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Experimental studies of furfural production from water hyacinth
(Eichhornia Crassipes)

Wijittra Poomsawat | George Tsalidis | Christos Tsekos | Wiebren de Jong

Process and Energy Department section

Large-Scale Energy storage, Delft Abstract

University of Technology, Delft, The Furfural is a very promising product of lignocellulosic biomass-based biorefineries
Netherlands and has the potential to become a useful resource for further conversion and utili-
Correspondence zation. Aquatic plants show an enormous potential as feedstock since they do not
Wiebren de Jong, Process and Energy compete for land use, and they require minimal water consumption in a biorefinery

Department section Large-Scale Energy concept due to their very high water content. This work is focused on experimental

storage, Delft University of Technology,
Leeghwaterstraat 39 NL-2628 CB, Delft, studies of furfural production from water hyacinth (Eichhornia crassipes) by means
The Netherlands. of aqueous, acid-catalyzed dehydration. The temperature range of the process, and
Email: Wiebren.deJong @tudelft.nl the acid and seawater presence were chosen based on the previous relevant stud-
ies. The aim of the study was to determine whether water hyacinth is suitable for
furfural production. The experiments were performed between 160°C and 200°C
with a water hyacinth concentration of 2 wt%. The results suggest that the effects of
acid catalyst presence on biomass dehydration are similar to the case of pure pentose
dehydration. Furthermore, the addition of seawater did not have a positive catalytic
effect in terms of the furfural yield. The maximum yield was 53.2 mol% based on
the C5 sugar content in the original biomass. The furfural yield of 7.9 wt% of water
hyacinth input was comparable to the yield of feedstocks such as corn cob, bagasse,
and oat's residue and higher than the cases of rice straw or hulls. Thanks to the com-
paratively high pentose potential, water hyacinth shows promising results as a can-
didate feedstock for furfural production. A certain variability of pentosan should be
taken into account, as the chemical composition of the plant depends on the source

and harvesting seasons.
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1 | INTRODUCTION produce multiple energy carriers, chemicals, materials, and

food and feed products from biomass feedstocks. Furfural
Greenhouse gas emission restrictions and the increasing en- is a platform chemical with the potential to replace fossil
ergy prices are among the main reasons for an increasing oil-derived products as an intermediate in the chemical in-
need for renewable alternatives for fossil fuel-based prod- dustry and moreover to be the starting material for biofuel

ucts. A biorefinery is an conversion system concept that can blends. Furfural promises to be a very important product of
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the lignocellulosic biomass-based biorefinery concept while
having the potential to become a useful source of further uti-
lization.' However, the current furfural market is not large
enough for this product to be perceived as a platform chemi-
cal. Some authors share the opinion that the low furfural pro-
duction level is due to the inefficient production processes
and the relatively low oil price.z’3 In the future though, furfu-
ral production is expected to increase up to 1 Mt annually.z’3
The demand for this chemical can grow when the relevant
production processes become more efficient and the price of
crude oil rises.” Thus, more research is needed, mainly on the
development of appropriate chemical processes concerning
the production of this green platform chemical and the de-
rived biofuel(s).

Several biomass species such as bagasse, rice hulls, and
corn cob have been considered as feedstock for furfural pro-
duction. Plants like the aforementioned ones have a compar-
atively slow growth rate, something that can create problems
with respect to their availability.4 Moreover, from a techno-
economical point of view, biomass feedstock should not com-
pete with the food industry, and furthermore, low-value waste
streams are obviously preferred.5 Aquatic plants form an
enormous potential biomass feedstock pool, due to the lack
of competition with the current food/feed supply industry
and the absence of relevant land usage issues. Furthermore,
they have minimal water requirements for being employed in
a (future) biorefinery due to their very high water content.
Water hyacinth (Eichhornia crassipes) was chosen as a rep-
resentative of the aquatic plant species for this work due to its
attractive features. This aquatic plant species has a relatively
low cost (or even a gate fee) and is characterized by its high
growth rates ® in fresh water.

Water hyacinth is a free-floating aquatic plant originating
from the Amazons in South America.® It is an aquatic plant
with an extremely high growth rate of up to 100-140 t ha™" of
dry matter per year,”” depending on the location and season.’
Its fast growth rate causes problems such as the obstruction
of shipping routes, losses of water in irrigation systems due
to higher evaporation rates, interference with hydroelectric
power generation systems, and increased sedimentation by
trapping silt particles.” These are the reasons why water hy-
acinth growth needs to be kept under control. Additionally,
some authors claim that water hyacinth can fulfill all the cri-
teria deemed necessary for bioenergy production, due to its
high perennial growth, huge availability, not being an essen-
tial crop for food production, its biodegradability, and high
holocellulose content.”

Water hyacinth has recently been found to be valuable
for lignocellulosic content-based sugar production.é’lo'12
Regarding platform chemical production from water hya-
cinth, only the study of levulinic acid production from water
hyacinth can be referred to with a maximum potential of ap-
proximately 53% mol based on its total C6 sugar content.’

In this study, the furfural production from water hyacinth
is addressed. Extensive studies in this context are missing in
the literature, although they are considered to be important
in view of the integration of furfural coproduction in biore-
finery concepts for the production of various products from
such wet biomass feedstocks. The aim of this study is to iden-
tify whether water hyacinth is an aquatic biomass feedstock
suitable for furfural production. The process conditions that
were varied in this study were the temperature range and acid
and seawater utilization. The choices regarding the aforemen-
tioned process conditions were based on the relevant previous
studies.>'*'® The chemical composition of water hyacinth
will be identified, followed by the experimental study of its
hydrolysis and dehydration characteristics regarding furfural
production.

2 | MATERIALS AND METHODS

2.1 | Materials

Freshwater hyacinth was obtained from a local basin at Chum
Phuang District area in Nakornratchasima, Thailand (har-
vested in May 2015). Water hyacinth plants were washed,
and the roots were separated from the stems and leaves. Both
stems and leaves were mixed and dried by means of sun-dry-
ing in the open air. The whole dried plant samples were cut
and grinded and then sieved with a no. 60 sieve before being
stored in a closed container until their use.

The reagents used in the experiments were anhydrous ox-
alic acid (Sigma-Aldrich) and hydrochloric acid (J.T. Baker)
with 99% and 37.5% purity, respectively.

22 |

A 1 L mechanically stirred stainless steel autoclave reactor
was used for the experiments. A schematic of the experimen-
tal setup is presented in Figure 1. Hydrochloric acid (HCL)
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FIGURE 1 Schematic of the experimental setup
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and oxalic acid (C,H,0,) were used as acid catalysts dur-
ing depolymerization of hemicellulose fractions into C5
sugar monomers, with subsequent dehydration to furfural.
Experiments were carried out with a HCI catalyst concentra-
tion of 50 mmol L_l; however, oxalic acid concentration was
varied from 50 mmol L™" to 100 mmol L™". The acid and sea-
water concentrations in this study have been selected based
on the previous studies.'*!°

The experimental procedure can be described as follows.
Initially, the reactor was filled with 850 mL of demineralized
water or seawater with the required acid concentration, and
subsequently, 17 g of water hyacinth was added. The mass
fraction in the reaction mixture for water hyacinth was 2
wt%. Subsequently, the reactor vessel was sealed and heated
up to the desired temperature by pumping heated oil through
a jacket surrounding the reactor. The solution was mixed for
the entire duration of the experiment by a stirrer with a ro-
tation frequency of 500 rpm. The biomass mixture was then
heated up to the desired reaction temperature (160°C-200°C).

The heating rate was approximately 4°C min~'-5°C
min_l, and the final temperature was maintained within a
range of 1°C. The operating pressure in the reactor was the
saturation pressure of the mixture. It should be mentioned
that in the experiments with oxalic acid, the pressure values
were higher compared to experiments performed at the same
temperature using hydrochloric acid. This is probably due
to a partial decomposition of oxalic acid, which leads to the
formation of a product gas containing CO, and CO. Table 1
shows the pressure values observed during the performed
experiments.

The sampling system consisted of a spirally shaped stain-
less steel sampling line, which was placed in an ice bath to
cool down the hot retrieved samples and quench any reactions.
The sampling system was cleaned by flushing approximately
5 mL only before the first sampling. Flushing the line be-
fore each sampling would lead to a significantly high volume
loss. The liquid was separated from the solids using a syringe

TABLE 1
hydrolysis experiments

Pressure values observed during the performed

Experiment/

Temperature 160°C

6.5-7.5 bar

180°C
12-12.5 bar

200°C

HCI1 50 mmol L™, 19-19.5 bar

water
HCI 50 mmol L™,

seawater

Oxalic acid 50
mmol L_],

6-6.5 bar 12-12.5 bar 18-18.5 bar

8.5-9 bar 13-15 bar 22-23.5 bar

seawater

Oxalic acid 100
mmol L™ s

10.5-12 bar 12.5-14 bar 16-22.5 bar

seawater

equipped with a filter, and the clear solution was preserved to
determine the product composition. All experiments ran for
90 min, and 13 samples were taken per experiment.

2.3 | Chemical characterization of
water hyacinth

2.3.1 | Proximate and ultimate analyses

The elemental composition of the biomass sample was meas-
ured using an elemental analyzer FLASH EA 1112 (Carlo
Erba Instruments, UK) that allows the determination of the
carbon, hydrogen, and nitrogen content.

In addition, atomic emission spectroscopy or ICP-AES
(SPECTRO Analytical Instrument, DE) was performed in
order to measure the sulfur content after wet acid digestion.

2.3.2 | Determination of structural
carbohydrates, lignin, and protein content

The cellulose and hemicellulose contents were determined in
duplicate by the means of the detergent extraction method."”
This method consists of three consecutive steps that are pre-
sented in the following paragraphs.

In the first step, 0.5 g of ground water hyacinth sample
with a particle size distribution in the range of approximately
0.25 mm-1 mm is boiled for 60 min, in 100 mL of a neutral
detergent solution (pH 6.9-7.1) containing 0.5 g of sodium
sulfite and 2 mL of decahydronaphthalene. The detailed
preparation of the neutral detergent solution is described
in Ref..!” The sample was then filtered and rinsed multiple
times with hot deionized water and acetone. The solids left
in the residue were subsequently dried in an oven at 105°C
for 24 h to constant weight. The remaining residue, which is
insoluble in neutral solvents (neutral detergent fiber, NDF),
consisted of the nondigestible cell wall substances hemicel-
lulose, cellulose, and lignin.

For the second step, hemicellulose from 1 g of ground-
water hyacinth sample was extracted by boiling the sample
in 100 mL of 1N H,SO, and 2 mL of decahydronaphthalene.
After 60 min, the solids were filtered, rinsed multiple times
with hot deionized water and acetone, and then dried. The
remaining residue, which is insoluble in acid solvents (acid
detergent fiber, ADF), consisted of cellulose and lignin, and
it was subsequently weighed. In the last step, the residue from
the second step was treated with concentrated sulfuric acid
(72 wt%) for 180 min, and the solids were filtered, rinsed
multiple times with hot deionized water until pH neutrality,
and then dried and weighed. The residue consisting of lignin
and ash, which is insoluble in strong acid (acid detergent lig-
nin, ADL), was weighed and reported as the remaining frac-
tional value. The weight difference between NDF and ADF
was used to determine the hemicellulose content. In addition,
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the weight difference between ADF and ADL is used for cel-
lulose quantification.

The determination of the acid-insoluble lignin (AIL) con-
tent of water hyacinth was based on the amount of ash-free
residue, which was determined in duplicate by using a mod-
ified hydrolysis protocol based on the TAPPI Method 249.'®
This method has been extensively described in a previous
study.19 To complete the chemical analysis, protein content
of water hyacinth was estimated from the amount of nitrogen
in the sample (determined with the elemental analyzer) by
multiplying by a factor conventionally taken as 6.25.% This
is based on the assumption that the sample contains proteins
with 16 wt% nitrogen and insignificant amounts of nonpro-
teinic nitrogen.

2.3.3 | Determination of structural
carbohydrates: chromatographic approach

In addition to the method described above, the initial amount
of sugar monomers in water hyacinth, and consequently the
structural carbohydrate content in terms of cellulose and
hemicellulose, was determined and quantified by using a
two-step acid hydrolysis method, based on the “Laboratory
Analytical Procedure of the National Renewable Energy
Laboratory”.21

In the first step, 300 mg of ground water hyacinth was
inserted in a pressure tube and hydrolyzed with a deter-
mined volume of 72 wt% sulfuric acid for 60 min. The tem-
perature was controlled by immersing the test tubes in a
water bath, which was kept at a constant temperature of
30°C. After completion, the reaction mixture was diluted
by adding deionized water to obtain an acid concentration
of 4 wt%, and a second hydrolysis step was performed at
121°C for 60 min. After the hydrolysis, the acid-insoluble
residue (A.I.R.) was removed from the liquor using ceramic
filtering crucibles (with 10 um porosity). The hydrolysis
liquor was then neutralized, by adding Ba(OH),, and subse-
quently centrifuged in a microcentrifuge. The supernatant
was then collected and filtered using syringe HPLC fil-
ters (Whatman Puradisc’ 30, with a porosity of 0.45 pm).
The quantification of the sugar monomer content was per-
formed using a Varian Prostar 210 HPLC, equipped with
a Phenomenex Rezex RPM-Monosaccharide Pb** column
(300 x 7.8 mm) maintained at 85°C. The analytes were
eluted using HPLC-grade water as a mobile phase with a
flow rate of 0.6 mL min~". The total elution time was 20
min. The detection was performed using a Varian Prostar
350 Refractive Index (RI) detector.

Quantification by external calibration was achieved pre-
paring individual calibration curves for glucose, xylose,
galactose, mannose, and arabinose within a concentration
rangeof 2 g L™"and 0.3 g L', using standards obtained from
Sigma-Aldrich (DE). The calibration was performed using

triplicate data points. All coefficients of determination (R
exceeded 0.995.

2.4 | Quantitative analysis of furfural
production from water hyacinth

24.1 | Chromatographic method

The amount of furfural synthesized from water hyacinth
acid-catalyzed hydrolysis was determined using the afore-
mentioned HPLC apparatus (Varian Prostar 210) equipped
with both UV and RI detectors. A Marathon XT autosam-
pler (Separations, NL) was used to improve the reproduc-
ibility. Prior to the analysis, each aliquot of the sampled
reaction mixture was filtered using syringe filters for HPLC
(Whatman Puradisc " 30, with a porosity of 0.45 pm) and the
clear solution is stored at 3+2°C. The analysis was generally
performed directly after the completion of each experiment.
The stationary phase was a Rezex RHM-Monosaccharide
column H* (300 x 7.8 mm), maintained at 80°C, and the mo-
bile phase was pure water, pumped at a constant flow rate of
0.6 mL min~". The duration of each chromatographic run was
40 min. Calibration curves were prepared for each compound
of interest to the present investigation. All coefficients of de-
termination (R?) exceeded 0.995. The sugars and the other
products present in the sample such as glucose, xylose, and
furfural were quantified by means of a Refractive Index (RI)
detector (Varian Prostar 350).

24.2 | Definitions

The furfural yield (¥) on a mole basis (mol%) is defined as
the ratio of the furfural concentration in the reaction prod-
uct over the potential concentration of the c5 sugars in water
hyacinth. The corresponding equations are described below:

moles of furfural produced

Y(mol%) = X100 (1)

moles of pentose in water hyacinth

furfural concentration(g L™

moles of furfural =
MW of furfural(g mol™!)

X volume (L)

2

pentose concentration(g L™!)

moles of pentose = X volume (L)

3

In Equation 2 and 3, MW is the molecular weight; for pen-
tose and furfural, MW is 150.13 g mol~! and 96.08 g mol_l,
respectively. Equation expresses the amount of C5 sugar
monomers (xylose and arabinose) present in water hyacinth.

MW of pentose(g mol™')
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Water hyacinth
This study
The chemical composition Leaf Stem Leaf+stem Leaf+stem Leaf” Leaf+stem®  Leaf+stem®
Cellulose 24.77 30.79 30.65 40.77 46.7% 18.5 18.2
Hemicellulose 22.72 17.51 20.82 23.97 29.3 48.7
Lignin 2.34 0.89 2.01 14.42 27.8 10.1 35
Protein 8.34 3.22 5.90 5.62 — 21 13.3
Ash 26.54 26.56 23.96 16.17 18.2 174 —
Ultimate analysis
C 35.84 34.84 37.80 — 42.2 — —
H 4.96 5.39 5.30 — 6.4 — —
N 1.34 0.52 0.90 — 43 — —
S 0.11 0.13 0.10 — — — —
Method
Acid hydrolysis and
Sugar yields (Potential) Two-stage acid hydrolysis Two-stage acid hydrolysis  methanolysis® Acid hydrolysis*
Xylose 7.9 11.5 4.4 12.4
Glucose 40.4 19.8 16.3 1.7
Arabinose 32 9.0 4.0 2.2
Galactose 3.6 6.5 9.8 1.2
Mannose 11.1 nd. 0 3.5

“Holocellulose.

"Girisuta et al., 2008.
‘Rabemanolontsoa and Saka, 2013.
INigam, 2002.

3 | RESULTS AND DISCUSSION
3.1 | Chemical composition of Water
hyacinth

3.1.1 | Proximate and ultimate analyses

The proximate and ultimate analyses performed on dry
water hyacinth samples are reported in Table 2. The car-
bon content of this sample was found to be 37.8%, and the
corresponding hydrogen content was 5.3%. Nitrogen and
sulfur contents were very low, with values of 0.9% and
0.1%, respectively. The values obtained for the carbon
and hydrogen contents were in line with a previous study’;
however, the measured nitrogen content was found to be
significantly lower.

At this point, it should be mentioned that the proximate
analysis in the present study was performed according to the
NREL procedure, extensively described in Ref.”” However,
other methods are also present in the literature. For example,
the proximate analysis in the study of Ref. 3 was performed

according to the ASTM procedure E1131% in a TGA. The
ash content determined in the present study (16.17 wt%) is
similar to the values reported by other authors,>** ranging
between 17.14 wt% and 18.2 wt%.

3.1.2 | Determination of sugar potential and
protein content

The chemical composition of the water hyacinth sample is
presented in Table 2. Two different analytical procedures
were employed, and the results were compared. The first
was developed by Ref.'” and it is based on the detergent
extraction method (DEM), while the second is based on the
two-step acid hydrolysis coupled with HPLC/RI quantifica-
tion of the hydrolyzed monomers (NREL procedure). Water
hyacinth composition corresponds well to the standard wet
aquatic biomass composition, which, according to the litera-
2 consists mainly of cellulose and hemicellulose and a
usually low lignin content. In addition, different parts of the
plant (leaf and stem) were analyzed separately in order to

ture,
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TABLE 3 Process conditions and

Furfural yield (mol%) . . .
Temperature HCI (mmol Oxalic acid  Salt furfural yields obtained from water hyacinth
(8] L_l) (mmol L_l) condition Water hyacinth  Xylose
160 50 — — 12.2 36.7
50 — Seawater 0.0 55.2%
— 50 Seawater 1.2 —
100 Seawater 13.1 —
180 50 — — 40.0 59.6*
50 — Seawater 20.5 70.6*
— 50 Seawater 16.1 —
100 Seawater 23.9 —
200 50 — — 53.2 52.8%
50 — Seawater 28.2 71.7%
— 50 Seawater 20.5 68.8°
100 Seawater 31.0 66.6°
aR ef. 16
bRef.M

determine the eventual nonhomogeneity in terms of hemicel-
lulose and cellulose contents.

In the case of hemicellulose, it was found that its con-
tent represents a 20.8 wt% of the whole plant mass, which
correlates well with the leaf and stem hemicellulose content
determined (22.7 wt% and 17.5 wt%, respectively). These
values were lower than the ones reported in literature for the
DEM method (30 wt%-48 wt%).(”24 However, both the pro-
cedures employed in the present research activity produced
comparable results. Consequently, the aforementioned differ-
ences can be attributed to the different sources and harvest-
ing conditions of the water hyacinth samples. Concerning the
cellulose content, the values obtained for the whole plant, the
leaf, and the stem were 30.8 wt%, 24.8 wt%, and 30.7 wt%,
respectively.

As it was described in Materials and methods section,
the protein content was determined following the Kjeldahl
method. According to this method, the amount of nitrogen in
the sample, multiplied with a factor of 6.25, yields the total
protein content. The value obtained in this study is lower than
values reported by other authors™* for relevant biomass spe-
cies. However, this approach is based on the assumption that
on an average basis, 1 g of protein contains 0.16 g of nitrogen
and that nearly all of the nitrogen in the biomass is present
as amino acids in proteins. However, as reported by Ref
plant tissues may contain significant amounts of non-protein-
based nitrogen structures. Additionally, the protein content in
biomass species varies significantly with the season of har-
vesting, as it was reported by Ref.?" The total sugar mono-
mers’ potential content (sum of C5 and C6 sugars) of water
hyacinth according to this study (66.2 wt%) is higher than
values reported in literature, which typically range between
21 wt% and 47 wt%.>%* However, the total sugar monomers’

potential content is as the measured mass percentages of ho-
locellulose (64.7%), lignin (14.4%), ash content (16.2%), and
protein content (5.6%) that sum up approximately 100% of
mass. These results confirm that water hyacinth constitutes
a promising source of sugars from lignocellulosic biomass.

3.2 | Furfural production from
water hyacinth

The experimental conditions employed and the correspond-
ing furfural yield from the dehydration of C5 sugars in water
hyacinth are presented in Table 3. In order to assess the effect
of the process temperature on the furfural yield, three differ-
ent temperatures were employed (160°C, 180°C, and 200°C).
In addition, hydrochloric or oxalic acid was employed as pri-
mary catalysts in order to dissociate and convert the hemicel-
Iulose polymer and their respective catalytic activities were
investigated and compared. The strong hydrochloric acid (K|,
at 298 K ~ 10”) was used with a concentration of 50 mmol
L_l, while two different concentrations (50 mmol L~ and
100 mmol L") were employed for the weaker carboxylic
acid (K, at 298 K ~ 5.5 x 1072).

In general, the results clearly indicate that higher process
temperatures (within the range tested in this study) influence
the furfural yield positively (see also Figure 2). It should be
mentioned that the sampling process was initiated at the final
hydrolysis temperature.

By comparing the hydrochloric acid tests performed with
and without salt as a secondary catalyst, it can be observed
that the furfural yield was lower when seawater was em-
ployed. This behavior can be attributed to the fact that high
salt concentration impacts negatively the acid activity, ulti-
mately leading to a lower furfural yield (Figure 3).
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FIGURE 2 Furfural production from water hyacinth at reaction
temperature of (A) 160°C, (B) 180°C, and (C) 200°C

Hydronium ion activity is crucial for the hemicellulose
hydrolysis step of lignocellulosic biomass and the promo-
tion of xylose release.”®*! The addition of NaCl as a sec-
ondary catalyst for pure C5 sugar conversion can lead to a
significant increase in the furfural yield.>'*"'® The Cl ions
improve the transition states of xylose during the dehydra-
tion step, thus promoting furfural formation.>'* However,
water hyacinth's furfural yield can also be enhanced by the
increase in the pentose sugars yield during the hydrolysis
step due to the hydronium ion activity. It appears that the
total activity of the hydronium ion which acts as a cata-
lyst for furfural production from water hyacinth can play
a major role in both the hydrolysis and dehydration steps.
The experimental results presented in Figure 3 confirm that
the maximum furfural yields under the same hydronium

ion activity conditions (0.0236 mmol L™") are comparable
for different acidic conditions (100 mmol L~! of oxalic acid
and 50 mmol L™! of hydrochloric acid, both in the presence
of seawater). Therefore, it can be concluded that acid cata-
lysts have similar effects on both pure sugars and biomass
species.

Next, the hydrolysis of sugar monomers in water hyacinth
can lead to the formation of organic acids such as formic acid,
acetic acid, propionic acid, and other products.5 Moreover,
when seawater is used as a catalyst, the formation of organic
acids is increased. These degradation products lead to changes
in the pH of the solution, leading to an increased autocatalytic
effect.' This observation implies that the increased acidity
further contributes to an increase in furfural degradation as
it was also observed in our previous studies.'*1 Therefore,
it can be concluded that the addition of seawater leads to the
decrease in the furfural yield derived from water hyacinth's
acid hydrolysis.

The maximum furfural yield from water hyacinth was
significantly lower than that obtained from 50 mmol L!
xylose sugar at 180°C with 50 mmol L} hydrochloric acid
and seawater in a previous study (28.2 mol% vs 71.7 mol %,
respectively).16 Furthermore, oxalic acid experiments at
180°C under the presence of seawater, performed with 50
mmol L™ and 100 mmol L™! of acid, led to the same con-
clusion upon comparison. In particular, 20.5 mol% and 31
mol% of furfural were produced from water hyacinth and
68.8 mol% and 66.6 mol% from xylose sugar hydrolysis,
for 50 mmol L™" and 100 mmol L™" oxalic acid concentra-
tion, respectively.'* This observation implies that the de-
hydration of pentoses in a complex saccharide solution is
significantly influenced by the presence of the other sugars
in the reaction solution, as was also observed in a previous
study.15 Moreover, the increasing of amounts of organic
acids produced during the dehydration step further contrib-
utes to an increase in furfural degradation as it has been
previously discussed.

However, in the hydrochloric acid experiments with-
out the presence of salts (seawater), the furfural yield from
water hyacinth was slightly higher (up to 53.2 mol%) than
the yield from pure xylose sugar (52.8 mol%).'® This differ-
ent behavior can be attributed to two potential effects of the
presence or absence of salts. Firstly, in the absence of salts,
humin formation takes place more easily for higher xylose
concentration (50 mmol L™ for the xylose sugar experi-
ment),'® while the sugar concentration in water hyacinth was
significantly lower (12 mmol L™"), thus leading to higher
furfural yields,”'34 Additionally, the slower release of pen-
tose monomers from the biomass oligomers can reduce the
formation of humins as it has also been reported before.>***

The maximum furfural yield obtained for water hyacinth
was 53.2 mol% (34 wt%) based on the amount of C5 sugars in
the dry water hyacinth (T =200°C, HC]1 = 50mmol L_], mass
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FIGURE 3 Maximum furfural yield from water hyacinth at different hydronium ion activity at reaction temperature of (A) 180°C and (B)

200°C

fractions of water hyacinth =2 wt%), which is lower than the
one reported by Ref* Matsagar et al.®® reported on the fur-
fural production from various raw biomass types employing
the one-pot method, while using Brgnsted acidic ionic liquids
without any mineral acids or metal halides at a temperature
of 170°C. The experimental results indicated that the furfu-
ral yield of rice husk was 88 mol%. When the yields were
calculated based on the pentose content available in water
hyacinth, the maximum furfural yields obtained were 34.1
g/100 g pentose. Yemis and Mazza® reported even higher
furfural yields for the dehydration of various kinds of straw
biomass into furfural with hydrochloric acid (100 mmol L™
at 180°C.

Their furfural yields of triticale straw, wheat straw, and
flax shives were 45.72 g, 48.40 g, and 72.08 g/100 g pentose
of straw, respectively. Interestingly, in the aforementioned
study, biomass furfural yields were reportedly higher than
those from pure xylose and xylan.

The comparison of the furfural yield from water hyacinth
to other biomass species indicates that it is indeed a suitable
feedstock for furfural production. The values obtained from
the present study (7.9 wt%) (Table 3) were comparable to
corn cob (8.1 wt%,37), bagasse (7 wt%,38), and oat's residue
(10 wt%,”). Moreover, the hereby reported furfural yield
from water hyacinth is higher than that from rice straw and
hulls (between 3 wt% and 5 wt%, respectively’ ~>4%),

Regarding the potential application of biomass feedstocks
in the industrial furfural production, a minimum C5 sugar
content between 18 wt% and 20 wt% is required based on
the conversion of the hemicellulose in the feedstock.*'**
Therefore, the results presented in this study along with
the fact that the reported hemicellulose content is between
23 wt% and 48 wt%>>* suggest that water hyacinth has the

potential to become a promising feedstock for the furfural
production industry, especially in countries where it has a
high availability (eg., in Thailand). However, a certain vari-
ability should be anticipated, as the chemical composition of
the plant greatly depends on the source and harvesting condi-
tions as it has been previously discussed.

4 | CONCLUSION

This paper presents an experimental study on furfural
production from water hyacinth by the means of aqueous
acid-catalyzed dehydration, aiming to the determination of
this feedstock's potential regarding this particular applica-
tion. A 1 L mechanically stirred stainless steel autoclave
reactor was used for the experiments. The furfural yield
was examined for different sets of process conditions, in
order to study the effect of the reaction temperature and
the utilization of different acids and seawater as second-
ary catalyst on the overall process efficiency. Thanks to
its relatively high hemicellulose content, water hyacinth
shows promising results in terms of furfural production.
The results suggest that the effect of acid catalyst on bio-
mass aqueous dehydration is similar to the case of pure
pentose. However, the utilization of seawater as a second-
ary catalyst led to a reduction of the furfural yield. The
maximum yield obtained was 53.2 mol% based on the C5
sugar content in the original biomass. Moreover, the water
hyacinth's furfural yield of 7.9 wt% was comparable to
corn cob, bagasse, and oat's residue, which are feedstocks
suitable for furfural production. Conclusively, water hya-
cinth appears to be an attractive feedstock for a furfural co-
production process in a modern biorefinery system, thanks
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to its favorable chemical composition, relatively low cost,
high availability, and perennial growth. However, a certain
variability should be taken into account, as the pentosan
content of the plant highly depends on the source and har-
vesting conditions.
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