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Changes in Composition and Structure of Water
Hyacinth Based on Various Pretreatment Methods
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The deconstruction of cellulose, hemicellulose, and lignin has varying
effects on lignocellulosic biomass. To understand and evaluate these
effects it is important to conduct compositional and structural analyses. In
this study, the effect of different pretreatments on the composition and
structure of water hyacinth (WH) was investigated. The pretreatment
methods investigated were acid, alkali, ionic liquid (IL), and microwave-
alkali. The structural analysis was completed before and after the
pretreatment using scanning electron microscopy. In addition, the biomass
recovery rate was measured to evaluate the composition of the WH
biomass. Based on the results, all pretreatment methods effectively
disrupted the crystalline structure and enhanced the digestibility of the WH
through increasing the cellulose and hemicellulose content and reducing
the lignin content. The acid pretreatment resulted in high cellulose
digestibility while the microwave-alkali pretreatment destroyed only the
lignin structure of the WH. The alkali and IL pretreatments increased the
cellulose and hemicellulose content of the WH. The highest recovery rate
was obtained via IL pretreatment. The acid, microwave-alkali, and alkali
pretreatments had the second, third, and fourth highest recovery rates,
respectively. This study showed that the biomass recovery rate,
compositional makeup, and structural analysis are important to use WH
for bioenergy production.
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INTRODUCTION

A wide range of lignocellulosic aquatic biomass is used as a source for cost-
effective biofuel (Rezania et al. 2017a; Kaur et al. 2018). Lignocellulosic biomass is a
mixture of carbohydrate polymers such as cellulose (20% to 50%), hemicellulose (20% to
35%), and lignin (10% to 45%) (Harun et al. 2011). Cellulose and hemicellulose are
carbohydrates that are composed of a variety of monomers possessing five and six carbons
(Sawatdeenarunat et al. 2018). Water hyacinth (WH) is an aquatic plant that has a high
carbohydrate and low lignin content. Previous studies have confirmed that WH is a suitable
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lignocellulosic material for bioenergy production (Rezania et al. 2016, 2018). The accurate
analysis of the composition of WH can affect the overall economy of the process (Uday et
al. 2016; Guna et al. 2017).

According to Karimi and Taherzadeh (2016), it is necessary to have an accurate
and reliable analysis to evaluate the biofuel production based on the carbohydrate content
before and after pretreatment. It is important to evaluate the effects of the deconstruction
of lignin, cellulose, and hemicellulose. Compositional analysis of these components can
show how they have been removed or changed (Brandt et al. 2013). In untreated biomass,
the polymers of cellulose, hemicellulose, and lignin are linked as a strong structure. In
addition, various changes in the physical and chemical structures of lignocellulosic
materials occur using different pretreatment methods. Selecting or designing a suitable
pretreatment method can overcome this complicated structure by splitting up the
recalcitrant characteristics of lignocellulose biomass (Sasmal and Mohanty 2018).

Different cost-effective pretreatment methods have been identified based on the
types and structures of lignocellulosic biomass (Barua and Kalamdhad 2017). The
effectiveness of these pretreatments depends on the physical structure, the chemical
composition of the biomass, and the pretreatment conditions (Sindhu et al. 2016). Sun et
al. (2016) stated that the glucosidic bonds of hemicellulose and cellulose are sensitive to
acid and can be partially solubilized to further improve the accessibility of enzymes to
cellulose. As studied by several authors, combined pretreatments are more effective than a
single method for the WH biomass. For instance, Barua et al. (2017) reported that the
electrohydrolysis pretreatment of WH resulted in the reduction of lignin and crystallinity
due to the disruption of the molecular structure. In another study, the degree of lignin
removal and the cellulose conversion of WH efficiently increased using ultrasound-assisted
IL pretreatment and sodium dodecyl sulfate (Chang et al. 2017). Zhang et al. (2018) found
that the combined microbial pretreatment with dilute acid was an effective pretreatment
method for WH hydrolysis. In this instance, the microbial was responsible for
delignification, which was followed by the breakdown of hemicellulose via dilute acid.

In the process of ethanol production from lignocellulose, the biomass recovery
yield of pretreatment is also an important factor. A low glucose yield can be obtained due
to a low biomass recovery yield, which implies the loss of cellulose during pretreatment.
It can be assumed that the low biomass yield causes a high removal of lignin and over-
degradation of the cellulose fibers (Tye et al. 2016). Therefore, the selected pretreatments
were chosen to compare the efficiency of alkali and acid (as the most used two
pretreatments methods), microwave-assisted (as a combined method), and IL (as rarely
used method for WH biomass). Hence, the novelty of this study is to evaluate the
effectiveness of selected pretreatment methods on the composition and structure of WH
based on scanning electron microscopy (SEM) images and the biomass recovery rate.

EXPERIMENTAL

Materials
Water hyacinth preparation

The WH plants were collected from a natural pond. The leaves were separated and
washed with distilled water, then chopped into small pieces (approximately 1 cm to 2 cm),
blended to small particles (approximately 3 mm to 5 mm), sun-dried for one day at an
outside temperature of 28 °C and humidity of 60%, and then stored in plastic bags for
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further use. The chemicals used, such as sodium hydroxide (NaOH) and sulfuric acid
(H2S04) were analytical grade reagents. The ionic liquid (IL) solution was obtained from
Sigma Aldrich (St. Louis, MO, USA).

Methods
Different pretreatment methods

In this study, four types of pretreatments were performed: acid, alkali, IL, and
microwave-alkali. The pretreatment specifications were like those in a previous study
(Rezania et al. 2019). The alkali pretreatment was performed at four different
concentrations of NaOH (4%, 5%, 6%, and 7%) at 110 °C and a pH of 5. A total of 5 g of
biomass sample and 10 mL of NaOH were mixed together. The mixture of biomass and
alkali was left to soak for 1 h and was treated for 10 min at 150 °C inside a furnace (C-
FMD; Changshin Science, Seoul, South Korea). The hydrolysate was collected using the
filtration method. For the acid pretreatment, 5 g of WH was mixed with 50 mL of dilute
sulfuric acid at 4%, 5%, 6%, and 7% (v/v) and autoclaved at 120 °C for 15 min. Then, the
treated biomass was neutralized with the addition of calcium hydroxide and filtered with a
0.45-um Whatman membrane filter (Sigma-Aldrich, Seoul, South Korea). The IL
pretreatment was performed by mixing 51 mL of 1-ethyl-3-methylimidazolium acetate
([EMIM][Ac]) and 3 g of WH in a 17:1 ratio at a pH of 8. The solution was heated and
stirred at 120 °C and incubated for 60 min, 90 min, 120 min, and 150 min of retention time.
To regenerate the WH, an equal volume of deionized water was added to the WH and
solvent solution and the precipitation quickly occurred. The sample was centrifuged and
the supernatant containing IL was removed and used. Then, the precipitate was washed
using deionized water. Finally, the regenerated WH was filtered and oven-dried at 60 °C
for 48 h (forced convection oven, Seoul, South Korea). The microwave-alkali pretreatment
was conducted in a WX-4000 microwave digestion system (Zhejiang Scientific
Instruments & Materials, Hangzhou, China). In this pretreatment, the WH was treated with
1.0% (w/v) NaOH solution for 24 h at 45 °C in a shaker at 120 rpm. The treated WH was
then heated for 1 min, 4 min, 7 min, and 10 min at 420 W in a microwave oven (Sanyo
Super Shower Wave 900W; Sanyo Denki America, Inc., Torrance, CA, USA) (Xia et al.
2013).

Imaging analysis by SEM

The microscopic structure conditions and surface morphology of the dry WH before
and after pretreatment were evaluated using SEM (JSM-6390LV; JEOL USA, Peabody,
MA, USA). The dried WH sample was mounted and coated with platinum, using an ion
sputter coater (MCM-100; Nano-images, Suwon, South Korea). For each sample, the SEM
photos were taken in two different magnifications of 1 K and 4 K (Ang et al. 2015).

Compositional analysis of WH

The cellulose, hemicellulose, and lignin of the WH were measured according to
Van Soest et al. (1991). The biomass recovery rate of the WH for each pretreatment was
calculated according to Eq. 1,

Biomass recovery rate (%) =
Biomass weight before treatment (g)— Biomass weight before treatment(g)

x100 (1)

Biomass weight before pretreatment (g)
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RESULTS AND DISCUSSION

Structural Analysis of WH Based on SEM Images
The untreated WH

As shown in Fig. 1, the untreated WH had a well-shaped fibril with a rigid lignin
structure coated surface. Thi et al. (2017) reported a firm and highly ordered structure in
untreated WH biomass using SEM. Due to the stripping of WH cell wall due to the
hydrolytic enzyme action, crude enzymes caused severe destruction of the fiber
microstructure that improved the overall surface area and enzyme accessibility.

Fig. 1. The SEM image of the untreated WH at 1000x magnification

SEM analysis of pretreated WH by different methods
Figure 2 shows the SEM images of the different pretreatment methods.

Fig. 2. SEM images of the different pretreatments at 1000x magnification: a) alkali-treated WH, b)
acid-treated WH, ¢) microwave-alkali-treated WH, and d) IL-treated WH
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Based on the SEM images after alkali pretreatment, the WH structure weakened
and many granules appeared on the surface while the cell’s content, such as organelles,
were removed (Fig. 2a). There are several possible reasons for this, such as the separation
of structural linkages between the lignin and carbohydrates, the disruption of the lignin
structure, and an increased internal surface area due to the interaction with NaOH.

In the acid-treated WH sample, the moisture was retained, and the dilute acid
penetrated through the substrate. The acid treatment disrupted the structure of the WH and
no linear structure of fibers in the biomass were observed (Fig. 2b). These results confirmed
that the acid tended to interact with the cellulose component rather than the lignin due to
the specific structure of WH. Similarly, Rezania et al. (2017b) observed the loss of the
WH’s structural integrity after the acid pretreatment by H2SOa. Thi et al. (2017) reported
that the pretreatment of WH by H>SO4 caused compression of the carbohydrate content
with a major collapse of cellulose.

As shown in Fig. 2c, the WH structure became thinner and striated due to the
microwave-alkali pretreatment, which caused degradation of the lignocellulose structure.
In contrast to the acid treatment, the alkali treatment had a direct effect on lignin
components, which thereafter enabled high exposure of WH cellulose and hemicellulose.
Microwave-assisted alkali-treated WH showed many channels with widths of
approximately 10 um on particle surfaces, which implied that the lignin structure broke
due to the reaction with alkali and irradiations (Cheng et al. 2014). Lin et al. (2015)
indicated that a microwave-heated alkali pretreatment successfully disrupted the WH
structure by increasing the surface area.

As discussed by Brandt et al. (2013), the IL pretreatment affected the crystallinity,
thereby altering the structure of the cellulosic biomass. After the IL treatment of WH, many
pores and holes appeared due to the disruption of the biomass structure. It seemed that the
WH structure dramatically changed due to lignin removal by the IL pretreatment (Fig. 2d).
It has also been reported that IL pretreatment has only a moderate effect on the composition
of biomass (Tan et al. 2011).

Compositional Analyses of the WH After Different Pretreatments

The untreated WH consisted of 16.4% + 0.35% cellulose, 32.7% % 0.14%
hemicellulose, and 5.7% + 0.05% lignin, as reported in previous research (Rezania et al.
2019). Narraetal. (2017) reported 38.01% + 1.26% cellulose, 24% * 0.74% hemicellulose,
and 9.50% £ 0.84% lignin in WH dry matter. In another study, Madian et al. (2019)
reported 31.71%, 19.08%, and 3.90% of cellulose, hemicellulose, and lignin in the WH
biomass, respectively. Table 1 shows the effect of different pretreatments on the
carbohydrate and lignin content of the WH, based on the published studies.

After the alkali pretreatment, the cellulose and hemicellulose content increased by
67% and 29%, respectively, which was two times higher than the untreated sample.
Meanwhile, this pretreatment removed lignin by 35%. Similarly, Singh and Bishnoi (2013)
observed an increase in the cellulose and hemicellulose content and a reduction in the lignin
content after alkali treatment of the WH. This is due to the effect of alkali treatment on
monosaccharides and carbohydrates, which are favorable for ethanol production. However,
the removal of lignin was due to the solubilization in the alkali aqueous solution. Based on
the results, the alkali-treated WH had the highest level of hemicellulose compared to all of
the pretreatment methods. This may have been due to the reservation of carbohydrates and
the effective lignin removal by NaOH (Lai et al. 2017). Therefore, it was concluded that
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the hydrolysis of both cellulose and hemicellulose in the alkali-pretreated WH led to a
better carbohydrate yield.

Table 1. Chemical Composition of the Pre-treated WH

Pretreatment Initial Biomass Composition of WH (%) Ref
Method Concentration (9) [ Cellulose | Hemicellulose | Lignin ererences
5 67% + 29% + 35% - This study
Abdel-Fattah
4 43% + 36% + 17% - and Abdel-
Naby (2012)
Alkali Singh and
10 68% + 37% + 56% - Bishnoi
(2013)
10 11% - 40% - 86% - D?;oitaa?l'
5 48% + 6% - 19% - This study
Acid (H2S04) Singh and
10 26% + 31% - 25% - Bishnoi
(2013)
14% + 14% + 9% - This study
- 5 33% + 24% + 57% - G(gglegb"’)‘"
Microwave- 5 44% + 7% + 38%- | This study
alkali

Increase +; Decrease -

In comparison to this study, Abdel-Fattah and Abdel-Naby (2012) obtained a lower
lignin content and a higher carbohydrate content after the alkali pretreatment of the WH
(Table 1). The high removal of lignin affected the carbohydrate content of the WH biomass
as well, because carbohydrates are lost as a byproduct. In this study, the acid pretreatment
decreased the lignin content 19%, decreased the hemicellulose content 6%, and increased
the cellulose content 48%. Similarly, a reduction in the hemicellulose and lignin content
and an increase in the cellulose content of the WH after the acid pretreatment was reported
by Singh and Bishnoi (2013). In this study, a lower hemicellulose and lignin content and a
higher cellulose content were obtained. The high cellulose content was due to the
disruption of the WH structure by acid.

Table 1 shows that the highest lignin removal was 38% using the microwave-alkali
pretreatment, while the lowest was 9% by the IL pretreatment. For the IL pretreatment, a
high lignin removal (49.2%) was reported using 1-N-butyl-3-methyimidazolium chloride
(IBmim]CI) and dimethyl sulfoxide at 120 °C for 120 min (Gao et al. 2013b). The
microwave-alkali pretreatment increased the hemicellulose content by 7%, while the IL
pretreatment increased the hemicellulose content 14%. Both the microwave-alkali and the
IL pretreatments increased the cellulose as much as 44% and 14%, respectively. In contrast,
Gao et al. (2013a) obtained higher increases in the carbohydrate content and lignin removal
using [C4mim]ClI at 120 °C with a 4 h retention period. The low lignin removal by
[EMIM][Ac] in this study may have been due to the low ratio of applied IL or specific
integration between the IL and the WH structure. Xia et al. (2013) reported that microwave-
alkali pretreatment drastically decreased the lignin and cellulose content of the WH
biomass. They found that the weight percentage of the residual lignin slightly decreased
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from 92% at 120 °C to approximately 78% above 160 °C. The expansion of the lignin
structures was caused by the microwave irradiation.

The physical changes of WH biomass after different pretreatments

Figure 3 shows the effect of each pretreatment on the physical shape of the WH
biomass. The untreated WH was dark green and smooth in shape, which changed to black
and became tough in the structure after alkali and acid pretreatment. The microwave-alkali
pretreatment changed the structure of the WH to semi-rigid and turned the color to light
green. After the IL pretreatment, the WH biomass became smoother and the color change
was negligible.
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Fig. 3. The physical changes of the WH after the different pretreatments

Biomass recovery rate

The biomass recovery rate after pretreatment is an important parameter. After
lignocellulose is pretreated, it needs to be recovered in the form of either biomass, sugar,
or lignin (Gogoi and Hazarika 2017). The results for the biomass recovery rate after the
different pretreatment methods are shown in Fig. 4. The recovery of the WH biomass was
calculated based on the dry weight basis before and after each type of pretreatment. The
highest recovery rate in the alkali pretreatment was 50% w/w, 53% w/w, 44% wi/w, and
41% wl/w via the 4%, 5%, 6%, and 7% concentrations of NaOH, respectively (Fig. 4a).
Therefore, an increased NaOH concentration decreased biomass recovery.

In contrast, the acid pretreatment had no substantial effect on the biomass losses
during pretreatment. The biomass recovery for the acid-pretreated WH was 50%, 62%,
65%, and 58% (w/w) when applying 4%, 5%, 6%, and 7% H2SO4, respectively (Fig. 4b).
This confirmed that increasing the acid concentration from 4% to 6% led to a slightly
increased biomass recovery rate. According to Xia et al. (2013), increasing the acid
pretreatment time from 5 min to 45 min caused the weight percentage of the residual WH
biomass to decrease 22% with a 55% dry weight biomass recovery rate.

After the IL pretreatment, the biomass recovery rate was 65%, 68%, 83%, and 77%
(w/w) in 60 min, 90 min, 120 min, and 150 min retention time, respectively (Fig. 4c). These
results confirmed that by increasing the IL pretreatment retention time of the WH, the
biomass recovery rate increased. This may have been due to the regeneration of biomass
for the interaction of the WH biomass with the IL solution. The IL pretreatment had the
highest biomass recovery rate and the lowest lignin removal rate, which may have been
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due to the specific structure of the WH used in this study. It should be noted that the lignin
and carbohydrate content of the WH was dependent on where the WH originated from
(Rezania et al. 2017a). A lower IL pretreatment dose may have been more effective in
obtaining WH with low lignin content. As reported by Gao et al. (2013Db), the recovery of
the IL-pretreated WH was more than 90% for 120 min, which was higher than the results
obtained in this study. In contrast, Xu et al. (2016) found only 58.5% biomass recovery
after the pretreatment of WH by [Emim][Ac] for 180 min.
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Fig. 4. WH recovery rate of the a) alkali pretreatment, b) acid pretreatment, c) IL pretreatment,
and d) microwave-alkali pretreatment

Table 2. Physio-chemical Effects of the Different Pretreatment Methods on the
Structure of the WH Biomass

Compositional Analysis

WH Biomass Structural Analysis
Recovery Rate Appearance/Color SEM
Untreated | - Smooth, dark green Linear
Alkali-treated Low Tough, black Granular
Microwave-alkali-treated Moderate Semi-rigid, light green Thin and linear
Acid-treated Moderate Tough, black Discrete
IL-treated High Smooth, green Perforated

As shown in Fig. 4d, the rate of biomass recovery of the microwave-alkali treated

WH was 45%, 48%, 54%, and 58% (w/w) after 1 min, 4 min, 7 min, and 10 min of
irradiation, respectively. The microwave-alkali pretreatment had no substantial effect on
the biomass losses, while the alkali pretreatment reduced the WH recovery rate. Therefore,
it seemed that the irradiation from the microwave had a stronger effect on the WH recovery
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rate than the NaOH. The compositional analysis of the different pretreated WH samples
supported the result through the reduction of lignin and the absence of crystalline cellulose.
Table 2 shows the physical, compositional, and structural changes of the WH biomass due
to the different types of pretreatment methods.

In summary, a good justification for the efficiency of different pretreatment
methods was obtained based on the results of the physical, compositional, and structural
analyses of WH.

CONCLUSIONS

1. The highest cellulose and hemicellulose content of WH was obtained after alkali
pretreatment followed by acid, microwave-alkali, and IL.

2. Based on the SEM images, the acid totally disrupted the linear structure, while many
granules appeared on the surface of the WH after alkali pretreatment. The amorphous
and porous structure appeared after the IL pretreatment. After the microwave-alkali
pretreatment, the WH structure became weaker and more linear.

3. The highest biomass recovery rate (83%) was obtained after the IL pretreatment at 120
min of retention time, while the lowest biomass recovery rate (41%) was obtained after
the alkali pretreatment with a 7% NaOH concentration.

4. The IL pretreatment method was not effective due to the low generation of
carbohydrates for WH biomass, then, more investigation and optimization on the
parameters for this method is recommended.

5. Future studies should focus on developing new pretreatment methods to increase the
efficiency of energy production from biomass.
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