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REDUGAO DA CARGA ENZIMATICA PARA HIDROLISE DE CASCA DE COCO
VERDE COM PRE-TRATAMENTO ALCALINO

RESUMO

BOLIVAR-TELLERIA, M. Reducao da carga enzimatica para hidrélise de casca de
coco verde com pré-tratamento alcalino. 2019. 69f. Dissertacdo de mestrado em
Biotecnologia - Programa de P6s-Graduacgédo em Biotecnologia, UFES, Espirito Santo.
Brasil.

O coco (Coco nucifera) é um cultivo amplamente produzido nos paises tropicais para
a obtencado da sua agua e carne. Isso representa um problema de manejo e ambiental,
pois € estimado que 46 milhdes de toneladas de lixo, na forma de casca, séo
produzidas todo ano. Tém sido estudadas diferentes alternativas para a utilizacéo
desses rejeitos na obtencéo de produtos de alto valor agregado, incluindo a producao
de etanol. Um dos passos mais caros no processo de producado de etanol utilizando-
se este tipo de substrato € a hidrdlise enzimética, devido ao alto custo das enzimas
utilizadas. Infelizmente, o coco verde apresenta um conteudo elevado de lignina, o
que leva a inibicdo das enzimas e, portanto, requer uso de altas cargas enzimaticas,
incrementando o custo de producgédo. A detoxificagdo dos hidrolisados que antecede a
hidrélise enzimatica e a adicdo de polimeros, proteinas ou surfactantes tem-se
mostrado eficaz na diminuicdo da inibicAo das enzimas, melhorando a hidrélise
enzimatica. Esta potencializacdo da hidrolise enzimatica permite a reducao da carga
enzimatica utilizada, aumentando, portanto, a viabilidade econémica do processo.

A finalidade do estudo é reduzir a carga enzimatica utilizada pela hidrélise de casca

de coco verde com pré-tratamento alcalino usando diferentes aditivos. Foi avaliada a
detoxificacdo da lama da casca de coco verde com pré-tratamento alcalino utilizando-
se carvao ativado. A adicao direta e indireta (dentro de uma sacola) de carvao ativado
mostrou uma diminui¢cdo na concentracao de acido acético, porém também diminuiu

a concentracdo de acucares fermentaveis. No final do processo ndo foram
encontrados beneficios no uso do carvao ativado. Além disso, a utilizacao de carvao
ativado apresentou uma forte inibicdo da fermentagdo. Sucessivamente foi testada a
adicdo direta de caseina e de PEG na lama da casca de coco verde com pré-

tratamento alcalino para potencializar a hidrélise enzimatica sem detoxificacdo. A



adicdo de caseina mostrou melhoria na hidrélise, porém ndo houve melhoria nos
resultados do processo completo. Por outro lado, a adicdo de PEG, sob algumas das
condi¢bes testadas, ajudou a melhorar a hidrélise enzimética e os resultados do
processo completo. Primeiramente, foi efetuada a hidroélise enzimatica com a adi¢édo
de diferentes concentracées de PEG4000 (0.010, 0.025 ou 0.050 g/g bm) usando trés
cargas enzimaticas (3.0, 5.0 ou 7.5 FPU/g bm). Dentre as combinac¢fes provadas, o0
uso de 0.050 g PEG4000/g bm possibilitou a obtencdo dos melhores resultados
usando-se uma carga enzimatica baixa (5.0 FPU/g bm). Apdés, foi examinada a adicao
de PEGs com diferentes tamanhos de cadeia usando 0.050 g PEG/g bm e 5.0 FPU/g
bm. O PEG4000 apresentou resultados ligeiramente melhores que o PEG8000 e que
a mistura de PEG usada (15,000 and 20,000 g/mol). Finalmente, os hidrolisados com
presenca de PEG4000 foram fermentados para monitorar a producéo de etanol. Ndo
foi observada inibicdo nos hidrolisado de casca de coco verde com pré-tratamento
alcalino com PEG4000. A adicdo de PEG4000 provou ser um processo viavel para
diminuicdo da carga enzimatica, utilizada pela hidrélise enzimatica de casca de coco

verde com pré-tratamento alcalino para producéo de etanol em 66.7%.

Palavras-chave: Etanol de segunda geragcdo. Carvdo ativado. Caseina. PEG.

Potencializacdo da hidrélise enzimatica. Hidrolisado sem detoxificagdo.



REDUCTION OF THE ENZYME LOADING FOR HYDROLYSIS OF ALKALINE
PRETREATED GREEN COCONUT HUSK

ABSTRACT

BOLIVAR-TELLERIA, M. Reduction of the enzyme loading for hydrolysis of
alkaline pretreated green coconut husk. 2019. 69p. Dissertation for the Degree of
Master in Biotechnology — Postgraduation Biotechnological Programme, UFES,
Espirito Santo. Brazil.

Coconut (Coco nucifera) is a crop largely produced by tropical countries for its water
and meat. This represents a handling and environmental issue as an estimated of 46
million tons of waste in the form of coconut husks is produced each year. Different
alternatives to obtain added-value products from this waste have been studied,
including the production of ethanol. One of the most expensive steps on the ethanol
production process with this kind of substrates is the enzymatic hydrolysis due to the
high cost of the enzymes used. Unfortunately, green coconut husk has a high lignin
content, which inhibits the enzymes and leads to the use of high enzyme loading
increasing the production cost. The detoxification of the hydrolysates prior to enzymatic
hydrolysis and the addition of polymers, proteins and surfactants have proven to
decrease the inhibition of the enzymes improving the enzymatic hydrolysis. This
enzymatic hydrolysis enhancement enables the reduction of enzyme loading, leading
to a process with higher economic viability. The purpose of this study is to reduce the
enzyme loading used for the hydrolysis of alkaline pretreated green coconut husk by
using different additives. First, the detoxification of the alkaline pretreated green
coconut husk slurry with activated charcoal was evaluated. The direct and indirect
(inside a pouch) addition of the activated charcoal showed a decrease in acetic acid
concentration but also in fermentable sugars concentration. No benefit was seen at the
end of the process while adding activated charcoal. In addition, the use of activated
charcoal heavily inhibited the fermentation. Successively, the direct addition of casein
or PEG to the alkaline pretreated green coconut husk slurry to enhance the enzymatic
hydrolysis without a detoxification step was tested. The addition of casein showed an

improvement on the hydrolysis but not on the results for the overall process. On the



other hand, the addition of PEG helped improve the enzymatic hydrolysis and results
from the overall process under some of the conditions tested. Initially, the enzymatic
hydrolysis with the addition of different concentrations of PEG4000 (0.010, 0.025 or
0.050 g/g bm) using three enzyme loadings (3.0, 5.0 or 7.5 FPU/g bm) was performed.
The use of 0.050 g PEG4000/g bm enabled to obtain the best results using a low
enzyme loading of 5.0 FPU/g bm. Subsequently, the addition of PEGs with various
chain lengths was examined, using 0.050 g PEG/g bm and 5.0 FPU/g bm. PEG4000
presented better results than PEG8000 and the PEG mixture (15,000 and 20,000
g/mol). Furthermore, the hydrolysates containing PEG4000 were fermented to monitor
ethanol production. No inhibition was observed for the hydrolysates of alkaline
pretreated green coconut husk treated with PEG4000. The addition of PEG4000
proved to be a viable procedure to decrease the enzyme loading used during
enzymatic hydrolysis of alkaline pretreated green coconut husk to produce ethanol by
66.7%.

Keywords: Second-generation ethanol. Activated charcoal. Casein. PEG. Enzymatic

hydrolysis enhancement. Non-detoxified hydrolysate.
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1 INTRODUCTION

The review article “Second-Generation Bioethanol from Coconut Husk” by Bolivar-
Telleria et al. (2018) published on BioMed Research International (B1 journal for
Biotechnology by Qualis CAPES) is being annexed as part of the introduction. This
review article must be consulted for further detail about second-generation (2G)

ethanol and the advances on the production of 2G ethanol utilizing coconut husk.

Second-generation ethanol is an opportunity to obtain an added-value product from
waste. What differentiates 2G ethanol from first-generation ethanol is the use of
lignocellulosic biomass as raw material (SAHA et al., 2017). Lignocellulosic materials
are made of three major components: cellulose, hemicellulose and lignin (SARKAR et
al., 2012).

The biomass has to go through a process to obtain free fermentable sugars (contained
in the cellulose and hemicellulose) that can be utilized by microorganisms to produce
ethanol. First, the substrate is dried and ground to obtain smaller particles
(GONCALVES et al., 2014). Then, a pretreatment is performed to separate the closely
linked components (DA SILVA; TORRES ORTEGA; RONG, 2016). An effective
pretreatment helps to remove lignin without degrading cellulose and hemicellulose.
Subsequently, a hydrolysis is executed to obtain free fermentable sugars, usually by
using enzymes (MOHANRAM et al., 2013). Afterwards, the hydrolysate is fermented
using a microorganism (MOHD AZHAR et al., 2017). The yeast Saccharomyces
cerevisiae is commonly used to perform fermentations but it does not consume
pentoses that compose hemicellulose which translate to a lower ethanol concentration
(BOLIVAR-TELLERIA et al., 2018). To utilize these pentose other microorganisms that
naturally ferment pentoses or genetically modified strains can be used. Finally, the

ethanol is purified by distillation.

Coconut is a fruit widely produced in tropical countries. On the downside, 80-85% of
the fruit is waste (DE FREITAS ROSA et al., 2001; VAN DAM, 2002), resulting in an
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estimated of 46 million tons of waste in the form of coconut husks per year. This large
amount of residues leads to handling and environmental problems. Therefore, multiple
studies have been done to utilize this waste including the production of 2G ethanol
(BOLIVAR-TELLERIA et al., 2018). Unfortunately, coconut husk has a high lignin
content that difficult the obtention of 2G ethanol. First, the pretreatment used has to be
very effective removing lignin without degrading the sugars. Secondly, the presence of
lignin and lignin derived components inhibit the action of enzymes leading to the use

of higher enzyme loadings to compensate, increasing the production cost
considerably. It is estimated that 25 to 50% of the production cost of 2G ethanol cost

is due to the enzyme (ZHUANG, 2006). The utilization of lower enzyme loadings is

primordial to achieve an economically viable process to obtain 2G ethanol.

Several mechanisms have been described to explain the inhibition of cellulases by
lignin. One is the steric hindrance produced by lignin that was poorly removed during
the pretreatment or the precipitation of the lignin on the cellulose triggered by certain
conditions used on the pretreatment forming a physical barrier (LI, XIANG et al., 2018;
SAINI et al., 2016; ZHANG, HONGDAN; WU; XIE, 2017). It was observed that the
inhibition by steric hindrance of the cellulose increased along with the degree of
crystallinity of cellulose (LI, XIANG et al., 2018).

Moreover, unproductive binding by different interactions might also inhibit cellulases.
Hydrophobic interactions are responsible for an increased affinity between lignin and
cellulases with cellulose-binding module (CBM) compared to cellulases that solely
have a catalytic module (BORJESSON et al., 2007). The hydrophobicity of the CBM

due to its aromatic amino acid residues promotes binding to hydrophobic cellulose
fibers increasing activity (SAINI et al., 2016). On the downside, these same
hydrophobic interactions are the ones that support the binding of the CBM to lignin,
which prevents cellulose recognition (RAHIKAINEN et al., 2013; VERMAAS et al.,
2015). According to Vermaas et al. (2015), lignin presents a higher affinity to the CBM
than cellulose, but it has also been shown that the affinity of the CBM to lignin is pH
dependent (RAHIKAINEN et al., 2013). Additionally, cellulases and certain functional
groups in lignin present electrostatic forces that are influenced by pH (LI, XIANG;
ZHENG, 2017; LIU, HAO et al., 2016). Less binding is appreciated at higher pH as a
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result of the modification on the charge of the enzyme (LI, XIANG; ZHENG, 2017,
RAHIKAINEN et al., 2013). Cellulases might also suffer denaturation in the presence

of phenolics (especially phenolic hydroxyls) derived from lignin due to hydrogen
bonding (LI, XIANG; ZHENG, 2017; LIU, XIUMEI et al., 2016) or by unfolding after
adsorbing into lignin (BORJESSON et al., 2007; BORJESSON; PETERSON;
TJERNELD, 2007).

Depending on the conditions used for the process, a combination of these mechanisms
might be present. Two major factors that determine the mechanisms found in a process
are the enzymes used and the lignin composition, which may vary depending on the
pretreatment applied and from botanical differences (BORJESSON et al., 2007; LIU,
HAO et al., 2016; PAREEK; GILLGREN; JONSSON, 2013; RAHIKAINEN et al., 2013;
SIPOS et al., 2011).

Different techniques have been tested to overcome the inhibition of the enzyme, which
includes different types of detoxification like using activated charcoal and the use of
additives like polymers, surfactants and proteins (ECKARD; MUTHUKUMARAPPAN;
GIBBONS, 2013a; MUSSATTO, SOLANGE INES; ROBERTO, 2004).

Activated charcoal is used to detoxify the hydrolysates by adsorbing the inhibitors like

weak acids and phenolic compounds (MUSSATTO, SOLANGE INES; ROBERTO,
2004). Its effectiveness is dependent on pH, temperature, contact time and

concentration used (MUSSATTO, SOLANGE INES; ROBERTO, 2004). Surfactants
and proteins (like casein, BSA and whey) are used to stabilize enzymes leading to the
enhancement of the enzymatic hydrolysis (ECKARD; MUTHUKUMARAPPAN;

GIBBONS, 2013a).

Polyethylene glycol (PEG) is a polymer that is reported to help diminish enzyme
loading. Monschein et al. (2014) showed a reduction of 50 % of enzyme loading for the

enzymatic hydrolysis of thermo-acidic pretreated wheat straw with 2.5 g/L of PEG8000.

PEG has different effects on different of cellulases (HSIEH et al., 2015; SIPOS et al.,

2011) so it is important to evaluate on a case-to-case basis. Also, Kristensen et al.
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(2007) showed different conversion with or without PEG for different pretreatments
even when initiating the hydrolysis with similar amount of lignin, demonstrating that
there are other factors, possibly lignin composition, that must the taken in account other

than just lignin content after pretreatment.

PEG has proven to enhance enzymatic hydrolysis through different mechanisms. First,
PEG helps avoid unproductive binding to lignin by forming hydrophobic interactions
and hydrogen bonds with cellulases (ZONG et al., 2015) and by adhering to lignin
through these same interactions forming a denser hydration layer, which leads to an
increased steric hindrance between the lignin and the enzyme (BORJESSON;
PETERSON; TJERNELD, 2007; ZHANG, YUQING; ZHANG; TANG, 2011). The
interactions between PEG and cellulose also help prevent deactivation by high
temperature and shear force (BORJESSON et al., 2007; BORJESSON; PETERSON;
TJERNELD, 2007; LI, JIHONG et al., 2012; ZONG et al., 2015). There is also a strong
hydrogen bond between ether oxygens in PEG and phenolic hydroxyls derived from
lignin, which prevents enzyme inhibition by these molecules (LIU, XIUMEI et al., 2016;
ZHANG, YUQING; ZHANG; TANG, 2011).

PEG has displayed other benefits for the hydrolysis processes by stabilizing and rising
enzyme activity (BORJESSON et al., 2007; BORJESSON; PETERSON; TJERNELD,
2007; KRISTENSEN et al., 2007; KUMAR; WYMAN, 2009; LI, JIHONG et al., 2012;
SIPOS et al., 2010, 2011; ZONG et al., 2015) and decreasing end product inhibition
(HSIEH et al., 2014, 2015; KUMAR; WYMAN, 2009). Also, hydrolysis yield is affected

by the decrease of water availability due to high solid loadings and soluble molecules
especially sugars (HSIEH et al., 2014, 2015). PEG helps to increase that yield by
lowering water constraint (HSIEH et al., 2015).

In relation to the interaction of PEG with cellulose, inconsistent results have been
reported by different authors. Some report that cellulose conversion increased when
using substrates without lignin, suggesting that PEG also interacts with cellulose
preventing unproductive binding without altering cellulosic structure (KUMAR;
WYMAN, 2009; LI, JIHONG et al., 2012). According to Kumar and Wyman (2009), the

efficiency of the additive depends on the sugars left on the pretreated solids. Li et al.
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(2012) states that unlike lignin, most of the cellulose adsorption is reversible and
PEG4000 helped decrease its adsorption capacity and remove amorphous cellulose
boosting the conversion. It also helps prevent deactivation of the enzyme on cellulose
explaining the enhancement of hydrolysis on pure cellulose (Avicel) (LI, JIHONG et al.,
2012). On the other hand, other authors showed little effect of PEG in pure cellulose
(Avicel) and adsorption was only observed on steam-pretreated spruce with lignin (not
delignified) (BORJESSON et al., 2007; BORJESSON; PETERSON; TJERNELD,
2007).

The conditions used on the process like PEG chain length, temperature and addition
order seem to have an impact on the hydrolysis enhancement effect. Longer PEG
chains seem to increase the conversion up to a certain level and then a decrease is
observed (BORJESSON; PETERSON; TJERNELD, 2007; KRISTENSEN et al., 2007).
Moreover, the adsorption of PEG to lignin is increased by temperature until 50 °C
(BORJESSON et al., 2007). Additionally, PEG must be added before or at the same
time as the enzyme (ZHANG, YUQING; ZHANG; TANG, 2011). Some propose
conducting a pre-incubating period of the pretreated biomass with PEG before enzyme
addition to improve results (ZHANG, YUQING; ZHANG; TANG, 2011), while others
saw no further benefit (BORJESSON; PETERSON; TJERNELD, 2007; VAIDYA et al.,
2014).
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2 OBJECTIVES

2.1 GENERAL OBJECTIVE

To reduce the enzyme loading suggested to perform the enzymatic hydrolysis of
alkaline pretreated green coconut husk with no detoxification step to produce second-
generation ethanol by using additives.

2.2 SPECIFIC OBJECTIVES

e To assess the direct and indirect addition of different additives to the alkaline
pretreated green coconut husk slurry to increase fermentable sugars
concentration with lower enzyme loading;

e To test various PEG4000 concentrations and enzyme loadings to find the
optimum conditions to perform the enzymatic hydrolysis of alkaline pretreated
green coconut husk;

e To evaluate the effect of using PEGs with different chain lengths on the
enzymatic hydrolysis of alkaline pretreated green coconut husk;

e To certify that the addition of PEG4000 does not inhibit the fermentation of
alkaline pretreated green coconut husk hydrolysates using a xylose fermenting

S. cerevisiae strain.



3 EXPERIMENTAL STRATEGY
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4 MATERIALS AND METHODS

4.1 COCONUT HUSK PREPARATION

Green coconut husks without liquid albumen were obtained from local sellers in Vitdria,
Espirito Santo, Brazil. The substrate was prepared as described by Soares et al.
(2016). The husks were washed with water and the green outer layer was removed
using a serrated knife. Then, the mesocarp (fiber) was extracted using the same
serrated knife and cut into strips about 4 cm wide, avoiding the endocarp and solid
albumen (Figure 1A) . These strips were dried in an oven until the humidity dropped
below 5 % (w/w) (Figure 1B). After, the mesocarp was ground in a vibratory disk mill

at 1100 rpm for 90 seconds and sieved in a 212 um mesh to obtain a fine powder
(Figure 1C and D). This green coconut husk powder was stored at 4 °C for up to 1

year.

Figure 1. Preparation of green coconut husk powder. (A) Extraction of the mesocarp. (B) Drying
the mesocarp in an oven. (C) Vibratory disk mill using for grinding the mesocarp. (D) Final
green coconut husk powder after sieving.
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4.2 ENZYMATIC ACTIVITY

Cellulase activity is reported in Filter Paper Units (FPU) per militer of enzyme, which is
calculated by determining the concentration of enzyme needed to produce 2 mg of
glucose from 50 mg of filter paper in 60 minutes. The enzymatic activity was
determined using the method described by Chu et al. (2012). First, strips of 1 x 6 cm

of filter paper Whatman No. 1 filter paper weighing 50 mg are cut and rolled into test
tubes. Next, 1 mL of 50 mM citrate buffer (pH 4.8) is added to the test tubes saturating
the filter paper. The test tubes are incubated at 50 °C to equilibrate the temperature
before adding the enzyme. Then, 0.5 mL of enzyme diluted with 50 mM citrate buffer

is added to the test tubes, to subsequently incubate them for 1 h at 50 °C. The reaction
is stopped by cooling the samples in ice water. The supernatant is collected and
centrifuged at 13000 RFC for 5 minutes. Samples are analyzed using a
chromatographic method (section 4.5) to detect glucose and cellobiose to determine

the sugars released. Samples are kept in ice water until reading. Controls consisting

of 1 mL of citrate buffer and 0.5 mL of enzyme dilution must be made for every dilution
to subtract the sugars already present before the reaction. Various enzyme dilutions
must be tested to target 0.9 mg of sugars and 2.1 mg of sugars. These two values are
used to interpolate the concentration of enzyme needed to obtain 2 mg of sugars

because sugar yield is not linear.

The FPU was calculated by using the following equation 1 (GHOSE, 2007):

0.37

([enzyme] releasing 2.0 mg sugars)

Filter Paper Activity = FPU/mL (2)

Where the enzyme concentration is the concentration of the enzyme dilution added to

the test tube with the filter paper and 1 mL of buffer.

The cellulase cocktail Cellic® CTec2 with an activity of 162 FPU/mL was used for all
tests. It was kindly provided by Novozymes A/S (Bagsveerd, Denmark). Enzyme

loadings are expressed in FPU per gram of dry biomass (bm).
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4.3 PRETREATMENT, ADDITIVES AND HYDROLYSIS

Green coconut husk powder was pretreated with an aqueous solution of 1.0 % (w/v)
NaOH at 25 °C and 200 rpm for 1 hour in a rotary shaker with the solid loadings
specified for each experiment (SOARES et al., 2016). It was performed in 250 mL
Erlenmeyer flasks with 50 mL of NaOH solution. Then, the pH of the slurry was
adjusted to 5.0 using concentrated H 2SO4 after which the additive was added. The

slurry with the additive was incubated at 50 °C with high stirring for the designated

contact time for each test. After this contact time, the cellulase cocktail was added and

the hydrolysis was performed at 50 °C with rapid stirring for 24 h.

Cellulose conversion yield was calculated with equation 2 (ZHOU et al., 2015).

Cellulose conversion yield (%) = (Glucose produced] _9/L) X091 (2)

[Initial cellulose on subtrate] (g/L)

4.3.1 Activated charcoal addition

4.3.1.1 Direct addition of 5 % activated charcoal with 1 and 21 h of contact time

For these tests, the direct addition of 5 % (w/v) activated charcoal to the pretreated
slurry in the presence of 13 % and 18 % (w/v) green coconut husk powder were used
(the latter as described by Soares et al. (2016)) . The slurry was left 1 hour or 21 hours
in direct contact with the activated charcoal before performing the enzymatic hydrolysis
by adding 3.0 FPU/g bm.
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4.3.1.2 Indirect addition of 4 % activated charcoal on a dialysis tubing pouch with 24 h

of contact time

A dialysis tubing (1000 Daltons) was filled with 4 % (w/v) activated charcoal and closed
using thread forming a closed pouch (Figure 2), as an attempt to resolve the inhibition
observed on the fermentation with the direct addition of the activated charcoal. This
pouch was also used to try to recover and reuse the activated charcoal to reduce costs.
The pouch was added to the pretreated slurry with 18 % (w/v) green coconut powder
and left for 24 h before adding 3.0 FPU/g bm to perform the enzymatic hydrolysis with

the pouch still in the system.

Figure 2. Dialysis tubing pouch containing activated carbon.

4.3.2 Casein addition

A concentration of 0.17 g/g bm of casein was directly added to the pretreated slurry

with 18 % (w/v) green coconut husk powder and left incubating for 2 h before executing
the enzymatic hydrolysis with 3.0 FPU/g bm. This treatment with a protein was selected
to keep the enzyme from binding to lignin to increase fermentable sugars concentration

on the hydrolysate.
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4.3.3 PEG addition

4.3.3.1 PEG4000 addition

For each PEG4000 (ZHANG, YUQING; ZHANG; TANG, 2011) concentration (0.010,
0.025 and 0.050 g/g bm) used, an enzyme loadings of 3.0, 5.0 and 7.5 FPU/ g bm was
tested with 18 % (w/v) green coconut powder. The PEG4000 was incubated for 2 h
before adding the enzyme.

3.3.3.2 Addition of PEGs with different chain lengths

PEG4000, PEG8000 and a PEG with mixture of molecules between 15,000 and 20,000
g/mol (PEG mix) were tested using 2 h of contact time in the slurry with 18 % (w/v)

green coconut husk powder and an enzyme loading of 5.0 FPU/g bm.

4.4 FERMENTATION

A genetically modified xylose fermenting Saccharomyces cerevisiae strain was used
for fermentation (DEMEKE; DUMORTIER,; et al., 2013; DEMEKE; DIETZ; et al., 2013).
After the hydrolysis, the slurry was filtered to obtain a hydrolysate without fibers to use
for fermentation. This hydrolysate was then autoclaved at 1 kgf/cm2 (120 °C) for 10
min. A concentrated urea solution (250 g/L) was autoclaved separately and then added
to the hydrolysate to a final concentration of 2 g/L. The microorganism was cultured for
12 hin the hydrolysate for inoculation at 28 °C and 160 rpm. The fermentation was
performed in the same medium at 30 °C and 120 rpm in 125 mL Erlenmeyer flasks
with 25 mL of hydrolysate. Sugar consumption and ethanol production were monitored
by chromatographic method as described in section 4.5.

Ethanol yield was calculated using equation 3 (GONCALVES et al., 2015).

[EtOH]

" [fermentable sugars ]x0.511

EtOH yield * 100 3)
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4.5 SUGARS AND ETHANOL CONCENTRATION DETERMINATION

Sample preparation: Samples were centrifuged at 13000 RCF for 5 min to precipitate
the coconut fibers or yeast cells. The supernatant was recovered and centrifuged again
at the same speed to eliminate any remaining biomass. Then, the supernatant was
diluted with water (1:10) for analysis. All samples were filtered using a 0.22 um PES

syringe filter before analysis.

Chromatographic analyses: The sugars, ethanol and acetic acid concentrations were
measured using a Resex ROA-Organic Acid column (300 x 7.8 mm) coupled to a
Shimadzu HPLC (LC20AT Prominence, Shimadzu Corporation, Kyoto, Japan) with
RID detection. A volume of 10 pL from the diluted supernatant was injected into the
chromatography column. The molecules were eluted in isocratic mode at a flow rate of
0.6 mL/min using as mobile phase of aqueous solution of 2.5 mmol/L BSO4 and oven
temperature of 60 °C. All calculations were done utilizing the LCSolution software
version 1.25 SP2 (Shimadzu Corporation, Kyoto, Japan). Standard curves for glucose,

mannose, xylose and ethanol were obtained in the range of 0.01-10 g/L.

4.6. STATISTICAL ANALYSIS

The tests with activated charcoal and casein were made in duplicate. All PEG
experiments were performed in triplicate. All results are expressed as
means + standard deviation. The significance of differences between conditions was

determined using Student’s t-test with a confidence level of 95%.
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5 RESULTS AND DISCUSSION

5.1 ACTIVATED CHARCOAL ADDITION: EFFECT ON ACETIC ACID
CONCENTRATION, FERMENTABLE SUGARS CONCENTRATION AND
FERMENTATION

5.1.1 Direct addition of 5 % activated charcoal with 1 and 21 h of contact time

For both contact times 18 % (w/v) of green coconut husk powder was used as
proposed by SOARES et al. (2016). The amount of charcoal selected considerably
rose the total solid loadings, which could lead to mixing and conversion issues due to
water constraint. Reason why, 13 % (w/v) of coconut powder was also tested with both
contact times where 5 % (w/v) activated charcoal was directly added to the slurry. This
way the total solid loadings including the green coconut husk powder and the activated
charcoal was 18 % (w/v).

As expected a higher fermentable sugars concentration (glucose, mannose and
xylose) was obtained after alkaline pretreatment using 18 % of green coconut husk
powder than 13 % because there is more substrate being degraded (Figure 3A and B).
This difference on fermentable sugars concentration was maintained after enzymatic
hydrolysis demonstrating that the increase in solids due to the addition of charcoal did
not affect the process for both contact times. Slurries with 13% green coconut husk
powder presented slightly higher acetic acid concentration after alkaline pretreatment

than the ones containing 18 % green coconut husk powder (Figure 3C and D).

Similar results for each solid loading were found using 1 and 21 h of contact time
(Figure 3).The addition of activated charcoal to the slurry helped decrease the
concentration of acetic acid on both green coconut husk powder loads (Figure 3C and
D). Unfortunately, it also adsorbed fermentable sugars leading to lower concentrations
of these components even after enzymatic hydrolysis (Figure 3A and B). These results
are contrary to the expected, as the intention was to extract to inhibitors to avoid the

enzymatic inhibition and obtain higher fermentable sugars concentration.
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Figure 3. Fermentable sugars and acetic acid concentration after alkaline pretreatment, after
treatment with 5% activated charcoal and after enzymatic hydrolysis (EH) of green coconut
husk. (A) Fermentable sugars concentration with 1 h of contact time. (B) Fermentable sugars
concentration with 21 h of contact time. (C) Acetic acid concentration with 1 h of contact time.
(D) Acetic acid concentration with 21 h of contact time.
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After hydrolysis, the hydrolysates were filtrated for fermentation (Figure 4A). The
hydrolysates treated with activated charcoal presented a discoloration (Figure 4),

indicating the adsorption of some of lignin and lignin derivatives from the medium.

4
== 4
Charcoal No charcoal Charcoal No charcoal

Figure 4.Green coconut hydrolysates with and without activated charcoal treatment. (A)
Medium after fermentation. (B) Hydrolysate coloration after filtration.

After the fermentation of the filtrated hydrolysates, similar behaviors were found for

both contact times.The addition of activated charcoal severly affected the fermentation
process even after filtration (Figure 5), as hydrolysates without activated charcoal
presented a higher yield and productivity. A decrease on the ethanol yield on the
controls is shown at 44 h as the result of the decrease on ethanol concentration,
beacuse it is consumed due to a lack of sugars in the medium. On the other hand, the
hydrolysates obtained adding activated charcoal were still fermenting after 44 h and

the ethanol yield is well below the maximum detected for the hydrolysates without

activated charcoal at 29 h.

Nevertheless, some differences were shown for the different contact times (Figure 5).
A lower ethanol yield was seen while using a activated charcoal with a contact time of
21 h at 24 and 29 h, but it leveled up at 44h. Also, the yield increased considerably at
29 h for the control with no activated charcoal addition with 18% green coconut powder
and 21 h of contact time. The explanation for this behavior might be that the prolonged
incubation time at high temperature had a possitive effect on a compound that was not

analyzed.
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Figure 5. Ethanol production of green coconut husk hydrolysates treated with 5% activated
charcoal for 1 h. (A) Ethanol yield (%) with 1 h of contact time. (B) Ethanol yield (%) with 21 h
of contact time

The loss of sugars in the lignocellulosic hydrolysate due to detoxification with activated
charcoal is also reported on another study, where a strong relationship with the pH
was seen for this phenomenon (MUSSATTO, SOLANGE I; SANTOS; ROBERTO,

2004). It is important to consider that the process used on the present study is very



28

different compared to the methods used in other studies, where activated charcoal is
only used to extract the inhibitors from the lignocellulosic hydrolysate before
fermentation and not for enzymatic hydrolysis (GUPTA et al.,, 2017; MUSSATTO,
SOLANGE I; SANTOS; ROBERTO, 2004). Also, these other studies are focused on

the production of xylitol instead of ethanol, nonetheless both processes need
hydrolysates with low inhibitors to improve fermentation. Contrary to the results found

on this study, fermentation of the lignocellulosic hydrolysates to xylitol was improved

by the detoxification of the hydrolysate with activated carbon (GUPTA et al., 2017,
MUSSATTO, SOLANGE I; SANTOS; ROBERTO, 2004). Due to all these differences,
the use of activated charcoal could be an option for xylitol production but not for

increasing fermentable sugars concentration obtained through enzymatic hydrolysis.

5.1.2 Addition of 4% activated charcoal on a dialysis tubing pouch with 24 h of contact

time

Activated charcoal was placed in a dialysis tubing forming a closed pouch so it would
not interfere with the fermentation and as an alternative to recover the activated
charcoal to reuse (Figure 2). This time a solid loading of 18 % green coconut husk
powder was used as a higher fermentable sugars concentration is obtained and no
negative effect due to the addition of activated charcoal was seen on previous
experiments. Once again, the addition of activated charcoal resulted on a decrease in
acetic acid concentration but also on fermentable sugars concentration (Figure 6).
After enzymatic hydrolysis, the hydrolysates pretreated with the activated charcoal
pouch presented a lower concentration of fermentable sugars, proving once again that
this method is not suitable to achieve our purpose of elevating fermentable sugars
concentration. No significant difference in acetic acid and fermentable sugars

adsorption with the direct addition of the activated charcoal was observed.
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Figure 6. Acetic acid concentration (A) and fermentable sugars concentration (B) after alkaline
pretreatment, after treatment with 4% activated charcoal in a pouch with 24 h contact time and
after enzymatic hydrolysis (EH) of green coconut husk.

The ethanol yield without activated charcoal and the activated charcoal pouch was
very similar, certifying that the activated charcoal particles present in the hydrolysate

when added directly were responsible for interfering the fermentation (Figure 7).
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Figure 7. Ethanol production of green coconut husk hydrolysates treated with 4% activated
charcoal in a pouch with a contact time of 24 h.

After trying different contact times and direct and addition methods for the activated
charcoal, no benefits were found for this process. Due to the loss of fermentable sugars
and inhibition of the fermentation, the use of activated charcoal to improve the

fermentation of alkaline pretreated coconut husk was discarded.
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5.2 CASEIN ADDITION: EFFECT ON ENZYMATIC HYDROLYSIS OF GREEN
COCONUT HUSK AND THE WHOLE PROCESS

The direct addition of casein was evaluated. After the enzymatic hydrolysis, the
addition of casein resulted in a diminution in coloration of the hydrolysate (Figure 8A)

and the formation of small hard spheres probably containing lignin (Figure 8B).

No casein With casein
No casein

Figure 8. Physical changes in the hydrolysate due to casein addition. (A) Change in coloration.
The coloration shown is after centrifugation and dilution of the supernatant with water (1:10).
(B) Formation of small hard spheres.

Samples obtained before casein addition and after enzymatic hydrolysis were
analyzed to determine sugars concentration. As the objective is to evaluate the effect
of casein addition during enzymatic hydrolysis, the amount of glucose released due to
enzymatic action was calculated by subtracting the amount of sugars before and after
enzymatic hydrolysis. A significant difference was observed for the glucose
concentration obtained through enzymatic hydrolysis (Table 1). On the other hand, the
fermentable sugars concentration (glucose, mannose and xylose) and cellulose
conversion yield resulting from both pretreatment and enzymatic hydrolysis were
equivalent with and without casein. As better results were obtained by using PEG, the

use of casein to enhance the enzymatic hydrolysis was discarded.
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Table 1. Enzymatic hydrolysis results with casein addition. (*) Significant statistical difference
(P <0.05).

Glucose Fermentable Cellulose
concentration due sugars conversion yield
to enzymatic concentration (g/L) (%)
hydrolysis (g/L)
No casein 2.0+04* 40.3+2.6 36.2+24
Casein 4.2+0.1* 447+1.0 405+ 1.0

The results obtained on this study differ from the ones obtained on another study,
where an equivalent casein concentration was added (ECKARD;
MUTHUKUMARAPPAN; GIBBONS, 2013b). On the other study, there was an
increase of 22.7 % in glucose yield for alkaline pretreated corn stover, while on this
study it was of 4.3 %. Differences in the biomass, the pretreatment process, the
washing of the pretreated corn stover and enzyme loadings may be responsible for

this difference in the results. Corn stover has less recalcitrance as it contains around
10% less lignin that green coconut husk, leading to less inhibition of the enzymes. Also,
on this study the biomass was not washed so more lignin and lignin derivatives

concentration were present in the slurry provoking a higher degree of inhibition.
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5.3. PEG ADDITION

The following results are part of the manuscript “Polyethylene glycol reduces enzyme
loading for hydrolysis of alkaline pretreated green coconut husk” to be submitted to

Bioresource Technology (A1 journal for Biotechnology by Qualis CAPES).

5.3.1 Fermentable sugars obtained after pretreatment

Biomass pretreatment removes lignin and loosens the cellulose and hemicellulose
fibers, resulting in the release of fermentable sugars. As a matter of fact, after alkaline
pretreatment and before enzymatic hydrolysis, 26.2 + 1.4 g/L of glucose and 19.2 +

0.9 g/L of mannose and xylose were found in the coconut husk medium. Mannose and
xylose were detected as a single peak in chromatographic analyses so they were
reported as mannose equivalents. Therefore, as a high concentration of fermentable
sugars was already found in the medium before enzymatic hydrolysis, a separate
analysis of glucose concentration obtained only after enzyme addition is presented in
Section 5.3.2. Since our purpose is to develop an economically viable method to obtain
ethanol, the concentration of fermentable sugars and the cellulose conversion yield
obtained in the whole process, i.e. after pretreatment and enzymatic hydrolysis, will be
evaluated in section 5.3.3 to show if the method effectively results in a higher

fermentable sugars concentration using a lower enzyme loading.

5.3.2. Effect of PEG4000 on enzymatic hydrolysis of green coconut husk

It is important to highlight that in this study the PEGs were added directly to the non-
detoxified pretreated slurry, which differs from the process commonly used in which
the solid fraction after pretreatment is detoxified and dried (KRISTENSEN et al., 2007).
Therefore, no washing of the biomass was performed after the pretreatment to avoid
the loss of these liberated sugars and also to save water and time for the envisaged

industrial process.
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Three different PEG4000 concentrations were tested: 0.010 g/g bm (referred as low),
0.025 g/g bm (referred as medium) and 0.050 g/g bm (referred as high) with three
enzyme loadings (3.0, 5.0 and 7.5 PFU/g bm). It is convenient to express the
concentration of PEG added in g/g bm to facilitate comparison of results between
different studies that used additives to enhance enzymatic hydrolysis because of the
difference in solid loading utilized.

An increase in the concentration of released glucose was seen between the controls
and the treatments for all PEG concentrations and at all enzyme loadings (Fig. 9). This
indicates that PEG enhances the hydrolysis at all concentrations used, even at the
lowest concentration. There was a clear increase in the concentration of released

glucose when the concentration of PEG was enhanced.
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Figure 9. Effect of PEG addition on glucose concentration for different enzyme loadings and
PEG4000 concentrations. Significant statistical difference with anterior value for the same
enzyme loading (*) 3.0 FPU/g bm, (**) 5.0 FPU/ g bm and (***) 7.5 FPU/g bm.
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The concentration of released glucose also gradually increased when the enzyme
loading was enhanced from 3.0 to 5.0 and further to 7.5 FPU/g bm (Fig. 9). However,
this was only true in the absence of PEG and at the lowest PEG concentration of 0.010
g/g bm. At the higher PEG concentrations of 0.025 and 0.050 g/g bm there was only

an increase in released glucose when the enzyme loading was enhanced from 3.0 to

5.0 FPU/g bm. With a further increase in enzyme loading from 5.0 to 7.5 FPU/g bm
there was no further increase in the concentration of released glucose. Apparently,

PEG maximizes the efficiency of the enzyme cocktail, so that a further increase in

FPU/g bm does not have a further beneficial effect on the hydrolysis. Hence, the use
0.050 g.g bm of PEG4000 and an enzyme loading of 5.0 FPU/g bm produced the best
result for the amount of glucose released. With 5.0 FPU/g bm the hydrolysis was
enhanced by 1.7 fold at the low PEG concentration, 2.5 fold for the medium PEG

concentration and 3.3 fold for the high PEG concentration.

In conclusion, the best conditions found for the enzymatic hydrolysis considering the
need to minimize the enzyme loading, to maximize the amount of glucose released
through the enzymatic hydrolysis and to profit maximally from the stimulating effect of
PEG on the hydrolysis was the use of 5.0 FPU/g bm and the high PEG concentration
of 0.050 g/g bm.

5.3.3 Fermentable sugars concentration and cellulose conversion yield obtained after

pretreatment and enzymatic hydrolysis with PEG4000 addition

The ultimate goal for lignocellulosic ethanol production is to develop a process that
presents high fermentable sugars concentration to maximize the amount of ethanol
produced with low cost and high conversion yield. In this case, fermentable sugars are
glucose, mannose and xylose (as a xylose fermenting strain was used) obtained during

the whole process, after pretreatment and enzymatic hydrolysis.
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After coconut husk pretreatment, 45.4 + 2.3 g/L of fermentable sugars (obtained by the
sum of the individual concentrations presented in item 5.3.1) were released from
cellulose and hemicellulose into the medium. The released amount of mannose and
xylose was not affected by enzyme loading or PEG addition (data not shown). This is
in accordance to results reported previously, in which also no significant increase in
xylose was observed (ROCHA-MARTIN et al., 2017).

Coconut husk cellulose conversion yield was also analyzed as a parameter to monitor
the efficiency of the whole process. Figure 10A shows the percentage of cellulose that
was converted into glucose, calculated using Equation (2), after pretreatment and
enzymatic hydrolysis with PEG4000 addition.

Taking in account the whole process, with or without PEG, cellulase at 3.0 FPU/g bm
was not adequate for the hydrolysis of alkaline pretreated green coconut husk. No
significant difference was found on the fermentable sugars concentration and cellulose
conversion yield after the pretreatment and the enzymatic hydrolysis using 3.0 FPU/g
bm without PEG4000. Still, no variation on the fermentable sugars concentration
before and after the enzymatic hydrolysis was seen when adding low PEG
concentration and 3.0 FPU/g bm. In addition, using any of the PEG concentrations with
3.0 FPU/g bm showed no significant difference on fermentable sugars concentration

or cellulose conversion yield with the direct anterior or posterior PEG concentration.
The concentration of fermentable sugars while adding 5.0 or 7.5 FPU/g bm with no

PEG is equivalent to utilizing 3.0 FPU/g bm with any of the PEG concentrations tested.

The addition of low PEG concentration was not enough to make a difference in the
overall process. Contrary to the results for glucose concentration due to enzymatic
hydrolysis, it was observed that all enzyme loadings presented no significant difference
on fermentable sugars concentration and cellulose conversion yield between low PEG
concentration and no PEG for the same enzyme loading. All results of glucose
concentration due to enzymatic hydrolysis, fermentable sugars concentration and
cellulose conversion yield while using of 3.0 FPU/g bm differed significantly from the
values obtained utilizing medium and high PEG concentration with 5.0 and 7.5 FPU/g

bm.
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Figure 10. Sugars obtention for the whole process for different enzyme loadings and PEG4000
concentrations. (A) Cellulose conversion yield (B) Fermentable sugars concentration.
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The use of 5.0 FPU/g bm was chosen as the best option to reduce enzyme costs as
the glucose concentration due to enzymatic hydrolysis, fermentable sugars
concentration and cellulose conversion yield with 5.0 and 7.5 FPU/g bm is equivalent
while using the same PEG concentration (Figures 9 and 10). The use of medium PEG
concentration showed a greater increase (comparison to the results of low PEG
concentration) using 5.0 FPU/g bm than 7.5 FPU/ g bm in glucose concentration due

to enzymatic hydrolysis (34.5 % higher), fermentable sugars concentration (8.3 %
higher) and cellulose conversion yield (4.2 % higher). In addition, no significant
difference in fermentable sugars concentration was shown between no PEG and low

or medium PEG concentration with 7.5 FPU/g bm. These might suggest that a
maximum conversion under those conditions was being reached but adding a high

PEG concentration helped overcome this barrier. The possibility of already reaching a
maximum conversion for this biomass with the chosen pretreatment is supported by

our previous results (SOARES et al.,, 2016), where similar amounts of fermentable

sugars were obtained.

Jointly, there is a significant difference in glucose concentration due to enzymatic
hydrolysis, fermentable sugars concentration and cellulose conversion yield for
medium and high PEG concentration when using same load of 5.0 or 7.5 FPU/g bm

but no difference between the enzyme loadings with same PEG concentration as
explained above. Thus, the best option to perform enzymatic hydrolysis of alkaline
pretreated green coconut husk is 5.0 FPU/g bm with 0.050 g PEG4000/g bm (high

concentration).

Our aim was to reduce the enzyme loading of 15.0 FPU/g bm we previously used, to
enable a decrease in costs while obtaining the same fermentable sugars concentration
(SOARES et al., 2016) was achieved. In this earlier work, we performed the enzymatic
hydrolysis of green coconut husk after carrying out the same pretreatment with same
solid loading but employing another enzymatic cocktail without PEG addition. After 24
h of enzymatic hydrolysis, we obtained around 61.5 g/L using 15.0 FPU/g bm, which

is three times the enzyme loading chosen as best option in this study with the addition

of high PEG concentration resulting in the same amount of sugars.
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The amount of fermentable sugars obtained in this study with 7.5 FPU/g bm without
PEG is slightly below the one reported by Soares et al. (2016) (around 59 g/L) after 24
h of enzymatic hydrolysis but is equivalent to the concentration obtained with high PEG
concentration showing that the enzymatic cocktail used on this study presented more

inhibition.

In some cases, discrepancies on the existence of significant difference for glucose
concentration due to enzymatic hydrolysis, fermentable sugars concentration and
cellulose conversion yield for a pair of chosen conditions were found. Some of these
inconsistencies are due to the fact that the glucose concentration obtained by
enzymatic hydrolysis is considerably less than the obtained during the pretreatment,

which leads to a low impact on the results of the overall process.

This same concentration of 0.050 g/g bm chosen in this study but with PEG6000 was
also selected as optimum by Kristensen et al. (2007) for wheat straw independent of
pretreatment. Also, Borjesson et al. (2007b) tried different concentrations of PEG4000
with steam-pretreated spruce where little effect is observed with 0.01 g/g bm too.
Nonetheless, a significant increase is seen until adding 0.02, 0.05 and 0.1 g/g bm,
showing an increase in conversion as concentration increases in accordance to the

results found in this work.

Contrary to the results of this study, Rocha-Martin et al. (2017) started to observe an
improvement to the enzymatic hydrolysis of sugarcane straw and corn stover with
0.00125 g/g bm, which is much lower than the low PEG concentration tested on this
work (0.010 g/g bm). They report a substantial increase in conversion using from 0.005
to 0.0125 g PEG4000/g bm, but no further increase is seen adding more than 0.0125
g/g bm. Zong et al. (2015) shows that there is a decrease in conversion above a certain

optimal amount of PEG.
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5.3.4 Addition of PEGs with different chain lengths: effect on enzymatic hydrolysis of

green coconut husk and the whole process

After defining the best condition to enhance enzymatic hydrolysis with PEG4000 other
two PEGs with bigger chain length were tested. Once again the parameters analyzed
were glucose concentration due to enzymatic hydrolysis, fermentable sugars
concentration and cellulose conversion yield, but now with 5.0 FPU/ g bm and 0.050 g
PEG/g bm for PEG4000, PEG8000 and PEG mix (sold as a mix with polymers with
chains between 15,000 and 20,000 g/mol).

All PEGs types tested showed a significant difference compared to not adding PEG for
glucose concentration due to enzymatic hydrolysis, fermentable sugars concentration
and cellulose conversion yield (Table 2). PEG4000 proved to be the best option to
enhance enzymatic hydrolysis by showing a significant difference with the other PEGs
in cellulose conversion yield and fermentable sugars concentration, while no significant
difference on the three criteria was seen for PEG8000 and PEG mix. Interestingly, a
difference between PEG4000 and PEGS8000 for glucose concentration due to
enzymatic hydrolysis was found, but there is no significant difference between
PEG4000 and PEG mix.

Table 2. Enzymatic hydrolysis results for no PEG, PEG4000, PEG8000 and PEG mix.
(*) Significant statistical difference (P <0.05) with PEG4000.

Glucose Fermentable Cellulose
concentration sugars conversion yield
due to enzymatic concentration (%)
hydrolysis (g/L) (g/L)
No PEG 3.5+0.5* 50.7 £ 0.2* 46.1 +0.2*
PEG4000 135+11 62.0 + 0.7 60.9+ 0.6
PEG8000 10.6 £ 1.0* 59.2 +1.2* 57.8+1.3*

PEG mix 11.6 +0.5 60.2 £ 0.9* 58.9 + 0.9*
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These results are contrary to the ones reported on literature, where conversion of
steam-pretreated spruce and steam-exploded corn stover was slightly lower for 4000
than 8000 (BORJESSON; PETERSON; TJERNELD, 2007; ZONG et al., 2015). They
show an increase in conversion with increase of chain length up to PEG6000 and then

a decrease is observed for PEG8000 and PEG10000.

On the other hand, Vaidya et al. (2014) presents no conversion difference between
PEG4000, 8000 and 16000, which may be due to the high enzyme loading that was

used.

5.3.5 Fermentation of green coconut husk hydrolysates containing PEG4000

The next step in bioethanol production is fermentation. It is important to test if the use
of additives has an effect on the performance of the yeast strain. Obtaining large
guantities of sugars using additives is not worthwhile if the hydrolysate cannot be
fermented properly. For example, the fermentation of green coconut husk hydrolysates
treated with activated charcoal to remove inhibitors severely affected ethanol

production even after filtration.

A significant difference on the maximum ethanol concentration was only seen for
medium and high PEG concentration in respect to no addition of PEG (Table 3). On

the other hand, no significant difference on the yield was observed between low or high
PEG concentration compared to no PEG, which means that PEG does not inhibit
fermentation. Nonetheless, a difference in the time that took to reach the maximum
sugar concentration was observed probably due to a difference in fermentable sugars
concentrations. A difference on the fermentation time was seen for no PEG addition
and the use of high PEG concentration. Furthermore, low PEG concentration shows a
significantly lower fermentation time than the one using both medium and high PEG
concentrations. Additionally, low PEG concentration showed a higher productivity than
high PEG concentration. This reduction in time and the increase in productivity shows

that low PEG concentration can enhance the fermentation process.
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Table 3. Fermentation parameters of green coconut husk hydrolysates containing PEG4000.
(*) Significant statistical difference (P <0.05) no PEG control. (A) Significant statistical

difference (P <0.05) with low PEG concentration.

Time to reach Max. EtOH EtOH EtOH yield
max. EtOH concentration productivity (%)
concentration (glL) (gl(L*h)
(h)
No PEG 27.7+15 20.1+£0.3 0.73 +0.05 72.3+£0.5
Low PEG 257%+1.2 21.1+£0.9 0.82 £ 0.06 75.4+2.8
concentration
Medium PEG 30.7+2.1% 22.1 +£0.4* 0.72+£0.04 68.6 £ 0.3*2
concentration
High PEG 31.3+1.2%4 22.2+0.7* 0.71 +0.032 68.6 £ 3.3

concentration

In another study, PEG1000 (200-250 g/L) was used as an agent to block the effect of
inhibitors on yeast cells (industrial starch-base S. cerevisiae), which results in increase
of ethanol fermentation by simultaneous hydrolysis and fermentation with no
detoxification of the solid fraction (LIU, XIUMEI et al., 2016). PEG400 (200 g/L) was
used to increase ethanol production from pressurized hydrothermal pretreated green
coconut husk, but no difference was seen in the fermentation after adding the PEG400
for pressurized alkaline pretreated green coconut husk (DA COSTA NOGUEIRA et al.,
2019). Best results in ethanol production were found using 200 g/L of PEG400 after
testing different concentrations of PEG400 (50-400 g/L) using a medium with glucose
and phenol. Ethanol production rose up with the increase of PEG400 concentration up
to 200 g/L, after this point there was a decrease in ethanol production. On the present
work, the concentration of PEG used is much lower and was mainly used to enhanced
enzymatic hydrolysis but the knowledge that a cell protection from hydrolysate

inhibitions can be achieved using PEG might be useful for further studies.
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6 CONCLUSION

The need to use high enzyme loadings to overcome the enzymatic inhibition due to
lignin and lignin derivatives elevates the cost of 2G ethanol. The use of additives can
help improve the hydrolysis and lower the enzyme loading required for this process.
The addition on activated charcoal to the slurry resulted in the loss of fermentable
sugars concentration and the hydrolysis did not show an improvement after the
decrease of inhibitors, which were monitored by the extraction of acetic acid.
Furthermore, the direct addition of activated charcoal resulted in an inhibition of the
fermentation. Reason why, the addition of activated charcoal to the non-detoxified
slurry is not a viable process. Additionally, casein addition presented an improvement
on the glucose concentration obtained through enzymatic hydrolysis, but not for the
overall process. Therefore, adding casein to the slurry did not have the necessary

enhancing effect on hydrolysis to continue further testing.

The addition of PEG has proven to improve the enzymatic hydrolysis of alkaline
pretreated green coconut husk even when no detoxification was performed, enabling
the reduction on the enzyme loading used by 66.7 %. The addition of PEG to the non-
detoxified slurry saves time and costs. Although, the release of glucose due to
enzymatic hydrolysis was enhanced by the addition of PEG (even in low
concentration), the difference in the concentration of fermentable sugars and cellulose
conversion yield not always mirror those results as the increase obtained solely by
enzymatic hydrolysis was much lower having less impact on the final outcome. The
best results regarding total fermentable sugars concentration were achieved using
0.050 g PEG4000/g bm and 5.0 FPU/g bm. It was also observed that PEG4000
showed slightly better results than PEG8000 and PEG mix. Besides presenting the
best results, PEG4000 is widely used and cheaper, so it represents the best option for
the process. Moreover, fermentation was not affected by PEG4000 addition, but 0.010
g PEG4000/g bm (low concentration) showed an improvement on the productivity
compared to high PEG concentration and ethanol yield compared medium PEG

concentration.
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ANNEX

The review article “Second-Generation Bioethanol from Coconut Husk” by Bolivar-
Telleria et al. (2018) published on BioMed Research International (B1 journal for
Biotechnology by Qualis CAPES) is being annexed as part of the introduction. This
review article must be consulted for further detail about 2G ethanol and the advances

on the production of 2G ethanol utilizing coconut husk.
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Coconut palm (Cocos nucifera) is an important commercial crop in many tropical countries, but its industry generates large amounts
of residue. One way to address this problem is to use this residue, coconut husk, to produce second-generation (2G) ethanol. The
aim of this review is to describe the methods that have been used to produce bioethanol from coconut husk and to suggest ways
to improve different steps of the process. The analysis performed in this review determined that alkaline pretreatment is the best
choice for its delignification potential. It was also observed that although most reported studies use enzymes to perform hydrolysis,
acid hydrolysis is a good alternative. Finally, ethanol production using different microorganisms and fermentation strategies is
discussed and the possibility of obtaining other added-value products from coconut husk components by using a biorefinery scheme

is addressed.

1. Introduction

Modern life demands high mobility and, as a result, transport
is one of the largest and fastest growing energy demand-
ing sectors [1]. Also, increase in competitive agribusiness
automatization leads to a high energy demand [2]. However,
due to concern on the negative impact of fossil fuels on
the environment, the use of biofuels emerges as a promising
alternative that is gradually becoming technically and eco-
nomically feasible [3].

Modern ethanol industry began in the 1970s when
petroleum-based fuel became expensive and environmental
concerns arose. In 1975, the Brazilian government launched
a pioneer program known as “Prodlcool” (Pro-Alcohol) with
two main objectives: to reduce the impact caused by oil price
increases and, at the same time, mitigate the fall of sugar
price in the international market [4, 5]. Between 1980 and
2002, over five billion dollars were invested on sugarcane
agriculture and industry to expand alcohol fuel production
[5]. “Prodlcool” is known worldwide for its positive effect
on biofuel promotion [6]. Nowadays, in Brazil, 20 to 25%
of anhydrous ethanol is used as an additive in gasoline.

Moreover, since 2003, flex-fuel vehicles, which can use
alcohol, gasoline or gasoline+alcohol, are on the market [5].

Ethanol is the leading liquid biofuel used for trans-
portation. First-generation ethanol has a simple production
process using sugar or grain as raw material (sugarcane juice
in Brazil and corn in the USA and EU, for example), while 2G
ethanol (bioethanol) has more complex steps of production
and uses lignocellulosic material as a substrate [7]. Among
the major byproducts generated by agroindustries, lignocel-
lulosic biomass is one of the most abundant, conflict-free
with food production and is available throughout the year
at low prices [8, 9]. All of these characteristics show that
lignocellulose waste might be considered the most feasible
option for fossil fuel replacement, having a significant poten-
tial for bioethanol productivity while giving a destination for
an environmental liability.

In Brazil, GranBio and Raizen are pioneering companies
that utilize sugarcane coproducts as a substrate, enhancing
ethanol production without increasing the cultivated area
[10, 11]. In 2003, Raizen was able to produce more than 40
million liters per year [11]. In the USA, three companies
produce cellulosic ethanol in commercial scale: POET-DSM



Advanced Biofuels, DuPont, and ABENGOA [12]. There are
many projects around the world focusing on the use of
lignocellulosic residues for biofuel production [13]. These
residues can come from homes or city dumps: companies in
Canada are investing in the construction and operation of a
renewable fuel plant using local residential kitchen and yard
waste; Phuket’s Provincial Administration Organization, in
Thailand, is building a waste-to-biofuel facility that will use
the municipal solid waste of the entire island as feedstock [14].
China’s State Development & Investment Corporation began
the construction of its first ethanol plant in the Liaoning
province with 300,000 tons capacity and is planning to build
five ethanol plants in other provinces [15]. Nowadays, biofuels
have an important part in the global liquid fuel market and
over a hundred companies in different countries base their
production on various types of 2G biofuels [13]. Coconut
husk is a very promising substrate that can be used as raw
material for 2G ethanol production, since coconut palm
plays an important role in the economy of several tropical
countries [16]. The food industry uses coconuts to obtain
various products leaving the husk as waste. It is important to
note that coconut husk has a high lignin content that during
husk decomposition penetrates the soil and can reach the
water table imposing a great environmental risk. Since it is
discarded in high volumes (coconut husk encompasses 80
to 85% of the weight of the fruit [17, 18], while sugarcane
bagasse corresponds only to 27 to 28% dry weight), it is
mandatory to find a safe destination for this waste. Therefore,
the use of coconut husk for 2G ethanol production may be
a solution to reduce the environmental impact. Moreover, if
the technology is cheap and simple enough it can be used by
small producers.

The three main components of a biomass (cellulose,
hemicellulose, and lignin) form a recalcitrant structure, mak-
ing it difficult for enzymes to have complete access to cellulose
for conversion to monosaccharides. To make this feasible,
the first major step in bioethanol production is biomass
pretreatment (biological, physical or chemical), in which the
lignin content is reduced to release the fermentable sugars
from the rigid structure and, therefore, prepare the biomass
for enzymatic conversion [19]. Different types of biomasses
have different amounts and types of sugars (hemicellulose
and cellulose) and lignin, so knowing its composition is
crucial for the process. Moreover, the abundance of the
residue must be taken into account so that the whole process
is economically feasible.

The second major step in 2G ethanol production is the
hydrolysis that unlocks and saccharifies the polysaccharides
that are present in the biomass to fermentable sugars [20].
Generally, enzyme cocktails are used to catalyze reactions to
obtain simple sugars such as glucose and mannose for further
fermentation by microorganisms. This process, also called
saccharification, is very important and the requirements
of these enzyme complexes, which act synergistically, add
major costs to the overall process. The main challenge is to
obtain a cost-effective technology of enzymatic hydrolysis for
economically viable biofuels [20].

The fermentation process is the next step, in which a
microorganism such as the yeast Saccharomyces cerevisiae
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ferments the sugars that are present in the treated biomass
and produces ethanol [21]. To increase the economic feasi-
bility of this process, industries show great interest in using
yeast strains that are more tolerant and resistant to various
kinds of stresses and that are also able to use pentoses that
come from hemicellulose degradation, such as xylose, as most
strains naturally only consume hexoses.

Currently, the process for 2G bioethanol production in
large scale is being improved, since it still has cost production
issues that derive from the procedures needed to over-
come the recalcitrance of the lignocellulose (pretreatment
and enzymatic hydrolysis) in order to obtain fermentable
sugars [22]. To transform the bioethanol production into a
sustainable and economically viable process, it is important
to integrate it in a biorefinery, which is a great supporter
of a biobased economy. In a biorefinery, almost all types
of biomass residues can be converted to different classes
of biofuels, biomaterials and other marketable bioproducts
through jointly applied conversion technologies [23].

Although many articles address the use of coconut husk
as a raw material for bioethanol production, few of them
compare the results obtained using different methods. This
work intends to give an overview on different approaches
already tested to obtain ethanol from coconut husk to
facilitate the development of a process that can effectively
produce ethanol from coconut residue.

2. The Coconut Plant and Industry

Coconut palm tree is a perennial crop grown in tropical
climate countries which present ideal conditions for its
cultivation, such as soil with proper water capacity and
drainage and warm ambient temperatures [24, 25]. Due to the
coconut structure, many valuable products can be obtained
from it, such as meat (copra), oil, water, milk, and fibers
[25]; therefore, this fruit is of great economic importance.
There are two major varieties, the tall (Typica), mainly used
to obtain coconut meat and milk, and the dwarf (Nana), the
most cultivated in Brazil, used for coconut water extraction
(24, 25].

Coconut harvesting time is determined by its purpose
and is usually carried out in two stages of ripening. The green
fruits are destined to the coconut water market, while mature
fruits are destined to the dry coconut market (for meat, milk
and oil) [26]. Therefore, depending on the plantation site, the
residue is made of green or mature coconut husks, which have
different compositions (Table 1).

The coconut fruit has a smooth green epidermis (epi-
carp), a medium region with bundles of fibers (mesocarp),
and a stony layer that surrounds its edible part (endocarp)
(Figure 1).

The estimated annual worldwide coconut production in
2015 was around 55 million tons and the main producing
countries are Brazil, India, Indonesia, the Philippines, and
Sri Lanka [16, 17]. Indonesia is responsible for 33.1% of the
total world production [24], and the coconut industry plays
a significant economic role in this country as well as in
other tropical countries. However, as mentioned before, 80
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TaBLE 1: Chemical composition of green and mature coconut husk (%).

Substrate Reference Cellulose Hemicellulose Lignin
[27] 39.31 16.15 29.79

Green coconut husk [28] 43.40 19.90 45.80
[29] 32.80 15.90 n.a.
[30] 33.23 29.14 25.44
[31] 30.47 25.42 33.15

Mature coconut husk [32] 29.58 2777 31.04
[33] 32.18 27.81 25.02
[30] 29.58 27.77 31.04

n.a.: not available or present.

()

(®)

FIGURE L: Green coconut and its structures. (a) Green coconut. (b) Green coconut without epicarp and liquid albumen. i, epicarp; ii, mesocarp;

iii, endocarp; iv, solid albumen.

to 85% of the weight of the fruit is not used and is simply
discarded, resulting in large amount of waste [17, 18]. Also,
the coconut husk is rich in phenolic compounds, which
are toxic to humans and animals and are released in the
environment as a result of natural deterioration [39]. Actually,
only a small percentage of the total fiber residue is designated
for the production of fertilizers and handmade products
like mats, nets, and brooms [17, 40], and, unfortunately, the
traditional process to obtain the coir fiber is highly polluting
as it is performed in surface waters and, again, liberates
polyphenols [17, 40]. Due to high residue volumes and the
husk slow decomposition, the coconut industry turns into
an environmental and handling problem [41]. A possible
and sustainable solution for the coconut husk residue is the
production of 2G bioethanol.

Currently, around 20 published scientific papers describe
the study of coconut husk as raw material for bioethanol.
This means that it is an interesting opportunity to contribute
to this field of study, allowing, hopefully in a near future,
that small and local producers to produce biofuels for their

personal use and for the development of a sustainable coconut
chain production. As mentioned earlier, coconut producing
countries are part of the third-world economy; in this way,
turning trash into jobs and income generation is a very
important matter.

3. Methods Used in Coconut
Conversion to Ethanol

3.1. Coconut Husk Pretreatment for Bioethanol Production.
The three main components of lignocellulosic biomass, cellu-
lose, hemicellulose, and lignin, form a strong matrix, which
gives it recalcitrance, meaning low enzyme digestibility [42].
Biomass used for bioethanol production has to undergo
a pretreatment to remove lignin and hemicellulose and
overcome recalcitrance by increasing porosity and reducing
cellulose crystallinity making it available for biological or
chemical hydrolysis. An effective pretreatment must return
high sugar concentration but always avoiding their loss and
degradation; also it has to minimize formation of inhibitors



and be able to undergo fermentation without detoxification,
to reduce process steps, water, and energy consumption in
order to decrease costs [43-45]. The pretreatment is a very
important step as it has an impact on the next stages, such
as hydrolysis, fermentation, and downstream processing [43].
Since biomass composition varies from one substrate to
another, different pretreatments have to be tested to find the
best for each specific substrate.

The first step in the pretreatment is the substrate prepa-
ration to make the enzymatic hydrolysis more effective by
mechanically reducing cellulose crystallinity [45]. In the case
of coconut husk, it is dried, ground, and sieved to obtain a
powder [31].

The most used pretreatment for coconut husk is alkaline,
followed by acid, but there are also other methods being
tested that will be discussed in this section (Table 2).

Depending on biomass composition and the type and
conditions of the pretreatment, products that inhibit enzy-
matic hydrolysis and fermentation, such as weak acids, fur-
tural, 5-hydroxymethyl furfural (HMF) and phenolic com-
pounds are formed [42]. After the pretreatment, most authors
wash the pretreated coconut husk to extract inhibitors from
the biomass [27-29, 46, 47]. This approach might not be the
best as it increases the number of process steps and uses more
water which affect the cost, and, moreover, a high content of
sugars are lost during these washes [29, 48].

3.1.1. Alkaline Pretreatment. The main effect of alkaline pre-
treatment is delignification of the biomass and reduction of
crystallinity [29, 43-45]. For these pretreatments, sodium,
potassium, calcium, and ammonium hydroxides and ammo-
nia are used [44, 45]. All revised studies that used alkaline
pretreatment in coconut husk used NaOH and most of them
use high temperatures [27-29, 33, 46, 48-50].

Soares et al. [50] proposed a pretreatment with dilute
NaOH (1% (w/v)) at room temperature to decrease the forma-
tion of inhibitors, using high-solid loadings (18% (w/v)) and
no detoxification of the pretreated biomass to obtain higher
sugar concentration. In a later work, Soares et al. [48] suggest
the use of a fed-batch pretreatment and saccharification with
higher solid loadings (25 and 30% (w/v)).

3.1.2. Acid Pretreatment. Acid pretreatment is a widely used
and effective method for obtaining high yields of sugars
from lignocellulosic biomass. Fatmawati and Agustriyanto
[47] and da Costa Nogueira et al. [29] pretreated coconut
husks with diluted acid (1.5% and 3% (w/v) of H,SO,) and
autoclaved at 121°C. De Araujo et al. [51] tried an acid
pretreatment followed by an alkaline treatment of the washed
neutralized fibers, both at high temperature.

3.1.3. Other Pretreatment Approaches. Pretreatments using
alkaline conditions combined with other techniques have
been tested for coconut husk. One approach consists of
presoaking the coconut husks in a NaOH solution and
then microwaving them [52, 53]. Other pretreatments use
a combination of alkaline and oxidative conditions [31, 51],
where an H, O, solution is adjusted to pH 11.5 with NaOH.
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Gongalves et al. [30] used a two-step method to remove
different components from the husk. First, they utilized
oxidative conditions (NaClO,-C,H,0,) to remove the
lignin. Then, they performed autohydrolysis to extract the
hemicellulose.

Other pretreatments reported for coconut husk are the
use of high temperature for autohydrolysis [29, 32, 53], use of
aqueous glycerol and acidified aqueous glycerol at 130°C [54],
and use of the surfactant Tween® 80 during acid, alkaline, and
hydrothermal pretreatment to increase enzymatic hydrolysis
[29].

3.2. Hydrolysis. The next step in bioethanol production
is breaking cellulose and hemicellulose into simple sugar
monomers that can be fermented. Cellulose is hydrolyzed
to glucose, while hemicellulose hydrolysis releases a mixture
of pentoses and hexoses [44]. There are different hydrolysis
strategies like dilute and concentrated acid, alkaline, hot-
compressed water, and enzymatic [55]. Enzymatic hydrolysis
is the most widely used as it is the most ecofriendly, has no
formation of inhibitors, requires less energy, and is operated
at mild conditions (40-50°C and pH 4-5) so there are no
corrosion problems [20, 44, 56]. On the other hand, alkaline
and acid hydrolysis present high toxicity, high utility cost,
lower sugar yields, and corrosion, along with the formation
of inhibitors [44, 56].

A cocktail of enzymes composed of cellulases and hemi-
cellulases that work in synergy is needed to effectively
hydrolyze the cellulose and hemicellulose (Figure 2) [34,
44, 56]. These enzymes are naturally produced by various
fungi and bacteria. The fungus Trichoderma reesei is one
the most used industrially to produce cellulases [57]. These
strains have been engineered to produce a large amount of
chosen cellulases (native, homologous, or engineered) so they
have a high specific activity on crystalline cellulose [58, 59].
Currently, the most advanced cocktails in the market are
Cellic® CTec3 from Novozymes (Bagsveerd, Denmark) and
Accellerase® TRIO™ from DuPont Genencor (CA, USA)
[58].

Enzymatic hydrolysis is the economic bottleneck of lig-
nocellulosic bioethanol production because of its high cost.
Enzyme production costs comprise 25 to 50% of bioethanol
production cost [60]. Efforts have been made to decrease
enzyme price and it has dropped from US$ 5 per gallon or
US$ 0.75 per liter of bioethanol to US$ 0.10-0.18 per gallon
or US$ 0.027 per liter of bioethanol [34].

Producing better enzymes with higher efficiency using
lower doses are important to make lignocellulosic bioethanol
economically feasible. There are many factors that affect the
efficiency of enzymatic hydrolysis including temperature,
pH, mixing rate, enzyme loading, pretreatment, present
inhibitors, substrate type and concentration (can lead to inhi-
bition), and end-product inhibition (glucose) [44, 56]. As a
result, the development of enzymes with (i) stability at higher
temperatures and pH, (ii) increased tolerance to pretreatment
inhibitors and end-product inhibition, (iii) better efficiency,
(iv) higher adsorption, and (v) catalytic efficiency is highly
needed [20]. For example, new thermophilic strains such
as M. thermophila Cl are used to produce cellulases with
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FIGURE 2: Hydrolysis mechanism of cellulose by cellulase cocktail components. Endoglucanases cleave the inner region of cellulose, the
reducing and non-reducing regions are hydrolyzed by cellobiohydrolases (I and II) and the cellobiose is hydrolyzed to glucoses by f3-

glucosidase [34]. Adapted from Wang et al. [35].

broader pH and temperature ranges that also contain richer
hemicellulases [58].

In the case of bioethanol production from coconut husk,
most studies use enzymatic hydrolysis, where the use of
commercial cocktails is the most common approach [27, 29,
31-33, 46-54]. Another method is to isolate fungi from the
substrate to be used for bioethanol production hoping to
find a microorganism with high specificity for that biomass
as was done by Albuquerque et al. [46] for fresh and
rotting coconut husk. The best isolates (Penicillium variable
and Trichoderma sp.) were used to produce enzymes by
submerged fermentation.

Some studies have been made to test the use of surfactants
to improve enzymatic hydrolysis in coconut husk but using
different approaches. Da Costa Nogueira et al. [29] used
Tween® 80 during different pretreatments, while de Aradjo et
al. [51] used rhamnolipids produced by Pseudomonas aerugi-
nosa during enzymatic hydrolysis. Rhamnolipids are biosur-
factants that, unlike chemical surfactants, are biodegradable
and that makes them an environmentally friendly option.

Non-enzymatic hydrolysis methods have also been tested
for coconut husk. Acid hydrolysis using sulfuric acid 1, 2,
3, and 4% (v/v) and high temperature after an alkaline pre-
treatment was performed by Jannah and Asip [28]. Moreover,
Prado et al. [61, 62] employed subcritical water hydrolysis,
which utilizes pressure to maintain the water in a liquid state
using coconut husk without any pretreatment.

3.3. Fermentation. Microbial fermentation is the next step
in the production of lignocellulosic bioethanol in which the
fermentable sugars, such as glucose and mannose, obtained
in the saccharification, are converted to ethanol [63].
Saccharomyces cerevisiae has traditionally been used to
produce alcohol in brewing and wine industries [21]. This
yeast produces high yields of ethanol with high productivity
[64, 65]. Nowadays, other yeasts and bacteria are also used for

bioethanol production [9]. Using other microorganisms with
different characteristics from S. cerevisiae or a combination of
microorganisms (cofermentation) can increase ethanol yield.
For example, using yeasts that naturally ferment pentoses,
such as the xylose consuming Pichia (Scheffersomyces) stipitis,
Candida shehatae and Pachysolen tannophilus [66], or bacte-
ria such as Zymomonas mobilis, which presents fermentation
under anaerobic conditions, high ethanol tolerance, and
high ethanol-producing capacity [67], can increase the final
ethanol concentration.

Another approach to overcome the challenges in lig-
nocellulosic bioethanol production is the development of
genetically engineered microorganisms that are capable of
fermenting pentoses and hexoses. Engineered yeast strains
with these characteristics are more economically viable for
industrial production of bioethanol [68]. With development
of new DNA editing technology, the metabolic potentials of
microorganisms are being explored and harnessed in plenty
new ways. The development of strains that can ferment
xylose, the main pentose in coconut husk, is done by inserting
genes related to the degradation pathway of this pentose,
like overexpressing genes related to the pentose phosphate
pathway (such as TKLI and TAL1) [69, 70]. Other strategies
are decreasing the formation of xylitol as it is a harmful
derivative for the complete fermentation of the pentoses and
preventing the ubiquitination of hexose transporters, since
they also act to carry pentoses, but suffer degradation when
the concentration (or absence) of glucose decreases [71, 72].
Ethanol production can also be improved by preventing the
formation of glycerol, another fermentation product. It has
been shown that the deletion of genes in this pathway like
GPD2 and FPSI1 is related to an improvement in the final
ethanol production, since they redirect the metabolic flow to
the alcoholic fermentation [73, 74]. Another approach is the
interruption of the ADH2 gene, related to the transformation
of ethanol into aldehyde, as it has higher affinity for ethanol



compared to other isoenzymes [75]. Genetic engineering can
also be used to obtain microorganisms that are more tolerant
to stresses like inhibitors produced during the pretreatment
and a high ethanol concentration that is present at the end
of the process. This can be done by inserting genes, such
as Saccharomycopsis fibuligera TPS1 (6-phosphate-trehalose
synthase) into Saccharomyces cerevisiae, or fine-tuned pro-
teins such as RNA pol2 responsible for mRNA expression [76,
77]. Genetic engineering offers the advantage over traditional
methods of increasing molecular diversity in a direct, specific,
and faster way.

3.4. Hydrolysis and Fermentation Strategies. There are three
main strategies for hydrolysis and fermentation: separate
hydrolysis and fermentation (SHF), simultaneous hydrolysis
and fermentation (SSF), and semi-simultaneous hydrolysis
and fermentation (SSSF). In SHF the hydrolysis is done at
a higher temperature which is optimal for the enzymes and
later the fermentation is performed at a lower temperature
optimal for the microorganism. On the other hand, in SSF
the enzymatic hydrolysis and the fermentation are executed
at the same time at an intermediate temperature. This strategy
helps to reduce processing times, sugar inhibition, and
equipment cost, since only one vessel is needed [78]. The
major problem is that the temperature is not optimal for the
enzymes and sometimes for the microorganisms (the use of
microorganisms with higher optimal temperature solves this
last problem).

A way to obtain the advantages of both SHF and SSF
is to include a prehydrolysis step before inoculation, which
is performed at an optimal temperature for the enzyme,
followed by an SSE This method is called SSSE Some of
the advantages of using SSSF are no carbon deficiency in
early stages as presented during SSF [78], higher enzymatic
activity during prehydrolysis because of optimal enzyme
temperature, and reduction of slurry viscosity, which enables
higher solid loadings and easier stirring and pumping [79].

4. Results and Discussion

4.1. Coconut Husk Pretreatment for Bioethanol Production. A
strategy to evaluate the effectiveness of a pretreatment is to
compare the composition of the biomass before and after
the procedure. This is a key parameter to know whether
the technique removes the lignin, degrades the hemicellu-
lose, and conserves the cellulose. However, since the sugar
concentration after hydrolysis depends on many factors, the
biomass with the most changes will not yield necessary the
highest sugar turnout. Therefore, both the coconut husk
composition after pretreatment and the sugar concentration
after hydrolysis should be taken into account in any study.
Alkaline pretreatment seems to be the best approach
to obtain sugars from coconut husk probably because it
helps to remove the lignin from the substrate. The results of
delignification with NaOH are reported by Gongalves et al.
[33] and Jannah and Asip [28]. As for hemicellulose content,
two studies show an increase [27, 29], while other two show
a decrease [33, 49]. This is probably due to the conditions
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used on each work. The highest increase in cellulose content
was observed by Gongalves et al. [33] and Cabral et al. [49].
Of the studies with composition analysis after pretreatment,
Gongalves et al. [33] obtained the best results using NaOH
pretreatment, with high cellulose increase and high delig-
nification. On the other hand, Vaithanomsat et al. [27] and
da Costa Nogueira et al. [29] observed only a small increase
in cellulose content and delignification in comparison with
other methods.

Also, the studies that presented highest sugar concentra-
tions after hydrolysis used alkaline pretreatment with NaOH
(the results will be discussed in the hydrolysis section) [27-
29,48, 50]. It was observed that higher NaOH concentrations,
temperature, and processing time produce more inhibitors,
which may affect the next steps of the process [33, 48].

Soares et al. [50] selected mild alkaline conditions (1%
NaOH (w/v), room temperature, and shorter reaction time)
to decrease the formation of inhibitors. They also proposed
no detoxification of the pretreated biomass and the use
of high-solid loadings (18% (w/v)), which improved sugar
release over most of the other studies, and consequently
ethanol concentration. In a later study, Soares et al. [48] used
the same mild conditions but did a fed-batch pretreatment
and saccharification increasing the solid loadings to 25 and
30% (w/v), which increased the final sugar and ethanol
concentration. However, rising the solids loading up to 30%
also led to a diminution in the yield (g ethanol/g sugar) but
also showed one of highest sugar concentrations.

The use of high-solid loadings (> 15% solids, (w/v))
during the pretreatment and/or hydrolysis stages brings
economic benefits such as less energy consumption during
the processes, including distillation, and use of smaller vessels
and equipment, which translates to lower capital cost [80].
Unfortunately, it also implies many setbacks, including a
higher concentration of inhibitors, mass transfer limitations
and reduction of ethanol yield as solid loadings rise [80, 81].
As solid loadings increase, free water decreases and viscosity
rises; as a result, there is a reduction in the effectiveness
of the pretreatment and enzymatic efficiency because of
poor diffusion and solubilization [80-83]. High viscosity also
brings handling problems, as mixing, pumping, and pouring
become harder [82]. There are different approaches to reduce
viscosity such as the use of surfactants [84] and employing
a fed-batch process, which unfortunately shows a decline in
conversion when more solids are introduced [81] as observed
by Soares et al. [48].

Da Costa Nogueira et al. [29] compared alkaline, acid, and
autohydrolysis pretreatments and the alkaline pretreatment
showed the highest final sugars concentration. The composi-
tion of the husk was almost unchanged by the autohydrolysis
pretreatment and the composition after acid pretreatment
was not shown. They also showed that adding Tween®
80 during alkaline pretreatment can increase final sugars
concentration by obtaining a higher digestibility during the
enzymatic hydrolysis, but no difference was seen when acid
and autohydrolysis pretreatments were performed with or
without the surfactant [29].

Ding et al. [53] showed best results for microwave-
assisted-alkaline pretreatment, followed by alkaline, then
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acid and lastly autohydrolysis. Unfortunately, all pretreat-
ments in this study led to a low sugars concentration.
The delignification obtained by microwave-assisted-alkaline
pretreatment was significant and led to a significant increase
in cellulose and hemicellulose concentration. Other works
that used autohydrolysis also obtained better results using
other pretreatments [29, 32].

The studies that used H, O, in alkaline conditions showed
a large difference in the sugars concentration. This might
be due to the delignification with NaOH performed by
Gongalves et al. [31] after the pretreatment, which resulted
in higher delignification and increased cellulose and sugar
concentration relative to the values reported by de Araujo et
al. [51].

On the other hand, it was observed that dilute acid
pretreatment is not the best strategy for obtaining sugars
from green coconut fibers [29]. A possible explanation for
dilute acid pretreatment not being the best strategy for
obtaining sugars from green coconut fibers is that coconut
husk has a high lignin content. Studies have shown that
acidic pretreatment at high temperature forms lignin droplets
that adhere to the biomass interfering with the enzymatic
hydrolysis [85]. De Aratjo et al. [51] reported no significant
removal of lignin using acid pretreatment followed by an
alkaline treatment at high temperature, which agrees with the
low delignification reported by Fatmawati and Agustriyanto
[47].

Another interesting pretreatment proposed by Gongalves
et al. [30] for coconut husk is the use of oxidative conditions
(NaClO,- C,H,0,) for delignification and autohydrolysis
for hemicellulose removal. The authors obtained a high
sugar content after hydrolysis, a high delignification, and a
reduction of hemicellulose as desired, but most lignin was
conserved. In terms of lignin removal and cellulose increase,
their results are similar to those of Gongalves et al. [33]
with NaOH at high temperature, but they also obtained a
higher hemicellulose elimination. They also reported a higher
difference in crystallinity than in other studies [29, 31-33].

4.2. Inhibitors of the Enzymatic Hydrolysis and Fermen-
tation. 'The main inhibitors found in pretreated coconut
husk are HEM, furfural, phenolic compounds, formic acid,
and acetic acid, the last one in the highest concentrations
(Table 2) [29, 33, 46, 48-50]. Soares et al. [50] showed a
relationship between an increase in NaOH concentration
in the pretreatment and the inhibitor concentration. After
alkaline pretreatment, acetic and formic acids and phenolic
compounds are the main inhibitors produced, but no HMF or
furfural were detected [29, 50]. On the other hand, Gongalves
et al. [33] showed a rise of HMF, furfural and total phenolic
compounds with increasing pH. These differences seen in the
inhibitors found are due to differences in the pretreatment.
Also, pretreated coconut husks that still have solid albumen
present very high levels of fatty acids that act as strong
inhibitors [48].

4.3. Hydrolysis. Table 3 presents a compilation of the
results published so far. As it can be observed, each work
uses a different approach, making it difficult to determine

the best methodology for enzymatic hydrolysis. Different
pretreatments (which affect the type and concentration
of inhibitors), amount of total solid loadings, and type
of enzymatic cocktail and doses are used in each study
(Table 3). Nevertheless, it is expected that the enzymatic
hydrolysis efficiency will be affected by the pretreatment
method. It has been shown that mature coconut fiber has
the highest enzymatic conversion yield after NaOH pre-
treatment at high temperatures (90.72%)[33], followed by
autohydrolysis pretreatment (84.10%) [32] and, at last, the
alkaline hydrogen peroxide pretreatment with a posterior
NaOH delignification (76.21%) (Table 3)[31]. Interestingly,
the highest glucose concentration was reported for the
pretreatment with the lowest hydrolysis yield [31] and the
lowest glucose concentration was determined for the pre-
treatment with the highest yield [33] (Table 3). This might
be explained by a difference in initial cellulose composition
for the enzymatic hydrolysis after the pretreatment and by
the cellobiose concentration after hydrolysis, which is not
reported.

There are also differences in the enzymatic performance
depending on the severity of the pretreatment conditions. For
example, coconut husk pretreated with 4% (w/v) NaOH gives
lower sugar titers than with 1% (w/v) NaOH due to enzymatic
inhibition. Also, the longer the pretreatment, the lowest the
final sugar concentration [50].

Other factors might also influence enzymatic activity. As
an example, Albuquerque et al. [46] used different hydrostatic
pressures to improve the performance of fungi cellulases
isolated from coconut husk in comparison to industrial
cellulases. Actually, coconut fungi cellulases displayed better
enzymatic activity on filter paper and on coconut husk
hydrolysis than commercial cellulases at atmospheric pres-
sure and at 300 MPa. These findings show that isolating native
strains from the biomass can lead to highly specific cellulases,
which lead to better results than commercial enzymes.
They also demonstrated that high pressure can be used as
pretreatment of cellulosic fibers as it promoted ruptures in
the coconut fibers that helped in the later saccharification
process. High hydrostatic pressure establishes interesting
physical and consequently biological changes that can be used
in biomass pretreatment and fermentation areas on biofuels
synthesis and in the use of residual lignocellulosic materials
with greater efficiency.

In the end, the main objective is to have the highest sugars
concentration with the highest conversion yield possible.
Some authors report very low total reducing sugars after
hydrolysis of coconut husk like Fatmawati and Agustriyanto
(1.2gL7") [47] and Dingetal. (2.8 gL ") [53] (Table 3), which
are far from the 8% (w/w) of glucose minimum required
to make the distillation economical [81]. Nevertheless, three
studies achieved over 8% (w/w) of sugars and all of them
used alkaline pretreatment [28, 48, 50]. While two of the
studies used enzymatic hydrolysis [48, 50], Jannah and
Asip [28] performed an acid hydrolysis showing the highest
sugars concentration with 4% (v/w) sulfuric acid but no
information about inhibitors was reported (Table 3). Soares et
al. [48] reached the highest sugars concentration using high-
solids loadings in a fed-batch pretreatment and enzymatic
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saccharification, but they also observed a decrease of the
conversion yield, which is characteristic of this kind of
conditions.

As for the use of surfactants to enhance hydrolysis, da
Costa Nogueira et al. [29] only obtained higher digestibility
when using Tween® 80 during the alkaline pretreatment,
whereas de Araujo et al. [51] found that adding rhamnolipids
during hydrolysis improved cellulose conversion. Comparing
both studies, da Costa Nogueira et al. [29] showed a higher
hydrolysis yield in all conditions, presenting the best results
for the coconut husk pretreated with NaOH and Tween® 80.

While using subcritical water hydrolysis, Prado et al.
[61] obtained best results at 250°C and 20 MPa but observed
an increase in the concentration of inhibitors (HMF and
furfural) relative to processes at lower temperatures, where
only hemicellulose is degraded. In this study, three different
substrates were used and the results showed that coconut
husk and palm fiber have similar final sugars concentrations
(11.7 and 11.9%, respectively), but a defatted grape seed dis-
plays a much lower concentration (6.4%). On the other hand,
using CO, during the subcritical water hydrolysis resulted
in a lower concentration of monosaccharides for coconut
husk [62], which is detrimental for ethanol production. The
advantages of subcritical water hydrolysis are the absence of
polluting reagents, a reduction of process steps, no corro-
sion, less residue generation, and lower sugar degradation
[61]. As a downside, high temperature and pressure are
necessary.

Up to now, enzymatic hydrolysis has been the preferred
method for coconut husk hydrolysis, but after reviewing all
results it is evident that further investigation of the use of
acid hydrolysis is necessary. An important factor that must
be taken in account is the concentration of inhibitors after
acid hydrolysis. It must be observed that the substances that
are considered inhibitors of enzymatic hydrolysis may not
be important in the case of acid hydrolysis if they do not
affect the fermentation process. Measuring the concentration
of other sugars would also be interesting to evaluate the
real potential of acid hydrolysis compared to enzymatic
hydrolysis. Other factors to take into account are the costs
and the handling complexity of the process of acid hydrolysis,
including corrosion due to acid conditions.

4.4. Fermentation. Results on which hydrolysis and fermen-
tation approach is best for ethanol production differ as it
is affected by many factors such as the enzymatic loading
used, substrate, solid loadings, pretreatment, inhibitors, the
microorganism used, and prehydrolysis time in SSSF [78].
Ebrahimi et al. [54] used a SSF approach and obtained
a much higher ethanol concentration (similar to Gongalves
et al. [31]) when using acidified aqueous glycerol compared
to the just aqueous glycerol (Table 4). Gongalves et al.
[31-33] compared SSF and SSSF for different pretreatments
with coconut husk using three microorganisms. In all three
studies, SSSF presented higher ethanol yield, final sugars
concentration, and productivity (Table 4). They also proved
that S. cerevisiae, P. stipitis, and Z. mobilis are suitable for
fermenting the coconut husk hydrolysates showing similar
sugar consumption patterns and kinetic parameters (ethanol
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yield, concentration, and productivity) for each separate
pretreatment. For sequential alkaline hydrogen peroxide-
sodium hydroxide [31] and autohydrolysis [32] pretreat-
ments, P, stipitis showed slightly higher ethanol concentration
and ethanol productivity than the other microorganisms
but the ethanol yield was a bit lower. The highest ethanol
concentrations (11-12 g-L "), yield (84-92%), and productivity
(0.23-0.32) for all strains were achieved with the NaOH pre-
treatment using high temperature with very little differences
between microorganisms [33]. It is important to point out
that the sugars concentration after hydrolysis reported on
Table 3 for these three studies might not be of the same quan-
tity as the one produced by SSF and SSSF as many interactions
modify the enzymatic activity, so direct comparison of the
ethanol produced with the glucose concentration obtained by
hydrolysis is not recommended.

Soaresetal. [50] compared ethanol production of coconut
husk hydrolysate with two different S. cerevisiae strains, a
commercial strain, Ethanol Red, and a genetically modified
strain, GSE16-T18. This engineered strain can ferment xylose
and resists fermentation inhibitors, leading to enhanced
ethanol production (Table 4).

Once again, the largest concentrations of ethanol were
obtained in processes that used alkaline pretreatment and
used SFH [28, 48, 50], but only two [28, 48] are above the
4% (w/w), considered as the minimum ethanol concentration
for an economically feasible production [81]. Soares et al.
[48] obtained the highest sugars concentration using a fed-
batch pretreatment and hydrolysis approach, but the ethanol
concentration was smaller than that obtained by Jannah
and Asip [28]. This is probably due to the fact that the
sugars concentration reported by Jannah and Asip [28] is
just glucose, while Soares et al. [48] used the total sugars
concentration. This shows the importance of the way data
are presented, since Jannah and Asip [28] are probably
presenting less sugars than the ones that can be fermented
and Soares et al. [48, 50] are showing a mix of sugars that
may include some that are nonfermentable. The best way to
report sugar concentration would be by showing separately
the concentration of glucose, since it is the main sugar
in the liquor, and that of total fermentable sugars (which
varies depending on the microorganism used). Soares et al.
[48, 50] determine ethanol yield based on the concentration
of fermentable sugars, while Jannah and Asip [28] do not
calculate the conversion yield. For coconut husk, all reported
ethanol yields are based on the relationship between the
mass of ethanol produced divided by the mass of fermentable
sugars detected by HPLC, ignoring the ambiguity of using
total reducing sugars as a parameter [27, 31-33, 50]. TRS is the
easiest way to measure sugars but includes nonfermentable
sugars, making it difficult to compare different processes and
to evaluate the real efficiency of fermentation.

Vaithanomsat et al. [27] and Cabral et al. [49] showed an
initial sugar concentration for fermentation higher than that
reported after hydrolysis with no further explanation on how
that increase occurred.

Currently, the use of genetically modified organisms
and the use of microorganisms other than Saccharomyces
cerevisiae or a mix of them (coculture) have been scarcely
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studied in the case of ethanol made from coconut husk. Since
this biomass has a high hemicellulose content, the use of
microorganisms that are able to ferment pentoses may help
to increase the ethanol production.

4.5. Comparison with Other Biomasses. Bioethanol produc-
tion conditions analyzed in studies similar to the present one
(where various works about a biomass are compared), but for
sugarcane bagasse [86, 87], wheat straw [88], and corn stover
[89] were examined.

Zhao et al. [89] did a profound analysis of the literature
for articles published during the last 10 years that used
corn stover as a raw material for bioethanol production.
By analyzing a high number of works on the subject (474),
they were able to draw some conclusions that are hard to
do when analyzing a much smaller sample and confirmed
some of the observations obtained on this study. Regarding
the pretreatment, they saw that two-thirds of the papers
used acid, steam explosion, ammonia-based, and alkaline
processes. In the beginning acid and steam explosion were the
most popular but their use is declining, while solvent-based
and combined techniques are gaining ground. Compared
to coconut husk, which presented best results with alkaline
pretreatment, corn stover showed highest ethanol production
with alkaline, solvents, and ammonia pretreatment (19-22%)
and lowest with fungi (11%). This low effectiveness with
biological pretreatment was also reported for sugarcane
bagasse [86].

The best results found by Cardona et al. [86] in 2010 for
sugarcane bagasse were using acid hydrolysis (48% (w/w)
TRSand 19g etanol-L™"), but Bezerra and Ragauskas [87] in
2016 found the highest sugar and concentration with steam
explosion (57.7 g glucose-L™" and 25.6 g ethanol-L™"). Even
though Cardona et al. [86] saw a higher glucose concentration
when using alkaline pretreatment, they argue that costs are
too high for the process to be viable at large scale. Talebnia
et al. [88] reported steam explosion as the most suitable
pretreatment for wheat straw because it has a lower reaction
time, higher solid loadings, and a minimum use of chemicals.
The best results for wheat straw were obtained with native
non-adapted S. cerevisiae (31.2 g ethanolkg™', 99% ethanol
yield).

As pointed out in this study for coconut husk, Zhao et al.
[89] also remarks that most of the studies for corn stover are
focused on the pretreatment. Fermentation is only reported
in half of the studies and most use yeasts (92%) and the rest
bacteria (8%). Also purification is usually not described and
when it is they mostly use distillation.

Equal to the findings for coconut husk, enzymatic hydrol-
ysis is used in most of the studies [86-89]. Zhao et al. [89]
report that 95% of the articles for corn stover used enzymatic
hydrolysis and, as also seen on this work, the enzyme doses
differ significantly from study to study.

Parallel to the findings of this study, Zhao et al. [89]
confirm that ethanol production varies greatly from one
study to another even when using similar processes. For
corn stover, ethanol conversion for most studies ranged
between 80 and 100% with no significant difference while
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using different microorganisms for fermentation [89]. They
also observed that xylose fermentation was a key factor for
higher ethanol production, confirming the importance of not
extracting the hemicellulose for fermentation and the need to
use microorganisms that can ferment these sugars.

Most studies analyzed for this kind of technology are
done in laboratory scale (98% for corn stover [89]), including
coconut husk. Zhao et al. [89] observed that, in the case
of corn stover, some pilot scale processes used smaller
concentrations of chemicals than the concentration used in
laboratory studies. No full scale plants for this kind of work
are reported on the articles analyzed [86-89]. This is probably
because it is not in the interest of industry to report its know-
how and results.

4.6. Techno-Economic Overview on Bioethanol Production.
Since there are no published data on the costs of bioethanol
production from coconut husk, an extrapolation based on
results from other biomasses was performed. Most of the
techno-economic analyses on the production of biofuels were
simulations for a few lignocellulosic feedstock, pretreatments,
and enzymatic hydrolysis [19, 90-94]. Eggeman and Elander
[90] made the economic analysis using different pretreat-
ments for corn stover and found a similar minimum ethanol
selling prices (MESPs) using dilute acid, hot water, ammonia
fiber explosion (AFEX), ammonia recycle percolation (ARP),
and lime pretreatments. Similar results were found by da Silva
et al. [19] for hot water and AFEX pretreatment, but a higher
MESP was obtained using dilute acid pretreatment. On the
other hand, Chovau et al. [92] find dilute acid pretreatment
as the best option.

The main factors that affect the MESP are plant size
[91, 95], feedstock price and transportation [91, 93, 95-98],
composition of the feedstock [91], pretreatment [94], enzyme
cost and loading [91, 93, 96-98], conversion from cellulose to
glucose [91, 93], ethanol yield [95], fermentation of pentoses
[93], investment costs [93, 95], and energy cost [96-98].
Ethanol yield is relevant, since a higher yield means that less
feedstock is required and overhead costs are smaller [95].

The MESP is also significantly affected by the location
of the production, not only due to the availability, price,
and transportation cost of the feedstock but because of
the local technology, the cost of raw material (especially
enzyme), the cost of energy, and the local policies. Zhao et al.
[93] compared the MESP of a process using the technology
available in China, which included using local enzymes with
lower activity, so that higher loadings were needed and only
hexoses were fermented, and technology from the United
States of America using economic parameters from China.
They observed that the MESP for their process with Chinese
technology was above the local price of fuel ethanol, while the
MESP obtained using more advanced technology was lower
than the local price of fuel ethanol.

As observed by Chouvau et al. [92] the MESP reported
by different authors varies greatly (from $0.21/L to $1.21/L)
according to the assumptions involved. Most authors use a
future expected cost for the enzymes that is much lower than
the present cost and leads to a significant decrease of MESP
[90-92]. Chovau et al. [92] observed an increase in reported
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MESP with higher enzyme cost when comparing various
studies. They also estimated from these studies that about 13%
of the MESP is due to enzyme cost. Some studies propose
producing enzymes at the plant [92, 95], but Chovau et al.
[92] reported higher costs for enzymes produced in-site due
to energy consumption, higher investment, and lower plant
capacity. As an alternative to enzyme use, acid hydrolysis, may
be used, but recycling of acid is expensive and rises the costs
[95].

Feedstock price also greatly affects the MESP, represent-
ing between 30 and 40% of it [92]. Corn stover price includes
the grower payment, which is a compensation to the farmer
for the fertilizers that he will use to recover the nutrients that
would have been obtained from decomposition of the corn
stover on the field [92]. This makes corn stover expensive and
its price can vary greatly as fertilizer prices change annually
and regionally. In addition, to reduce the transportation cost,
which is significant, the plant has to be close to the source.
Since feedstock price has a large impact on the MESP, it
is important to use a realistic approach to this item when
performing an economic simulation.

Macrelli et al. [97] studied the costs of using sugarcane
to produce 1G and 2G (bagasse and leaves) in the same plant
using steam pretreatment and enzymatic hydrolysis. By doing
so, they achieved a lower MESP than when producing just
2G ethanol. This kind of scheme is already used by Raizen,
as they produce sugar and later use the bagasse to produce
2G ethanol [11]. Therefore, they use the whole sugarcane and
they do not have the extra transportation cost that most 2G
ethanol plants have.

Dugque etal. [98] and Quintero et al. [99] made an analysis
using Aspen Plus™ for plants using agricultural residues from
Colombia using acid pretreatment, enzymatic hydrolysis, and
purification. Quintero et al. [99] added an energy generation
facility powered mostly by lignin, while Duque et al. [98] did
not include any heat exchange networks. Later Duque et al.
[98] proposed to add such facility as their utilities represented
45.3% of the variable cost. Quintero et al. [99] also show
the importance of including an energy generation system by
comparing the MESP with and without this system. They
obtained a lower MESP for all the biomasses when generating
their own energy.

5. Future Perspectives

Bioethanol production from coconut husk might be a way
to benefit rural development as it is mainly obtained by
small producers. This way producers or cooperatives in
rural areas might obtain a fuel for personal use enhancing
energy security [1] and reducing waste volume, hence the
environmental impact that the husks discarding brings. In
order to make this possible it is crucial to have a simple and
low-cost process by developing an appropriate pretreatment
and access to cheaper enzymes. Since coconut husk is an
agroindustrial residue, it should enhance competitiveness
and social acceptance [8], as well as not presenting the ethical
issue found when food crops are used to produce biofuels.
Producing bioethanol from coconut husk still has many
challenges starting from the low concentration of sugars
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achieved in most of the studies, less than the 8% (w/w) of
glucose needed to get a minimum of 4% (w/w) of ethanol
to have an economically viable process [81]. After surpassing
these sugar and ethanol concentrations the scale-up of the
process must be done, where new challenges await, such as the
decrease of sugar and ethanol yield due to physical differences
between scales [100, 101], along with other technical and
financial issues that may arise.

For now, most of the studies for bioethanol produc-
tion from coconut husk have focused on the pretreatment
and hydrolysis steps; less than half of the articles have
addressed the fermentation to ethanol. It is important to
include fermentation data because even hydrolysates with
high sugar concentration may present problems when put to
fermentation due to the presence of inhibitors.

It would be helpful to standardize the way research data
are reported in order to facilitate the comparison of different
processes and steps, but this is not always possible. In the
case of the pretreatment step, one should include the biomass
composition before and after pretreatment. As for the hydrol-
ysis, as commented before, stating the glucose concentration
in the hydrolysate as well as the total fermentable sugars
that can be consumed by the microorganism used would
help to determine the effectiveness of the hydrolysis and the
fermentation. Stating the ethanol yield based on fermentable
sugars also helps to compare the fermentation with other
studies and may be useful to alert to a possible problem due to
inhibitors. It is always helpful to report the concentration of
inhibitors to determine if the simple sugars are being further
degraded. Moreover, it is important to report the amount of
sugar and ethanol obtained from a given mass of coconut
husk so that the efficiency of the process may be determined.

Nowadays, the most economical way to produce 2G
bioethanol is the biorefinery scheme, which is important
for strengthening and supporting the growing biobased
economy.

5.1. Biorefinery. The world is entering a new scenario
where many countries are taking substantial steps towards
a biobased economy. New bioproducts are beginning to
replace fossil based products, greenhouse gas emissions are
decreasing and innovative policies are emerging to support
these changes [102]. To establish the foundation of a biobased
economy, the use of biomass resources must be efficient and
sustainable. That goal can be achieved by biorefinery systems.
In an energy driven biorefinery system, the biomass is
primarily used to produce energy (biofuel, power and/or
heat), and other byproducts are upgraded to more added-
value products to optimize the economic and ecological per-
formance of the whole production process [103]. Larragoiti-
Kuri et al. [104] propose a biorefinery using corn cob as
a substrate that produces bioethanol and lactic acid from
the cellulose fraction, xylitol and succinic acid from xylose
(hemicellulose) and lignosulfonates from lignin. They opti-
mized product distribution by using economic potential,
specific energy intensity, and safety indexes as criteria.
Advances in biorefineries allow the development of
alternative products to avoid the accumulation of different
residues (Figure 3). As an example, 1,3-propanediol obtained
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FIGURE 3: Possible products obtained in a biorefinery [36-38].

from maize residues is important in the formation of poly-
mers. Also, succinic acid removed from various lignocellu-
losic residues is used in the chemical and pharmaceutical
industries. An important alternative to polyethylene is the use
of ether amylose derived from various wastes such as sugar-
cane, potato, and corn [105-108]. From an economic point
of view, Gnansounou and Dauriat [95] propose producing
a lower diversity of products with stable markets instead of
offering a larger number of products, some of which may be
unprofitable.

Up to now, all studies of the use of coconut husk for
bioethanol production have been made in a small scale and
only three studies mention the use of coconut husk as sub-
strate for a biorefinery [30, 32, 33]. These works only discuss
the possibility of using byproducts of ethanol production to
obtain other substances but no tests to obtain other products
have been reported. Gongalves et al. [33] only suggested
the use of sugars, acetic acid, phenolic compounds, and
lignin found in the coconut hydrolysate to obtain different
products using a biorefinery scheme with no further detail.
Later, Gongalves et al. [30] proposed using their process
to make ethanol from coconut husk to obtain also value-
added products. They propose that the phenolic compounds
obtained during pretreatment and autohydrolysis be used
as food additives, since they are antioxidants, while lignin
can be used to produce pharmaceutical and veterinarian
bioactive compounds and thermoplastic polymers, as well as

for energy production through gasification or pyrolysis. They
also suggest that xylans obtained from hemicellulose undergo
another autohydrolysis to obtain xylooligosaccharide that can
be employed in food and pet feed. They suggest that other
substances present in the liquors can be used to obtain further
products but no specific applications are mentioned. On the
other hand, studies not focused on ethanol production show
the potential of coconut husks to produce furfural, levulinic
acid, formic acid, and acetic acid [109, 110].

Other applications for coconut husks different from
ethanol production and possible byproducts were found, such
as polymer composites [111, 112] and adsorbents to remove a
wide range of water pollutants [113]. As the focus of this work
is ethanol production, further studies should be made to see
if the biomass remaining after the chosen process to obtain
ethanol can still be used for these purposes and analyze if this
strategy is economically viable.

6. Conclusion

Lignocellulosic ethanol production is a multistep process
with many factors that can greatly affect its efficiency. The
published coconut husk studies were performed in different
conditions throughout the ethanol production process, so it
is important to analyze various parameters to define which
procedure as a whole has the best results. The final objective is
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to obtain the highest ethanol concentration per mass of initial
substrate for the lowest price, which translates to simpler
processes with less energy consumption (lower temperature,
pressure, and process time) and less reagents that at the same
time have to be low-cost.

Using the concentration of sugars after hydrolysis as
a comparison parameter to determine the best method to
produce bioethanol is not the best strategy, since studies that
use SSF and SSSF do not show the obtained sugars because
they are consumed as they are produced. Additionally, most
of the works report sugars concentration as total reducing
sugars but not all these sugars are fermentable, so estimates
of ethanol production may not reflect reality. On the other
hand, ethanol yield is related to the transformation of those
sugars into ethanol, so comparing these results reflects the
ability of the microorganism to ferment the sugars that are
present in the hydrolysate. This study showed that alkaline
pretreatment is the best method in the case of coconut husk.
The highest ethanol yields using coconut husk as a substrate
were obtained by Gongalves et al. [33] using SSSE The
highest ethanol concentration was obtained by Jannah and
Asip [28] using an alkaline pretreatment and acid hydrolysis,
achieving yields above the 4% (w/w) of ethanol required for
an economically feasible distillation.

Finally, the most significant coconut producers are eco-
nomically developing nations and the industrial residues
generated by this culture impose a serious environmental
problem. Biorefining this material for the production of
ethanol and other molecules with greater added value would
enable these countries to create new jobs and boost income.
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