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Abstract In the present study, we pretreated coir

fiber with an ionic liquid (IL), n-butylammonium

acetate, to expose its cellulose fibers. The best IL

pretreatment conditions were determined by central

composite design using a desirability function to

maximize the enzymatic hydrolysis. To collect data

for this optimization, coir fiber was subjected to a

pulping process with 9% (w/w) sodium hydroxide for

6 h at 137 �C with a pressure of 2.5 atm. The pulping

fiber was then treated with the IL for a range of times

and at a range of temperatures. Based on the results,

the best treatment conditions were determined to be

90 �C for 40 h. The best conditions for enzymatic

hydrolysis were determined to be pH 6 at 44.16 �C for

25.57 h. Under these conditions, 32.33 ± 1.08% of

the coir fiber was converted to glucose. The efficiency

obtained with pulped coir fiber was 14.34 ± 0.14%

and with crude coir fiber was 6.27 ± 0.15%, demon-

strating the benefits of the proposed IL pretreatment.

Keywords Lignocellulosic residue � Coir fiber �
Ionic liquids pretreatment � Enzymatic hydrolysis �
Central composite rotatable design with two center

points

Introduction

With the consistent increases in the world population

and agricultural production, the production of ligno-

cellulosic residues has grown significantly. Thus,

lignocellulosic derivatives, such as second-generation

bioethanol, have been proposed as a promising

alternative to reduce the demand for lignocellulosic

residues. In this context, many studies have been

conducted on materials such as sugar cane, corn

stover, wheat straw, wood chips, rice straws, bamboo,

Napier grass, and coir fiber (Andrade Neto et al. 2016;

Zhao et al. 2016; Uju et al. 2015).

Additionally, considering the scarcity and high

prices of fossil fuels and the pollution that they

generate, the interest in lignocellulosic derivatives is

further intensified by the possibility of increasing the

market demand for bioethanol as an environmentally

friendly alternative to meet the energy demand in the

world (You et al. 2016).

However, the production of second-generation

bioethanol involves the transformation of lignocellu-

losic biomass (with a fiber composition of 40–45%

cellulose, 30–35% hemicellulose, and 25–30% lignin)

into simple sugars and the subsequent fermentation of

these simple sugars into alcohols. Several processes

can be used to produce sugars from cellulose and

hemicellulose, the most important being chemical and

biological processes (Andrade Neto et al. 2016; Xu

et al. 2015).
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The accessibility of cellulose to cellulase enzymes

for acid or enzymatic saccharification can be improved

by applying a pretreatment to the lignocellulosic

biomass that increases the surface area of the cellu-

lose, decreases the cellulose crystallinity, and reduces

the content of other components such as lignin and

hemicellulose. Physical, physico-chemical, chemical,

and biological pretreatments are all used as effective

methods for this purpose (You et al. 2016; Asakawa

et al. 2015; Mood et al. 2012).

A few specific examples are as follows: processes

with acids or bases, treatments with organic solvents,

vapor explosion, irradiation, alkali-microwave treat-

ment, wet oxidation, autohydrolysis, supercritical

carbon dioxide treatment, ammonia fiber/freeze explo-

sion, microbial treatment, and treatments with ionic

liquids (ILs). Treatment with alkaline solutions is the

most widely used mainly due to the high delignifica-

tion efficiency; this process increases the exposure of

the fiber for hydrolysis and increases the concentration

of free hydrolyzable sugars in the product, especially

when a subsequent IL treatment step is used (Andrade

Neto et al. 2016; Elgharbawy et al. 2016; Zhou and

Runge 2015; Liu et al. 2013).

The use of ILs for chemical pretreatments has been

investigated as a new alternative to the use of organic

solvents due to their unique properties: melting points

lower than 100 �C, very low vapor pressure, high solvent

power, catalytic activity, low volatility, incombustibility,

low viscosity, recyclability, thermal stability, and good

interactions with cellulose chains. Some ILs with imida-

zolium cations exhibit particularly strong interactions

with cellulose: 1-ethyl-3-methylimidazolium chloride,

1-ethyl-3-methylimidazolium hexafluorophosphate,

1-ethyl-3-methylimidazolium acetate, 1-methyl-3-octy-

loxymethylimidazolium tetrafluoroborates, 1-methyl-3-

nonyloxymethylimidazolium tetrafluoroborates, 1-butyl-

3-methylimidazolium chloride, 1-butyl-3-methylimida-

zolium acetate, 1-butyl-3-methylimidazolium hydrogen

sulfate, 1-allyl-3-methylimidazolium acetate and 1,3-

dimethyl imidazolium dimethylphosphate (Merino et al.

2017; Elgharbawy et al. 2016; Lienqueo et al. 2016;

Asakawa et al. 2015; He et al. 2015; Miyafuji 2015; Liu

et al. 2010, 2011), and ILs containing pyridinium cations,

including 1-decyloxymethyl-4-dimethylaminopyri-

dinium chloride and 1-decyloxymethyl-4-dimethy-

laminopyridinium acesulfamate. These interactions are

improved by the combination of anions such as chloride,

methanoate, alkyl phosphates, and acetate, which favor

the breakdown of the lignin–hemicellulose–cellulose

structure via hydrogen bonding, hydrophobic interac-

tions, and p–p interactions with the polysaccharides and

lignin (Elgharbawy et al. 2016; Xin et al. 2016; Miyafuji

2015; Liu et al. 2010).

The disadvantage of the IL treatment of veg-

etable fiber is the need to remove the IL from the fiber

after the pretreatment to prevent the IL from interfer-

ing with the later hydrolysis step. However, as

reported by Elgharbawy et al. (2016), the use of ILs

with anions as described above reduces the interfer-

ence in this step. Andrade Neto et al. (2016) reported

that ILs derived from aliphatic amines are highly

effective for the acid hydrolysis of coir fiber and are

less costly than those obtained from imidazolium or

pyridinium cations.

In addition to determining the best pretreatment

conditions of the lignocellulosic material, further

research is needed to make the hydrolysis step more

feasible, such as the use of acidic and enzymatic

processes. In this case, several processes involving

enzymatic reactions and dilute acid saccharification of

the residual biomass have been investigated (Lee et al.

2015). Specifically, acids can be used to generate

fermentation inhibitors, such as acetic acid, hydrox-

ymethyl furfural, furfural, glycol aldehyde, and

soluble phenolic compounds. Therefore, an increasing

number of studies have been done using cellulases,

which consist of three major components: endoglu-

canase, exoglucanase, and b-glucosidase (Victor et al.

2015).

However, for the use of cellulases in industrial

applications, some process parameters (pH, tempera-

ture, and reaction time) should be characterized and

optimized to enhance the enzymatic production. In

addition, the influence of various inhibitors in this

process should be investigated, such as organic

solvents or ILs (Kshirsagar et al. 2015).

Materials and methods

In order to produce the n-butylammonium acetate IL

used to treat the coir fiber, the following analytical-

grade reagents were purchased from Sigma-Aldrich

(St. Louis, MO, USA): n-butylamine (99.5%), acetic

acid (99.5%), chloroform-d (C 99.96 atomic % D),

sodium hydroxide, potassium hydroxide, glucose,

sulfuric acid (95.0–98.0%), and a cellulase enzyme
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complex from Trichoderma reesei (ATCC 26921).

Coir fibers with lengths of 12–14 cm were supplied by

Projeto Coco Vivo (Arraial d’Ajuda, BA, Brazil). All

other reagents were purchased from Dinâmica Quı́-

mica Contemporânea (Brazil).

Experimental

IL synthesis

The n-butylammonium acetate IL was obtained by the

acid–base neutralization reaction. The acetic acid was

slowly added to an aliphatic amine (n-butylamine)

under stirring (Andrade Neto et al. 2016). The

stoichiometric ratio was 1:1 and the reaction temper-

ature was maintained between 20 and 40 �C. The

product was then characterized by nuclear magnetic

resonance (NMR) in Chloroform-d (CDCl3) with a

Bruker Avance III 600 HD spectrometer (German)

operating at 600 MHz to obtain the 1H spectrum and

150 MHz to obtain the 13C NMR spectrum. The

chemical shifts (d, ppm) were reported relative to

tetramethylsilane (TMS).

The COSY technique (homonuclear correlation

spectroscopy), HSQC (heteronuclear single quantum

coherence), and HMBC (heteronuclear multiple bond

coherence) were used to attribute the signals to

hydrogens and carbons by analyzing the correlations

between neighboring hydrogens and between neigh-

boring or adjacent hydrogens and carbons in bidirec-

tional spectra.

Treatment of coir fiber

The coir fiber was dried at 80 ± 3 �C for 72 h and

milled in a knife mill (model MA-680, Marconi,

Piracicaba, SP, Brazil). Then, the fiber was submitted

to chemical pulping in a 9% (w/w) sodium hydroxide

solution using a 5 L-capacity Metalquim stainless steel

reactor (Brazil) for 6 h; the pressure was 2.5 atm, the

rotation rate was 200 rpm, and the temperature was

137 �C. The fiber was filtered, washed, and dried at

80 �C.

After the pulping process, the coir fiber was

exposed to a second pretreatment with the n-butylam-

monium acetate IL. During this pretreatment, the

temperature and reaction time were varied according

to a central composite rotatable design (CCRD) with

two center points (Table 1). The resulting lignin and

holocellulose contents were used to determine the best

IL treatment conditions to maximize the concentration

of holocellulose and minimize the lignin content.

All reactions were conducted in duplicate with a

ratio of 10 g fiber:100 mL IL and performed under

constant agitation at 280 rpm. At the end of the

treatment, 100 mL of water were added to facilitate

the filtration process. Then, the samples were filtered,

washed with water, and dried in an oven at 80 �C.

After the coir fiber treatment with IL, all the samples

were submitted to enzymatic hydrolysis at a pH of 4.3 for

a reaction time of 40 h at 40 �C with an enzyme

concentration of 0.25 mg mL-1 (FPU = 53.09 ± 0.94

U g-1). This condition was chosen based on a prelim-

inary analysis and previous studies (Morandim-Giannetti

et al. 2017; Hafid et al. 2017). The glucose concentration

was measured after treatment with each set of conditions

and was used to determine the best IL treatment

condition for the pulped coir fiber.

The lignin and holocellulose concentrations in the

coir fiber were measured before and after the pulping

and the IL treatment with the optimized conditions

(TAPPI test method T222 os-76, 1979; Wise et al.

1946).

Enzymatic hydrolysis

After the optimization of the treatment conditions for

coir fiber pulped with the IL (40 h at 90 �C),

experiments were conducted to determine the best

conditions for the enzymatic hydrolysis. The reaction

time, pH, and temperature were treated as the input

Table 1 Variables used for the IL treatment of the pulped coir

fiber

Coded variables Corresponding variables

Time (h) Temperature (�C) Time (h) Temperature (�C)

- 1.41 0 1.37 70.00

- 1 - 1 8.00 50.00

- 1 ?1 8.00 90.00

0 - 1.41 24.00 41.72

0 0 24.00 70.00

0 0 24.00 70.00

0 ?1.41 24.00 98.28

?1 - 1 40.00 50.00

?1 ?1 40.00 90.00

? 1.41 0 46.63 70.00
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variables and the concentration of fermentable sugar

was treated as the output variable. All reactions with

each set of pH, temperature, and reaction time

conditions were conducted in duplicate according to

CCRD with two center points (Table 2) to optimize

these conditions. The FPU of the cellulose used was

53.09 ± 0.94 U g-1.

The final concentration of fermentable sugars (the

output variable) was determined by high-performance

liquid chromatography using a Shimadzu Chro-

matograph (Japan) consisting of LC-20AD pumps, a

RID-10A refractive index detector, an SPD-20A

ultraviolet light detector, a CTO-20A column oven,

and a CBM-20A controller. The mobile phase was

0.5% phosphoric acid in water and was applied at a

flow rate of 0.7 mL min-1 in a Shim-Pack CLC-NH2

(M) column with a Shim-Pack G-NH2 pre-column.

Data analysis

The lignin and holocellulose concentration measure-

ments obtained after the treatment of the coir fiber

with the ILs and the glucose concentration measure-

ments obtained after the hydrolysis were processed

using the Statistica 12.0 software (StatSoft Inc., 2014,

USA). The analyses were performed using the design

of experiments approach, which is a well-known

technique to conduct optimizations with simultaneous

variation of all parameters. The conditions were

optimized by using a desirability function considering

the geometric mean of the individual desirability of

each parameter according to Eq. 1 as described

previously (Barros Neto et al. 2007; Calado and

Montgomery, 2003). A model with linear and quad-

ratic terms was used and the equations correlating the

input and output variables were obtained.

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d1d2. . .dm
mp ; ð1Þ

where d describes the individual desirability of each

parameter and m is the number of parameters

analyzed.

Results and discussion

Synthesis and characterization of ILs

The n-butylammonium acetate IL was synthesized in

the laboratory (Fig. 1) and characterized by hydrogen

NMR (H1NMR) and carbon NMR (C13NMR). Based

on the H1NMR spectra, the amino group of n-

butylamine was chemically displaced after the forma-

tion of the n-butylammonium ion. This indicates a

protonation of the amino group and a change in the

Table 2 Enzymatic

hydrolysis pH, temperature,

and reaction time conditions

tested for optimization

Coded variables Corresponding variables

pH Time (h) Temperature (�C) pH Time (h) Temperature (�C)

- 1.68 0 0 2.64 24.00 45.00

- 1 - 1 - 1 4.00 10.00 30.00

- 1 - 1 ?1 4.00 10.00 60.00

- 1 ?1 - 1 4.00 38.00 30.00

- 1 ?1 ?1 4.00 38.00 60.00

0 - 1.68 0 6.00 0.45 45.00

0 0 - 1.68 6.00 24.00 19.77

0 0 0 6.00 24.00 45.00

0 0 0 6.00 24.00 45.00

0 0 ?1.68 6.00 24.00 70.23

0 ?1.68 0 6.00 47.55 45.00

?1 - 1 - 1 8.00 10.00 30.00

?1 - 1 ?1 8.00 10.00 60.00

?1 ?1 - 1 8.00 38.00 30.00

?1 ?1 ?1 8.00 38.00 60.00

?1.68 0 0 9.36 24.00 45.00
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multiplicity of the signal related to amine hydrogens.

It was possible to observe a change from two to three

in the integration of the amine hydrogens regarding the

n-butylamine and the n-butylammonium ion,

respectively.

n-butylamine: H1NMR (600 MHz, CDCl3): d 2.59

(2H, t, H-1), 1.32 (2H, m, H-2), 1.25 (2H, m, H-3),

0.81 (3H, t, H-4), 0.96 (2H, dd, NH2). C13NMR

(150 MHz, CDCl3): d 42.15 (C-1), 36.04 (C-2), 20.30

(C-3), 13.90 (C-4).

n-butylammonium acetate: H1NMR (600 MHz,

CDCl3): d 1.90 (3H, s, H-2), 2.77 (2H, t, H-3), 1.58

(2H, m, H-4), 1.34 (2H, m, H-5), 0.88 (3H, t, H-6),

9.56 (3H, s, NH3
?). C13NMR (150 MHz, CDCl3): d

178.07 (C-1), 30.04 (C-2), 38.58 (C-3), 23.73 (C-4),

19.29 (C-5), 13.26 (C-6).

Treatment of the coir fiber

Many studies are currently using statistical planning to

reduce the number of experiments required for process

optimization when the response of interest is affected

by several variables (Andrade Neto et al. 2016;

Morandim-Giannetti et al. 2013). In this context,

treatments for lignocellulosic materials are being

investigated to increase the concentration of fer-

mentable sugars produced by the hydrolysis process

and thereby create ideal conditions for the fermenta-

tion step. Thus, in this study, the coir fiber was

subjected to two treatments to reduce the lignin

content and increase the concentration of

fermentable sugars.

The alkaline pulping process was performed and the

lignin and holocellulose concentrations were analyzed.

The results indicated a 61.98% delignification and a

17.78% increase in the holocellulose content. The

percent delignification was calculated based on the

lignin concentrations before and after the pulping

process as determined using the TAPPI test method

(method T222 os-76). The concentrations of

holocellulose were determined based on the methodol-

ogy described by Wise et al. (1946), as mentioned above.

The holocellulose concentration was 63.26 ± 0.97% in

the crude fiber and 74.51 ± 0.35% in the fiber after

pulping. The lignin concentration was 30.04 ± 0.85% in

the crude coir fiber and 11.42 ± 0.44% after treatment

with soda. This change in the fiber composition is

consistent with the results of other studies (Andrade Neto

et al. 2016).

After the pulping process and the subsequent

treatment of the pulped coir fiber with the n-butylam-

monium acetate IL using different reaction times at

various temperatures (Table 1), all the samples were

submitted to enzymatic hydrolysis. Then, the glucose

content was determined to identify the best treatment

conditions. Statistical analyses of the results were

performed using the Statistica software. The most

appropriate model for this case was chosen (a model

with both linear and quadratic terms) and the input

variables (time and temperature) that most signifi-

cantly affected the coir fiber treatment in terms of the

resulting concentration of fermentable sugars (mainly

glucose) were analyzed (Table 3). Equation 2 corre-

lates the input variables (time and temperature) with

the output variable (glucose concentration).

Fig. 1 Reaction involved in the formation of the n-butylammonium acetate IL

Table 3 Results of the conversion of total fiber to glucose

Time (h) Temperature (�C) Glucose (%)

1.37 70.00 8.68 ± 0.04

8.00 50.00 9.67 ± 0.59

8.00 90.00 13.68 ± 0.23

24.00 98.30 13.13 ± 0.16

24.00 70.00 11.73 ± 0.05

24.00 70.00 11.00 ± 0.01

24.00 42.00 9.11 ± 0.05

40.00 50.00 9.39 ± 0.60

40.00 90.00 17.79 ± 0.17

46.63 70.00 11.90 ± 0.15
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%glucose ¼ 11:7698 � 0:1635X1 � 0:0002X2
1

� 0:0909X2 þ 0:0009X2
2

þ 0:0034X1X2; ð2Þ

where X1 is the time (h) and X2 is the temperature

(�C).

The statistical analysis revealed that the tempera-

ture affects the changes in the characteristics of the

Fig. 2 Response surface

representing various

treatment conditions for coir

fiber with n-

butylammonium acetate IL

Fig. 3 Optimization of the

n-butylammonium acetate

IL treatment conditions
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coir fiber and the resulting glucose concentration more

strongly than the process time (Fig. 2). This is due to

the great energy of the system that favors the

breakdown of the lignin–cellulose–hemicellulose

bonds, as well as the breakdown of the cellulose

structure itself. Based on an analysis using the

necessary restrictions, the optimal temperature to

maximize the glucose concentration is 90 �C and the

optimal process time is 40 h (Fig. 3).

Optimization of the enzymatic hydrolysis

conditions for the treated coir fiber

In addition to the optimization of the IL treatment, the

hydrolysis was performed in duplicate under the

various conditions shown in Table 2. All samples

were analyzed to determine the glucose content

(Table 4). The results show significant variations in

the glucose concentration under all conditions tested.

In addition, all variables significantly influenced the

hydrolysis of the coir fiber. However, at very high or

very low pH values, cellulose catalysis was not as

efficient and the intermediate pH values had a

considerable influence on enzymatic processes. Sim-

ilarly, high temperatures resulted in inefficient

catalysis because this condition favors enzyme denat-

uration and, in this way, reduces catalytic activities

(Fig. 4).

Equation 3 correlates the input variables (pH,

process time, and temperature) with the output vari-

able (glucose concentration). A statistical analysis

with the necessary restrictions indicated the optimal

conditions to maximize the conversion of cellulose

into fermentable sugars: pH of 6.00, process time of

25.57 h, and temperature of 44.16 �C (Fig. 5).

%glucose ¼ �96:549 þ 1:190X1 � 0:021X2
1

þ 16:891X2 � 1:287X2
2 þ 2:156X3

� 0:022X2
3 � 0:009X1X2 � 0:001X1X3

� 0:026X2X3 R2 ¼ 0:655
� �

;

ð3Þ

where X1 is the time (h), X2 is the temperature (�C),

and X3 is the pH.

To validate the optimum conditions, the reactions

were carried out in triplicate on crude coir fiber,

pulped coir fiber and pulped coir fiber treated with the

n-butylammonium acetate IL. The concentration of

sugars resulting from the treatment of pulped coir fiber

with the n-butylammonium acetate IL was approxi-

mately tripled compared to that in the pulped fiber.

When the coir fiber was treated using the optimized

treatment conditions, the resulting lignin content was

6.32 ± 1.37% and the holocellulose content was

83.34 ± 2.14%, and 32.33 ± 1.08% of the holocel-

lulose in this sample was subsequently converted into

glucose.

A comparison of the results obtained for the crude

fiber, the pulped fiber, and the treated coir fiber,

showed that 6.27 ± 0.15% of the holocellulose in the

crude fiber was converted into glucose while the

conversion percentage for the pulped fiber was

14.34 ± 0.14%. This represents a 124.98% increase

in the conversion due to the IL treatment, which

justifies the use of the process in the production of

second-generation bioethanol.

These values can be considered significant because

cellulase from the fungus Trichoderma reesei is

composed of 60–80% cellobiohydrolases or exoglu-

conases, 20–36% endogluconases, and 1% b-glucosi-

dases; however, it is deficient in cellobiase, which

catalyzes the breakdown of cellulose into glucose,

Table 4 Hydrolysis conditions tested and the measured glu-

cose content in each sample

Time (h) pH Temperature (�C) Glucose (%)

10.00 4.00 30.00 2.90 ± 0.14

10.00 4.00 60.00 3.85 ± 0.21

10.00 8.00 30.00 2.96 ± 0.22

10.00 8.00 60.00 1.73 ± 0.01

38.00 8.00 30.00 5.09 ± 0.13

38.00 4.00 30.00 5.00 ± 0.00

38.00 4.00 60.00 5.80 ± 0.28

38.00 8.00 60.00 1.75 ± 0.03

24.00 6.00 70.23 2.29 ± 0.04

24.00 6.00 19.77 4.05 ± 0.08

24.00 6.00 45.00 27.06 ± 0.08

24.00 6.00 45.00 8.20 ± 0.63

47.55 6.00 45.00 9.42 ± 0.32

24.00 9.36 45.00 4.96 ± 0.00

24.00 2.64 45.00 0.53 ± 0.04

0.45 6.00 45.00 2.38 ± 0.46
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cellobiose, and higher glucose polymers (Smuga-

Kogut et al. 2017; Hafid et al. 2017). The use of

cellulases from other microorganisms, such as Tri-

choderma longibrachiatum, would favor the forma-

tion of greater amounts of glucose by catalyzing the

breakdown of the disaccharide cellobiose for more

efficient hydrolysis of cellulosic materials (Ahamed

and Vermette 2008; Wen et al. 2005; Gusakov et al.

1985).

Conclusion

In the present study, we have synthesized and

characterized the n-butylammonium acetate IL. We

then verified the effectiveness of the use of this IL for

the treatment of lignocellulosic residues to obtain

bioethanol. Analyses of the effects of the treatment of

coir fiber revealed that the n-butylammonium acetate

IL treatment facilitated the subsequent hydrolysis

process and resulted in a 120% increase in the final

glucose concentration. The use of experimental plan-

ning enabled the determination of the best conditions

for the IL treatment and the enzymatic hydrolysis. The

implementation of these conditions resulted in a

32.33 ± 1.08% conversion of the coir fiber into

glucose, demonstrating the effectiveness of the pro-

posed IL treatment when compared with the conver-

sion results obtained for crude coir fiber and pulped

coir fiber (6.27 ± 0.15 and 14.34 ± 0.14%,

Fig. 4 Response surface determined for various enzymatic hydrolysis conditions

534 Cellulose (2018) 25:527–536
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respectively). Thus, the use of easily obtained ILs has

proved to be a sustainable and viable alternative. Yet,

it is important to investigate potential new treatments

of lignocellulosic materials to further increase the

production of fermentable sugars.
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