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Abstract 

Water hyacinth is among the potential solutions to reduce the problems of climate changes and shortage of oil. It is a 

lignocellulosic biomass that can be utilized for reducing sugar production and thus further for bioethanol production. 

Physico/chemical properties were evaluated to create a full overview on the water hyacinth structure. Box BehnKen Design was 

used to evaluate the treatment conditions (NaOHconcentration, reaction time and temperature). Production of bioethanol and 

antimicrobial potential were examined. The chemical profile of the macrophyte showed the respective percentages of 19.9 % 

cellulose and 22.2 % hemicellulose. The nutritive potential indicated the presence of Ca, Mg, K, and P as 14.9, 4.6, 11.3 and 5.2 

%, respectively. The combined interaction between pretreatment and enzyme mixture (celluclast 1.5 L and novozyme 188), afford 

the most promising glucose production of 184.0 mg g
-1

 DM. The highest bioethanol yield of 4.1 g l
-1

 was produced by 

Saccharomyces cerevisiaeThermosacc and 0.10 M NaOH at 111°C for 120 min. The antimicrobial potential of ethanol and 

chloroform extracts of the WHB indicated that Staphylococcus aureusATCC 25923 was the most susceptible with inhibition zone 

diameters (IZD) of 11.8-21.5 mm. The fungal candidates Macrophominaphaseoliand Rhizocotoniasolani, severely injured as well 

due to the weed extracts, respective IZDs f 16.0 and 9.5 mm were measured. 

Key words: Water hyacinth, Box BehnKen Design, Saccharification, Fermentation, Bioethanol,   Antimicrobial activity. 

Introduction 

Increasing demand of global energy consumption, 

mainly used by heavy industries, is a necessity to search for 

new energy resources. Among the major economic problems 

facing Egypt is importing petrol and its derivatives. To restrict 

dependence on these valuable sources, bioethanol as an 

untraditional energy supply could successfully be used. 

Bioethanol, a kind of biomass energy, is an alternative fuel for 

gasoline, clean, safe and renewable resource (Bayrakci and 

Koçar, 2014). 

Traditional production of bioethanol is mainly from 

sugar, including starchy biomaterials, which is called first-

generation bioethanol. However, this causes competition 

between food and biomass energy sources. Hence, 

lignocellulosic materials are considered more attractive 

renewable resources for ethanol production owing to their 

easy availability and relatively low cost (Zhao and Xia, 2010). 

The water hyacinth (Eichhorniacrassipes) is a free 

floating aquatic macrophyte originated in the Amazon in 

South America. Due to its fast growth and the robustness of its 

seeds, it causes problems encompassing physical interference 

with fishing, obstruction of shipping routes and losses of water 

in irrigation systems due to high evaporation and interference 

with hydroelectric schemes and increased sedimentation by 

trapping silt particles. It also restricts the possibilities of 

fishing from the shore with baskets or lines (Aboul-Eneinet 

al., 2014; Rezaniaet al., 2016). Attempts to control the weed 

have caused high costs and lab requirements, leading to 

nothing but temporary removal of it. Fortunately, its high 

content of hemicellulose (30 - 35% of dry weight) can provide 

hemicellulosic sugars for bioconversion to bioethanol 

(Bayrakci and Kocar, 2014).  

Actually, the conversion of the water hyacinth 

biomass (WHB) to bioethanol comprises three essential steps; 

pre- treatment, saccharification and fermentation. Native 

lignocellulosic biomass is generally recalcitrant to mechanical 

microbial degradation, thus rendering it difficult to extract 

fermentable sugars. Hence, delignification substantially 

improves the enzymatic saccharification of the biomass. It has 

been proved that pretreatment of WHB with sodium hydroxide 

is an effective delignification strategy (Gangulyet al., 2013). 

The main factors that affect the whole process include 

substrate quantity, chemicals concentration, incubation time, 

reaction temperature and enzyme load (Das et al., 2015).  

To cope with the on-going research attempts in this 

context, the overall objective of the present work was to 

investigate the main composition of water hyacinth and to 

optimize conditions for efficient pretreatment and 

saccharification to facilitate the enzyme action to guarantee 

the prospective bioethanol yield production. This is 

besidesassessing the antimicrobial effects of the extractive 

compounds from this macrophyte. 

 

Materials and Methods 

Water hyacinth (Eichhorniacrassipes) biomass 

(WHB) was sampled from unpolluted district of Kom Hamada 

at Behera governorate. The leaves and stalks were washed in 

tap water, sun-dried, brought to the lab and further dried 

overnight at 70 °C. The dried biomass was milled to reduce 

the size to approximately 4mm prior to pre- treatment. 

Representative samples of WHB were chemically analyzed 

adopting the procedures of Gunnarsson and Petersen (2007) 

and Akinwandeet al. (2013). 
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Successive steps of hydrolysis and fermentation 

processes were executed to assess their viability for 

production of bioethanol in a cost-effective manner through 

utilization of pretreated water hyacinth hydrolysate as the sole 

carbon source for yeast fermentation. The general process 

description is shown in Figure (1). 

Alkali pretreatment of WHB   

The WHB was delignated by pretreatment with 

sodium hydroxide using conditions optimized in the lab. After 

cooling, samples pH was neutralized by sulfuric acid (72%). 

To secure the highest delignification rate that guarantee the 

maximum sugar production yields in the obtained hydrolysate, 

the Box BehnKen Design (BBD) of Aswathy et al. (2010) and 

Das et al. (2015)was used. 

Based on the BBD, all the 18 possible sodium 

hydroxide concentration (conc.), temperature and reaction 

time interactions were assessed for sugar production. This was 

done using a portion of 0.5 g dry weight WHB treated with 10 

ml NaOH in concentrations of 0.10 - 1.0 M, at the temperature 

range of 100 - 121 °C for reaction times varied from 30 to 120 

min. The hydrolysates of the 18 treatments were centrifuged at 

4400 rpm for 20 min. at 4 °C.The supernatants were 

neutralized by H2SO4 (72%) to pH 6.8 ± 0.2. Up to 0.3 - 0.5 

ml aliquots were taken to measure the monosaccharides in the 

hydrolysatesthen filtered through centrifugal filters (VWR 

Centrifugal Filter, Modified PES 10 KD, 500 µl, VWR, 

Germany). Finally, the samples were maintained at -20 °C 

before analysis by HPLC.The reminder volumes of the 

hydrolysates were used to determine the total di-oligo- poly 

saccharides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic representation of hydrolysis-simultaneous saccharification and fermentation of WHB.  
 

Determination of saccharide contents 

To 10 ml hydrolysate, 348 µl sulfuric acid (72%) was added, 

the mixture was autoclaved at 121 °C for 1 h. An aliquot of 3 

ml mixture was neutralized by barium carbonate and 

centrifuged at 4400 rpm for 20 min at 20 °C. The supernatant 

was filtered through cellulose filter and examined by HPLC 

for glucose and xylose production (Sluiter et al., 2012). The 

solid residue was used, as well, for further analysis.  
 

Enzyme saccharification of WHB   

The pretreated WHB was tested in the enzyme 

saccharification process by using two commercial enzymes, 

celluclast 1.5L (cellulase enzyme) and novozyme 188 (β-

glucosidase enzyme), both manufactured by Novozymes, A/S, 

Bagsværd, Denmark, Those treated WHBs, in 50 ml capacity 

Falcon tubes, received 50 mM sodium citrate buffer. 

Thereafter, 1.1 ml (v/w) celluclast 1.5 L enzyme was added 

followed by 0.11 ml (v/w) novozyme 188 enzyme. To prevent, 

as possible, any microbial contamination for the solid fraction 

during saccharification, few drops of sodium azide were 

added. The mixture was incubated under shaking at 150 rpm 

for 72 hr. at 50 °C. Representative samples from the 

supernatants were HPLC analyzed (Selig et al., 2008). 

Samples (0.3 - 0.5 ml) were heated at 95 °C for 6 min to 

denature the enzymes and then filtered through centrifugal 

filters.  Samples were maintained at -20 °C before analysis by 

HPLC. 
 

Simultaneous saccharification and fermentation of WHB 

The superior treatment interactions of the previous 

hydrolysis experiments in respect to sugar production were 

selected for simultaneous saccharification and fermentation of 

the raw WHB. Those treatment interactions (NaOH conc. x 

temperature x reaction time) were 1) 0.10 M x 111 °C x 120 

min and 2) 0.55 M x 111 °C x 75 min. An amount of 0.5 g dry 

weight WHB was treated with 10 ml NaOH and exposed to 

the above mentioned conditions. The pH of the alkaline 

pretreated WHB was adjusted by H2SO4 (72%) to pH 4.8 ± 0.2 

under sterile conditions.  
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The inoculum was prepared by cultivating 0.01 g 

dried yeast SaccharomycescerevisiaeThermosacc strain in 10 

ml working volume of fermentation medium of the following 

composition (gl
-1

): (NH4)2SO4, 1.0; KH2PO4, 2.0; 

MgSO4.7H2O, 1.0; yeast extract, 3.0; bacto-peptone, 3.0; and 

0.05 M, sodium citrate buffer at a pH of 4.8±0.2 

(Rohowsky, 2013; Ali 2015).Cultures were incubated at 38 °C 

for 18 h. The harvested growth was centrifuged at 4400 rpm at 

4 °C for 20 min. The cell biomass was washed twice free of 

any metabolites with di-ionized water. The cell biomass was 

then diluted with glucose-free fermented medium. The 

mixture of celluclast 1.5 L and novozyme 188 enzymes 

together with the yeast cell biomass was added under sterile 

conditions to the previously prepared water hyacinth 

hydrolysate. Incubation took place at 38 °C for 110 h at 150 

rpm (Figure 2). At regular intervals; 1, 2, 4, 6, 12, 18, 24, 48, 

72 and 110 h. 0.5 ml hydrolysate samples were carefully 

taken. Samples were transferred to tightly closed Eppendorf 

plastic tubes and centrifuged at 4400 rpm for 20 min. The 

supernatants were filtered through 10 KD plates and the 

filtrates were injected into HPLC for ethanol determination. 

The efficiency of glucose bioconversion into ethanol was 

estimated adopting the following formula (Lee et al., 2007). 

 

 

 

 
Fig. (2) Plastic syringes simulating anaerobic condition system applied for WHB fermentation. 

 

Antimicrobial activity of WHB extracts 

1- Preparation of the microphyte extracts  

Extraction of the milled plant material was carried 

out by cold percolation method using chloroform and ethanol 

as extracting solvents following the protocol of Baralet al. 

(2011). Removal of the solvent from the extracts was done 

using rotary vacuum evaporator and the concentrated extracts 

were stored at 4 °C. Two working solutions of the extracts (5 

and 10%) were prepared in dimethyl sulfoxide (DMSO). The 

yield of respective extract was calculated as: percentage yield 

(%) = dry weight of extract / dry weight of sample x 100. 
 

2- Preparation of microbial cultures 

Six different clinical bacterial (Salmonella 

typhimuriumATCC 14028, Staphylococcus aureusATCC 

25923, Bacillus cereus ATCC 33018, Pseudomonas 

aeroginosa ATCC 9027, Escherichia coli O157 

93111andListeria monocytogenesATCC 7644) and seven 

fungal (Aspergillusniger NRRL 326, Aspergillusflavus NRRL 

1957, Candida albicans ATCC 10231, Fusariumoxysporum, 

Fusariummonilfarum, Rhizocotoniasolaniand 

Macrophominaphaseoli) strains were experimented for the 

antimicrobial potentials of the plant. Colonies (24 h.) 

developed on tryptone glucose yeast extract agar, TGYE 

(Kiang et al., 2013) for bacteria and those of fungi (5-day old) 

on sabouraud dextrose agar, SD (Chandrasekaran and 

Venkatesalu, 2004) were picked up for inocula preparation in 

broth media.  

 

3- Antimicrobial activity assay  

Well diffusion method (Baralet al., 2011) using 

TGYE and SD agar media was adopted to detect the 

antibacterial and antifungal properties of the crude extracts. 

Freshly prepared inocula of test microorganisms were spread 

on agar plates. Wells of 5 mm diameter were bored on the agar 

culture media using sterile cork bores. In each well, 0.5 ml of 

either plant extract concentration was dispensed with the help 

of micropipette. Plates were incubated at 35 °C for 24 h for 

bacterial strains and at 25 °C for 5 days for fungal candidates. 

Zone of inhibition (ZOI) as indicated by clear zone of 

microbial growth was measured. The solvent used as a 

negative control was dispensed at the plate center. 
 

Statistical analysis 

Response Surface Methodology (RSM) was 

implemented by Box-Behnken model to build an experimental 

design for solving multivariate equations and investigate the 

interaction effects of pretreatment conditions. The design of 

experiment and statistical analysis was made by 

STATGRAPHICS® Centurion XVVersion 15.2.05 to develop 

the experimental model and estimate the co-efficient of the 

second-order-polynomial. 
 

Results 

Compositional profile of untreated WHB 

The proximate composition of the untreated raw 

WHB showed that the aquatic weed is rich in cellulose, 

1g glucose                        0.51g ethanol + 0.488 g CO2         (= 51% mass based conversion) 

1 C6H12O6                         2 C2H5OH + 2 CO2 



International Journal of Engineering Science and Computing, December 2018                            19407                                          http://ijesc.org/ 

0.1
Time

120.0 121.0100.0

G
lu

co
se

 a
ft

er
 p

re
 A

ci
d 

m
g/

g 
D

M

Main Effects Plot for Glucose after pre Acid

2.1

2.5

2.9

3.3

3.7

4.1

Conc
1.0 30.0

Temp
NaOH conc. (M) Time (min.) Temp. (°C) 

m
g

 g
-1

 D
M

 

hemicellulose and lignin representing 19.9, 22.2 and 16.2% of 

dry biomass respectively. Estimates of 24.0% crude protein 

and 20.0% crude fiber were scored as well. Carbon and 

nitrogen percentages were 34.3 and 3.8 with C/N ratio of 9.03. 

The high content of ash (16.8%) indicates the richness of the 

plant in minerals. The nutrient level varied from 2.1 to 14.9%, 

calcium was the highest and sodium the lowest. Heavy metals 

(Cr, Cu, Ni, and Zn) were detected in rather low quantities not 

exceeding 0.05%. 

Alkali pretreatment of WHB 

The interaction of the independent factors (sodium 

hydroxide concentration, temperature, reaction time) affecting 

the pretreatment efficiency of WHB was determined using 

Box-BehnkenDesign (BBD). The different combinations of 

the three variables developed by BBD tested for 

saccharification of WHB and corresponding sugar yields are 

given in Table (1).  

 

Table 1. Box-Behnken experiment design matrix for optimization of saccharification of pretreated WHB 

Pretreatment conditions Sugar yield after 

pretreatment 

Sugar yield after enz. 

saccharification 

Total sugar yield 

NaOH Conc. Temp. Time Glucose Xylose Glucose Xylose Glucose Xylose 

(M) (°C) (min) (mg g
-1

 Dry weight WH) 

0.10 100 75 2.3 12.5 167.5 26.1 169.9 38.6 

0.10 111 30 3.4 34.1 122.9 6.8 126.3 40.9 

0.10 111 120 2.5 17.0 181.5 27.0 184.0 44.0 

0.10 121 75 2.1 13.5 171.3 26.1 173.4 39.6 

0.55 100 30 3.3 30.1 170.1 25.4 173.3 55.4 

0.55 100 120 3.2 33.8 160.3 22.6 163.5 56.4 

0.55 111 75 3.6 35.3 169.2 20.2 172.8 55.6 

0.55 111 75 3.5 34.8 171.0 19.3 174.4 54.1 

0.55 111 75 4.7 48.9 169.3 18.9 174.0 67.8 

0.55 111 75 3.7 35.0 165.3 20.1 168.9 55.1 

0.55 111 75 3.6 33.1 168.6 20.0 172.2 53.1 

0.55 111 75 2.5 14.4 168.6 26.2 171.2 40.6 

0.55 121 30 2.6 26.9 152.3 11.3 154.9 38.2 

0.55 121 120 3.7 33.5 160.5 17.2 164.2 50.7 

1.00 100 75 0.0 0.0 160.3 15.9 160.3 15.9 

1.00 111 30 2.5 26.6 168.5 20.4 171.0 47.0 

1.00 111 120 2.9 27.1 164.0 17.6 166.8 44.7 

1.00 121 75 2.6 25.7 165.8 18.4 168.4 44.1 

 

Figure (3) illustrates that the maximum glucose yield 

of 4.71 mg g
-1

 DM was produced using the interaction model 

of 0.55 M NaOH, 111°C for 75 min. The interaction impact of 

the process parameter on the total sugar yield due to 

saccharification of WHB is also expressed using a three 

dimensional plot. This response surface curve is plotted to 

understandthe combination effect of the variables and, as well, 

for identifying the optimum level of each parameter for 

attaining the maximal sugar yield. At the low alkali 

concentration and temperature, relatively low glucose yield 

was produced (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Glucose production (mg g
-1

 DM) from pretreated WHB under the optimum conditions of NaOH concentration, 

temperature and reaction time. 

Maximum yield= 4.71 

Factor Low High Optimum 

Conc. 0.10 1 0.55 

Time 30 120 111 

Temp. 100 121 120 
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Fig. 4.Response surface plot showing the effects of NaOH level and temperature interaction on glucose yield 

  

Raising the NaOH level in the system simultaneously with 

elevating the temperature resulted in increases in sugar 

quantity. A slight dip in the yield was recorded at higher alkali 

concentration. This might be attributed to feedback inhibition 

of the system. 

A satisfactory xylose yield of 48.91 mg g
-1 

DM was 

achieved in the triple system of NaOH (0.55 M), temperature 

(111 °C) and reaction time of 75 min. The lowest xylose yield 

of < 10 mg g
-1

 DM was obtained with 1.0 M NaOH (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.Response surface plot showing the effects of NaOH level and temperature interaction after 30 min. onxylose 

concentration 

 

Enzymatic saccharification of solid fraction WHB 

Effects of the interactionsamong the three 

independent factors on enzymatic saccharification of solid 

water hyacinth component were also experimented adopting 

the Box Behnken full factorial design. The maximum glucose 

yield of 181.50 mg g
-1

 DM was secured with NaOH 

concentration of 0.10 M together with temperature of 111 °C 

for 120 min. The response surface plot (Figure 6) indicates 

that gradual reduction in glucose amounts were scored as the 

alkali concentration in the reaction medium increased, i.e. the 

higher the alkali level the lower the sugar yield. 

Akin to glucose, the behavior of xylose production 

changed with NaOH level. The combination of 0.10 M NaOH, 

111 °C and 120 min. deemed the superior for the optimum 

sugar yield of 27.00 mg g
-1

 DM (Figure 7). The sugar amounts 

steadily decreased as the alkali concentration increased. The 

lowest yield (< 16 mg g
-1

 DM) was recorded at 1.0 M NaOH. 
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Maximum yield (4.71 mg g
-1

) 
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Maximum yield (48.9 mg g
-1

) 

30 min. 
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Fig. 6.Response surface plot demonstrating the interaction effect on glucose production from saccharification of WHB 

solid residue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.Effects of NaOH concentration and temperature on xylose production after 120 min. of WHB enzyme 

saccharification 
 

Simultaneous alkali-pretreatment and enzymatic 

saccharification of the WHB solid fraction 

 

The amounts of sugar produced from the solid 

component of the WHB after the alkali pretreatment 

simultaneously with enzyme saccharification were estimated 

using the BBD. A total glucose pool of 184.0 mg g
-1

 DM 

resulted from the optimal interaction pattern of 0.10 M 

(NaOH), 111 °C and 120 min. The response surface plot is 

illustrated in Figure (8). Glucose amounts in the reaction 

medium proportionally decreased as sodium hydroxide 

concentration increased. Temperature changes had no effect in 

this respect. 
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Fig. 8. Response surface plot illustrating the effects of NaOH concentration, temperature and reaction time interaction on 

glucose yield (mg g
-1

 DM).  
 

The optimal xylose quantity of 67.80 mg g
-1 

DM was 

obtained at the combined condition of 0.55 M NaOH, 111 °C 

at the 75 min-interval (Figure 9). The sugar production 

decreased with raising the concentration of NaOH. An obvious 

increase in sugar yield was found with elevating the reaction 

temperature. 

Table (2) summarizes the results of ANOVA table 

partitions showing the variability in the total glucose and 

xylose into separate pieces for each of the effects. The 

statistical significance of the model is determined by F-test 

ANOVA, a p-value less than 0.05, indicating that they are 

significantly different from zero at the 95.0% confidence 

level. The interaction between the concentration of NaOH and 

temperature effects have p-values less than 0.05 for total 

glucose, indicating that they are significantly different from 

zero at the 95.0% confidence level. In contrast, the main effect 

of interaction between the concentration of NaOH and time of 

pretreatment has lower p-value than the other parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 9. The interaction effects of alkaline concentration and temperature on xylose production. 
 

Table 2. Analysis of variance for total glucose and xylose  

  Total glucose Total xylose 

Source of 

variation  

 D.f. Sum of 

Squares 

Mean 

Square 

F-

value 

P-

Value 

D.f. Sum of 

Squares 

Mean 

Square 

F-

value 

P-

Value 

NaOH conc.  (A) 

Temperature (B) 

Time (C) 

AB 

AC 

BC 

Exp. Error 

Total (corr.) 

R-squared 

1 21.10 21.10 0.24 0.64 1 16.14 16.14 0.16 0.70 

1 4.76 4.76 0.05 0.82 1 5.22 5.22 0.05 0.83 

1 351.13 351.13 3.94 0.08 1 25.52 25.52 0.25 0.63 

1 955.43 955.43 10.72 0.01 1 7.19 7.19 0.07 0.80 

1 5.20 5.20 0.06 0.81 1 184.53 184.53 1.82 0.21 

1 91.58 220.87 1.03 0.34 1 33.36 33.36 0.33 0.58 
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In addition, the R-squared statistic indicates that the model as 

fitted explains 70.85% and 61.37% of the variability in total 

glucose and xylose, respectively. The standard error of the 

estimate shows the standard deviation of the residuals to be 

9.44 for total glucose and 10.08 for total xylose. 

Ethanol production from pretreated WHB  

Production of ethanol along 100 hr. from the 

pretreated- and Saccharomyces cerevisiaeThermosacc 

received- WHB was evaluated under two experimental 

conditions. Figure (10) indicates that the fermentation model 

of 0.10 M NaOH at 111 °C for 120 min was more favorable 

for ethanol accumulation compared to the other model of 0.55 

M NaOH, 111 °C and 75 min. Ethanol estimates were 4.1 - 4.3 

g l
-1

 for the former and 3.5 - 3.8 g l
-1

 for the latter. For both 

models, storms of ethanol production were noticed as early as 

< 18 h up to ca. 24 h, then the production rate maintained 

almost constant till the end of the fermentation period. 

Considerably lower amounts of ethanol (1.3 - 1.7 g l
-1

) were 

scored for hot water-pretreated WHB in presence of S. 

cerevisiae. The efficiency of glucose bioconversion into 

ethanol is expressed as percentage (Figure 11). The calculated 

efficiencies were the highest (72.8 and 57.0 %) within the 

earlier reaction period (12 h) for the respective fermentation 

models of 0.10 M NaOH, 111 °C, 120 min and 0.55 M NaOH, 

111 °C, 75 min. No conspicuous changes in bioconversion 

efficiencies were observed with time of fermentation.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.Ethanol production from pretreated WHB hydrolysate by Saccharomyces cerevisiaeThermosacc in two 

experimental models 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11.Efficiency of glucose bioconversion into ethanol of WHB in presence of Saccharomyces cerevisiaeThermosacc of the 

two fermentation models 
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Antimicrobial activities of WHB extracts 

The antimicrobial potential of ethanol and 

chloroform extracts of the water hyacinth was assessed 

adopting the well diffusion method (Table 3). Among the 

pathogenic bacterial candidates, Staphylococcus aureusATCC 

25923seemed the most susceptible to both extracts. Raising 

the concentration of either solvents from 5 to 10 % had no 

obvious influence on growth of the bacterium. Average 

inhibition zone diameters (IZD) of 21.5 and 11.8 mm were 

measured for ethanol and chloroform extracts respectively. 

Both Listeria monocytogenesATCC 7644 and Salmonella 

typhimuriumATCC 14028 inhibited only at 5 % ethanol 

extract with respective IZDs of 6.3 and 1.7 mm. Pseudomonas 

aeroginosa ATCC 9027was the only pathogen that resisted all 

the water hyacinth extracts tested. Fungal pathogens exhibited 

better tolerance patterns towards both extracts. 

Aspergillusflavus NRRL 1957 deemed the inferior fungus in 

respect to its ability to grow in presence of the weed extracts. 

Ethanol extract of 10 % appeared the most toxic against A. 

flavusshowing IZD of 26.0 mm. Lower mortality patterns 

expressed in 16.0 and 9.5 mm IZDs were measured for 

Macrophominaphaseoliat 5 % chloroform and 

Rhizocotoniasolaniat 10% ethanol. Other fungal members 

grew nicely in presence of all tested extracts with no visible 

growth inhibition. Irrespective of tested pathogens, the 

macrophyte ethanol extracts showed greater bioactivity 

compared to those of chloroform.  

 

Table 3. Antimicrobial potentials (IZDs in mm) of water hyacinth ethanol and chloroform extracts 

Strains Ethanol (%) Chloroform (%) 

5 10 5 10 

Bacterial pathogens 

Bacillus cereus ATCC 33018 - 18.7 - - 

Escherichia coli O157 93111 - - - - 

Listeria monocytogenesATCC 7644 6.3 - - - 

Pseudomonas aeroginosa ATCC 9027 - - - - 

Salmonella typhimuriumATCC 14028 1.7 - - - 

Staphylococcus aureusATCC 25923 21.5 20.8 11.8 11.8 

Fungal pathogens 

Aspergillusflavus NRRL 1957 - 26.0 20.2 19.8 

Aspergillusniger NRRL 326 - - - - 

Candida albicans ATCC 10231  - - - - 

Fusariumoxysporum - - - - 

Fusariummonilfarum - - - - 

Macrophominaphaseoli - - 16.0 - 

Rhizocotoniasolani - 9.5 - - 

-, no measurable inhibition 

 

Discussion 

Fossil fuels are being used carelessly by humankind 

and this type of energy cannot supply all the energy 

requirements.  Replacing fossil fuels with renewable energy 

sources significantly satisfies the increasing energy demands. 

Bioethanol has been produced from waste biomass resulted 

from agricultural and forest industries such as corn cobs, 

sugarcane bagasse, wheat straw, rice straw and wood chips 

(Mishimaet al., 2008; Gonçalveset al.,2013 and Ali, 2015). 

Instead of terrestrial plants, those of aquatic nature are the next 

promising renewable energy source.  

The water hyacinth (Eichhorniacrassipes) is a water 

weed, called Ward EL Nile, is wide spread in the River Nile of 

Egypt and covers vast areas of its surface. Previous studies on 

ethanol production from water hyacinth adopted 

saccharification with subsequent fermentation of the generated 

sugars (separated saccharification and fermentation mode), but 

the simultaneous saccharification and fermentation (SSF) have 

rarely been applied even though SSF has a high possibility for 

improving both the production and economical efficiencies 

through reduction of by-product inhibition and the number of 

reaction tanks (Mishimaet al., 2008; Rezaniaet al., 2016). 

The major target of the present study is to evaluate 

the chemical pretreatment of water hyacinth followed by 

enzymatic saccharification. Efforts have been given to the 

appropriate conditions leading to sufficient delignification to 

attain the prospective sugar yield; emphasis was directed 

finally toward bioethanol production.  

Indeed, the water hyacinth (WH) has an excellent 

ability to take up nutrients and other chemicals from its 

environment, and the chemical composition of the plant 

depends strongly on its medium (Gunnarsson and Petersen, 

2007). The proximate composition of the studied WH 

authenticates this observation where its chemical profile 

appeared different from that reported in a number of previous 

investigations (Table 4). Beside the backbone components of 

saccharification and fermentation processes (lignin, cellulose, 

hemicellulose), the levels of crude protein and crude fiber are 

of special concern. The high quantity of crude protein (24.0 % 

DM) proves that it is favorable for ruminant feeding and is 

comparable to common leguminous fodder crops available in 

Egypt. So, it is considered a valuable supplement for animals 

fed on low quality crop residues. The crude fiber (20.0 % DM) 

estimated in the present study is consistent with the range of 

16.3 - 22.7 % DM reported by Poddaret al.(1991),Akinwande 

et al. (2013) and Maliket al.(2016) for different water hyacinth 

samples. The high crude fiber content indicates the high 

digestibility of the weed. 

The ash content of the studied water hyacinth (16.81 

% DM) is comparable to that (15.98 % DM) obtained by 

Akinwandeet al. (2013),  this is however lower than 19.01 % 

DM found by Okoyeet al. (2002) and 29.56 % DM of Mako 

and Akinwande (2012). Such high content of ash is probably 
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due to accumulation of minerals absorbed from water. Since 

the normal ash amount of most legume grass forages is about 

9.0 % DM, the high level of ash indicates the availability of 

minerals to livestock-fed water hyacinth. The weed contained 

higher levels of lignin, calcium, magnesium potassium and 

phosphorous than those reported by Poddaret al. 

(1991),Akinwandeet al. (2013) and Maliket al. (2016). In 

contrast, the estimated amounts of cellulose, hemicellulose 

and ash were much lower. The aquatic macrophyte naturally 

absorbs pollutants including toxic chemicals like lead and 

others believed to be carcinogenic in concentrations 10,000 

times than in the surrounding water (Smolyakov 2012; Vidya 

and Girish 2014; Rezaniaet al., 2016). The heavy metals Cr, 

Cu, Ni and Zn were present in the examined water hyacinth 

samples in concentrations of≤ 0.05 % DM.

  

Table 4. Proximate analysis of the investigated water hyacinth in comparison with that of other sources 

Parameter  

(% on DM basis) 

Present 

study 

de Vasconcelos 

et al. (2016) 

Maliket 

al. 

(2016) 

Vidya 

and 

Girish 

(2014) 

Akinwande et 

al. (2013) 

Ruan et 

al. 

(2016) 

Poddar 

et al. 

(1991) 

Lignin 16.2 – 12.9 – 2.8 8.6 9.9 

Cellulose 19.9 – 24.6 – 25.2 24.5 25.6 

Hemicellulose 22.2 – 26.1 – 16.5 34.1 18.4 

Crude protein 24.0 15.9 13.9 – 10.0 – 16.3 

Crude fiber 20.0 – 21.4 – 22.7 – 16.3 

Ash 16.8 – 24.2 24.2 15.0 1.5 16.4 

Carbon 34.3 – – – – – – 

Nitrogen 3.8 – – 1.5 – – 2.8 

C/N ratio 9.0 – – – – – – 

Calcium 14.9 0.11 3.03 – 3.1 – 2.3 

Magnesium 4.6 – 2.01 – 0.6 – – 

Potassium 11.3 – 1.02 0.20 4.13 – 2.4 

Phosphorus 5.1 0.03 – 0.06 0.3 – 0.5 

–, no determined 

 

The pretreated WHB with sodium hydroxide (0.55 

M) at 111°C for 75 min produced the highest quantity of 

glucose (4.71 mg g
-1

 DM) indicating the conversion of the 

weed biomass cellulose into sugar. Yield of the latter 

decreased at higher alkali concentration; an observation might 

be attributed to feedback inhibition of the system. These 

findings are in agreement with those of Hendriks and Zeeman 

(2009) and Abdel- Fattah and Abdel-Naby (2012). Actually, 

the alkali pretreatment depends on the lignin content of the 

materials. As mentioned by Gangulyet al. (2012), the 

mechanism of alkali hydrolysis is saponification of 

intermolecular ester bonds cross linking xylan hemicelluloses 

and other components, e.g.lignin and other hemicellulose. The 

porosity of the lignocellulosic materials increases with the 

removal of the cross links. Dilute NaOH (0.5 %) treatment of 

lignocellulosic materials causes swelling, leading to an 

increase in internal surface area, a decrease in the degree of 

polymerization, a decrease in crystallinity, separation of 

structural linkages between lignin and carbohydrates, and 

disruption of the lignin structure. A delignification efficiency 

of 50 – 70 % due to alkali pretreatment of water hyacinth was 

recorded. 

The acid hydrolysis of water hyacinth is needed to 

produce xylose, arabinose, glucose and acetic acid by cleavage 

of the β - 1, 4 linkages of glucose or xylose monomers, acetyl 

groups (Haanet al., 2007). The concentrated acid may be 

successful for producing high yields of sugar. This process 

typically involves the use of 60 - 90 % sulfuric acid, mild 

temperatures and moderate pressures. The primary advantage 

of the concentrated acid is the high sugar recovery efficiency, 

which can be on the order of > 90 % for both xylose and 

glucose sugars (Badger, 2002).   On the other hand, acid 

hydrolysis processes have several disadvantages due to 

formation of toxic compounds, such as furfural, hydroxyl-

methyl furfural, acetic acid, formic acid, levulinic acid, etc. 

which inhibit the fermentation. The use of lime to neutralize 

acid has the disadvantage of significant loss of sugar in the 

form of gypsum. However, such processes could be replaced 

by highly economical chromatographic separations with acid 

recycling (Gangulyet al., 2012). 

Simultaneous pretreatment and enzyme 

saccharification of the solid fraction of WHB resulted in 

considerably high yields of sugar of > 180 mg g
-1

 DM for the 

optimal alkali level, temperature and reaction time interaction 

model. It is expected that the cellulose- degrading enzyme 

mixture of celluclast 1.5 L and novozyme 188 removed some 

of the inhibiting byproducts and hence promotion of 

saccharification occurs. The addition of enzymes to pretreated 

water hyacinth to enhance the enzymatic hydrolysis of 

cellulose has also been reported by other investigators (Chen 

et al., 2008; Zhenget al., 2009). Interestingly, sugars yield in 

the enzymatic hydrolysate overcame that obtained by alkaline 

hydrolysis, suggesting that the cellulose and starch in the 

WHB were sufficiently hydrolyzed by cellulases in the 

enzymatic hydrolysis stage. 

The common yeast Saccharomyces cerevisiae has 

been employed for fermentation of hexose sugars in the 

hydrolysate. After a thorough survey of literature on different 

processes of hydrolysis and fermentation (Aswathyet al., 

2010; Liu and Lu, 2011; Gangulyet al., 2012), a principle 

mode had been tried in the present study to develop a simple 

and cost effective process for better recovery of ethanol from 
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the water hyacinth (WH) on laboratory scale. The adopted 

simultaneous saccharification and fermentation (SSF) 

represents a single step process in which fermentable sugar get 

released by enzymatic hydrolysis of WH and are 

simultaneously exploited by yeasts for fermentation in the 

same medium. A maximum of 4.5 g l
-1

 of ethanol was 

produced in this process. Similar to this, Aswathyet al. (2010) 

reported that ethanol production from the WHB hydrolysate 

was low and the maximal ethanol yield was 4.25 g l
-1

. 

Mishimaet al. (2008) obtained an ethanol yield of 0.14 g l
-1

 

dry substrate through SSF of pretreated water hyacinth using 

commercial cellulose and   S. cerevisiae. This dismal 

insignificant yield of ethanol is due to the presence of 

inhibitory products in the hydrolysate. Such products, furfural 

and hydroxyl furfurals in particular, cause intense inhibition of 

ethanol formation. Those substances block the yeast central 

enzymes acting in the process like hexokinase, 

phosphofructokinase and trio-phosphate dehydrogenase (Das 

et al., 2015). Hence, if the hydrolysate is detoxified, a higher 

ethanol yield may be expected. 

Since S.cerevisiae ferments only hexoses, this 

probably accounts for low ethanol yield production. Due to 

high content of hemicellulose (22.24 %) and low level of 

cellulose (19.92 %) estimated in the present study and 

respective quantities of 48 and 18 % obtained by Nigam 

(2002) and though the enzymatic hydrolysis might release 

both hexoses and pentoses, the presence of high xylonase 

producing organisms such as Aspergillusnigerand / 

orTrichodermareesei(Aswathyet al., 2010) is unavoidable to 

magnify the ethanol production pool. In this context, up to 

18 g l
-1

 ethanol has been produced by pentose fermenting 

yeasts on water hyacinth acid hydrolysate (Nigam, 2002). The 

bioethanol production efficiency calculated as percentage of 

glucose conversion recorded values of 72.8 and 57.0 %. 

Actual values could be even higher, as any residual lignin or 

other compounds were not analyzed. 

A vast array of plants has been used as potential 

sources of a great number of medicines. The traditional 

medicine using plant extracts still providing health services for 

> 80% of the world`s population (WHO, 1993; Krishnaiahet 

al. 2011). On the contrary to the chemically synthetic drugs, 

antimicrobials of plant origin have no side effects and possess 

massive therapeutic potential to heal many infectious diseases 

(Baralet al., 2011). A part of the present study have been dealt 

with the antibacterial and antifungal capacities of water 

hyacinth- ethanol and –chloroform extracts towards a number 

of pathogenic bacterial and fungal strains adopting the well 

diffusion method. The macrophyte extracts, in general, had a 

good potential against Staphylococcus aureus ATCC 25923 

and Aspergillusflavus NRRL 1957. On the other hand, the 

weed extracts showed less activity against Bacillus cereus 

ATCC 33018, Listeriamonocytogenes ATCC 7644, 

Salmonellatyphimurium ATCC 14028, 

Macrophominaphaseoli and Rhizocotoniasolani. Ethanol 

extracts seemed more active than chloroform ones. Shanabet 

al. (2010) reported that the crude methanolic extract of water 

hyacinth exhibited antibacterial activities against both the 

Gram positive bacteria; Bacillus subtilis and Streptococcus 

faecalis; and the Gram negative bacteriumEscherichia coli. In 

addition, Candida albicans (yeast) was inhibited. In contrast, 

the fungal strains of Aspergillusflavus and Aspergillusniger 

were not inhibited by the crude extract of water hyacinth. 

Here, Baralet al. (2011) mentioned that the presence 

of more pharmacologically active compounds in ethanol 

extracts is presumed to be responsible for the high potency 

recorded than chloroform extracts. Alcohol extracts provide a 

more complete extraction, including less polar compounds and 

many of these extracts have been found to possess 

antimicrobial properties (Rios and Recio, 2005). In addition, 

Nostroet al. (2000) demonstrated the effects of different 

extractives on the activity of bioactive molecules on various 

microorganisms and came to the conclusion of greater potency 

of ethanol extracts than those of chloroform. Ethanol solvent 

is known with its ability to release more antimicrobials from 

plants including tannins, polyphenols, terpenoids, saponins, 

xanthoxyllines, totarol, quassinoids, lactones, flavones and 

phenones, while chloroform extracts contain only 

anthocyanins, starches, tannins, saponins, polypeptides and 

lectins(Cowan, 1999). In general, variations in the 

effectiveness of the extracts towardsdifferent microorganisms 

depend upon the chemical composition of extracts and 

membrane permeability of microbes for chemicals and their 

metabolism (Baralet al., 2011). Results of the present study 

indicate that water hyacinth may be useful for developing 

alternative compounds to treat infections caused by some 

antibiotic-resistant pathogens. It is suggested, as well, that 

these biologically active substances may be used together with 

known drugs in the developing of pharmacological agents 

against various hazardous pathogens.  

 

Conclusions 

Finally, it could be concluded that: a) the water 

hyacinth is one of most abundant and untapped macrophyte, 

that considered as a promising biomass for bioethanol 

production when the fermentation process is fully optimized, 

b) to earn a significant improvement of bioethanol production 

preferably integrates co-fermentation using pentose 

fermenting organisms for alcohol fermentation along with 

Saccharomyces, c) the antimicrobial activity against some 

pathogenic bacteria and fungi supports using this weed in 

pharmaceutical and biological control purposes. The main 

issue in biological process is that it is time – consuming, eco-

friendly and leads to energy savings. We must look through to 

the biological process to preserve the environment and protect 

our planet which is increasingly under threat. Additionally, the 

devastation of this aquatic macrophyte characterized by good 

antimicrobial properties enables us to prepare and satisfy our 

pharmaceutical product’s needs.                   
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