concentration and isothermal treatment residence time were significant in

the responses observed. Treatment using Ca(OH)
2
is one of the potential processes for the on-farm processing of lignocellulosic

materials.

1. Introduction

Many processes are being developed for biorefinery that
hasten the move from the fossil-based economy towards the
biobased economy. This movement also put forth the poten-
tial for small scale processing of lignocellulosic biomass for
large scale biorefinery operations which can be economically,
socially, and environmentally beneficial [1] to both developed
and developing countries. The small scale processing of
lignocellulosic biomass requires safe and simple technologies
that need only minimum capital investment. It should be
integrated with other technologies to produce energy for the
processing of biomass as well as products required in the local
society [1].

Small scale processing of lignocellulosic materials can
be performed at farms by the biomass producers and the
industries. One of the approaches to process biomass at farms
is the fractionation of the substrate into components using
mild chemicals at mild temperature. Integrated multiple
processes are required for the fractionation of lignocellulosic

materials because of the different characteristic properties
of the biomass components. Hemicellulose can be extracted
without severely affecting lignin and cellulose using water
as the catalyst at mild to moderately high temperatures
(323–453K). The residue obtained after the hemicellulose
extraction will be rich in lignin and cellulose.The lignin from
this residue can be extracted using alkaline catalysts such
as calcium hydroxide (Ca(OH)

2
) that will have minimum

effect on the cellulose component of the residue [2]. Alka-
line extraction of lignin from lignocellulosic materials will
produce a residue containing high amount of cellulose than
untreated material.The extracted lignin will be present in the
alkaline liquor, which has pH around 12, obtained through
the treatment, and lignin can be isolated from this liquid by
reducing its pH using acidifying agent like CO

2
or mineral

acids [3, 4].
In comparison to other pretreatment processes available,

treatment of lignocellulosic biomass using Ca(OH)
2
is safe

and economical for the production of biofuels and bioma-
terials. Lime (Ca(OH)

2
) pretreatment is a proven method
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to remove the lignin from lignocellulosic biomass without
affecting its carbohydrate portion. The treatment conditions
vary depending on the rawmaterials. For example, feedstocks
such as softwoods containing high concentration of lignin
require additional oxygen for the delignification whereas
feedstocks such as straws containing low concentration
of lignin may not require additional oxygen for effective
delignification using Ca(OH)

2
. Lime pretreatment removes

about 80% of the lignin along with 95% of the minerals
in the lignocellulosic biomass [5] into the aqueous solu-
tion leaving a solid residue rich in cellulose. But, most of
the Ca(OH)

2
pretreatment studies were done at ambient

to moderately higher temperatures of 323 to 333 K. These
conditions demand longer retention times ranging from 8
to 150 days but were the simplest pretreatment processes for
lignocellulosic substrates. As mentioned earlier, increasing
the temperaturewill decrease the treatment time significantly.
This will also reduce the treatment area required in industrial
scale operations. An increase in treatment temperature from
ambient to moderately high (323–333K) temperature also
demands higher water inputs as the high heat capacity and
heat transferability of water ensure uniform temperature
distribution in the mixture. High water loading also ensures
the proper distribution of Ca(OH)

2
in the mixture [6].

This study evaluates the potential of Ca(OH)
2
treatment

as a process for on-farmpretreatment of lignocellulosicmate-
rials. Autohydrolysis followed by delignification at 394K was
studied for the fractionation of SSB and the extent of sugar
degradation during the process stages was also investigated.

2. Materials and Methods

2.1. Substrate for the Pretreatment. Bagasse powder of
sweet sorghum variety CSSH45 was initially treated using
water to extract the hemicellulose from it. Hydrothermally
(394K, 13% substrate concentration, and 90min isothermal
treatment residence time) treated sweet sorghum bagasse
(HTSSB) powder was used as the substrate for this study.
The residue obtained from the hydrothermal treatment was
washed using tap water to remove the free sugars from it and
subsequently dried at 378K overnight to remove themoisture
from it.The physicochemical properties of the substrates and
the solid residues obtained after the treatment were analysed
to estimate the bulk density and chemical composition.

2.2. Ca(OH-)
2
Assisted Treatment of Hydrothermally Treated

Sweet Sorghum Bagasse. The dried HTSSB was treated using
Ca(OH)

2
solution at 394K for 30, 75, and 120min. The

substrate concentration was 10% (g/g) and the Ca(OH)
2

concentrations were 0, 10, and 20% g/g of the substrate.
Higher substrate concentrations lead to difficulty in proper
mixing of the substrate and the reagent, thus reducing
the delignification efficiency of the process. The substrate
concentration used was 10% (g/g) in order to increase
the reaction of Ca(OH)

2
with the substrate [7]. The solid

residues obtained after the Ca(OH)
2
treatment were analysed

for cellulose, lignin, hemicellulose, and ash. The Ca(OH)
2

solution obtained after treatment was analysed for lignin,

sugars, total carbohydrates, and sugar degradation products
in it. This study selected the process conditions that resulted
in maxima of delignification, cellulose concentration, and
solids recovery.

The Ca(OH-)
2
assisted treatment of the hydrothermally

treated SSB (HTSSB) was carried out in an autoclave (DSE-
8000, NAPCO, USA). In the experimental treatments, 10 g
HTSSB was mixed with 90 g aqueous Ca(OH)

2
solution

containing 0, 1, or 2 g Ca(OH)
2
powder. The Ca(OH)

2

quantity varied to get slurries having different Ca(OH)
2

concentrations (0, 10, and 20% (g Ca(OH)
2
/g substrate)).The

mixture was then kept in a steam saturated autoclave for
the hydrothermal treatment at 394K. Once the temperature
reached 394K, the mixture was kept at that temperature for
30, 75, and 120min. The treatment was stopped by releasing
the steam pressure and keeping the mixture under cold tap
water to bring the temperature of the mixture to the room
temperature. The mixture was separated using a nylon cloth
to obtain solid and liquid samples for further analyses and
studies. The wet solid samples were washed under tap water
until the pH of the wash water became neutral and then dried
in a hot air oven and finally used for compositional analyses.
The liquid samples (hydrolysate) were refrigerated at 277K
and were used for the compositional analyses.

2.3. Experimental Design. The experiments were conducted
to estimate the effect of independent variables such as isother-
mal (394K) treatment residence time (30, 75, and 120min)
and Ca(OH)

2
concentration (0, 10, and 20% (g/g substrate))

on the delignification responses such as lignin extraction,
cellulose recovery, ash removal, hemicellulose removal, solid
recovery, carbohydrate recovery, and sugar degradation. It
was investigated using a response surface design prepared
using the JMP 10 software (SAS Institute USA).The response
surface design reduced the number of experimental runs
and resulted in response surfaces showing the linear and
quadratic effects of the independent factors on the responses.
The second order polynomial regression equation as shown
in (1) was used to fit the responses to understand the effect
of the isothermal treatment residence time and Ca(OH)

2

concentration:

𝑌 = 𝛽
0
+ 𝛽
1
𝑥
1
+ 𝛽
2
𝑥
2
+ 𝛽
12
𝑥
1
𝑥
2
+ 𝛽
11
𝑥
2

1
+ 𝛽
22
𝑥
2

2
, (1)

where 𝑌 is the response such as lignin extraction, solid
recovery, and sugar degradation, 𝑥

1
and 𝑥

2
are the inde-

pendent factors such as isothermal treatment residence time
and Ca(OH)

2
concentration, 𝛽

0
is the intercept, 𝛽

1
and 𝛽

2

are the linear coefficients, 𝛽
12

is the interaction coefficient,
and 𝛽

11
and 𝛽

22
are the quadratic coefficients. Analysis of

variance was conducted to determine the statistical signifi-
cance (𝑃 value ≤ 0.05) of the variables on the response and to
estimate the fit of the polynomial prediction equation to the
observed responses [8].The coefficient of determination (𝑅2)
and the root-mean-square-error (RMSE) values were used to
estimate the fit of the model to the observed responses and to
estimate the usability of the model to predict the response in
similar experimental conditions.
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All the treatments including the two centre points (10%
Ca(OH)

2
concentration and 75min of treatment time) and

the analyses of the solid and liquid samples were conducted
in triplicates. The solid residues obtained after the treatment
were analysed for cellulose, hemicellulose, lignin, and ash
concentrations. Similarly, the liquid samples obtained after
the Ca(OH)

2
treatment were analysed for total reducing sug-

ars, pentose sugars, total carbohydrates, sugar degradation
products (hydroxymethyl furfural (HMF) and furfural), and
dissolved lignin.The treatment conditions were optimized to
obtain themaximumextraction of lignin,maximumcellulose
concentration in the residue, maximum recovery of solids,
and minimum sugar degradation.

2.4. Analytical Methods. The particle size distribution of the
substrate used for the treatments was estimated using the
sieve analysis method [9]. The bulk density of the solid
samples before and after the treatment was estimated using
a 100mL measuring cylinder [10]. Gravimetric and spec-
trophotometric methods were used to estimate the chemical
composition of the substrate and the residues before and after
the Ca(OH)

2
treatment.

The gravimetric methods for forage fiber analyses were
used to estimate the concentration of cellulose, hemicellulose,
lignin, and minerals in the solid HTSSB samples before and
after the treatments [11].Thesemethodswere selected because
they are simple and are convenient for routine analyses in
biomass treatment studies [12].

The concentration of total reducing sugars, pentose sug-
ars, sugar degradation products, and lignin in the liquid
samples were analysed using UV-Vis spectroscopy. Estima-
tion of pentose sugars was done using the parabromoaniline
method developed by Deschatelets and Yu. Similarly, the
TPTZ (2,4,6-tripyridyl-s-triazine) method was used to esti-
mate the concentration of total reducing sugars in the liquid
samples [13].The total carbohydrate present in liquid samples
was estimated by using the anthrone reagent method [14].
The concentrations of furfural and hydroxyl-methyl furfural
(HMF) in liquid samples were estimated using the ultraviolet
(UV) spectroscopy [15]. Similarly, lignin solubilised in the
liquid was estimated by measuring the absorbance at 278 nm
[4, 16].

3. Results and Discussion

3.1. Physicochemical Composition of the HTSSB. The
hydrothermally treated material contained, on an extractive
free and oven dry basis, about 56% cellulose, 31% lignin,
1% ash, and 11% hemicellulose in it. The bulk density of the
substrate was 137.89 ± 6.40 kg/m3, estimated using a 100mL
measuring cylinder [10]. The bulk density of the substrate
was 60% higher than the untreated sweet sorghum bagasse
(SSB) powder. The particle size distribution of the HTSSB
was mainly from 250 microns to 1 millimeter (Figure 1)
estimated through the sieve analyses [9].
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Figure 1: Particle size distribution of the HTSSB used for the study.
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Figure 2: Solids recovery (%) during Ca(OH)
2
treatment of HTSSB.

3.2. Solids Recovery during the Ca(OH)
2
Treatment of HTSSB.

The solids recovery varied from 66.9 to 93.4% and it
decreased with increase in isothermal treatment residence
time and Ca(OH)

2
concentration (Figure 2). Maximum

solids recovery is required while extracting the lignin from
a lignocellulosic material. The significant (𝑃 value < 0.05)
response surface quadratic model for the solids recovery is
given in (2). The 𝑅2 value of the model was 0.94 with an
RMSE value of 2.14. The model has a nonsignificant lack-
of-fit (𝑃 value > 0.05) and therefore can be used to predict
the solids recovery response while treating the HTSSB with
Ca(OH)

2
at 394K and conditions investigated here. The

recovered solids after the Ca(OH)
2
treatment had a bulk

density of about 317.40 ± 4.20 kg/m3 which was higher than
the bulk density of HTSSB used for the treatment. Consider
the following:

Solids recovery (%) = 73.49 − 7.72𝐴 − 4.15𝐵 − 0.25𝐴𝐵

+ 3.97𝐴
2
+ 3.14𝐵

2
,

(2)

where𝐴 and𝐵 are isothermal treatment residence time (min)
and Ca(OH)

2
concentration (% g/g substrate), respectively.
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3.3. Effect of Ca(OH)
2
Treatment on Chemical Composition

of HTSSB. The concentration of residual hemicellulose in
the Ca(OH)

2
treated HTSSB was decreased with increase

in Ca(OH)
2
concentration (Figure 3). The concentration of

residual hemicellulose in the final residues varied from 8.45
to 11.87% (g/g). Hemicellulose removal from HTSSB was
minimum as most the hemicellulose content was removed
during the initial hydrothermal treatment. The response
surface model for the removal hemicellulose into the liquor
was found not significant (𝑃 value > 0.05)with an𝑅2 value of
0.24 and is not useful to predict the concentration of residual
hemicellulose in Ca(OH)

2
treated HTSSB residues. Consider

the following:

Residual hemicellulose (%) = 10.97 − 0.36𝐴 − 0.06𝐵

+ 0.14𝐴𝐵 − 0.59𝐴
2
− 0.04𝐵

2
,

(3)

where𝐴 and𝐵 are isothermal treatment residence time (min)
and Ca(OH)

2
concentration (% g/g substrate), respectively.

3.4. Lignin Extraction through Ca(OH)
2
Treatment of the

HTSSB. Calcium hydroxide treatment of the HTSSB
(10% g/g) at 394K for 100min removed about 55% of lignin
from it. The final residue contained about 74% cellulose and
17% lignin in it. The maximum lignin extraction observed in
this investigation was 78.36% which is comparable with the
lignin extracted (62.25%) from dewaxed bamboo through
the use of ethanol and NaOH [17].

The response surface quadratic equation for the residual
lignin (4) was found significant (𝑃 value < 0.05) with an 𝑅2
value of 0.94 and an RMSE value of 1.51. The concentration
of residual lignin (%) in the final residue varied from 9.99 to
27.66% and was found decreasing with increase in Ca(OH)

2

concentration and isothermal treatment residence time and
the response is shown in Figure 4. The extraction of lignin
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Figure 4: Residual lignin concentration (%) in Ca(OH)
2
treated

HTSSB.

Li
gn

in
 ex

tr
ac

tio
n 

(%
) 90

80
70
60
50
40
30
20
10

>70

<64

<54

<24

<14

<34

<44 <4

140
120

100
80

60
40

20 0

8

16
20

24

Time (min)
Ca(OH)2 (%) (

g/g substrate)

4

12
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2

treatment.

(%), whichwas estimated as the difference in concentration of
lignin in substrates before and after the Ca(OH)

2
treatment,

varied from 17.59 to 78.33% and was found increasing with
increase in Ca(OH)

2
concentration and isothermal treatment

residence time (Figure 5). The response surface quadratic
equation for the residual lignin (5) was found significant
(𝑃 value < 0.05) with an 𝑅2 value of 0.99 and an RMSE
value of 2.46. The concentration of solubilized lignin (g/L)
in the liquor of Ca(OH)

2
treatment of HTSSB varied from

8.44 to 35.26 g/L and was also found increasing with increase
in Ca(OH)

2
loading and isothermal treatment residence time

(Figure 6). The response surface quadratic equation for the
residual lignin (6) was found significant (𝑃 value < 0.05)
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with an 𝑅2 value of 0.98 and an RMSE value of 1.18. Consider
the following:

Residual lignin (%) = 15.11 − 5.95𝐴 − 2.67𝐵

− 1.37𝐴𝐵 + 2.60𝐴
2
+ 2.08𝐵

2
.

(4)

Lignin extraction (%) = 65.08 + 20.37𝐴 + 9.06𝐵

+ 2.06𝐴𝐵 − 12.90𝐴
2
− 7.30𝐵

2
.

(5)

Solubilized lignin (g/L) = 28.96 + 8.27𝐴 + 3.87𝐵

+ 0.60𝐴𝐵 − 5.61𝐴
2
− 2.02𝐵

2
.

(6)

Higher quantity (>80%) of lignin can be extracted through
the sequential use of organic chemicals such as dioxane or
inorganic chemicals like NaOH or KOH on the substrate [18–
20]. However, the applicability of such processes for the on-
farm treatment of lignocellulosic material may be limited.

3.5. Effect of Ca(OH)
2
Treatment on Cellulose Content of

HTSSB. The cellulose content of HTSSB slightly dissolved
during Ca(OH)

2
treatment. The Ca(OH)

2
concentration and

isothermal treatment residence time were significant factors
affecting the concentration of cellulose in the residue. The
residual cellulose concentration varied from 58.21 to 70.61%
and the concentration found increasing with increase in
Ca(OH)

2
concentration and isothermal treatment residence

time (Figure 7).
The regression analysis of the responses created a model

expression for the cellulose concentration after Ca(OH)
2

treatment is given in (7). The model was found significant
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(𝑃 value < 0.05) with an 𝑅2 value of 0.91 and an RMSE value
of 1.48. Consider the following:

Residual cellulose (%) = 67.29 + 4.41𝐴 + 2.12𝐵

+ 0.82𝐴𝐵 − 2.31𝐴
2
− 1.45𝐵

2
,

(7)

where,𝐴 and 𝐵 represent Ca(OH)
2
concentration in percent-

age (g/g substrate) and treatment time in min, respectively.
The substrate concentration had both linear and quadratic
effect on the cellulose concentration while the isothermal
treatment residence time had only linear effect on the
cellulose concentration.

3.6. Effect of Ca(OH)
2
Treatment on Ash Content of HTSSB.

Theash content of the final residuewas increased after the cal-
cium hydroxide treatment which may be due to the binding
of the calcium to the polysaccharide and lignin of the residue
[21]. Repeated washing of the delignified residue until the pH
of the residue became neutral did not remove the bounded
minerals from it. Increase in Ca(OH)

2
concentration for the

delignification increased the ash content in the residue and
increase in the isothermal retention time decreased the ash
content in the residue (Figure 8). The quadratic response
surface model for the concentration of residual ash in the
Ca(OH)

2
treated HTSSB was found significant (𝑃 value <

0.05) and is shown in (8).The𝑅2 valuewas 0.99 and theRMSE
value was 0.06. Consider the following:

Residual ash (%) = 4.32 + 3.91𝐴 + 0.10𝐵

+ 0.20𝐴𝐵 + 0.35𝐴
2
− 0.053𝐵

2
⋅ ⋅ ⋅ ,

(8)

where,𝐴 and 𝐵 represent Ca(OH)
2
concentration in percent-

age (g/g substrate) and treatment time in min, respectively.
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3.7. Conversion of Polysaccharides to Furfural, Hydroxymethyl
Furfural during Ca(OH)

2
Treatment of HTSSB. Some quan-

tity of the cellulose and hemicellulose in the HTSSB was
converted into sugars and estimated as total carbohydrates,
pentose sugars, and reducing sugars. The concentration
of total carbohydrates in the liquor ranged from 3.27 to
13.67 g/L and the concentration increased with increase in
Ca(OH)

2
loading and the isothermal treatment residence

time (Figure 9).The quadratic response surface model for the
concentration of total carbohydrates in the liquor was found
significant (𝑃 value < 0.05) and is given in (9). The 𝑅2 value
of themodel was 0.97 and the RMSE valuewas 0.68. Similarly,
the concentration of pentose sugars and total reducing sugars
was also increased with increase in Ca(OH)

2
loading and the

isothermal treatment residence time (Figures 10 and 11). The
concentration of pentose sugars varied from 1.67 to 6.98 g/L
while the concentration of total reducing sugars varied from
3.19 to 13.34 g/L. The quadratic response surface models for
the concentration of pentose sugars and total reducing sugars
in the liquor were found significant (𝑃 value < 0.05) and
are given in (10)-(11). The 𝑅2 value of the model for pentose
sugar concentration was 0.97 and the RMSE value was 0.30.
Similarly, the 𝑅2 value of the model for total reducing sugar
concentration was 0.97 and the RMSE value was 0.66.

A fraction of the sugars formed from the polysaccharides
was converted into sugar degradation products such as
furfural and 5-hydroxymethyl furfural (HMF). The sugar
degradation and thus the concentration (g/L) of furfural and
HMF in the liquor were gradually increased with increase in
isothermal treatment residence time and Ca(OH)

2
loading

(Figures 12 and 13).The concentration of furfural varied from
0.48 to 1.99 g/L and the concentration of HMF varied from
0.35 to 1.44 g/L depending on the Ca(OH)

2
loading and the

isothermal treatment residence time. The quadratic response
surface models for the concentration of furfural and HMF in
the liquor were found significant (𝑃 value < 0.05) and were
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given in (12)-(13).The 𝑅2 value of the model for furfural con-
centration was 0.75 and the RMSE value was 0.37. Similarly,
the 𝑅2 value of the model for HMF concentration was 0.68
and the RMSE value was 0.30. Consider the following:

Total carbohydrates (g/L) = 11.69 + 3.56𝐴 + 1.70𝐵

+ 0.13𝐴𝐵 − 2.60𝐴
2
− 1.42𝐵

2

(9)

Pentose (g/L) = 5.94 + 1.56𝐴 + 0.80𝐵

+ 0.28𝐴𝐵 − 1.34𝐴
2
− 0.48𝐵

2

(10)
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Reducing sugars (g/L) = 11.79 + 3.29𝐴 + 1.84𝐵

+ 0.23𝐴𝐵 − 2.48𝐴
2
− 1.26𝐵

2

(11)

Furfural (g/L) = 1.78 + 0.65𝐴 + 0.24𝐵

+ 0.033𝐴𝐵 − 0.38𝐴
2
− 0.013𝐵

2

(12)

HMF (g/L) = 1.29 + 0.40𝐴 + 0.23𝐵

+ 0.11𝐴𝐵 − 0.070𝐴
2
− 0.26𝐵

2
.

(13)
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The 𝐴 and 𝐵 represent in (9)–(13) Ca(OH)
2
concentration

in percentage (g/g substrate) and isothermal treatment res-
idence time in min, respectively.

3.8. Optimization of the Ca(OH)
2
Treatment of HTSSB. The

Ca(OH)
2
treatment was optimized for maxima of lignin

extraction (70.35%, 31.66 g/L solubilised lignin), residual
cellulose concentration (68.65%), solids recovery (71.2%),
minima of concentration of sugars (12.85 g/L total carbo-
hydrates, 6.46 g/L pentoses, and 12.62 g/L reducing sugars)
and sugar degradation products (furfural 2.01 g/L, 1.38 g/L
HMF) in the liquor using the JMP 10 software. The optimum
conditions were predicted as a Ca(OH)

2
concentration of

about 11.24% (g/g substrate) and an isothermal treatment
residence time of 105min. Under the optimum conditions the
predictions for residual lignin, residual hemicellulose, and
residual ash were 13.35%, 10.87% and 4.87%, respectively.

The optimization experiment was performed with
Ca(OH)

2
loading of 10, 11, and 12% (g/g substrate) and 100,

105, and 110min of isothermal treatment residence time.
The optimum conditions giving maxima of lignin removal,
solids recovery, and residual cellulose were found as 10%
Ca(OH)

2
loading and 106.35min of isothermal treatment

residence time. Even though the lignin extraction increased
with increase in Ca(OH)

2
loading and isothermal treatment

residence time, the solids recovery decreased with increase
in these factors. Therefore, the optimum condition was
largely dependent on the solids recovery of the process.
Optimum conditions resulted in 76.75 ± 0.15% solids
recovery, 68.29 ± 0.31% residual cellulose, 13.26 ± 0.32%
residual lignin, 69.67±1.26% lignin extraction, 10.77±0.15%
residual hemicellulose, and 4.25 ± 0.39% residual ash in the
solid residue. It also resulted in 31.14 ± 0.14 g/L solubilised
lignin, 12.43 ± 0.14 g/L total carbohydrates, 12.12 ± 0.24 g/L
total reducing sugars, 6.41 ± 0.38 g/L pentose sugars,
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1.76 ± 0.06 g/L furfural, and 1.29 ± 0.04 g/L HMF in the
liquor.

3.9. Prospect of the Two-Step Fractionation of Sweet Sorghum
Bagasse for an on-Farm Fractionation Process. The two-step
fractionation of sweet sorghum bagasse includes a first step
to extract the hemicellulose and a subsequent step to extract
the lignin from the substrate. The first step results in a
hydrolysate rich in hemicellulosic sugars and the second step
results in a residue rich in cellulose and a liquor containing
lignin in it. The solid residue obtained after the Ca(OH)

2

treatment has about 270% higher bulk density and 51.7%
higher cellulose concentration than the raw bagasse with
bulk density of about 85 kg/m3 containing only about 45%
cellulose in it. The high bulk density and cellulose content
will help the biomass producers to get higher price for it and
the biorefineries can get these products that will help them to
reduce their capital investment for the processing of biomass
as well as provide them with the raw material irrespective of
the regional and seasonal variations [22]. The process needs
further developments to make it suitable for implementation
in farm conditions.

4. Conclusion

The Ca(OH-)
2
assisted treatment of the hydrothermally

treated sweet sorghum bagasse at 394K for 106min of
isothermal treatment results in about 69% of lignin extrac-
tion. The optimum Ca(OH)

2
loading is about 10% (g/g

substrate) that resulted in a solid residue containing about
68% residual cellulose in it. The ash concentration of the
residue was higher than the HTSSB and the effect of it on
further processing of the residue needs to be studied. The
process using Ca(OH)

2
is considered as safe and inexpensive

for the treatment of lignocellulosics and therefore, it can
be used for the on-farm fractionation of lignocellulosic
materials. The solid product of the Ca(OH)

2
treatment

contains higher amount of cellulose in it and it can be
further value added at centralized biorefineries to biofuels
and biomaterials. The liquid product of this process needs
further treatment to isolate the dissolved lignin, Ca(OH)

2

and other components from it. The potential of the on-farm
fractionation of lignocellulosic materials using hydrothermal
and subsequent Ca(OH)

2
treatments needs to be studied in

field conditions.
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Desalination wastewater, which contains large amount of salt waste, might lead to severely environmental pollution. This study
evaluated the effect of dilution rate (0.1 ≤ 𝐷 ≤ 0.3 day−1) on microalgal biomass productivity, lipid content, and fatty acid profile
under steady-state condition ofChlorella vulgaris supplementedwith concentrated desalination. Continuous culture was conducted
for 55 days. Results show that the biomass productivity (𝑃

𝑥
) varied from 57 to 126mg L−1 d−1 (dry mass) when the dilution rate

ranged from 0.1 to 0.3 day−1. At lowest dilution rate (𝐷 = 0.1 day−1), the continuous culture regime ensured the highest values
of maximum biomass concentration (𝑋

𝑚
= 570 ± 20mL−1) and protein content (52%). Biomass lipid content was an increasing

function of 𝐷. The most abundant fatty acids were the palmitic (25.3 ± 0.6%) at 𝐷 = 0.1 day−1 and the gamma-linolenic acid
(23.5 ± 0.1%) at 𝐷 = 0.3 day−1 ones. These fatty acids present 14 to 18 carbons in the carbon chain, being mainly saturated and
polyunsaturated, respectively. Overall, the results show that continuous culture is a powerful tool to investigate the cell growth
kinetics and physiological behaviors of the algae growing on desalination wastewater.

1. Introduction

The cultivation of microalgae in photobioreactors by con-
tinuous culture has been used worldwide to generate large
amounts of biomass.This type of culture systems is well estab-
lished and applied to the production of microbial biomass
in fermenters (bacteria and fungi), for example, the alcohol
industry [1].

Most of the photobioreactors in use have a cylindrical or
tubular shape, with vertical or horizontal arrangement of the
tubes. They can be installed indoors, receiving artificial light,
or be prepared outdoors, getting solar power [2, 3]. Compared

to tanks, photobioreactors are more expensive (especially the
systems fed by artificial light). Nevertheless these relatively
elevated costs can be compensated by generating components
of high commercial value. For example, Haematococcus
pluvialis is currently used for the production of astaxanthin
pigment and Chlorella sp. has been used to enhance the
nutrition value of food and animal feed [4, 5].

Many species of microalgae are able to grow efficiently
in wastewater. In this case, it is important to find alternative
culture media involving lower production costs than conven-
tional ones, butwhich are sufficient to achieve suitable growth
and nutrient composition [6]. An alternative culturemedium
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is the cultivation of microalgae integrated with wastewater
from the desalination process of groundwater, which was
suggested by Volkmann et al. [7].

Themainmethod used for desalination of groundwater in
the BrazilianNortheast is based on reverse osmosis. However,
the effluent of desalination process has a potential for chem-
ical (chlorides, sodium, carbonates, etc.). If not properlyman-
aged, it may cause environmental problems such as salination
of agricultural land and subsequent soil infertility [8].

A great variety of photosynthetic microorganisms can be
induced to overproduce specific fatty acids through relative
simplemanipulations of the physical and chemical properties
of their culture medium, especially polyunsaturated fatty
acids, such as linoleic acid (18:2 n-6) and alpha-linolenic
acid (18:3 n-3), the latter being a widely recognized food
supplement [9].

There are several studies about biomass composition or
specific components of microalgae growing on wastewater
[6, 7]. Nonetheless, the majority of the research is focused
on batch and fed-batch cultivations. Despite the application
of these processes on the evaluation of biomass composition,
the microorganisms are submitted to many variables during
cultivation, especially nutrient concentration, which makes
it difficult to match a biomass composition variation to a
certain cause. When cultivating by continuous process, the
steady-state assures a better relation between operational
conditions and biomass composition [10]. Sobczuk andChisti
[11] studied algal cultivation for biomass and biofuels using
steady-state mode, in which the effect of dilution rate or
temperature on the lipid contents and fatty acids profiles of
the fresh water green microalga was evaluated. Moreover,
steady-state studies are needed to be better understand and
measure the specific growth parameters. Under steady-state
conditions, cell density can be controlled and held constant
by varying the reactor dilution rate, and constant irradiance
levels can be readily maintained.

The continuous process has successfully been used to
investigate the influence of the operating conditions on the
kinetic parameters ofChlorella sp. growth using concentrated
municipal wastewater [12]; however, there is no report in
the literature about the kinetic parameters of Chlorella vul-
garis cultivated in a culture medium based on desalination
wastewater. On the basis of these issues, the aims of this
study were to evaluate the influence of dilution rate on
the continuous cultivation as well as to establish relation-
ship between the desalination wastewater and protein/lipid
contents along with fatty acid distribution in continuously
cultivated Chlorella vulgaris.

2. Material and Methods

2.1. DesalinationWastewater Collection. Samples of brine dis-
charges, titled as concentrated desalination (CD), were col-
lected from brackish water reverse osmosis desalination
plant, located in São João do Cariri, Paráıba, Brazil. Concen-
trated desalination samples were collected in a 100 L plas-
tic container and stored at −20∘C in the Laboratory of
Food Biotechnology at Federal University of Santa Cata-
rina (UFSC). The physicochemical characterization of the

Table 1: Composition and physic-chemical characteristics of con-
centrated desalination.

Parameters Value
Cl (mg/L) 1,691.3
Ca (mg/L) 126.5
Fe (mg/L) 0.13
K (mg/L) 47.0
Mg (mg/L) 4.74
Na (mg/L) 987.5
NH4
+ (mg/L) 1.35

Sulfate (mg/L) 138.0
Total phosphorus (mg PO

4

3− P/L) 0.70
Total hardness (CaCO3, mg/L) 985.2
TDS (mg/L) 2,190.5
Total nitrogen (mg N/L) 30.0
Conductivity (𝜇S/cm) 4,875.0
pH 8.11
Note: P is short for phosphorus, N is short for nitrogen, TDS is short for total
dissolved solids, and NH4

+ is ammonium.

concentrated desalination (Table 1) was performed according
to standard methods for the examination of water and wastew-
ater [13].

2.2. MicroorganismMaintenance. C. vulgariswas kindly sup-
plied by the Chemical Engineering Laboratory, from Federal
University of Campina Grande. Established cultures of the
green microalgae Chlorella vulgaris were grown in 500mL
Erlenmeyer flasks containing 300mLmodifiedBBMmedium
[14] at pH 6.8 in a culture room at 25 ± 2∘C, under a
photoperiod of 12/12 h, at light intensity of ∼72𝜇mol photons
m−2 s−1, with sparging saturated air-CO

2
. The mineral salt

medium composition, per liter of distilled water was 0.075 g
K
2
HPO
4
, 0.014 g KH

2
PO
4
, 0.075 g MgSO

4
7H
2
O, 0.09 g

NaNO
3
, 0.025 g CaCl

3
2H
2
O, 0.025 g NaCl, 0.05 g EDTA-

Na
4
, 0.00498 g FeSO

4
7H
2
O, 0.01142 g H

3
BO
3
, 0.232mg

MnCl
2
⋅4H
2
O, 1.41mg ZnSO

4
⋅7H
2
O, 0.252mg CuSO

4
⋅5H
2
O,

0.192mg NaMoO
4
⋅5H
2
O, 0.080mg CoCl

2
⋅6H
2
O, and 10 g of

yeast extract and supplemented with 250mLL−1 of concen-
trated desalination. The conductivity of the medium was
measured of about 1,250𝜇S/cm.

2.3. Continuous Culture Conditions and Equipment. Contin-
uous culture was performed in a 6.0 L glass photobioreactor
vessel (New Brunswick Bioflo 2000 fermenter) with working
volume of 5.0 L at 30∘C. The fermenter was previously
sterilized by autoclaving 121∘C for 15 minutes. Five liters of
modified bold basal medium (BBM) was prepared. An initial
biomass concentration of 15mg L−1 was used at the start
of batch culture preceding the continuous one. During the
startup,Chlorella vulgariswas cultivated by the fed-batch pro-
cess in the same reactor subsequently utilized for continuous
cultivation. Continuous culture was started, once the batch
culture had reached early stationary growth phase, by feeding
the fresh medium at different dilution rates (𝐷), specifically
0.1, 0.2, and 0.30 day−1, corresponding to 10%, 20%, and 30%
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of volume renewal per day. A peristaltic pump was used to
feed the fresh medium.The composition of the feed medium
was the same as that for the initial batch culture. It was
assumed that steady-state condition was achieved when cell
concentration, which was determined daily, was kept almost
constant along a time period at least twice the residence time.
The liquid volume was kept constant at 5.0 L during all the
culture cultivation. The light intensity was about 108 𝜇mol
photons m−2 s−1 on the surface of the bioreactor exposed
to six 20 W-fluorescent lamps (OSRAM Universal) during
a photoperiod of 12/12 h light/dark cycle and under constant
agitation of 100 rpm.The continuous culture was maintained
for 55 days in total. Simultaneously, equal volumes of cell
suspension were withdrawn from the fermenter. Samples
were taken from the fermenter at every 12 hours on a daily
basis for measuring the cell dry weight and pH.

2.4. Parameters Determination. Cell density (cells mL−1) and
biomass concentration (dry weight per liter) of cultures were
measured according to the method reported previously [15].
The sample pH was directly determined using a SP990M
pH meter (Sensoglass, São Paulo, Brazil). The pH meter was
calibrated daily using standard solutions of pH 4 and 7. The
biomass productivity in continuous culture (𝑃

𝑥
; mg L−1 d−1)

was calculated, according to [16], as the product of the
dilution rate (𝐷; day−1) and the biomass concentration under
steady-state conditions (𝑋S; mg L−1) 𝑃

𝑥
= 𝐷𝑋

𝑆
.

2.5. Analytical Techniques. Theexhausted brothwas collected
for analysis. One portion was used for determination of dry
cell mass concentration by optical density (OD) measure-
ments at 560 nm using calibration curve. Another fraction
was filtered, and the resulting liquid phase was used for
determination of pH.

After steady-state achievement, all the biomass contained
in the bioreactor was centrifuged at 4000 rpm, at 10∘C, for
30min (Nova Técnica, Piracicaba, Brazil), washed twice with
distilled water, dried in furnace at 55∘C with air circulation
for 12 h, and then stored in glass flasks at −20∘C for cell
mass composition analysis. Aliquots of dried biomass were
analyzed for determination of total proteins by Kjeldahl
method [17] using a conversion factor of 6.25. The total lipid
content of dry biomass was determined in Soxhlet by reflux
extraction with hexane for 4 h. Once the solvent had been
removed, the residue was submitted to a new extraction with
chloroform-methanol (2 : 1 v/v) for 4 h [17].

Fatty acids composition was determined after conversion
of fatty acids with their corresponding methyl esters [18].
Analyses of fatty acids methyl esters (FAME) were charac-
terized by gas chromatograph, model GC-2014 (Shimadzu,
Kyoto, Japan), equipped with split-injection port, flame-
ionization detector, Restek a 105m-long capillary column
(ID = 0.25mm) filled with 0.25 𝜇m of 10% cyanopropy-
lphenyl, and 90%biscyanopropylsiloxane. Injector and detec-
tor temperatures were both 260∘C. The oven temperature
initially was set at 140∘C for 5min and then programmed
at 2.5∘Cmin−1. Qualitative fatty acid composition was deter-
mined by comparing the retention times of the peaks with the
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Figure 1: Cell concentration of C. vulgaris during batch and
continuous culture carried out at different dilution rates (𝐷) 0.1, 0.2,
and 0.3 day−1.

respective standards of fatty acids. Quantitative composition
was accomplished by area normalization and expressed as
mass percent.

3. Results and Discussion

3.1. Effect of Dilution Rate on the Continuous Culture. Before
starting continuous process, three different dilution rates (𝐷)
for Chlorella vulgaris cultivation in a culture medium based
on concentrated desalination were studied. Our previous
results showed that use of high concentration of concentrated
desalination, above 25%, strongly affect the growth and
biochemical composition of Chlorella vulgaris. Due to high
salt waste presented in concentrated desalination and, in
order to assess the applicability of growing Chlorella vul-
garis by continuous process supplemented with desalination
wastewater, the concentrated desalination was diluted as a
proportion of 25%. Based on the literature data [19, 20] and
preliminary studies, a value of dilution rate (0.10 ≤ 𝐷 ≤
0.30 d−1) was tested. In this way, fresh medium was added
continuously until the end of cultivation with dilution rates
of 0.1, 0.2, and 0.3 day−1, respectively.

A gradual increase in pH was observed with the cell
growth. On the 8th day of cultivation, the pH reached a
value close to 10.0 ± 0.2, so the cell concentration stabilized.
According to previous work [10], pH > 10.2 typically affects
the growth ofA. platensis.Thus, it was assumed thatChlorella
vulgaris would behave similarly, so the continuing process
initiated on the 8th day.

Figure 1 shows the results of C. vulgaris continuous culti-
vation carried out at different dilution rates using a culture
medium based on concentrated desalination. The results
showed that the C. vulgaris cultivated in concentrated desal-
ination did not have negative growth effect until the 38th day,
presenting a relative continuous growth on cell concentra-
tion. The continuous process started at 𝐷 = 0.1 day−1 and
reached steady-state conditions after about 6–8 days, at which
cell concentration 518mg L−1; after 15 days, that is, a time
equivalent to twice the residence time, the dilution rate was
increased to 0.2 day−1, and the cell concentration decreased
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Table 2: Results of cell concentration and productivity obtained from continuous cultivations of C. vulgaris carried out at different dilution
rates.

Continuous culture Dilution rate (day−1) 𝑋
𝑚
or𝑋
𝑆
(mg L−1) pH Biomass productivity (𝑃

𝑥
, mg L−1 d−1)

1 0.1 570 ± 20 10.0 ± 0.2 57.0 ± 1.2
2 0.2 550 ± 10 9.5 ± 0.1 110.0 ± 2.3
3 0.3 420 ± 16 9.3 ± 0.2 126.0 ± 0.8

until a new steady-state conditions was attained. After addi-
tional 16 days,𝐷was further increased up to 0.3 day−1 follow-
ing the same criterion. Steady-state conditions were observed
at first two dilution rates, thus demonstrating an excell-
ent ability of C. vulgaris to maintain stable conditions during
at least two residence times. This result is quite promising
taking into account that large production of these green algae
is usually performed by continuous operation under steady-
state conditions.

The values of𝑋
𝑆
decreasedwith increasing𝐷, while those

of 𝑃
𝑥
increased (Table 2). The highest biomass concentration

was obtained in the continuous culture carried out at𝐷 = 0.1
day−1 (𝑋

𝑆
= 570 ± 10mgL−1) with biomass productivity

(𝑃
𝑥
= 57.0 ± 1.2mgL−1 d−1). This value was comparable to

that (473mg L−1) reported by Tang et al. [21] for continuous
culture of Chlorella minutissima in glass photobioreactor
vessel at dilution rate of 0.168 day−1 and higher than the one
(273mg L−1) reported by the same authors for continuous
culture of Dunaliella tertiolecta at 𝐷 = 0.17 day−1. This
comparison demonstrates the potential of C. vulgaris to
grow quickly in glass photobioreactor vessel in continuous
cultivation. On the other hand, Bezerra et al. [19] reported
a value of (5806±74mgL−1) higher than present study forA.
platensis in helical tubular photobioreactor at𝐷 = 0.1 day−1.

Changes in dilution rate of continuous culture had
a significant impact on the steady-state cell density and
biomass concentration [21]. At dilution rate 𝐷 = 0.2 day−1
the biomass concentration decreased from 570 to 552 ±
20mgL−1. Moreover, the steady-state biomass concentration
decreased with increasing 𝐷 from 0.2 to 0.3 day−1 (Fig-
ure 2). As expected by the well-known mass balances in
continuous bioprocess [22], the highest biomass concentra-
tion’s was obtained at the lowest dilution rate (𝐷 = 0.1
day−1). Nevertheless, under these conditions, lower value
of productivity (𝑃

𝑥
) was obtained (Table 2). It should be

mentioned that in the beginning of the continuous culture
the conductivity inside the vessel was 1,250 𝜇S/cm and after
39 days of continuous culture, it was observed a decay of
the cellular growth associatedwith 2-fold higher conductivity
of about 2,570𝜇S/cm. Eventually, culture growth ceases due
to depletion of the growth-limiting substrate or growth-salt
stress, excessive excretion of toxic metabolites, accumulation
of organic matter inside the bioreactor, and limiting light
intensity due to the shadowing effect caused by high cell
concentration [19, 21].

3.2. Effect of Dilution Rate on Chemical Composition of
C. vulgaris. Biomass chemical composition of C. vulgaris
varied in this study according to the imposed dilution rates
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Figure 2: Proteins, lipids, and biomass concentration of C. vulgaris
biomass grown on continuous cultivation as function of the dilution
rate.

condition. The protein content decreased when the dilution
rate increased from 0.1 to 0.3 day−1 (Figure 2). Its highest
content (52.0%) was obtained at lowest dilution rate of 0.1
day−1 associated at first stationary phase where the biomass
concentration is at the maximum level. Moreover, in this
stationary growth phase, fresh culture medium is supplied to
the homogeneously mixed culture with a high contribution
of nitrogen supply. Such protein contents were much higher
than those obtained by Zheng et al. [23] (34.1%) when
cultivated Chlorella vulgaris in a closed photobioreactor and
somehow higher (43.6%) than that observed by Sassano et al.
[10] growing A. platensis by continuous process with dilution
rate of 0.12 day−1.

As far as the lipid content of biomass is concerned, the
lipid content of cells varied from 8.1 to 12% at dilution
rate in the range 0.1–0.3 day−1. A progressive increase in 𝐷
led to a clear increase in the lipid content, which achieved
a maximum level of 12% at 𝐷 = 0.3 day−1 (Figure 2).
Eventually, in this lag phase, photosynthesis is still being
performed and storage carbon products, such as starch and
neutral lipid, are accumulated. Nonetheless, the lipid content
in this present study was lower than that reported by Tang et
al. [21] which observed a lipid content (38%) at 𝐷 = 0.328
day−1 for C. minutissima continuous cultivation.

While the lipid content of the C. vulgaris biomass prac-
tically did not change with the change in dilution rate, there
were differences noted in the fatty acids profiles of the total
lipid fraction with dilution rate (Figure 3). The fatty acids
found in the highest percentages were the palmitic acid
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Figure 3: Effect of dilution rate on Chlorella vulgaris continuously cultivation in concentrated desalination as function of the fatty acids
proportions. (a) The main fatty acids (FA) composition and (b) fatty acids proportions.

[C16:0] (25.3 ± 0.6%) at 𝐷 = 0.1 day−1 and the gamma-
linolenic acid [C18:3 n-3] (23.5±0.1%)𝐷 = 0.3 day−1 (Figure
3(a)). What should also be noticed by these results is a clear
predominance of fatty acids composed by 16 and 18 carbons
in the carbon chain, as well as a certain equivalence between
saturated and unsaturated ones (Figure 3(b)). The fraction of
saturated FAME at lower dilution rate (from 0.1 to 0.2 day−1)
was more than that with the highest dilution rate of 0.3 day−1
(∼30.5% versus ∼21.0%). The 𝛾-linolenic acid (C18:3 n-3c)
composition with the highest dilution rate was significantly
increased to 23.5% as compared with the one with the lowest
dilution rate, while linoleic acid (C18:2 n6c) composition
was the same ∼18.0%. This observation is consistent with the
results of Sobczuk andChisti and is a consequence of dilution
rate determining the average age of cells and thus affecting the
fatty acid profile of algal cells [11].

The 𝛾-linolenic acid (GLA 18:3 𝜔6) was the second most
abundant fatty acid in Chlorella vulgaris biomass (23.5%),
after the palmitic one. Polyunsaturated fatty acids (PUFAs)
like linoleic (omega 6 fatty acid) and linolenic (omega 3
fatty acid), also known as essential fatty acids, were found
to be high in Chlorella vulgaris. Considering that the sum of
linoleic and 𝛾-linolenic acids was approximately 41.5% at𝐷 =
0.3 day−1 of the total fatty acid content, an idea of the impor-
tance of these acids for the cell is evident.These essential fatty
acids are an obligatory dietary requirements for humans and
animals [24]. Most human diets are deficient in 𝛾-linolenic
acids. GLA has been associated with several beneficial health
effects, such as LDL (low-density lipoproteins) reduction,
precursor of C

20
eicosanoids (prostaglandins, leukotrienes,

and thromboxanes), anti-inflammatory effects, and among
others [25]. It is noteworthy also the fact that the 𝛾-linolenic
acid is a widely recognized food supplement, in which
fermentation of Chlorella vulgaris using photobioreactor by
continuous process may be economically viable for such
specialty product. On the other hand, due to its high capital

and operating costs, however, fermentation of Chlorella may
be economically viable only for high-value particularity
products (𝛾-linolenic acid, pigments, and protein) but not
for large-volume commodity products like biofuels [26]. The
same authors suggest that the continuous process under
steady-state conditions enables the cell to maintain constant
levels of such essential and somewhat valuable metabolites,
which could be advantageous for their production and
recovery fromC. vulgaris. Taking into account thatC. vulgaris
is presently commercialized as human food integrator and,
besides, has the GRAS certificate (generally recognized as
safe), more effort should bemade in the future to characterize
the chemical composition of its biomass when growing in a
culture medium based on concentrated desalination.

4. Conclusions

The continuous mode of operation under steady-state con-
ditions was shown to be feasible alternative way to establish
the relation between a culturemediumbased on concentrated
desalination and Chlorella vulgaris biomass composition.
The highest biomass concentration (570 ± 20mg L−1) was
obtained at dilution rate of 0.1 day−1 associated with high
protein content (52%). The lipid content of cells varied from
8.1 to 12%. The fatty acid profile was slightly affected under
different dilution rates. At highest dilution rate, polyun-
saturated fatty acids were observed, especially the gamma-
linolenic and linoleic acids representing around 41.5% of the
total lipid fraction. With further optimization, the chemical
composition of Chlorella vulgaris by continuous process has
a great potential to benefit the high-value constituents from
algal biomass based on desired applications.
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The issue of residues and industrial effluents represents an unprecedented environmental challenge in terms of recovery, storage,
and treatment. This work discusses the perspectives of treating effluents through anaerobic digestion as well as reporting the
experience of using an upflow anaerobic sludge blanket (UASB) reactor as biorefinery annex in a pulp and paper industrial plant to
be burned in the boilers. The performance of the reactors has shown to be stable under considerable variations in load and showed
a significant potential in terms of biogas production. The reactors UASB treated 3600.00m3 of effluent daily from a production of
150.00 tons. The biogas generation was 234.000 kg/year/mill, equivalent in combustible oil. The results of methane gas generated
by the anaerobic system UASB (8846.00 kcal/m3) dislocate the equivalent of 650.0 kg of combustible oil (10000.00 kcal/kg) per day
(or 234.000 kg/year).The production of 8846.00Kcal/m3 of energy from biogas can make a run at industrial plant for 2 hours.This
substitution can save US$ 128.700 annually (or US$ 550.0 of fuel oil/tons). The companies are invested in the use of the biogas in
diesel stationary motors cycle that feed the boilers with water in case of storage electricity.

1. Introduction

Currently, there is great pressure from environmental and
social policies to reduce the environmental impacts of indus-
trial activities especially in the reuse wastewater process [1].
According to the Brazilian Association of Pulp and Paper,
Brazil stands out worldwide for producing and supplying
different market segments in the last decade; the coun-
try increased its production by 27.0%. The socioeconomic
development and increasing incomes contributed to leverage
paper industries. In 2010, the sector has positioned itself as
the tenth largest producer of paper and, in 2012, produced 10.3
million tons of products [2]. The paper industry is a signifi-
cant source of wastewater generation, gas, and solids residual.
This is due to the increasing production of paper and the

search for best quality products that lead the industry of
paper to generate large amounts of waste, which make it
both an environmental and an economic problem of society.
Given this situation, reuse of this waste has been studied
in an attempt to minimize the impact caused by the same
[3]. Waste paper and pulp are composed of primary and
secondary sludge. The primary sludge is composed of waste
wood fibers with high carbon content and low nutrient levels.
The secondary usually has gone through microbiological
treatment, facilitating its decomposition [4]. Biorefineries
can be employed for the production of fuels, chemicals,
and energy from different biomass feedstocks. Their use can
contribute significantly to sustainable efficiency and efficient
use of biomass resources, producing a variety of products.
The biorefinery employs biomass conversion technologies,
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including fermentation, gasification, and anaerobic digestion
[5]. Experts believe that biorefineries will constitute a key
industry of the XXI century, responsible even for a new
industrial revolution, with effects on the industrial paradigm
for integrated production. These technologies are based on
the use of the entire complex biomass [6]. The traditional
methods are constantly investigated particularly in the devel-
opment of biogas produced from biomass and are also
currently available [5]. One of such biorefinery technologies
is the anaerobic digestion of wastewater, which is starting to
be widely used due to its easy implementation and possibility
to minimize the use of water with wastewater recovery
together with the production of energy and great economic
advantage [7].

1.1. Biological Treatment. The principle of biological wastew-
ater treatment based on the activity of bacteria and microor-
ganisms living in their ownwaste organicmatter can occur in
the presence of oxygen, aerobic process, and in the absence of
oxygen, anaerobic process [8]. Most commonly used systems
of biological wastewater treatment in the paper industry are
biological filters, activated sludge, stabilization ponds, and
anaerobic reactors. A trickling filter or a biofilter consists of
a basin filled with support media, such as rocks, forms made
of plastic or wood. The wastewater is applied intermittently
or sometimes continuously over the media [9]. In the acti-
vated sludge process, the growth reactor is an aeration tank
or a bowl containing a suspension ofwastewater andmicroor-
ganisms. The hydraulic retention time in the aeration tanks
typically ranges from 3 to 8 hours. After the aeration step, the
microorganisms are separated from the liquid by decantation
and the secondary fluid is clarified. A portion of the bio-
logical sludge is recycled to the aeration tank and then the
sludge is removed and sent to maintain a relatively constant
concentration of microorganisms in the system [9]. In the
anaerobic process of stabilization ponds, the decomposition
of organic matter of the effluent is performed by feeding
anaerobic microorganisms, and four successive biological
processes are involved including hydrolysis, acidogenesis,
acetogenesis, and methanogenesis [10, 11]. A concentration
of methanogenic bacteria will increase rapidly as they are
produced by the volatile acids.When the system is in balance,
the methanogenic bacteria will use the acid intermediates as
rapidly as they appear [12]. In pulp and paper mill plant, the
best approach is to minimize the waste generation frommill,
even though the treatment applications are still necessary,
to provide the discharge limits [13, 14]. Figure 1 shows the
general flowchart of a typical wastewater treatment plant.The
increasing use of anaerobic digestion is due to the numerous
vantages of the process as low need for power operation, low
investment cost, low sludge production, and the possibility
of producing biogas, a clean and renewable source of energy
[15, 16]. Additionally, a stable reactor with high produce of
hydrogen can obtain 1.6–2.1 L H

2
/d [17].

1.2. Anaerobic Digestion Technology. The United States
Department of Agriculture/Natural Resources Conservation
Service (USDA/NRCS) in conjunction with the US

Environmental Protection Agency (EPA) developed
conservation practice standards for methane recovery
from anaerobic digesters, which recognize three digester
technologies: unheated covered pond, plug-flow, and agitated
tank [18]. A pond digester is the simplest and lowest cost
method to capturemethane.The plug-flows reactors are long,
linear troughs usually sited above ground. Finally, agitated
tank consists of a large tank above or below ground steel or
concrete reactor. In these reactors, the waste is mechanically
mixed to provide good contact between microorganisms and
allow volatile solids leading to efficient biogas production.
The anaerobic contact reactor “upflow anaerobic sludge
blanket” (UASB) reactor, anaerobic filter, and fluidized
bed reactor are mostly employed for effluent of the pulp
and paper mills [19]. Other types of anaerobic digesters,
such as attached media filters and sludge blankets, may
serve to provide technical and economic benefit in future
installations.

The continuous stirred tank reactor (CSTR) systems
are the least expensive solid waste digesters for simplest
designs. It is superior and more economical than other
competing technologies because it is grown in a similar
anaerobic environment [20]. The system has high potential
for application in developing countries [21]. This technology
is a derivation of the anaerobic pond with reduction of
the volume of the reactor, where the concentration of the
biomass is increased by the separation and recirculation of the
effluent solids.The biomass does not have a physical support,
and an agitator enables the contact among microorganisms
and the effluent avoiding the sedimentation of solids inside
the reactor. The larger the number of CSTR stages is, the
closer the performance approaches that of a tubular plug-flow
reactor. Continuous-flow stirred tank reactors in series are
simpler and easier to design for isothermal operation than
are tubular reactors. Reactions with narrow operating tem-
perature ranges or those requiring close control of reactant
concentrations for optimum selectivity benefit from series
arrangements [19].

The anaerobic filter (AF) implanted in the paper and
cellulose industry was built in 1987 in Belgium, which con-
sisted of a production process integrated with pulp operation.
This technology consists of a filter blanket that supports the
biomass separated from the effluent.The filters operated with
ascending or descending flow. The ascending flow produces
high concentration of suspended biomass forming a biofilm
in the structure of the fixed bed. The descending flow is
applied in effluent with high concentration of inorganic sul-
phur proportionally between the amount of biological oxygen
demand (BOD) and low inorganic compound [22].

The anaerobic reactors of fluid bed do not present support
for the biomass. The ascending flow of effluent has the func-
tion of keeping the biomass in suspension and assures a per-
fect contact amongmicroorganisms and the organicmaterial.
In the context of the technologies of effluent treatment by
anaerobic process, the anaerobic ponds have small efficiency
and are rarely used in the industrial scope. This technology
was the pioneer among great anaerobic processes and could
be obtained with a cell or with several cells in series or in
parallel.
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Figure 1: Flow scheme of general wastewater treatment of pulp and paper plant. Adapted from [3].

The upflow anaerobic sludge blanket (UASB) reactor has
been the most one used especially in those cases whose
objective is the elimination or the conversion of the organic
matter intomethane and the recovery of water after treatment
in the industrial process. Moreover, the anaerobic process in
conventional reactors is slow, comparatively to the reactor
UASB, as for the time of hydraulics retention of the biomass of
the effluent inside the reactor due to the external or internal
recirculation of themicroorganisms [23].Thedevelopment of
the reactor UASB occurred in the beginning of the 70s when
the first reactor in laboratory scale was built and operated at
the University of Agriculture of Wageningen in Holland. The
reactor UASB owns elevated efficiency and it is themost stud-
ied and used in industrial plants, especially in the paper and
cellulose industries at world level [23, 24]. The UASB and
Anubix-BTM reactors can reach 7.5m in height and their
loading rate can be up to 15 kgCOD/m3/d. The raw sewage
was fed to the reactor through an internal influent distri-
bution system and rises from the bottom to the top part of
the reactor at preset speed. The wastewater and flocculated
sludge mixture passes through an internal 3-phase separator
device at the top of the reactor. The 3-phase separator has a
special separating section which prevents the loss of even the
smallest flakes (granule) of methanogenic sludge. Specially
designed hydraulic system makes the anaerobic sludge slide
down so that no part of the reactor becomes a dead area,
despite the slow flow rate. This allows for the higher amount
of biomass and makes the reactor more resistant to varying
load compositions. Anaerobic sludge does not float and there
is no risk of it escaping from the reactor. The effluent leaves
the reactor through the collecting pipe and the biogas is sent
for further use or to the flare.

2. Material and Methods

2.1. Experimental Equipment and Operating Condition. The
industry of corrugated paper implanted an anaerobic reactor
with secondary treatment and uses wastepaper as the only
source of effluent. The processing of this raw material for the
production of corrugated paper has the objective to reach the
paper production for packing purpose and generates great
quantity of liquid effluent. The choice of this technology
occurred mostly due to the fast implantation of the whole
system, costs involved for the implantation, and the interface
with part of the existing system. Additionally, the final efflu-
ent would be under standards in the receiver body according
to the current legislation.

The configuration of upflow anaerobic sludge blanket
(UASB) reactor attaches the paper mill to a productive
arrangement that can be considered with a biorefinery annex.
Cellulosic fibers and treatedwater from the biorefinery return
to manufacturing process, while the biogas is burnt in boilers
for thermal power generation. The reactor UASB was incor-
porated to the existing treatment system of effluent.The con-
figuration of the new system was the primary treatment and
the secondary treatment. The primary treatment contained
stage of the operation of sieve, tank of equalization, and the
floaters. The secondary treatment was represented by reactor
UASB more tertiary treatment (aerobic pond).

Figure 2 shows the scheme of industrial paper plant in
São Paulo, Brazil. The volume of effluent that comes to the
reactor UASB is 3600.0m3/day, with a time of hydraulics
retention of 16 hours; therefore, the total volume of treatment
is 2400.0m3/day. All the effluents of the industrial process are
mixed inside the factory. There are two units of reactors with
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Figure 2: The scheme of paper and pulp plant (São Paulo, Brazil).

a volume (𝑉) of 1200m3/day for each one. Each reactor has
6.00 meters of depth and 10.00 meters of width for 20.00
meters in length.

The effluent is pumped into an elevated tank and then
due to gravity reaches a vacuum sieve (Side Hill-S D), from
where the retained solid returns to the postpulp process. Part
of the liquid resultant from the sieving operation of solid is
pumped for the mass preparation that will be used especially
for pulp production while the remaining one is sent to the
tank of equalization constituting, therefore, into the effluent
to be treated. From the tank of equalization, the effluent is
pressed into a mixture tank after receiving polymers with
the addition of air. After the tank of mixture, the effluent is
sent to two tanks of floating operation working in parallel.
The use of polymers helps cellulose flakes formation, while
the air allows the hydraulics elevation of these flakes in the
floaters, which are separatedwith raspers.The recoveredmass
in the floaters goes to the pulp production while the remain-
ing liquid effluent goes to the reactor UASB. From the reactor
UASB, the biogas is obtained and the treated effluent can
follow two ways. The first one is the return of the treated
effluent to the industrial process, mostly for the use in
showers of the humid machine. The second way, where there
is a treated effluent surplus, is its canalization to the aerobic
pond and finally, after hydraulics retention for oxygenation,
returns to the nature, to the receiver body. The effluent has
an environmentally appropriate disposal according to valid
legislation in São Paulo State concerning industrial effluents.

2.2. Substrate and Feeding. The main stage in the wastew-
ater treatment of pulp and paper process is primary and
secondary treatment. However, tertiary treatment can be an
obligation in the future due to possible new legislations.
Such effluent should be treated according to the State São
Paulo Legislation (Brazil) [18, 19]. The anaerobic treatment
processes are more suitable for treatment of high strength
wastewater such as pulp and paper mills. There are a variety
of studies on the anaerobic treatability and microbial com-
munity of different effluents. In addition, anaerobic microor-
ganisms are more efficient than aerobics in order to degrade
organic compounds. However, the sulphur content in the
wastewaters is the main disadvantage for application of
anaerobic systems, because one of the products is hydrogen
sulphide in the anaerobic biodegradation in the presence of
sulphate [13].

During start-up phase of UASB project, an initial flow of
the effluent in the reactor was defined in 10% of the project
flow gradually increasing whenever removal of the chemical
oxygen demand (COD) reaches 85%. The flow increase for
sequences had sometimes interrupted for maintenance of the
deflectors of the gas separators, liquid, and solid.When a unit
of the reactor had to stop to perform maintenance, the other
one just received half of the flow to assure the continuity of the
anaerobic process. The following analyses were performed in
the effluents (inlet and outlet) to control the process and of the
reactor: pH, chemical oxygen demand (COD), and biological
oxygen demand (BOD).
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3. Results and Discussion

The pulp and paper industries today represent a sector
of great economic and environmental importance, mainly
because of their impacts in the water bodies. By using
large volumes of water, they also generate large quantities
of wastewater containing strong coloring and often-toxic
substances and the toxicity testing in acute and chronic levels
is essential to assess environmental risks from the soluble
fractions of these wastes. The color can be highly interfering
in the natural photosynthetic processes in riverbeds, causing
changes in aquatic biota mainly in the vicinity surrounding
the discharge [25, 26].The stage of the pulp bleaches the efflu-
ent generated with higher pollution potential. It is estimated
that, in pulping and bleaching of cellulose, over 62.0 million
cubic meters of wastewater is released daily, which corre-
sponds to the domestic water consumption of approximately
200 million people. Therefore, the industry has mobilized
to seize the waste generated in their production processes
[27, 28].

The biomethanization process of the biomass is achieved
by a series of biochemical transformations, which can be
separated into a first step, in which hydrolysis and acidi-
fication could favor the liquefaction process, and a second
step in which the acetate, hydrogen, and carbon dioxide are
converted into methane [2, 29]. In the anaerobic digestion,
the present organic matter in the effluent is transformed by
the action of the microorganisms in about 78% in biogas that
consists of a mixture of methane (CH

4
) and carbon dioxide

(CO
2
), 20% of organic material that continues in dissolution,

and between 1 and 2% of newmicroorganisms [3, 30]. Biogas
production via anaerobic digestion is influenced by environ-
mental conditions, pH, temperature, and inhibitory param-
eters such as high organic loading, formation of volatile
fatty acids, and inadequate alkalinity [7, 31]. In the corrugated
paper and pulp plant, the precipitation process can achieve
the sulphates reduction and the heavy metals elimination.

As specified earlier, during start-up phase of UASB
project of pulp and paper industry (SP, Brazil) an initial flow
of the effluent in the reactor was defined in 10% of the project
flow gradually increasing whenever the removal of the chem-
ical oxygen demand (COD) reaches 85%. The increased flow
was successive, until it reached 100% of precipitate effluent.
The flow increase for sequences had sometimes interrupted
for maintenance of the deflectors of the gas separators, liquid,
and solid. The effluents of primary reservoir and UASB reac-
tor were analyzed: pH, chemical oxygen demand (COD), and
biological oxygen demand (BOD). The results of physical-
chemical analyses of the inlet effluent’s initial treatment, in
reach of the floaters, indicate the value of 1500.00mg/L of
COD. The pH of the treated effluent was between 7.2 and
7.8 and the sediment solid was 100.00mg/L. The analysis
of biological oxygen demand (BOD) of effluent entering
and leaving the paper and pulp industry in São Paulo (Brazil)
is shown in Table 1.

We observe in Table 1 that there is no difference in
efficiency of treatment according to the paper type. Addition-
ally, we can say that the secondary treatment (UASB) after
primary treatment is able to reduce, significantly, the organic

load of the effluent input month regardless of paper type
month. Consequently, the reduction of the organic load will
contribute to the continuous production of biogas in the
process.

Considering a time of hydraulics retention of 16 hours
and the volume of effluent that comes to the reactor
UASB of 3600.00m3/day, the total volume of treatment was
2400.00m3/day. For the treatment of this volume, two units
of reactors with a volume (𝑉) of 1200.00m3/day for each
one were able to handle an inlet effluent with value of
1500.00mg/L of COD. Considering the measure efficiency of
20% in the floaters, the COD of the affluent of the reactor
UASB was 1200.00mg/L. Under such conditions, the organic
load (OL) for each reactor was calculated as follows:

OL = 𝑉
(m3/day) ⋅ COD(KgCOD/m3). (1)

The result was 1440.00 kg COD/day for each reactor.
Additionally, the results of the value of methane gas (CH

4
)

were 300.00m3/kgCOD/day for each kilogram of removed
organic load, in normal conditions of temperature and pres-
sure. According to the effluent efficiency of 85% of removal of
COD, the generated (CH

4
) volume was calculated (𝑉) in the

two units of the anaerobic system:

𝑉 = 0.85
(KgCOD/day) ⋅ CH4 ⋅ COD(103m3/Kg). (2)

The result was 734.40 m3 CH
4
/day of volume; if methane

concentration could be varied between 55 and 80% in biogas,
the results of the production of biogas were 1101.00m3/day. In
the corrugated paper production plant in focus, the methane
gas generated by the anaerobic system UASB (8846Kcal/m3)
dislocated the equivalent of 650.00 kg of combustible oil
(10000Kcal/kg) per day (or 234.000 kg/year).The production
of 8846.00Kcal/m3 of energy from biogas can make a run
at industrial plant for 2 hours. This substitution can save
US$ 128.700 annually (or US$ 550.00 of fuel oil/tons). The
companies are invested in the use of the biogas in diesel
stationarymotors cycle that feed the boilers withwater in case
of storage electricity.

The quality of the affluent of the reactor UASB was ana-
lyzed to conform to the environmental legislation concerns,
mainly on the following parameters: pH, sediment solid,
COD, BOD, oil, and grease.The company in focus and its sys-
tem of anaerobic digestion with reactors UASB kept treated
3600.00m3 of effluent daily from a production of 150.00
tons of paper. In 2009, in Brazil, approximately 4.5 million
tons of white top liner (WTL) and paperboard was produced
[32].

The application of the use of biogas from the anaerobic
system treatment in pulp and paper industry is not discussed
in the literature; however, this process is a viable option
for more readily biodegradable wastewater as the case of
the production of corrugated paper. The complex polymers
are converted into monomers by extra cellular enzymes
during hydrolysis, while these monomers are transformed
into volatile fatty acids (VFA) and hydrogen (H

2
) during

acidogenesis. The compounds ethyl, carbon dioxide, and
hydrogen are produced from volatile fatty acid (VFA) in



6 International Journal of Chemical Engineering

Table 1: Average values of biological oxygen demand (BOD) for each month in the paper and pulp industry in São Paulo, Brazil.

Date Paper Type Average values of biological oxygen demand (BOD) (mg/L)

Reservoir 1 effluent inlet UASB reactor effluent
inlet

UASB reactor effluent
outlet

First month Paperboard 564.00 602.00 389.00
Second month WTL—white top liner 3734.00 839.00 353.0
Third month WTL—white top liner 1080.00 607.00 269.00
Fourth month WTL—white top liner 2305.00 168.00 91.00
Fifth month Paperboard 1032.00 310.00 153.00
Sixth month Paperboard 898.00 360.00 180.00
Seventh month Paperboard 673.00 429.00 143.00
Eighth month WTL—white top liner 934.00 192.00 134.00
Ninth month Paperboard 2387.00 1727.00 340.00
Tenth month WTL—white top liner 1190.00 649.00 379.00
Last month Paperboard 1691.00 419.00 175.00

acetogenesis phase and finally converted to methane during
methanogenesis. The biogas produced during the anaerobic
digestion is composed mainly of CH

4
(55–80%) and CO

2

(20–45%) and can be used as an energy source, usually
in the form of heat and/or after conversion into electricity
by cogeneration [24, 33]. In the production of pulp and
paper, the processes of cogeneration of biogas can be used
in an alternative in order to match the increasing flows of
wastewater and/or wastewater recovery, reusing the treated
effluent in the production processes [34]. In this work, the
pulp and paper industry of São Paulo showed that the
biogas generation was 234.000Kg/year/mill, equivalent in
combustible oil. In national scope, the equivalent not annual
production of 19.432 tons of combustible oil would save
annual figures of approximatelyUS$ 10.7million if all packag-
ing and cardboard box companies worked a similar treatment
system of effluent. Therefore, in Brazil, the UASB reactor has
become a conventional type of treatment system for paper
mill effluents. The UASB reactor is gaining its place in the
market for the treatment of effluents with low and high COD
concentrations.The performance of the reactors has shown to
be stable under considerable variations in load. This can be
due to the excellent retention of the biomass in the reactor,
as well as the very good mixing pattern between biomass
and wastewater.

4. Conclusions

The industry of pulp andpaper of São Paulo, Brazil, implanted
a reactor UASB with secondary treatment with the objective
that, with the anaerobic technology (UASB), a new produc-
tive arrangement, of reuse of biogas, is to be considered
at industry in the biorefinery annex. Cellulosic fibers and
treated water from the biorefinery returned tomanufacturing
process, while the biogas is burnt in boilers for thermal power
generation.The company in focus and its system of anaerobic
digestion with reactors UASB kept treated 3600.00m3 of
effluent daily from a production of 150 tons of paper. In

this case, the biogas generation was 234.000Kg/year/mill,
equivalent in combustible oil. In the corrugated paper pro-
duction plant in focus, the methane gas generated by the
anaerobic system UASB (8846Kcal/m3) dislocates the equiv-
alent of 650 kg of combustible oil (10000Kcal/kg) per day
(or 234.000 kg per year). The production of 8846Kcal/m3 of
energy from biogas can make to work at industrial plant for 2
hours.The UASB reactor is gaining its place in the market for
the treatment of effluents with low and high COD concentra-
tions.The performance of the reactors has shown to be stable
under considerable variations in load. This can be due to the
excellent retention of the biomass in the reactor, as well as the
very good mixing pattern between biomass and wastewater.
The result was 734.40m3CH

4
/day of volume; if methane

concentration could be varied between 55 and 80% in biogas,
the results of the production of biogas were 1101.00m3/day. In
the corrugated paper production plant in focus, the methane
gas generated by the anaerobic system UASB (8846Kcal/m3)
dislocated the equivalent of 650.00 kg of combustible oil
(10000Kcal/kg) per day (or 234.000 kg/year).The production
of 8846.00Kcal/m3 of energy from biogas can make a run
at industrial plant for 2 hours. This substitution can save
US$ 128.700 annually (or US$ 550.00 of fuel oil/tons). The
companies are invested in the use of the biogas in diesel
stationarymotors cycle that feed the boilers withwater in case
of storage electricity.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors thank funding and support from São Paulo
Research Foundation (FAPESP, Projects 2011/19817-1) and
CAPES-PEC-PG (5945100).



International Journal of Chemical Engineering 7

References

[1] S. I. Mussatto, G. Dragone, and I. C. Roberto, “Brewers' spent
grain: generation, characteristics and potential applications,”
Journal of Cereal Science, vol. 43, no. 1, pp. 1–14, 2006.

[2] BRACELPA—Associação Brasileira de Celulosee Papel,
Evolução da Produção Brasileira de Papel, Pulp and Paper
Sector Results, Edição n. 59, 2013.

[3] M. Mladenov and Y. Pelovski, “Utilization of wastes from
pulp and paper industry,” Journal of the University of Chemical
Technology and Metallurgy, vol. 45, no. 1, pp. 33–38, 2010.

[4] R. B. Harrison, I. A. Guerrini, C. L. Henry, and D. W. Cole,
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Bioconversion of hemicellulosic sugars into second generation (2G) ethanol plays a pivotal role in the overall success of biorefineries.
In this study, ethanol production performance of a novel xylose-fermenting yeast, Scheffersomyces shehatae UFMG-HM 52.2,
was evaluated under batch fermentation conditions using sugarcane bagasse (SB) hemicellulosic hydrolysate as carbon source.
Dilute acid hydrolysis of SB was performed to obtain sugarcane bagasse hemicellulosic hydrolysate (SBHH). It was concentrated,
detoxified, and supplemented with nutrients in different formulations to prepare the fermentation medium to the yeast evaluation
performance. S. shehataeUFMG-HM52.2 (isolated fromBrazilianAtlantic rain forest ecosystem)was used in fermentations carried
out in Erlenmeyer flasks maintained in a rotator shaker at 30∘C and 200 rpm for 72 h.The use of a fermentation medium composed
of SBHH supplemented with 5 g/L ammonium sulfate, 3 g/L yeast extract, and 3 g/Lmalt extract resulted in 0.38 g/g of ethanol yield
and 0.19 g L.h of volumetric productivity after 48 h of incubation time.

1. Introduction

Biofuels have gained important place on the world stage, due
to their sustainability and the fast depletion rate of fossil fuels.
Brazil is the second largest ethanol producer (23.6 billion
liters in 2012/2013) in the world by alcoholic fermentation
directly from the juice or from themolasses obtained in sugar
production facilities [1, 2]. During the extraction of sugarcane
juice from the stem, sugarcane bagasse (SB) is generated in
high amount. According to the Brazilian National Supply
Company (CONAB) [1], the sugarcane production corre-
spondent to the 2013/2014 harvest year is about 652 millions
of metric tons. These values are correspondent to about 174
millions of metric tons of SB, considering the proportion
indicated by Procknor [3]. Around 75–90% of the SB is used
in heat and electricity generation in sugarcane processing
industries. Remaining SB may serve as an excellent raw
material for second generation (2G) ethanol production due

to the presence of high amount of carbohydrates such as
glucose and xylose [4].

In first generation ethanol production technology, Sac-
charomyces cerevisiae is the most widely used microorganism
for the fermentation of sucrose available in the juice or
molasses into ethanol. This yeast can also be used for
2G ethanol production from glucose solution obtained by
pretreatment of cellulosic fraction of SB [4, 5].

For the economic ethanol production from SB, it is
equally important to consider hemicellulosic fraction along
with cellulosic part of cell wall. Hemicellulose represents
about one-third of the carbohydrate fraction available in SB
[4].This macromolecular fraction is rich in pentose residues,
mainly xylose, which are not fermented by native S. cerevisiae.
However, there are some microorganisms able to ferment
xylose to ethanol or other products [6]. The use of xylose
metabolizing microorganism will increase in the global yield
of ethanol in sugarcane based biorefineries.
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Dilute acid hydrolysis is an efficient process for the hemi-
cellulose depolymerization into variety of priority pentose
sugars such as arabinose and mainly xylose. The remaining
solid fraction is known as celluligninwhich can be hydrolysed
into glucose from the cellulose fraction by cellulase enzymes
[5]. Hemicellulose depolymerization by dilute acid hydrolysis
yields primarily xylose and other sugar monomers, although
some other byproducts considering inhibitors to microbial
metabolism, such as furans, 5-hydroxymethylfurfurals, phe-
nolics, and weak acids [7]. Therefore, it is necessary to
reduce the concentration of these inhibitors prior to using the
hemicellulosic hydrolysate into ethanol viamicrobial fermen-
tation. Calcium oxide mediated neutralization of hydrolysate
followed by activated charcoal treatment efficiently removes
the inhibitors [8].

For the production of hemicellulosic ethanol, Scheffer-
somyces shehatae (Syn. Candida shehatae) has been con-
sidered a promising microorganism which provides high
ethanol productivities [9]. However, a balanced nutrient
supplementation is required for the optimal growth of S.
shehatae for the production of ethanol with desired yield
and productivities. In this work, ethanol production from
sugarcane bagasse hemicellulosic hydrolysate was evaluated,
using the yeast S. shehatae UFMG-HM 52.2 in different
fermentation medium.

2. Materials and Methods

2.1. Raw Material and Preparation of Hemicellulose
Hydrolysate. Sugarcane bagasse was kindly provided by
Usina São Francisco located in Sertaozinho, SP, Brazil.
The hemicellulosic hydrolysate was prepared in hydrolysis
reactor (200 L) using H

2
SO
4
98% as a catalyst in a ratio of

100mg H
2
SO
4
/g of dry material for 20 minutes at 121∘C

[10–12]. The hydrolysate was separated from solid material
via filtration. The hydrolysate was concentrated by vacuum
evaporator (3-fold concentrated) under reduced pressure
at 70∘C in a 32 L capacity concentrator. The concentrated
hydrolysate was then detoxified following the methodology
established by Alves et al. [8] which consists of an overliming
and activated charcoal combination.

2.2. Inoculum Preparation. The yeast Scheffersomyces she-
hatae UFMG-HM 52.2, isolated from Atlantic rain forest
in Brazil and kindly provided by the Culture Collection of
Microorganisms and Cells of the Federal University of Minas
Gerais (UFMG), was used in all fermentations assays. For
the inoculum preparation, a loopful of stock culture was
transferred to Erlenmeyer flasks of 125mL containing 50mL
of synthetic medium composed of 30.0 g/L xylose, 10.0 g/L
yeast extract, and 20.0 g/L of peptone. Cells were grown in
an incubator at 200 rpm and 30∘C for 24 hrs. Following the
24 h growth, the fermented broth was centrifuged at 2000×g
for 20min. Then, the cells were washed and resuspended
in sterile distilled water. The inoculum was standardized to
a concentration of 0.5 g/L, according to a standard curve
plotted cells concentration (g/L) versus optical density (O.D
at 600 nm).

2.3. Fermentations. For assays of fermentation using S. she-
hatae UFMG-HM 52.2, medium composed of hydrolysate
supplemented with different compositions for the cultivation
were used. The choice of the fermentation medium was
based on literature data considering the criteria of simplicity
of medium, less number of components, cost, and ethanol
production efficiency, from works using different strains for
S. shehatae. Thus, different media formulations were chosen
based on the fermentationmedium used by Parekh et al. [13],
Ge et al. [14], and Sun and Tao [15].The composition ofmedia
is shown in Table 1.

Flasks were maintained in a rotator shaker (Innova 4000
Incubator Shaker, New Brunswick Scientific, Enfield, CT,
USA) at 30∘Cand 200 rpm for 72 h. Sampleswere periodically
collected to determine the residual sugars and ethanol and
biomass production.

Ethanol yield (YP/S) (g/g) was considered as the ratio
between ethanol production (g/L) and sugars consumption
(g/L), while ethanol volumetric productivity (𝑄

𝑝
) (g/L⋅h) was

the ratio between ethanol production (g/L) and fermenta-
tion time (h). Biomass yield (YP/X) (g/g) was considered
as the ratio between biomass production (g/L) and sugars
consumption (g/L), while biomass volumetric productivity
(𝑄
𝑥
) (g/L⋅h) was the ratio between biomass production (g/L)

and fermentation time (h).

2.4. Scanning Electron Microscope (SEM). The SEM analysis
of original and dilute sulfuric acid pretreated SB was per-
formed as described by Kristensen et al. [16]. Original and
dilute acid pretreated SB was distributed on a 12mm glass
cover slip coated with poly-L-lysine (Sigma Diagnostics, S.P.
Brazil).The dried sectionsweremounted on aluminum stubs,
sputter-coated (JEOL JFC - 1600) with a gold layer, and used
for scanning.Theprepared sampleswere scanned and imaged
using Hitachi S520 scanning electron microscope (Hitachi,
Tokyo, Japan).

2.5. Analytical Methods. Natural SB and cellulignin (dilute
acid pretreated SB) were characterized for the presence
of main chemical constituents (cellulose, hemicellulose,
lignin, and ashes) following the methodology described by
Gouveia et al. [17]. The determination of compounds in
hemicellulosic hydrolysate was verified by high performance
liquid chromatography (HPLC). The content of glucose,
xylose, arabinose, acetic acid, and ethanol was verified in
chromatograph Schimadzu LC-10 AD (Kyoto, Japan) with
column equipped with BIO-RAD Aminex HPX-87H (300
× 7.8mm) coupled to refractive index detector (RID-6A),
with 0.01 N sulfuric acid as an eluent at a flow rate of
0.6mL/min, column temperature of 45∘C, and injected
volume of 20 𝜇L. For these analysis, samples were previ-
ously filtered through Sep Pak C18 filter. The determination
of furfural and 5-hydroxymethylfurfural was obtained in
chromatograph Schimadzu-LC 10 AD (Kyoto, Japan), with
column HP-RP18 (200 × 4.6mm), coupled to a ultraviolet
detector SPD-10A UV-VIS in a wavelength of 276 nm, with
eluent acetonitrile/water (1 : 8) and 1% of acetic acid. The
used flow was 0.8mL/min, the column temperature was
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Table 1: Medium composition for the fermentation of S. shehatae
UFMG-HM 52.2 for ethanol production. Nutrients were added to
detoxified hemicellulosic sugarcane bagasse hydrolysate that was
used as sole carbon source in all fermentation media.

Fermentation
medium Composition Reference

Medium #A
5 g/L of ammonium sulfate
3 g/L of yeast extract
3 g/L of malt extract

Parekh et al. [13]

Medium #B
5 g/L of peptone
3 g/L of yeast extract
3 g/L of malt extract

Parekh et al.[13]

Medium #C

1.73 g/L of ammonium sulfate
3.56 g/L of potassium phosphate
monobasic
2.62 g/L of yeast extract

Ge et al. [14]

Medium #D

3 g/L of yeast extract
0.25 g/L of urea
0.25 g/L of calcium chloride
0.25 g/L of magnesium sulfate
2.5 g/L of potassium phosphate
monobasic

Sun and Tao [15]

25∘C, and the volume injected was 20𝜇L. For these analyses,
all samples were previously filtered in membrane Minisart
0.22𝜇m (Sartorius, Goettingen, Germany).

The cells concentration was determined by turbidimetry
using spectrophotometer (Beckman DU 640 B Fullerton,
CA) at wavelength of 600 nm and correlated with the
dry weight of cells (g/L) through a calibration curve. The
measurements were made on diluted cell suspensions, after
centrifugation, washing, and resuspension of cells in distilled
water.

3. Results and Discussion

3.1. Sugarcane Bagasse and Hemicellulosic Hydrolysate Char-
acterization. SB was submitted to dilute acid hydrolysis and,
after this step, the solid fraction (cellulignin) was separated
from hemicellulosic hydrolysate. Cellulignin was also char-
acterized for the chemical composition.

The chemical composition of sugarcane bagasse cell wall
(original) and cellulignin was characterized for its main
constituents. Figure 1 presents the cell wall composition of
original and dilute acid pretreated bagasse.

The cell wall composition of SB is difficult to compare
with the existing reports in literature due to the differ-
ences in origin, cultivation methods, climate conditions, and
analytical methods used for the characterization [4]. For
example, cellulose content in the original sugarcane bagasse
was 39.52% (Figure 1) while Rocha et al. [18] and Aguilar et
al. [19] observed 45.5% and 38.9% of cellulose, respectively.
Similarly, hemicellulose content in the original SBwas 25.63%
(Figure 1); however, Rocha et al. [18] and Mart́ın et al. [20]
observed 27% hemicellulose in their analysis. The lignin
content in the raw SB was 30.36% (Figure 1), while Philippini
[21] reported 34.42%of lignin in native SB. According to Ek et
al. [22], there is a variation in the compounds concentrations
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Figure 1: Composition profile (% dry weight) of original and dilute
sulfuric acid pretreated sugarcane bagasse (diluted H

2
SO
4
98%, 20

minutes at 121∘C).

of the same biomass species due to the variation in age of
the plant, genetic factors, and growth conditions, as well
as climatic and geographical factors. In general, Brazilian
sugarcane bagasse variety has cellulose concentrations in
the ranges of 38–46%, hemicellulose in 19–32%, lignin in
19–31%, and ash and extractives between 1.0–3% and 6.9%,
respectively [4].

After acid hydrolysis of SB, the solid fraction was sep-
arated from hemicellulosic hydrolysate. Pretreated SB was
also characterized for the chemical composition and it was
observed a reduction of 72% of hemicellulose, showing the
effectiveness of dilute acid hydrolysis for this polymeric
fraction solubilization. This result was in close agreement
with the study of Philippini [21] who obtained 65% to 85%
reduction in hemicellulose amount from the bagasse of
various sugarcane species.

Dilute acids hydrolysis acts specifically on hemicellulose
making the overall structure quite disorganized due to the
disruption of this polymeric fraction. Scanning electron
microscopic (SEM) analysis shows the surface of original
SB and after dilute acid hydrolysis which clearly reveals the
change in cell wall surface morphology at various magnifica-
tions (Figure 2).

As shown in Figure 2, original SB micrographs show the
rigidness and compactness of cell wall and the acid pretreated
SB micrographs show the disruption in bagasse surface due
to degradation of hemicellulose during dilute acid hydrolysis
of SB. Cell wall surface shows disruption and roughness due
to the removal of hemicellulose and lignin delocalization.
According to Alvira et al. [5], after acid hydrolysis, the
SB is structurally modified. Fibers of SB break down after
acid hydrolysis. Milessi et al. [12] also observed the similar
appearance of cell wall after dilute acid hydrolysis of SB.

The liquid solubilized fraction (crude hemicellulosic
hydrolysate) was concentrated by vacuum evaporation in
order to increase the sugars concentration. The concentrated
hydrolysate was subsequently detoxified by sequential cal-
cium oxide mediated neutralization followed by activated
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Figure 2: Scanning electron microscopic (SEM) analysis showing the surface images of sugarcane before (a) and after (b) dilute acid
pretreatment (diluted H

2
SO
4
98%, 20 minutes at 121∘C). (a1)/(b1), (a2)/(b2), and (a3)/(b3) are referents to a magnification of 500, 1000, and

5000x, respectively.

charcoal treatment. The composition of original, concen-
trated, and detoxified hemicellulosic hydrolysate is shown in
Table 2.

The hydrolysis conditions promoted the release of xylose
significantly higher than glucose (concentration below the
detection limit), indicating greater susceptibility of hemicel-
lulose than cellulose to hydrolysis conditions. This behavior
was expected due to the fact that the structure of the
hemicellulose is hydrolyzed easily than cellulose [11].

Concentrated hydrolysate showed variations in all com-
pounds concentration. Concentration of xylose present in
crude hydrolysate (10.09 g/L) increased approximately 3.5
times after evaporation under vacuum (37.43 g/L). After
concentration, it was observed 0.39 and 2.72 g/L of glucose

and arabinose, indicating that both were present in the crude
hydrolysate, but in low levels (below the detection limits of
any compounds by the HPLC used method).

Detoxification strategy (calcium oxide mediated neu-
tralization + activated charcoal) was used considering the
previous experience in our lab showing that nondetox-
ified hemicellulosic hydrolysate inhibitors levels interfere
in fermentation performance. Actually, in despite of some
reduction in sugar level after detoxification procedure, it was
found effective in reducing inhibitors, particularly furfural
and hydroxymethylfurfural concentration of 5.7⋅10−3 g/L to
5.9⋅10−4 g/L and 2.3⋅10−2 g/L to 1 ⋅ 10−3 g/L, respectively,
when compared the original and detoxified hydrolysates.
According to van Zyl et al. [23], this removal is related to the
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Table 2: Composition of original, concentrated, and detoxified
hydrolysate.

Compounds
Original

hydrolysate
(g/L)

Concentrated
hydrolysate

(g/L)

Detoxified
hydrolysate

(g/L)
Glucose n/d∗ 0.39 0.31
Xylose 10.9 37.43 31
Arabinose n/d∗ 2.72 2.31
Acetic acid 0.53 1.83 1.26
5-HMF 5.7 ⋅ 10

−3
1 ⋅ 10
−3

5 ⋅ 10
−4

Furfural 2.3 ⋅ 10
−3

2 ⋅ 10
−3

1 ⋅ 10
−3

∗Nondetected.

association of inhibitory compounds with bivalent calcium
ions, due to the precipitation.

The reduction in acetic acid concentration in the detox-
ification pathway was around 30%, showing a final concen-
tration of 1.269 g/L. According to Chandel et al. [24], the
presence of small amount of acetic acid (until 2.0 g/L) in
the hydrolysate can improve the ethanol production during
fermentation. However, the tolerance of microorganisms to
acetic acid depends on microbial species and cultivation
conditions [25].

3.2. Screening of FermentationMedium. Four different media
were chosen based on their simplicity and low number of
compounds and related to good results found on literature to
the ethanol production using the yeast S. shehatae. Regarding
the chosen formulations, we highlight the use of yeast extract
in allmedia, once this compound has been extensively used as
an organic nitrogen source for ethanol production by yeasts.
Yeast extract contains about 12% of total nitrogen (Synth,
Diadema, Brazil). This compound is crucial to supplement
hemicellulosic hydrolysates using cells of S. shehatae for 2G
ethanol production. Silva et al. [26] reported that among
different nitrogen sources, yeast extract is one of the most
important sources for the production of ethanol. Maruthai et
al. [27] also concluded that the yeast extract and ammonium
sulfate have most significant effect on ethanol production
from cashew apple juice by the yeast Saccharomyces diastati-
cus.

The different fermentation media (detoxified SB
hydrolysate + nutrients supplementation) were tested during
the fermentation by yeast S. shehatae UFMG-HM 52.2 and
the fermentation profiles obtained using these media are
shown in Figure 3.

The maximum ethanol concentration was observed after
48 hours of incubation for all evaluated fermentation media.
After 48 h of incubation, a decrease in ethanol concentra-
tion was observed. This behavior can be attributed to total
fermentable sugars utilization by yeast, occurring ethanol
assimilation as carbon source. After this time, cell growth
was also lower in comparison with the growth of cells using
carbohydrates as a sole carbon source. The use of ethanol
as a carbon source after depletion of sugars was reported in
previous studies using the yeast S. shehatae [24, 28]. Ethanol

production results (ethanol yield and productivities) from
each experiment are shown in Figure 4.

Other fermentative parameters such as biomass yield,
biomass productivities, xylose consumption, and acetic acid
consumption have been presented in Table 3.

In all fermentation experiments, approximately 100%
consumption of initial sugar was found. Medium #A showed
ethanol yield of approximately 0.38 g/g and productivity of
0.19 g/L⋅h (Figure 4). Parekh et al. [13] evaluated the ethanol
production profile of S. shehataeATCC 22984 utilizing wood
hemicellulosic hydrolysate and obtained ethanol yield of
0.45 g/g. However, it is difficult to compare the ethanol
production parameters of the same microorganism grown
in different kind of lignocellulose hydrolysates due to the
change in cultivation conditions, cultivation methods, and
hydrolysate profile [24]. For instance, the same microorgan-
ism (S. shehatae UFMG-HM 52.2 when grown in hemicellu-
losic hydrolysate of SB obtained after oxalic acid pretreatment
and supplementedwith 3.0 g/L of yeast extract, 3.0 g/L ofmalt
extract, and 5.0 g/L of ammonium sulfate) showed ethanol
yield of 0.35 g/g [28]. This medium is considered effective
due to the presence of yeast extract and ammonium sulfate,
compounds easily found in the market and largely used in
fermentation medium supplementation [27].

Medium #B designed by Parekh et al. [13] was also
tested in fermentation assays, showing ethanol yield (YP/S)
of 0.36 g/g and 𝑄

𝑝
of 0.2 g/L⋅h (Figure 4). Canilha et al. [29]

also used this medium in SBHH for ethanol production, but
using S. stipitis DSM 3651, and reported YP/S of 0.30 g/g and
𝑄
𝑝
of 0.13 g/L⋅h. Although these results were obtained with a

different yeast, those authors have indicated the potential of
these media formulation.This feature was also demonstrated
by using S. shehatae UFMG-HM 52.2 that in our work
resulted in a higher value ofYP/S compared to them.Medium
#Aand #B are comprised ofmalt extractwhich contains 73.1%
of maltose, glucose, and fructose [30].

Medium #C was used based on the study of Ge et al.
[14], who evaluated the ethanol production performance of
S. shehataeHDYXHT-01 from xylose as main carbon source.
In this study, ethanol yield was 0.41 g/g, close to the value
obtained in the present work, where 0.38 g/g and 𝑄

𝑝
of

0.2 g/L⋅h were obtained from S. shehatae UFMG-HM 52.2
using medium #C.

Fermentation experiments using medium #D showed
approximately YP/S of 0.23 g/g and 𝑄

𝑝
of 0.12 g/L⋅h. Pre-

viously, this medium was used by Sun and Tao [15] for
ethanol production by S. shehatae CICC 1766 from rice straw
hydrolysate at pH5.5 and achievedYP/S and𝑄𝑝 of 0.31 g/g and
0.175 g/L⋅h, respectively. This nutritional medium showed
no major change in ethanol production compared to other
fermentationmedia #A, #B, and #C. It is noteworthy that this
medium does not have peptone or ammonium sulfate, which
contains about 11% (Sigma-Aldrich, São Paulo, Brazil) and
21% (Isquisa Chemical, Cordoba, Mexico) of total nitrogen,
respectively, suggesting the importance of these nutrients to
the cultivation of S. shehatae UFMG-HM 52.2.

In the present study, a small concentration of L-arabinose
(about 2 g/L) was found in fermentation broth. L-arabinose
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hydrolysate, used as sole carbon source.
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Figure 4: Ethanol yield (YP/S) and productivity (𝑄
𝑝
) after the fer-

mentation of SBHH by S. shehatae UFMG-HM 52.2 using different
nutritional medium (medium #A, #B, #C, and #D). Experiments
were carried out in replicates and standard deviation is within 5%.

was not utilized by S. shehatae UFMG-HM 52.2. Spencer-
Martins [31] also found no consumption of mannose and

Table 3: Fermentative parameters (𝑌X/S, 𝑄𝑥 xylose consumption
(%), and final pH of broth) of nutritional medium screening of S.
shehataeUFMG-HM52.2 SBHH fermentation (medium #A, #B, #C,
and #D).

𝑌X/S
(48 h)
(g/g)

𝑄
𝑥

(48 h)
(g/L⋅h)

Consumed sugars
(48 h)
(%)

Final pH

Medium #A 0.125 0.069 100% 6.5
Medium #B 0.115 0.071 99.84% 6.9
Medium #C 0.085 0.052 99.79% 6.2
Medium #D 0.080 0.048 100% 6.2

arabinose by S. shehatae. Acetic acid concentrationwas found
to be assimilated by S. shehatae after 48 hs of incubation
resulting in increasing the pH of fermentation broth. Felipe
et al. [32] have also reported use of acetic acid as carbon
source for yeast. However, the concentration of acetic acid
for tolerance of microorganisms may vary according to the
species used and culture conditions [25].
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Fermentation media #A, #B, and #C showed simi-
lar ethanol yield (about 0.37 g/g) and productivity (about
0.20 g/L⋅h). Medium #D, on the other hand, showed lower
levels of ethanol yield (0.23 g/g) and production (0.12 g/L⋅h)
compared with the other media. The differences among the
results of ethanol production among the evaluated media
were not significant, according to the Tukey’s test carried out
considering the replicates of the experiments. In this analysis,
only medium 4 has an indicative of its lower performance,
with significant difference observed with relation to the other
media (𝑃 < 0.15).

Biomass volumetric productivity (𝑄
𝑥
) and biomass yields

(YP/X) were similar for all fermentation assays (about
0.06 g/L⋅h and 0.10 g/g, resp.). It is interesting to note that
YX/S and 𝑄

𝑥
were lower than YP/S and 𝑄

𝑝
, indicating that

metabolism of the yeast was directed to the production
of ethanol in all tests. Among all the fermentation media
investigated,medium#A revealed high values of ethanol yield
(0.38 g/g) and productivity (0.19 g/L⋅h). This fermentation
medium formulation is cheap and simple and could be an
ideal feed to grow the S. shehatae UFMG-HM 52.2 at large
scale biorefinery operations.

4. Conclusion

Four different fermentation media formulations were evalu-
ated for the ethanol production by S. shehatae UFMG-HM
52.2 using sugarcane bagasse hemicellulosic hydrolysate as
the main carbon source. Fermentation media #A, #B, and #C
showed similar ethanol yield and productivity while medium
#D showed low ethanol production compared to the others.
We highlight Medium #A due its simple composition (5 g/L
ammonium sulfate, 3 g/L yeast extract, 3 g/L of malt extract)
that showed ethanol yield of 0.38 g/g and productivity of
0.19 g/L⋅h.
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[5] P. Alvira, E. Tomás-Pejó, M. Ballesteros, and M. J. Negro, “Pre-
treatment technologies for an efficient bioethanol production
process based on enzymatic hydrolysis: a review,” Bioresource
Technology, vol. 101, no. 13, pp. 4851–4861, 2010.

[6] R. M. Cadete, M. A. Melo, and K. J. Dussán, “Diversity and
physiological characterization of D-xylose-fermenting yeasts
isolated from the Brazilian Amazonian forest,” PloS ONE, vol.
7, Article ID e43135, 2012.

[7] A. K. Chandel, S. S. Silva, and O. V. Singh, “Detoxification of
lignocellulose hydrolysates: biochemical and metabolic engi-
neering towards white biotechnology,” BioEnergy Research, vol.
6, pp. 388–401, 2012.

[8] L. A. Alves, M. G. A. Felipe, J. B. A. E. Silva, S. S. Silva, and A.
M. R. Prata, “Pretreatment of sugarcane bagasse hemicellulose
hydrolysate for xylitol production by Candida guilliermondii,”
Applied Biochemistry and Biotechnology A. Enzyme Engineering
and Biotechnology, vol. 70–72, pp. 89–98, 1998.

[9] S. E.Martiniano, R. R. Philippini, A. K. Chandel, C. A. Rosa, and
S. S. Silva, “Evaluation of rice bran extract as a nitrogen source
for improved hemicellulosic etanol production by new xylose
fermenting yeasts, isolated from Brazilian forests,” Sugar Tech,
vol. 16, no. 1, pp. 1–8, 2014.

[10] W. Carvalho, L. Canilha, and S. S. Da Silva, “Semi-continuous
xylitol bioproduction in sugarcane bagasse hydrolysate: effect of
nutritional supplementation,” Brazilian Journal of Pharmaceuti-
cal Sciences, vol. 43, no. 1, pp. 47–53, 2007.

[11] F. A. F. Antunes, T. S. S.Milessi, I. Oliveira, A. K. Chandel, and S.
S. Silva, “Characterization of sugarcane bagasse hemicellulosic
hydrolysate after detoxification with overliming and activated
charcoal,” in Proceedings of the 20th European Biomass Confer-
ence and Exhibition, pp. 1603–1606, Milan, Italy, 2012.

[12] T. S. S. Milessi, F. A. F. Antunes, A. K. Chandel, and S. S.
Silva, “Rice bran extract: an inexpensive nitrogen source for the
production of 2G ethanol from sugarcane bagasse hydrolysates,”
3 Biotech, vol. 3, pp. 373–379, 2012.

[13] S. R. Parekh, S. Yu, and M. Wayman, “Adaptation of Candida
shehatae and Pichia stipitis to wood hydrolysates for increased
ethanol production,” Applied Microbiology and Biotechnology,
vol. 25, no. 3, pp. 300–304, 1986.

[14] J. Ge, G. Liu, X. Yang, H. Sun, H. Ling, andW. Ping, “Optimiza-
tion of xylose fermentation for ethanol production by Candida
shehatae HDYXHT-01,” Chinese Journal of Biotechnology, vol.
27, no. 3, pp. 404–411, 2011.

[15] W.-L. Sun and W.-Y. Tao, “Comparison of cell growth and
ethanol productivity on different pretreatment of rice straw
hemicellulose hydrolysate by using Candida shehatae CICC
1766,”African Journal of Microbiology Research, vol. 4, no. 11, pp.
1105–1109, 2010.

[16] J. B. Kristensen, L. G. Thygesen, C. Felby, H. Jørgensen, and T.
Elder, “Cell-wall structural changes in wheat straw pretreated
for bioethanol production,” Biotechnology for Biofuels, vol. 1,
article 5, 2008.

[17] E. R. Gouveia, R. T. Nascimento, A. M. Souto-Maior, and G.
J. M. Rocha, “Validação de metodologia para a caracterização
quı́mica de bagaço de cana-de-açúcar,” Quı́mica Nova, vol. 32,
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Commercial simulatorAspenPluswas used to simulate a biorefinery producing ethanol from sugarcane juice and second generation
ethanol production using bagasse fine fraction composed of parenchyma cells (P-fraction). Liquid hot water and steam explosion
pretreatment technologies were evaluated. The processes were thermal and water integrated and compared to a biorefinery
producing ethanol from juice and sugarcane bagasse. The results indicated that after thermal and water integration, the evaluated
processeswere self-sufficient in energy demand, being able to sell the surplus electricity to the grid, and presentedwater intake inside
the environmental limit for São Paulo State, Brazil.The processes that evaluated the use of the bagasse fine fraction presented higher
economic results compared with the use of the entire bagasse. Even though, due to the high enzyme costs, the payback calculated
for the biorefineries were higher than 8 years for all cases that considered second generation ethanol and the net present value for
the investment was negative. The reduction on the enzyme load, in a way that the conversion rates could be maintained, is the
limiting factor to make second generation ethanol competitive with the most immediate uses of bagasse: fuel for the cogeneration
system to surplus electricity production.

1. Introduction

Sugarcane bagasse is an important byproduct from sugarcane
industry. It can be used as rawmaterial at different production
processes; however its main use is as fuel for the sugarcane
mill cogeneration system [1]. It has been broadly studied
as raw material for second generation ethanol production
processes. In Brazil, a large number of scientific and tech-
nological innovations in this extend have been generated by
the increasing research incentive promoted by governmental
funding agencies, research institutes, and private companies
[2–6].

The use of bagasse to second generation process in the
Brazilian scenario furthers the integration of conventional
ethanol production with cellulosic ethanol production, elim-
inating shipping cost of the cellulosic material and allowing
the simultaneous use of equipment. Different alternatives
for integrated processes using sugarcane bagasse to ethanol

productionwith the conventional sugarmill had been studied
using simulation tools [7–10]. Most of these studies were
accomplished using the software for process simulation
Aspen Plus. Among the commercial process simulators,
Aspen Plus stands out for its friendly user interface, vast
database of equipment, and thermodynamic models.

In general, 1 t of sugarcane generates 280 kg of bagasse
with 50% moisture [11]. After juice extraction, the formed
bagasse haswide particle size dispersion.The typical chemical
composition, on a dry basis, is 38 to 43% of cellulose, 25 to
32% of hemicellulose, 17 to 24% of lignin, and 1.6 to 7.5% of
ash [12]. These values have a range of variation depending on
many factors such as the variety of the sugarcane, stage of
plant growth, weather conditions before and after the harvest,
and the harvesting system. In addition to the ashes, organic
extractives and minerals also are found in small quantities
such as greases, gums, starches, alkaloids, resins, and essential
oils. Bagasse physical composition is approximately 50% of
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Figure 1: Block diagram of the P-fraction studied processes (Cases 1, 2, and 3).

moisture, 45% of fibrillar structures, and 5% of extractives
and inorganic components. The fibrillar fraction comprises
55 to 60% fiber and 30 to 35% pith particles [13]. The fibers
correspondmostly to stalk fibro-vascular cells; they have high
length-width ratios (lengths up to a few centimeters).Thepith
particles are finer, with near unitary length-width ratio, and
originated from stalk parenchyma.

Recent studies [14–16] indicated better results for cellu-
lose saccharification using only the pith fraction of bagasse
when compared with the use of the entire bagasse. These
cells have a lower lignin content compared to the bagasse
fiber, which facilitates the enzymatic attack to cellulose.
Another advantage is that these particles have small par-
ticle size distribution in which it facilitates the transport
and handling of the biomass without the need for prior
grinding.

This new scenario needs evaluation and the results should
be compared to the alternatives that have been evaluated
for bagasse use in the sugarcane sector until now. In this
context, the present study aims at evaluating the use of
bagasse pith for second generation ethanol production using
flowsheeting software (Aspen Plus). This new proposal of
cellulosic ethanol is compared with the use of bagasse
as fuel to the cogeneration system or the use for second
generation ethanol production without separation of the pith
fraction. Additionally, water balance in the whole process,
including second generation plant, was analyzed as it is an
important environmental restriction to the installation of
new sugarcane mills in Brazil. An economic analysis was
performed in order to compare the cases studied. Sensitivity
analyses were carried out to assess the impact of rawmaterial
prices and investment on the economic feasibility of the
process.

2. Materials and Methods

2.1. Process Modeling Strategy. For this study second
generation ethanol production with bagasse pith fraction
(P-fraction) as raw material using no pretreatment, steam
explosion pretreatment, or LHW pretreatment was analyzed.
Second generation ethanol production was integrated to
first generation. The overall process is shown in Figure 1.
Ethanol production fromP-fractionwas compared to ethanol
production using sugarcane bagasse and also to the use of
the entire bagasse to electricity production. In this extent, 5
different cases were analyzed. Table 1 shows the technology
considered in each case studied.

A detailed description of each process is given as follows.

(i) Case 1: Use of P-fraction to second generation ethanol
production integrated to the autonomous distillery,
considering no pretreatment and enzymatic hydrol-
ysis, and the use of sugarcane-trash as additional
fuel to the cogeneration system with a condensing
turbine and cooling towers to increase electricity in
a thermally integrated autonomous distillery.

(ii) Case 2: Use of P-fraction to second generation ethanol
production integrated to the autonomous distillery,
considering steam explosion pretreatment and enzy-
matic hydrolysis, and the use of sugarcane-trash as
additional fuel to the cogeneration system with a
condensing turbine and cooling towers to increase
electricity in a thermally integrated autonomous dis-
tillery.

(iii) Case 3: Use of P-fraction to second generation ethanol
production integrated to the autonomous distillery,
considering liquid hot water (LHW) pretreatment
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Table 1: Summary of the technologies listed for the cases studied.

Case 1 2 3 4 5
1st generation ethanol production X X X X X
P-fraction to 2nd generation
ethanol production X X X

Bagasse to 2nd generation ethanol
production X

Second generation process without
pretreatment X

Steam explosion pretreatment X
Liquid hot water pretreatment X X
Enzymatic hydrolysis X X X X
Condensation turbine X X X X
Cogeneration using bagasse
(50% w.b. moisture) X X

Cogeneration using bagasse fibers
(8% w.b. moisture) X X X

Cogeneration using sugarcane-trash X X X X X
Cogeneration using lignin waste X

and enzymatic hydrolysis, and the use of sugarcane-
trash as additional fuel to the cogeneration sys-
tem with a condensing turbine and cooling tow-
ers to increase electricity in a thermally integrated
autonomous distillery.

(iv) Case 4: Second generation ethanol production from
sugarcane bagasse integrated to the autonomous dis-
tillery, considering LHWpretreatment and enzymatic
hydrolysis, using the surplus bagasse available after
thermal integration of the process, and the use of
sugarcane-trash as additional fuel to the cogeneration
system.

(v) Case 5: Use of sugarcane-trash together with all
the bagasse available as fuels for the cogeneration
system with a condensing turbine and cooling tow-
ers to increase electricity in a thermally integrated
autonomous distillery.

2.2. Process Simulation

2.2.1. Definition of the Simulation Parameters. The commer-
cial simulator Aspen Plus [17] was used for the process
modeling including mass and energy balance of each piece of
equipment of the first and second generation ethanol plants.
The thermodynamic properties method used to represent
the process stream was UNIQUAC with modified binary
parameters proposed by Starzak and Mathlouthi [18] to
adequately represent the elevation of the boiling temperature
of the sucrose-water mixture, except for pure water streams
which used themodel STEAMNBSmethod.The components
cellulose, hemicellulose, lignin, and enzymes were added to
simulator database using the data from Wooley and Putsche
[19]. The average composition of sugarcane arriving at the
process is presented in Table 2.

Table 2: Assumed composition for sugarcane at the beginning of
the process, for the sugarcane-trash, and for the P-fraction.

Sugarcane Sugarcane-trash P-fraction
Composition (% w/w)

Water 70.5 15.0 8.0

Fibers
Cellulose 5.9 35.7 46.0

Hemicelluloses 3.5 28.1 22.1
Lignin 3.2 19.8 9.2

Solids

Sucrose 13.9 — —
Dextrose 0.6 — —
K2O 0.4 — —
KCl 0.2 — —
SiO2 0.3 — 14.7

Acronitic acid 0.6 — —
Dirt SiO2 1.0 1.4 —

All the reducing sugars as dextrose, impurities as potas-
sium salt, minerals as K

2
O and SiO

2
, organic compounds as

acronitic acid, and the inorganic material dragged along with
sugarcane from the field as SiO

2
were considered.

2.2.2. Description of the Analyzed Processes. The evaluated
processes and the data used for its simulation are described
in detail hereafter.

Autonomous Distillery Considered in All Cases Studied for
Production of 1st Generation Ethanol. An autonomous dis-
tillerywith processing capacity of 500 tonnes of sugarcane per
hour was considered as it represents the processing capacity
of a standard mill in São Paulo State [6, 8]. The distillery
is dedicated to the production of anhydrous ethanol with
99.3% (w/w) of purity, which is the specification for blending
with automotive gasoline. For the first generation ethanol
production process dry cleaning of sugarcane followed by
sugar extraction in a mill tandem was considered. Physical
and chemical juice treatments were accomplished by screen-
ing, heating, liming, decantation, and mud filtration. After
treatment clarified juice was concentrated until 20∘ Brix in a
5 effect evaporator. It was then sterilized in high temperature
short time (HTST) process. The Melle-Boinot fermentation
process (cell-recycle batch fermentation) was considered.
The distillation step considered 5 distillation columns for
production of hydrated ethanol (93.7% wt. of ethanol). For
production of anhydrous ethanol (99.4% wt. of ethanol), a
process of extractive distillation with MEG (monoethylene
glycol) was simulated. A more detailed description of the
considered process can be found at [9, 10, 20]. Data required
for simulation of these steps were obtained in the literature
[21, 22]. Main process parameters considered for the 1st
generation ethanol production are displayed in Table 3.

Integrated 1st and 2nd Generation Ethanol Production from
Bagasse P-Fraction. According to researches [14, 15] 35 to
40% of the bagasse mass is comprised by the pith parti-
cles. The average composition of these particles is show in
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Table 3: Main parameters adopted for simulating first generation
ethanol production.

Parameter Value Unit
Sugarcane processed 500 t/h
Efficiency of impurities removal on sugarcane cleaning 60 %
Efficiency of sugars extraction on the milling system 97 %
Sugarcane bagasse moisture content 50 % w.b.
Recovery of sugars on juice treatment 99.4 %
Fermentation yield 89 %
Ethanol recovery on distillation and dehydration 99.7 %
w.b.: wet basis.

Table 2. So, as a first step to access these particles for second
generation processes, the separation of bagasse pith from
fibers was considered. To have an efficient separation, first
bagasse was dried in order to lower its moisture content
from the initial 50% w.b., after sugar extraction to 8% w.b.
(equilibrium moisture of bagasse at temperatures around
298K and atmospheric pressure 1 atm). Dry bagasse was then
considered introduced to a horizontal circular motion sieve
to perform P-fraction separation. Horizontal circular motion
sieves has proven to be more efficient than regular vibrating
sieves to perform this separation experimentally [14]. Also
pneumatic separation of bagasse showed good results in
separation a bagasse fine fraction rich in pith particles
[15]. Even so, in the present simulation study, a horizontal
circularmotion sieve was considered as experimentally could
promote the best results in separating P-fraction so far [14].

After separation, P-fraction was sent to the second gener-
ation ethanol production process and bagasse fibers were sent
to the cogeneration system. At the second generation process,
P-fraction went thought a pretreatment process without any
prior washing or treatment. In Case 1 no pretreatment unit
was considered, this possibility was analyzed as experimental
work [15, 16] indicated that reasonable good yields could be
achieved using bagasse fine fraction, rich in pith particles,
without pretreatment. Case 2 considered steam explosion
pretreatment and Case 3 considered liquid hot water (LHW)
pretreatment. The pretreated mass obtained in Cases 2 and 3
was washed to remove the xylose formed during the pretreat-
ment. The process was followed by the enzymatic hydrolysis,
where cellulose present in the P-fraction goes through a
saccharification process to form fermentable sugars. It was
admitted that the enzymatic hydrolysis was conducted under
temperature of 50∘C with residence time of 24 h using cellu-
lase concentration of 15 FPU/g of biomass (enzyme activity
65 FPU/g) and 𝛽-glucosidase concentration of 0.9 IU/g of
biomass (17 IU of enzyme activity/g) [23]. Pretreatment and
hydrolysis conversion parameters were admitted based on
data available in the literature for bagasse [24] and prelimi-
nary experimental tests [14–16]. It was assumed that higher
yields than the ones found in the literature for sugarcane
bagasse could be achieved for P-fraction since the evaluation
of the processes are still incipient and probably, with further
experimental analysis, better yields will be achieved by the
optimization of process parameters.

The liquid stream resulted from hydrolysis was concen-
trated in a four-step evaporator until 20∘ Brix and the sugar
rich solution was sent to the first generation fermentation
process where it was mixed to the concentrated juice. The
solid waste from the hydrolysis process contains lignin but
is also rich in ashes, this material could be harmful for
the cogeneration system, and therefore it was considered
for use, together with the filter cake, as fertilizer for the
sugarcane plantation.The parameters adopted in each step of
the process are shown in Table 4.

A sensitivity analysis on the conversion parameters for
Case 3 was analyzed and this new case was called Case 3L.
In this analysis, lower parameters were evaluated considering
a scenario where the experimental results obtained so far
for the use of P-fraction could not be optimized and the
conversion parameters at each step were just a little higher
than the use of bagasse.

Bagasse fibers sent to cogeneration was mixed to
sugarcane-trash; this process will be better described in item
“cogeneration system”. Both biomasses were used as fuels
to the cogeneration system from which 5% is saved for
system startup or sugarcane crushing shutdowns. A steam-
based cycle operating with live steam at 753K and 6.5MPa
of temperature and pressure was considered, respectively,
using a back-pressure turbine to generate electricity for the
cogeneration system. Since the amount of fuel sent to the
cogeneration was more than the necessary to supply the heat
demand of the integrated process, the installation of a con-
densing turbine at the cogeneration system was considered,
to use the surplus steam generated to increase electricity
production. The parameters adopted at the cogeneration
process are shown in Table 5.

Integrated 1st and 2nd Generation Ethanol Production from
Bagasse. Ethanol production from sugarcane bagasse was
simulated as a comparison case to the use of P-fraction as it
has been largely studied experimentally and using simulation
tools. This alternative was investigated in Case 4, where
bagasse formed after juice extraction was separated in two
flows, one sent to second generation process and the other to
the cogeneration system. The amount sent to each function
was set after thermal integration of the integrated 1st and 2nd
generation processes.

The use of bagasse to ethanol production is considered a
prior step of drying, until 8% w.b. of moisture content (equi-
libriummoisture of bagasse at temperatures around 25∘C and
atmospheric pressure) and milling in order to standardize,
facilitate the transport, and increase the effectiveness of
pretreatment. Prior to pretreatment, cleaning was considered
once this step is important to remove impurities from the
biomass and therefore increase pretreatment efficiency [26].
Second generation ethanol production was studied in Cases
3 and 4. LHW pretreatment was simulated followed by
the biomass saccharification through enzymatic hydrolysis.
The same enzyme concentration, temperature, and residence
time described previews for the P-fraction process was
admitted. After the hydrolysis reactor a concentration of the
liquor produced was carried out in a multieffect evaporator.
The resulting sucrose solution was sent to first generation
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Table 4: Overall parameters adopted for the second generation ethanol production.

Case Case 1 Case 2 Case 3 Case 3L Case 4
Bagasse handle

P-F from the total bagasse % 35 35 35 20 —
Pretreatment — SE LHW LHW LHW

Biomass used — P-F P-F P-F B
Moisture content (SE) % — 70 — — —
Reactor solids load (LHW) % — — 20 20 20
Reactor temperature ∘C — 205 180 180 180
Reaction time min — 5 15 15 15
Hemicellulose-xylose conversion % — 80.0 98.0 88.0 88.0
Cellulose-glucose conversion % — 3.2 3.2 3.2 3.2
Xylose-furfural conversion % — 18.0 0.1 0.1 0.1
Hemicellulose-acetic acid conversion % — 16.9 1.0 1.0 1.0

Enzymatic Hydrolysis
Reactor solids load % 10 10 10 5 5
Cellulose-glucose conversion % 75 85.0 92.0 90.0 90.0
Hemicellulose-xylose conversion % 35 35.7 35.7 35.7 35.7

Fermentation
Glucose-ethanol conversion % 92 92 92 89 89

B: bagasse; P-F: P-fraction; LHW: liquid hot water; SE: steam explosion.
Assumed parameters based on data available at [16, 24, 25].

fermentation process where it was mixed to the concentrated
juice. The solid waste of hydrolysis is rich in lignin, and so
cogeneration fuel was considered.The parameters adopted in
each step of the process are shown in Table 4.

Bagasse set to the cogeneration system was mixed to
sugarcane-trash; this process will be further described in item
“cogeneration system”. Also the lignin-rich stream residue
from hydrolysis was mixed to the bagasse and trash fuel. The
mixturewas used as fuel to the cogeneration systemwhere 5%
is saved for system startup or sugarcane crushing shutdowns.
The cogeneration system admitted is a steam-based cycle,
biomass boiler producing steam at 65 bar and 480∘C, and
back pressure steam turbines for power production with
exhaust steam used by the process. The parameters assumed
for simulation of the cogeneration process are shown in
Table 5.

1st Generation Ethanol Production Using Surplus Bagasse to
Enhance Electricity Production. Case 5 evaluated the thermal
integration of the autonomous distillery and the use of
surplus bagasse together with sugarcane trash as fuels to the
cogeneration system to enhance electricity production. As it
seems themost developed opportunity to bagasse use, already
performed in some extent in Brazilian mills, it was chosen
as a comparative case to the use of P-fraction for ethanol
production.

In this case, all bagasse after extraction is used as fuel
at the cogeneration system. The use of 95% of the bagasse
available and saving the remaining 5% for use during the
cogeneration system startup or sugarcane crushing shut-
downs was considered [27]. Sugarcane-trash was considered
in a flow of 41.25 t/h. This flow was calculated based on

the assumption that 50% of the sugarcane-trash available
at the harvest is recovered and used at the cogeneration
system. Although higher amount of sugarcane trash could
be analyzed, the 50% value was assumed as, according to
some experts, the other half of the trash should stay at
harvest to protect the soil for the next sugarcane planta-
tion [28]. The composition adopted for sugarcane-trash is
presented in Table 2. A first cleaning step was considered,
using vibrating screens, followed by the decrease of the
particle size in a straw chopper blades and the mixture with
bagasse.

Cogeneration System. For the cogeneration system a steam-
based cycle operating with live steam at 480∘C and 65 bars of
temperature and pressure was considered, respectively, using
a steam turbine to generate electricity, delivering steam as
heating source for the process, and a condensation turbine
dedicated to electricity production from the surplus steam.
The parameters adopted for the cogeneration process are
shown in Table 5.

2.3. Process Integration and Evaluation Indicators

2.3.1.Thermal Integration. All the process design case studies
were thermally integrated using the pinch method [23],
aiming at the reduction of process steam requirements and
allowing the use of bagasse as raw material to enhance
electricity production or for the second generation ethanol
process. In this analysis, streams with less than 1,000 kW
of heat load were included as independent process demand
but not considered for thermal integration due to their low
thermal integration potential.
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Table 5: Main parameters adopted for simulating the cogeneration system of the studied cases.

Case 1, 2, 3, and 3L Case 4 Case 5
Cogeneration cycle specification

Steam temperature 480 480 480 ∘C
Steam pressure 65 65 65 bar

Turbines
Steam turbine Y Y Y
Condensation turbine Y N Y

Fuels
Bagasse N Y Y

Flow — c.s. c.s. t/h
Moisture — 50 50 %
PCI — 7.5 7.5 MJ/kg

Bagasse fiber Y N N
Flow c.s. — — t/h
Moisture 8 — — %
PCI 15.5 — — MJ/kg

Sugarcane-trash Y Y Y
Flow 41.25 41.25 41.25 t/h
Moisture 15 15 15 %
PCI 14.7 14.7 14.7 MJ/kg

Lignin cake N Y N
Flow — c.s. — t/h
Moisture — 50 — %
PCI — 8.9 — MJ/kg

c.s.: calculated by the simulation; N: no; Y: yes.

2.3.2.Water Consumption. Water balance of the studied cases
was accomplished and the final water demand was calculated
after identification of closed cycles and possibilities of water
reuse. The water consumption of the process for the juice
extraction imbibition, chemical treatment, fermentation, and
second generation ethanol production was calculated with
mass and energy balance in the flowsheeting model. The
water consumption in specific equipment, such as the water
consumption in boiler exhaust gas scrubbers, floors, and
equipment cleaning, were obtained from Neto [29]. To
achieve the overall water balance and check out possibilities
of water reuse and/or recovery, effluent flows were estimated
and analyzed as closed systems. Concentration of vinasse in
a multieffect evaporator up to 30% of solids and reuse of
water from pretreatment wash after chemical treatment were
carried out in this study.

2.3.3. Economic Analysis. An economic study was under-
taken considering fixed capital costs, production costs, and
revenues. Initially, the investment cost for the first generation
process using data from each part the industrial plant pub-
lished by Dias et al. was analyzed [8]. Equipment for second
generation, sugarcane-trash handling and modification on
the cogeneration system, were calculated using the Aspen
Economic Analyzer software [17] and data available in the
literature [27, 33–35]. The equipment costs were updated to
the year of 2013 using the chemical engineering process cost
index [36] and reduction in the specific cost with the size

Table 6: Main parameters used in the economic analysis.

Data Value
Project lifetime 25 years
Construction and startup 2 years
Depreciation 10 years
Interest rate 15% year
Sugarcane average cost 35.17a US$/t
Sugarcane-trash average cost 15.02b US$/t
Enzyme average cost 1.25c US$/kg
Ethanol average price 0.72d US$/L
Electricity average price 51d US$/MWh
a[30]; b[8]; c[31]; d[32].

considered scaling coefficient of 0.6. Tables 6 and 7 show the
main parameters used in the economic analysis.

3. Results and Discussion

Figure 2 shows the ethanol production and electricity avail-
able for sale at each case evaluated.

Analyzing the ethanol production in Case 3, that consid-
ered the use of P-fraction and LHW pretreatment, showed
the best results. The other processes that evaluated the use
of P-fraction to second generation processes, Cases 1 and
2, also presented higher ethanol production than Case 4,
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Table 7: Main parameters evaluated in the sensitivity analysis.

Data Initial value Lower value Higher value Unit
Enzyme concentration
cellulase 15 2 7 — 10 FPU/g of biomass
𝛽-glicosidase 0.8 0.1 0.3 — 0.6 IU/g of biomass
Enzyme average cost 1.25 2.00 4.00 6.00 10.00 US$/kg
Increase in the cogeneration investment 0 20 40 — 60 %
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Figure 2: Electricity available for sale and production of ethanol for
each case studied.

where all bagasse were used to second generation process.
Although a smaller amount of bagasse was sent to the second
generation in the P-fraction cases (Cases 1, 2, and 3) than for
the use of the entire bagasse (Case 4), higher ethanol produc-
tion was accomplished mainly due to the higher hydrolysis
yields considered for the P-fraction technology. The higher
yield assumption at hydrolysis for P-fraction comparing to
bagasse was set based on preliminary experimental work
[14–16].

Considering that lower P-fraction could be separated
from bagasse due to possible future limitations on the
separation technology and that not so optimistic yields could
be achieved in the hydrolysis step, Case 3L, the overall ethanol
production would be 3% lower than Case 4.

Case 4 ethanol production is highly dependable on the
energy consumption of the process. As the amount of bagasse
sent for the second generation process is set by the amount of
fuel required at the cogeneration, ethanol production could
be further increased by reducing even more the heat demand
of the process. As this case is already thermally integrated,
one option for further decrease in heat consumption would
be the use of technologies with lower steam consumption
as the substitution of the dehydration process for molecular
sieves and other possibilities. If no water reuse from vinasse
was accomplished for Case 4, it would present lower energy
consumption and therefore the ethanol production would
increase 5.6%, achieving a production of 97.1 L/t sugarcane.
Therefore, without vinasse concentration, Case 4 would be
the higher ethanol production case analyzed.

Analyzing the electricity production, Case 4 presented
the lowest result of all evaluated cases. Case 4 is the only
case where the use of a condensing turbine is not suitable
as no surplus steam is generated to be used in the turbine.
At the other configurations, more bagasse than the necessary
was sent as fuel for the cogeneration; therefore more steam
was produced and the excess, not used to supply the thermal
demand of the process, was condensed at the condensing
turbine producing electricity. Case 3L presented the highest
electricity production from the second generation cases, due
to the higher amount of bagasse sent for the cogeneration
compared with the other cases that evaluated the P-fraction
(Cases 1, 2, and 3). In Case 3L, only 20% of bagasse was
separated as P-fraction, and therefore, the remaining 80%
of bagasse rich in fibers was sent to cogeneration, in Cases
1, 2, and 3, only 75% of bagasse rich in fibers was sent to
cogeneration. The case that presented the higher ethanol
production, Case 3, produced 34% less electricity than Case
5, in which all bagasse is dedicated to electricity production.
In Case 4, it was produced less 45% electricity than Case 5.

Water balance was accomplished for each case consid-
ering the practice for water reduction already performed in
most mills and also water recovery from vinasse using a
multieffect evaporator and 85% recovery of the water from
pretreatment (Table 8). All cases presentedwater intake lower
than 1m3/t of sugarcane, which is the maximum permitted
for a new plant in the sugarcane sector for the São Paulo
State [37].The average water reuse is already high considering
the common practice already undertaken at the sugarcane
mills, the additionalmeasures contribute with this panorama,
enabling the installation of the processes.

The result of investment costs for the studied cases
is presented in Table 9. The investment calculated for the
second generation cases using P-fraction was very similar.
Case 1 presented the highest second generation cost from the
P-fraction evaluated cases. As P-fraction in Case 1 does not
undergo a pretreatment process it was expected lower second
generation investments cost, but without pretreatment the
volume of the biomass sent to hydrolysis is bigger and, as
solid concentration at the hydrolysis step is very low, it has
a big impact on the hydrolysis reactors size. In fact, the
hydrolysis equipment accounts for around 88% of the second
generation calculated investment in all studied cases. Case
4 presented second generation cost 74% higher than the
average cost for the cases that studied P-fraction. Again, the
higher cost is manly due the higher amount of bagasse sent
to second generation and lower solid content considered in
the reactor which results in bigger hydrolysis reactors. The
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Table 8: Water balance for the studied cases.

Water consumption at the process Conventional water reuse Additional∗ water reuse Total water intake necessary
(m3/t sugarcane) (m3/t sugarcane)

Case 1 17.2 93% 5% 0.48
Case 2 17.0 89% 7% 0.66
Case 3 17.0 89% 7% 0.68
Case 3L 18.5 91% 6% 0.71
Case 4 23.6 89% 9% 0.59
Case 5 16.7 90% 4% 0.97
∗Considering water recovery from vinasse and 85% recovery of the water from pretreatment.

Table 9: Investment cost separated by sector calculated for the evaluated cases.

Case 1 Case 2 Case 3 Case 3L Case 4 Case 5
(Million US$)

First generation ethanol production
Sugarcane reception and juice extraction 25.9 25.9 25.9 25.9 25.9 25.9
Juice treatment and concentration 8.1 8.1 8.1 8.1 8.1 8.1
Cogeneration system 97.7 97.7 97.7 104.8 97.9 108.6
Buildings, laboratories, and water treatment 8 8 8 8 8 8
Control and instrumentation systems and insulation 11.2 11.2 11.2 11.2 11.2 11.2
Packaging and transport 5.4 5.4 5.4 5.4 5.4 5.4
Civil works and mechanical assembly 29.7 29.7 29.7 29.7 29.7 29.7
Spare parts, supervision, engineering, and so forth 4.3 4.3 4.3 4.3 4.3 4.3
Heat exchange network 3 3 3 3 3 3

Second generation ethanol production
Pretreatment, hydrolysis, and concentration of the hydrolyzed 64.8 63.3 52.6 64.4 106.7 —

Shared equipment for first and second generation
Fermentation and distillation 33.8 34.1 34.5 31.6 32.7 21.2
Vinasse concentration 0.6 0.6 0.6 0.6 0.6 0.5
Total 292.5 291.3 281 297 333.5 225.9

reduction on second generation investment costs is strictly
related to decreasing the number and volume of the reactors
at hydrolysis, to that extent, measures capable of increasing
the reactor solid load and decreasing reaction time would be
necessary to achieve this goal.

Economic analysis is presented in Figures 3 and 4 by the
analysis of the payback time and the net present value (NPV).

Analyzing the second generation processes assuming the
enzyme concentration of cellulase of 15 FPU/g of biomass
and 𝛽-glucosidase of 0.9 IU/g of biomass, none of the second
generation processes studied are economically attractive as
payback is too high (higher than 10 years) and NPV is
negative, indicating that the cash flow of the project is
also negative at the assumed interest rate. Case 5 in which
no second generation process was considered has shown
good economic results, with reasonable NPV and the lowest
payback time of the studied cases.

The enzyme concentration assumed in the present study
was based on the experimental work of Carrasco et al. [24].
Usually high cellulase loadings are typically used to achieve
economically viable sugar yields from pretreated biomass.
According to Humbird et al. [38] the lower limit of enzyme
loading is not well known, but by using advanced enzymes

loadings as low as 0.02 g enzyme/g cellulose are possible
attaining the same yields. The concentration evaluated by
Humbird et al. [38] would represent a concentration around
15 times lower than the first admitted in the present study.
Therefore, Figures 3 and 4 also show payback time and
NPV for second generation considering lower enzymes load.
P-fraction second generation cases start to present payback
time in an acceptable range, when the concentration is
lowered to 5 FPU/g biomass. For the concentrations of 2 and
5 FPU/g biomasses, the NPV calculated for the P-fraction
cases is high. Case 3 even presents higher NPV than Case
5 at concentration 5 FPU/g biomass, representing that better
profitability of the investment can be achieved in the long
term by Case 3 compared to Case 5. Case 4 was the less eco-
nomically alternative process evaluated at all concentrations.
It only presents a positive NPV at concentration 2 FPU/g
biomass and it is much lower than the other cases. Case
3 seems to be the best choice of investment of all second
generation cases. Considering this case in its low conversion
and separation parameters, Case 3L, the economic results are
not so representative. Even considering the lowest enzyme
concentration, the NPV for Case 3L is lower than Case 5,
but Case 3L still represent a better alternative than using
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Figure 3: Payback calculated for the studied cases and its variation
with the decrease in the enzyme concentration. Note: Enzyme
concentration was expressed only regarding the cellulose load as it is
the main enzyme used but 𝛽-glicosidase load also varies according
with the cellulose concentration in accordance with the values
described in Table 7.
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Figure 4: NPV calculated for the studied cases and its variation
with the decrease in the enzyme concentration. Note: Enzyme
concentration was expressed only regarding the cellulose load as it is
the main enzyme used but 𝛽-glicosidase load also varies according
with the cellulose concentration in accordance with the values
described in Table 7.

the entire bagasse (fibers and pith together) for second
generation process as evaluated in Case 4.

The hydrolysis step proved to be the most expensive step
in the second generation process studied, either due to the
high investment cost linked to the low solid concentration
and long reaction time of this step or due to the enzyme cost
and concentration at the process. However, diminishing the
enzyme cost initially admitted in this study would not be an
option, and it is probable that the enzyme cost will be much
higher than the one assumed. The value first assumed for

Table 10: Maximum enzyme cost to have payback lower than 10
years for each case studied.

Enzyme concentration∗

2 FPU/g 5 FPU/g 10 FPU/g
(US$/kg enzyme)

Case 1 6 2 n
Case 2 6 2 n
Case 3 10 4 2
Case 3L 10 4 2
Case 4 4 2 n
∗Enzyme cost analyzed were of 2, 4, 6, and 10US$/kg enzyme; enzyme
concentration was expressed only regarding the cellulase load but 𝛽-
glicosidase load also varies in accordance with the values described in
Table 7.
n: none of the studied values.

enzyme cost equals the cost of one of the cheapest protein
available today in the world market, the soybean protein.
Analyzing the enzyme cost, calculated by some authors,
of 4.24US$/kg enzyme [38] and 10.14US$/kg enzyme [31],
the evaluated cases are deterrent as the payback ceases to
exist, been the revenue obtained by the project lower than
the operation cost, for the enzyme concentration firstly
adopted. Therefore, it was calculated for each case studied
and concentration evaluated the maximum cost possible for
the enzyme among the evaluated cost values (values shown in
Table 7) so payback would be lower than 10 years. The results
of this analysis are shown in Table 10.

At the concentration of 10 FPU/g biomass only Cases 3
and 3L would be feasible with the lower cost of enzyme
studied. Higher costs would result in a payback considerably
higher than 10 years or inexistent. At lower concentrations
higher values could be admitted for the enzyme cost, but only
Cases 3 and 3L could admit enzyme cost near proposed by
Klein-Marcuschamer et al. [31], 10US$/kg enzyme. If enzyme
concentration could be lowered to concentrations of cellulose
1 FPU/g and 𝛽-glicosidase 0.05UI/g, all studied cases would
present payback lower than 10 years for the enzyme cost
of 10US$/kg enzyme. Considering these concentrations and
enzyme costs, Case 4 would present a payback of 10 years
while Case 3 would present 6 years. Therefore, lowering
the enzyme concentration represents a necessary action to
enable the second generation process economically. Using
concentrations as low as the one mentioned by Humbird
et al. [38], would make the second generation process using
P-fraction, Case 3, very competitive with only modification
to the cogeneration system, Case 5, even with very high cost
for the enzymes as proposed by Klein-Marcuschamer et al.
[31].

In order to use sugarcane-trash as fuel to the cogeneration
system, adaptation of the current burner used at sugarcane
mills will be needed. The herbaceous nature of sugarcane
trash, without pretreatment, can lead to high levels of fouling
and slagging in conventional biomass boilers, decreasing con-
siderably the boiler lifetime [38].The investment admitted for
the cogeneration system considered the current technology
for bagasse burner. The use of an adequate burner for the
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Figure 5: Sensitivity analysis of the studied processes with the
increase in the cogeneration investment.

considered fuel could lead to a higher investment.Therefore a
sensitivity analysis considering the increase of investments in
cogenerationwas carried out analyzing the impact in the pay-
back time (Figure 5), considering the enzyme concentration
of 10 FPU/g.

In the payback time calculated for Case 5, with the
increase of 60% in the investment, additional two years
in payback are found. For the cases that evaluated second
generation ethanol production, with the increase of 60%
in the investment, payback increased from 2.2 to 4.1 years.
Thus, the increase in the cogeneration investment is a point
that needs further verification in a more detailed economic
analysis as it can increase significantly the payback time of
the cases studied.

4. Conclusions

The evaluated processes after thermal and water integration
were self-sufficient in energy demand, being able to sell the
surplus electricity to the grid, and presenting water intake
inside the environmental limit for São Paulo State, Brazil. It
was decisive to consider the water recuperation from vinasse
using a multieffect evaporator system to diminish the final
water uptake of the evaluated processes to an accepted level
regarding the local environmental laws.The use of P-fraction
showed higher ethanol production than the use of sugarcane
bagasse in the second generation process. Due to the high
enzyme costs, for all cases that considered second generation
ethanol, the payback calculated was higher than 8 years and
the net present value was negative. The best configuration
studied for P-fraction was the hydrothermal pretreatment
LHW. Even by considering low conversion levels for this
technology (Case 3L), it presented better economic results
than the use of the entire bagasse for ethanol production.
The reduction on the enzyme load, in a way that the
conversion rates could be maintained, is the limiting factor
tomake second generation ethanol competitive with themost

immediate use of bagasse: fuel for the cogeneration system to
surplus electricity production.
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