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Abstract

Bioethanol production from water hyacinth (Eichhornia crassipes) has been progressively studied these recent years. However, the tech-
nology was still inapplicable because of low final ethanol concentration which leads to uneconomic process. Since acquiring broth with
high ethanol concentration by common processing scheme is quite unlikely for this type of biomass, other approaches must be taken.
Combining several strategies ever studied, this study employed salt enhanced extraction and direct broth recycling as the main strategies
to improve the final concentration. The aim of this study, thereafter, was to evaluate the compatibility and implications of these processes
integration. In this research, pre-blended and dried water hyacinth was subjected to dilute acid pretreatment followed by enzymatic hydrol-
ysis, fermentation, and extraction. Broth recycling was done by directly replacing a portion of enzyme with filtered broth. Results showed
that extraction enhances ethanol production, while recycling trades ethanol yield for increase in level.
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1. Introduction

Bioethanol has been successfully produced from water hyacinth.
However, the technologies have yet to be applied due to economic
issue. Generally, ethanol production from water hyacinth requires
four steps: pretreatment, hydrolysis, fermentation, and purification.
Much research has been focused on evaluating and modifying the
first three steps, however till the time this paper was written, none
has included modification of the last step into their study [1-18].

In many studies on ethanol production from water hyacinth, the final
ethanol concentration spanned from 1.01 g/L to 16.9 g/L with most
reaching below 4.5 g/L and those with higher end results usually em-
ployed pre-concentration or high biomass loading [3], [7], [10-12],
[14-19]. Despite the success in producing the ethanol, the concentra-
tions were still considered unfavorable for large scale production.
This is because distillation of ethanol is only economical if the etha-
nol concentration is above 40 g/L [20]. However, arriving at such
high concentration will require that the fermentation is carried out at
high biomass suspension which has negative impacts on hydrolysis
and also leads to high energy input for efficient mixing [21]. Another
way to reach such concentration is by pre-concentration of the broth
as conducted by Takagi et al. [16], but this method also leads to
higher energy input.

Another approach, which is adopted in this study, is to replace the
distillation with extraction and integrate recycling into the process
line. Despite possible problems occurring from these changes, a
number of studies around these subjects have produced encouraging
results. Among them were studies on the solvent selection [22-24],
effects of extraction [25], [26], salt effects on equilibrium [27], [28],
inhibition [29], non-sterile fermentation [30], and recycling of vari-
ous portion of fermentation broth [31-33]. Combining the results of
these studies, we acquired salt enhanced extraction and direct broth

recycling as two new and potential strategies for better ethanol pro-
duction. Nevertheless, directly implementing these processes with-
out proper assessment is too risky.

Therefore, this paper focused on evaluating the compatibility of the
aforementioned modifications on bioethanol production from water
hyacinth and the implications that follow along.

2. Materials and experimental procedure

2.1. Material collection

Water hyacinth was collected from local ponds in University of Su-
matera Utara, Medan, Indonesia. Saccharomyces cerevisiae (SC)
and Ganoderma boninense (GB) were purchased from University
of Sumatera Utara, Medan, Indonesia. Trichoderma reesei (TR),
Aspergillus niger (AN) and Candida utilis (CU) were purchased
from Bandung Institute of Technology, Bandung, Indonesia. Palm
biodiesel was of industrial grade and all chemicals used were of an-
alytical grade.

2.2. Preparation and storage of water hyacinth

Water hyacinth was chopped to pieces and the root was removed
then, it was blended to slurry and filter-pressed to reduce water con-
tent. Afterwards, the filtered water hyacinth was dried further and
stored in closed, separated container at 4 — 6°C.

2.3. Storage and inoculation of microorganisms

All microorganisms, except SC which was kept in granular form in
closed container at 8°C, were grown in potato dextrose agar (PDA)
at 20°C. Prior to usage, SC was warmed to 20°C for 30 mins, whilst
TR, AN, and CU were inoculated at 20°C for 2 days (1 day for CU)
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in liquid media containing 22% sucrose, 1% KH2PO4, and 1%
(NHa4)2S04 [34]. All procedures were done aseptically.

2.4. Enzyme production

Enzyme production was carried out in a 100-ml vial in which 10 g
of water hyacinth (moisture adjusted to 70%) was mixed with Men-
del Weber solution at a ratio of 3 ml to 1 g biomass. The mixture
was autoclaved (121°C, 15 Ibs) for 15 minutes, and subsequently
cooled down to 20°C. Inoculums of TR and AN (1.5 ml per 10 g
biomass) were grown separately in the mixture and incubated at
20°C for 1 week. Enzymes were extracted by distilled water at a
ratio of 4 — 5 ml per g biomass. The liquor was separated by cen-
trifugation at 2,500 rpm and 4°C for 15 minutes. Supernatant from
both cultures was then mixed at a ratio of 1:1 and stored in dark
glass bottle at 4°C.

2.5. Pretreatment of water hyacinth

Water hyacinth was pretreated by dilute acid pretreatment (DAP),
in which 1 g of dried water hyacinth was mixed with 20 ml of 2%
(v/v) sulfuric acid, and autoclaved (121°C, 15 Ibf) for 1 hour, fol-
lowed by neutralization with concentrated NaOH (5 — 10 M) to pH
of 4 — 5 [35]. After pretreatment, samples were cooled down to
20°C.

2.6. Hydrolysis, fermentation and extraction of water hy-
acinth

The hydrolysis, fermentation and extraction were carried out sim-
ultaneously. After pretreatment, 30 ml enzymes, 0.3075 g (25 mM)
MgSOs, 0.5 g (1% wiv) granulated SC, 1 ml (2% v/v) CU inocu-
lums, and 0 — 50 ml (ratio of 0 — 1) palm oil biodiesel was added.
The mixture was fermented at 20°C for 24 hours. Afterwards, fer-
mentation broth was separated from the solvent (palm oil biodiesel)
and filtered. Both the solvent and the broth were stored in separate
dark glass bottles and frozen.

2.7. Recycling of fermentation broth

Broth recycling was done by replacing a portion of enzymes with 0
— 30 ml of fresh fermentation broth which was prepared as previ-
ously described. The solvent ratio was fixed at 0.4 (equivalent of 20
ml palm oil biodiesel).

2.8. Characterization of enzyme

Crude enzyme was analyzed for its cellulase activity by CMC assay
and the activity was expressed as FPU/ml [36].

2.9. Analysis of fermentation broth and solvent

Fermentation broth was analyzed for its sugar and ethanol content,
pH, density, and viscosity. The solvent was analyzed for its ethanol
content, density, and viscosity. Concentration of reducing sugar
was analyzed by spectrophotometer UV-Visible (SHIMADZU
1800) using DNS method [37] and was expressed as equivalent glu-
cose concentration against calibration curve. Ethanol concentration
was analyzed by GC using static head space analysis [38] at ad-
justed salt concentration of 0.1 mM MgSQOs against calibration
curve. Iso-propanol was used as an internal standard. Density, vis-
cosity, and pH were measured by using pycnometer, Oswald vis-
cometer, and pH meter.

3. Results and discussion

3.1. Initial analysis

Two mixtures of enzymes were produced during experiment. The
first mixture was found to have cellulase activity of 0.12 FPU/ml,
while the second mixture had cellulase activity of 0.25 FPU/ml.

3.2. Effect of solvent ratio

Simultaneous ethanol extraction can increase ethanol production be-
cause mass transfer of ethanol out of the broth reduces ethanol inhi-
bition [25], [26]. For these experiments, enzyme used had cellulase
activity of 0.12 FPU/ml. Results of effect of solvent ratio on ethanol
production are shown in fig.1. Results showed that solvent usage im-
proved ethanol production. Rising solvent ratio also caused slight
increase in the production, although it caused ethanol level of both
the solvent and the broth to fall. The decrease was possibly due to
dilution by increased solvent volume. On sugar level, no significant
change was detected.
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Fig. 1: Effect of Solvent Ratio on Ethanol Production.
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Fig. 2: Gathering of Substrate above Broth, with Solvent (A) and Without Solvent (B) and (C).

As palm biodiesel was used as solvent, problems might arise con-
cerning the compatibility of the fermentation. Yet, the increase in
ethanol production during these experiments verifies that palm bio-
diesel is non-toxic and non-inhibitory for the microorganisms in
these fermentations. Direct observation also revealed that palm bio-
diesel did not form emulsions in fermentation broth. Among all com-
ponents of palm biodiesel, methyl laurate is the only component with
potential toxicity on yeasts [22-24]. However, the overall toxicity
might be small because methy! laurate was present at low concentra-
tion in the palm biodiesel and addition of magnesium sulfate into the
fermentation broth had reduced the solubility of all compounds in
the biodiesel.

At solvent ratio of 0.5, broth ethanol level fluctuated higher than ex-
pectation while solvent ethanol level was lower than expectation.
This phenomenon can be explained by looking at the broth-solvent
interface in which substrate gathered and floated in-betweens (as
pictured in Fig. 2), leading to disruption on the equilibrium. The
floating of the solids might be due to gas discharge during fermen-
tation.

3.3. Effect of recycling on ethanol production

In these experiments, enzyme used had cellulase activity of 0.25
FPU/ml. Results are shown in Fig. 3.
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Fig. 3: Effect of Recycling on Ethanol Production.

Higher recycle volume raised ethanol concentration of both solvent
and broth but lessened ethanol yield. This rise of ethanol concentra-
tion is expected since ethanol in fresh fermentation broth will accu-
mulate with each recycling. On the other hand, the decrease in etha-
nol yield might be caused by cumulative inhibitory effects of accu-
mulated substrates, products, and other inhibitors. This standpoint

was supported by many reports which claimed that certain pretreat-
ments, such as DAP, could generate various inhibitors [39]. Further-
more, yeasts are also inhibited by ethanol [40,41] and cellulase is
inhibited by glucose [1,40]. The success in direct recycling of freshly
fermentation broth without the need of additional sterilization pro-
cedure in this study also implies that non-sterile fermentation can be
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applied to this method of ethanol production, although there might
be some effects of such procedure as reported by Zaafouri et al. [42].

3.4. Rheological data of broth and solvent

Rheological data is important for design of bioreactor. In this study,
the density and viscosity of both fermentation broth and solvent were
measured. The data is displayed in Table 1. As outlined in Table 1,
usage of solvent seems to cause subtle decline in broth density and
viscosity. In contrast, recycling leads to marginal increase in density
and viscosity of both broth and solvent. This was probably due to
impurities accumulation.

Table 1: Density and Viscosity of Fermentation Broth and Solvent

Solvent % Density (kg/m?®) Viscosity (mPa-s)
ratio Recycle Broth Solvent  Broth Solvent
0.00 0 103339 - 0.98490 -

0.40 0 1024.82 866.296 0.93696 5.03296
0.50 0 1021.68 864.322 0.92858 5.06891
0.66 0 102291 864.552 0.93805 4.96261
1.00 0 1024.00 864.785 0.92133 4.96038
0.40 0 1024.82 865.621 0.95101 4.97084
0.40 20 1029.58 873.082 0.94916 5.07647
0.40 40 1033.25 866.457 0.96384 5.10125
0.40 60 1036.79  866.800 0.97164 5.26084

To properly address the effect of solvent usage on broth rheological
properties, additional rheological data of fermentation broth in pre-
vious study (a total of 13 data points with variations on MgSO4 con-
centration, microbial choices, and fermentation duration; extraction
and recycling procedures were not involved), was imported as in
[35]. The fermentation broth in reference had average density of
1032.02 +0.75 kg/m? and average viscosity of 0.9849 + 0.0093 mPa
s (unpublished results). Meanwhile, when solvent was used with no
recycling involved, fermentation broth had average density of
1023.35 + 1.36 kg/m? and average viscosity of 0.9312 +0.0078 mPa
s.

4. Conclusions

Results suggested that simultaneous extraction and direct broth re-
cycling can be incorporated into ethanol production from water hy-
acinth without much technical difficulties. For extraction by palm
biodiesel, this solvent did not pose serious treat on the process de-
spite the low ethanol distribution coefficient. For direct broth recy-
cling, this operation demonstrated high potency for manipulating
the maximum obtainable ethanol concentration in exchange of the
yield, and vice versa. Both procedures did not affect rheological
properties of the broth. However, additional researches on the in-
terrelated impacts of solvent ratio, MgSO4 concentration, and recy-
cle ratio on ethanol production are required to harvest the full ben-
efits of this combination.

References

[1] A.F. Abdel-Fattah, M.A. Abdel-Naby, Pretreatment and enzymic
saccharification of water hyacinth cellulose, Carbohydrate Polymers
87(2012) 2109-2113. https://doi.org/10.1016/j.carbpol.2011.10.033.

[2] D.J. Ahn, S.K.Kim, H.S. Yun, Optimization of pretreatment and sac-
charification for the production of bioethanol from water hyacinth by
Saccharomyces cerevisiae, Bioprocess and Biosystems Engineering
35 (2012) 35-41. https://doi.org/10.1007/s00449-011-0600-5.

[3] U.S. Aswathy, R.K. Sukumaran, G.L Devi, K.P. Rajasree, R.R.
Singhania, A. Pandey, Bioethanol from water hyacinth biomass: an
evaluation of enzymatic saccharification strategy, Bioresource Tech-
nology 101 (2010) 925-930.
https://doi.org/10.1016/j.biortech.2009.08.019.

[4] A.G. Bayrakci, G. Kogar, Second-generation bioethanol production
from water hyacinth and duckweed in Izmir: A case study, Renewa-
ble and Sustainable Energy Reviews 30 (2014) 306-316.
https://doi.org/10.1016/j.rser.2013.10.011.

(5]

(6]

(71

(8]

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Y.N. Guragain, J.D. Coninck, F. Hussonb, A. Durand, S.K. Rakshit,
Comparison of some new pretreatment methods for second genera-
tion bioethanol production from wheat straw and water hyacinth, Bi-
oresource Technology 102 (2011) 4416-4424.
https://doi.org/10.1016/j.biortech.2010.11.125.

M.Y. Harun, A.B.D. Radiah, Z.Z. Abidin, R. Yunus, Effect of phys-
ical pretreatment on dilute acid hydrolysis of water hyacinth (Eich-
hornia crassipes), Bioresource Technology 102 (2011) 5193-5199.
https://doi.org/10.1016/j.biortech.2011.02.001.

C. Isarankura-Na-Ayudhya, T. Tantimongcolwat, T. Kongpanpee, P.
Prabkate, V. Prachayasittikul, Appropriate technology for the bio-
conversion of water hyacinth (Eichhornia crassipes) to liquid ethanol:
Future prospects for community strengthening and sustainable devel-
opment, Experimental and Clinical Science Journal 6 (2007) 167-
176.

A. Kurniati, H. Darmokoesoemo, N.N.T. Puspaningsih, Modifica-
tion of surface structure and crystallinity of water hyacinth (Eich-
hornia crassipes) following recombinant o-L-arabinofuranosidase
(alfa) treatment, Journal of Agricultural Biotechnology and Sustain-
able Development 3 (2011) 182-188.

F. Ma, N. Yang, C. Xu, H. Yu, J. Wu, X. Zhang, Combination of
biological pretreatment with mild acid pretreatment for enzymatic
hydrolysis and ethanol production from water hyacinth, Bioresource
Technology 101 (2010) 9600-9604.
https://doi.org/10.1016/j.biortech.2010.07.084.

F. Merina, Y. Trihadiningrum, Bioethanol production from water hy-
acinth (Eichhornia crassipes) by Zymomonas mobilis and Saccharo-
myces cerevisiae, Proceedings of the Thirteenth National Seminar on
Technology Management, Surabaya, Indonesia, 2011.

D. Mishima, M. Kuniki, K. Sei, S. Soda, M. lke, M. Fujita, Ethanol
production from candidate energy crops: water hyacinth (Eichhornia
crassipes) and water lettuce (Pistia stratiotes L.), Bioresource Tech-
nology 99 (2008) 2495-2500.
https://doi.org/10.1016/j.biortech.2007.04.056.

S. Mukhopadhyay, N.C. Chatterjee, Bioconversion of water hyacinth
hydrolysate into ethanol, BioResources 5 (2010) 1301-1310.

E. Sari, S. Syamsiah, H. Sulistyo, Muslikin, the kinetic of biodegra-
dation lignin in water hyacinth (Eichhornia crassipes) by Phanero-
chaete chrysosporium using solid state fermentation (SSF) method
for bioethanol production, Indonesia. World Academy of Science,
Engineering and Technology 54 (2011) 249-252.

A. Singh, N.R. Bishnoi, Comparative study of various pretreatment
techniques for ethanol production from water hyacinth, Industrial
Crops and Products 44 (2013)283-289.
https://doi.org/10.1016/j.indcrop.2012.11.026.

B. Sornvoraweat, J. Kongkiattikajorn, Separated hydrolysis and fer-
mentation of water hyacinth leaves for ethanol production, Khon
Kaen University Research Journal 15 (2010) 794-802.

T. Takagi, M. Uchida, R. Matsushima, M. Ishida, N. Urano, Efficient
bioethanol production from water hyacinth Eichhornia crassipes by
both preparation of the saccharified solution and selection of fer-
menting  yeasts, Fisheries Science 78  (2012)905-910.
https://doi.org/10.1007/s12562-012-0516-2.

S. Rezania, M.F. Md Din, S. Mat Taib, S.E. Mohamad, F.A. Dahalan,
H. Kamyab, N. Darajeh, S.H. Ebrahimi, Ethanol production from
water hyacinth (Eichhornia crassipes) using various types of enhanc-
ers based on consumable sugars, Waste and Biomass Valorization 6
(2018) 939-946. https://doi.org/10.1007/s12649-017-9883-3.

S. Das, A. Bhattacharya, S. Haldar, A. Ganguly, Y.P. Ting Sai Gu,
P.K. Chatterjee, Optimization of enzymatic saccharification of water
hyacinth biomass for bioethanol: Comparison between artificial neu-
ral network and response surface methodology, Sustainable Materi-
als and Technologies (2015). https://doi.org/10.1016/j.sus-
mat.2015.01.001.

K. Satyanagalakshmi, R. Sindhu, P. Binod, K.U. Janu, R.K. Suku-
maran, A. Pandey, Bioethanol production from acid pretreated water
hyacinth by separate hydrolysis and fermentation, Journal of Science
& Industrial Research 70 (2011) 156-161.

G. Zacchi, A. Axelsson, Economic evaluation of preconcentration in
production of ethanol from dilute sugar solutions, Biotechnol. Bio-
fuels 34 (1989) 223-233. https://doi.org/10.1002/bit.260340211.

B. Palmqvist, M. Wiman, G. Lidén, Effect of mixing on enzymatic
hydrolysis of steam-pretreated spruce: A quantitative analysis of
conversion and power consumption, Biotechnology for Biofuels 4
(2011) 1-8. https://doi.org/10.1186/1754-6834-4-10.

R.D. Offeman, D. Franqui-Espiet, J.L. Cline, G.H. Robertson, W.J.
Orts, Extraction of ethanol with higher carboxylic acid solvents and
their toxicity to yeast, Separation and Purification Technology 72
(2006) 180-185. https://doi.org/10.1016/j.seppur.2010.02.004.



https://doi.org/10.1016/j.carbpol.2011.10.033
https://doi.org/10.1007/s00449-011-0600-5
https://doi.org/10.1016/j.biortech.2009.08.019
https://doi.org/10.1016/j.rser.2013.10.011
https://doi.org/10.1016/j.biortech.2010.11.125
https://doi.org/10.1016/j.biortech.2011.02.001
https://doi.org/10.1016/j.biortech.2010.07.084
https://doi.org/10.1016/j.biortech.2007.04.056
https://doi.org/10.1016/j.indcrop.2012.11.026
https://doi.org/10.1007/s12562-012-0516-2
https://doi.org/10.1007/s12649-017-9883-3
https://doi.org/10.1016/j.susmat.2015.01.001
https://doi.org/10.1016/j.susmat.2015.01.001
https://doi.org/10.1002/bit.260340211
https://doi.org/10.1186/1754-6834-4-10
https://doi.org/10.1016/j.seppur.2010.02.004

International Journal of Engineering & Technology

6681

[23] R.D. Offeman, S.K. Stephenson, D. Franqui, J.L. Cline, G.H. Rob-
ertson, W.J. Orts, Extraction of ethanol with higher alcohol solvents
and their toxicity to yeast, Separation and Purification Technology
63 (2008) 444-451. https://doi.org/10.1016/j.seppur.2008.06.005.

[24] R.D. Offeman, S.K. Stephenson, G.H. Robertson, W.J. Orts, Solvent
extraction of ethanol from aqueous solutions using biobased oils, al-
cohols, and esters, Journal of the American Oil Chemists' Society 83
(2010)153-157. https://doi.org/10.1007/s11746-006-1188-9.

[25] G.D. Stang, D.G. Macdonald, G.A. Hill, Mass transfer and bioetha-
nol production in an external-loop liquid-lift bioreactor, Industrial &
Engineering  Chemistry Research 40 (2001) 5074-5080.
https://doi.org/10.1021/ie000990x.

[26] J.K. Kim, E.L. lannotti, R. Bajpai, Extractive recovery of products
from fermentation broths, Biotechnology and Bioprocess Engineer-
ing 4 (1999) 1-11. https://doi.org/10.1007/BF02931905.

[27] B. Ghalami-Choobar, A. Ghanadzadeh, S. Kousarimehr, Salt effect
on the liquid-liquid equilibrium of (water + propionic acid + cyclo-
hexanol) system at T = (298.2, 303.2, and 308.2) K, Chinese Journal
of Chemical Engineering 19 (2011) 565-569.
https://doi.org/10.1016/S1004-9541(11)60022-0.

[28] S. Palei, Salt effect on liquid liquid equilibrium of the system water
+ 1-butanol + acetone at 298 K: Experimental determination, Thesis,
National Institute of Technology Rourkela 2010.

[29] L.J. Jonsson, B. Alriksson, N.O. Nilvebrant, Bioconversion of ligno-
cellulose: Inhibitors and detoxification, Biotechnology for Biofuels
6 (2013) 1-10. https://doi.org/10.1186/1754-6834-6-1.

[30] J. Larsen, Non-sterile fermentation of bioethanol. U.S. Pat. 8496980
(2013).

[31] N. Weiss, J. Borjesson, L.S. Pedersen, A.S. Meyer, Enzymatic lig-
nocelluloses hydrolysis: improved cellulase productivity by insolu-
ble solids recycling, Biotechnology for Biofuels 6 (2013) 1-14.
https://doi.org/10.1186/1754-6834-6-5.

[32] Y. Xue, H. Jameel, S. Park, Strategies to recycle enzymes and their
impact on enzymatic hydrolysis for bioethanol production, BioRe-
sources 7 (2012) 602-615.

[33] M. Gumienna, M. Lasik, K. Szambelan, Z. Czarnecki, Reduction of
water consumption in bioethanol production from triticale by recy-
cling the stillage liquid phase, ACTA Scientiarum Polonorum Tech-
nologia Alimentaria 10 (2011) 467-474.

[34] M.M. Junior, M. Batistote, E.M. Cilli, J.R. Ernandes, Sucrose fer-
mentation by brazilian ethanol production yeast in media containing
structurally complex nitrogen sources, Journal of Institute of Brew-
ing 115 (2009) 191-197.  https://doi.org/10.1002/j.2050-
0416.2009.tb00368.x.

[35] O. Bani, Taslim, Irvan, Iriany, Process selection on bioethanol pro-
duction from water hyacinth (Eichhornia crassipes), Journal of Engi-
neering Science and Technology, Special Issue on SOMChE and
RSCE 2014 Conference, (2015) 29-39.

[36] T.K. Ghose, Measurement of cellulase activities. Pure and Applied
Chemistry 59 (1987) 257 -268.
https://doi.org/10.1351/pac198759020257.

[37] G.L. Miller, use of dinitrosaiicyiic acid reagent for determination of
reducing sugar, Analytical Chemistry 31 (1959) 426-428.
https://doi.org/10.1021/ac60147a030.

[38] C. Shih, Determination of saccharides and ethanol from biomass
conversion using raman spectroscopy: Effects of pretreatment and
enzyme composition, Graduate Theses and Dissertations, lowa State
University, 2010. https://doi.org/10.2172/985314.

[39] A.K. Chandel, S.Sd. Silva, O.V. Singh, Detoxification of lignocellu-
losic hydrolysates for improved bioethanol production, In: Bernardes,
M.A.D.S. Biofuel production — recent developments and prospects,
InTech. Rijeka, Croatia 2011. https://doi.org/10.5772/16454.

[40] B. Joshi, M.R. Bhatt, D. Sharma, J. Joshi, R. Malla, L. Sreerama,
Lignocellulosic ethanol production: Current practices and recent de-
velopments, Biotechnology and Molecular Biology Review 6 (2011)
172-182.

[41] M.L. Shuler, F. Kargi, Bioprocess Engineering, Prentice-Hall, New
Jersey, 1992.

[42] K. Zaafouri, M. Ziadi, A.B. Hassen-Trabelsi, S. Mekni, B. Aissi, M.
Alaya, M. Hamdi, Enzymatic saccharification and liquid state fer-
mentation of hydrothermal pretreated Tunisian Luffa cylindrica (L.)
fibers for cellulosic bioethanol production, Renewable Energy 114
(2017) 1209-1203. https://doi.org/10.1016/j.renene.2017.07.108.



https://doi.org/10.1016/j.seppur.2008.06.005
https://doi.org/10.1007/s11746-006-1188-9
https://doi.org/10.1021/ie000990x
https://doi.org/10.1007/BF02931905
https://doi.org/10.1016/S1004-9541(11)60022-0
https://doi.org/10.1186/1754-6834-6-1
https://doi.org/10.1186/1754-6834-6-5
https://doi.org/10.1002/j.2050-0416.2009.tb00368.x
https://doi.org/10.1002/j.2050-0416.2009.tb00368.x
https://doi.org/10.1351/pac198759020257
https://doi.org/10.1021/ac60147a030
https://doi.org/10.2172/985314
https://doi.org/10.5772/16454
https://doi.org/10.1016/j.renene.2017.07.108

