a polymers

Article

The Design of a Sustainable Industrial Wastewater Treatment
System and The Generation of Biohydrogen from E. crassipes

Uriel Fernando Carrefio Sayago

check for
updates

Citation: Sayago, U.E.C. The Design
of a Sustainable Industrial Wastewater
Treatment System and The Generation
of Biohydrogen from E. crassipes.
Polymers 2024, 16, 893. https://
doi.org/10.3390/polym16070893

Academic Editors: Leonie
Asfora Sarubbo, Andréa Fernanda de
Santana Costa and Italo José

Batista Durval

Received: 5 February 2024
Revised: 8 March 2024
Accepted: 13 March 2024
Published: 25 March 2024

Copyright: © 2024 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Facultad de Ingenieria, Fundacion Universitaria los Libertadores, 111221 Bogota, Colombia;
ufcarrenos@libertadores.edu.co

Abstract: Water scarcity is a significant global issue caused by the prolonged disregard and unsus-
tainable management of this essential resource by both public and private bodies. The dependence
on fossil fuels further exacerbates society’s bleak environmental conditions. Therefore, it is crucial
to explore alternative solutions to preserve our nation’s water resources properly and promote the
production of biofuels. Research into the utilization of E. crassipes to remove heavy metals and
generate biofuels is extensive. The combination of these two lines of inquiry presents an excellent
opportunity to achieve sustainable development goals. This study aims to develop a sustainable
wastewater treatment system and generate biohydrogen from dry, pulverized E. crassipes biomass. A
treatment system was implemented to treat 1 L of industrial waste. The interconnected compartment
system was built by utilizing recycled PET bottles to generate biohydrogen by reusing the feedstock
for the treatment process. The production of biological hydrogen through dark fermentation, using
biomass containing heavy metals as a biohydrogen source, was studied. Cr (VI) and Pb (II) levels
had a low impact on hydrogen production. The uncontaminated biomass of E. crassipes displayed a
significantly higher hydrogen yield (81.7 mL H, /g glucose). The presence of Cr (IV) in E. crassipes
leads to a decrease in biohydrogen yield by 14%, and the presence of Pb (II) in E. crassipes leads to a
decrease in biohydrogen yield of 26%. This work proposes a strategy that utilizes green technologies
to recover and utilize contaminated water. Additionally, it enables the production of bioenergy
with high efficiency, indirectly reducing greenhouse gases. This strategy aligns with international
programs for the development of a circular economy.

Keywords: E. crassipes; chromium (VI); biohydrogen; biomass

1. Introduction

The dried and ground biomass of E. crassipes has been used successfully to remove
heavy metals. The presence of hydroxyl (OH) and carboxyl (COOH) groups facilitates
cation exchange with heavy metals. These groups were evidenced using FTIR tests [1-6].
Continuous treatment systems with fixed biomass have been used to purify water by
exposing it to cellulose. This novel method yields reliable results and could be implemented
in industries that contaminate water resources with their effluents [7-10]. Continuous
systems are economical and easy to construct, as they are made with recycled materials [11].
Several studies have concluded that this biomass has effective chemisorption mechanisms
for removing heavy metals [12-14]. In similar studies, the remotions of chromium (VI) was
around 80% in tannery waters [14].

However, the final disposition of cellulose biomass loaded with metals remains unclear
in various investigations. This can lead to potential environmental impacts as the biomass
retains its molecular structure. To address this issue [15-17], researchers have utilized E.
crassipes biomass after a phytoremediation process to produce bioethanol.

In other processes, the E. crassipes biomass has been used to successfully produce
biohydrogen [18]. Biological production takes place in various bioreactors depending on
the metabolic bioprocess and microorganism used, including dark fermentation [19-28].
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Biohydrogen is defined as hydrogen produced biologically, usually by algae, bac-
teria, and archaea. It is a potential biofuel that can be obtained from crop waste and
organic materials. Its use has increased globally due to its clean and highly efficient energy
production [29-36].

Hydrogen-producing bacterial species belong to the genera Enterobacter, Bacillus, and
Clostridium and are present in biosolids generated in water treatment plants (WTRs) [37-40].
The wastewater treatment plants in Salitre, Bogota, Colombia, have bacterial profiles
dominated by the genera Enterobacter, Bacillus, and Clostridium [41-43].

These bacteria thrive in the anaerobic digestion processes that occur in the treatment
plants, creating an ideal environment for their growth [44-50]. The fermentation by-
products are acetic acid (with a theoretical maximum of 4 mol H, /mol glucose) and butyric
acid (with a theoretical maximum of 3.4 mol H, /mol glucose). Therefore, practical yields
of hydrogen from dark fermentation are around 2 mol Hy /mol glucose [51].

The aim of this project is to merge two environmentally sustainable processes. Dried
and crushed plant material from the E. crassipes plant will be used to eliminate Cr (VI) and
Pb (II). Subsequently, this material will be used as a source for the production of hydrogen
in dark fermentation bioreactors using biosolids from water treatment waste (WTR). The
molecular power of this biomass for adsorbing heavy metals and producing biofuels, such
as Hjp, will be determined.

2. Materials and Methods

Material vegetal. The plants were washed and dried and then cut into pieces, with the
aim of obtaining particles of 0.212 mm in diameter.

Characterization of Eichhornia crassipes. Physicochemical characterization was car-
ried out to identify the properties of the collected macrophytes, determining the structural
carbohydrates and lignin content. In addition, the quantification of the biomass matrix
used was carried out considering the following parameters: (a) % hemicellulose, (b) %
cellulose, (c) % lignin, and (d) ash [39,40].

For the extraction of cellulose, an extract of benzene and ethanol with a volume ratio
of 2:1 was used. For the extraction of hemicellulose, nitric acid and ethanol were used
in a ratio of 1:4. For the extraction of lignin, 12% hydrochloric acid was used, and for
the determination of ash, 72% hydrogen supplied was used, according to the National
Standard Analysis of China (GB 2677).

Measurement of chromium and lead: Samples were taken in the flask at each time
interval, analyzing the concentrations of chromium and residual lead. Then, 20 um samples
were taken and placed in the centrifuge (KASAI MIKRO 200). Upon sampling, aliquots of
the reaction mixture were analyzed for residual chromium concentration using a UV84.

The 1000 (mg/L) Cr (VI) stock solution was prepared using potassium dichromate
and distilled water. Similarly, a lead solution with a concentration of 1000 (mg/L) was
prepared from lead nitrate. To maintain consistency with the experimental conditions, all
samples were kept at a pH of 6.5.

The amount of chromium (VI) residue was estimated using the diphenylcarbazide
method, which involves the determination of chromium and lead. To carry this out, 200 pL
of 0.5% diphenylcarbazide (96% purity) was added to an Eppendorf tube, followed by
900 puL of phosphate buffer and 100 uL of the residual sample. The resulting mixture was
then transferred to an absorption cell, and the absorbance was measured at 540 nm.

Based on the APHA (American Public Health Association Procedure) standard for stan-
dard tests (standard methods for the examination of wastewater), the tests for chromium
and lead were performed.

During Phase 1, bioremediation was conducted through continuous experimentation
using recycled 1 L bottles. The biomass was divided into two areas of 75 g each, as shown
in Figure 1. To maintain a constant flow rate of 15 mL/min, the funnel effect of the bottles
was utilized while keeping other parameters, such as pH (6.5) and temperature (18 °C),
constant. The initial concentrations of chromium (VI) and lead (II) were 1000 mg/L. Each
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experiment was repeated three times, and the average value was used to generate the
graphs in the results.

Figure 1. Bioremediation. Continuous experimentation.

The Thomas model was used to determine the behavior of adsorption. Its parameters
helped in determining breakthrough curves, adsorption capacities, and predicted first- and
second-order kinetics. The model is correlated with the Langmuir isotherm. The Carrefio
model is used to determine the design parameters of this type of system [1-5], in the Table 1,
is the Adsorption models.

Table 1. Adsorption models.

Model Thomas In % —1= Ktléqm — KthCoTb (1)
Model Carrefio q= QTﬁCO _ Q{dbC _ E\{Eo 2)

where Co: initial concentration; C: final concentration; V: volume; Kth: Thomas constant (ml/mg*min); q:
adsorption capacity (mg/g biomass); m: biomass (g); Q: flow rate (ml/min); Tb: time of rupture (min).

We utilized the TESCAN FE-MEB LYRAS3 scanning electron and focused ion beam
microscope and EDS (energy dispersive X-ray spectroscopy).

Phase 2: Hydrogen production. The design of the biohydrogen generation process
consists of two bioreactors: a bioreactor to produce the hydrolyzate and a bioreactor for
dark fermentation.

Hydrolysis of E. crassipes: The hydrolyzate bioreactor was 5 L, as measured in the
glass, had a lid for gas release, pH, and temperature sampling, and was placed in a heater
with magnetic stirring at 120 rpm at a temperature of 30 °C.

For the hydrolysis process, three types of biomasses were taken, two used in the
bioremediation process (lead treatment and chromium treatment) and another not used in
this process.

In the bioreactor, 200 g of dried E. crassipes (from the three samples to be evaluated)
were mixed with 500 mL of water. The samples underwent alkaline hydrolysis using 1%
(w/v) NaOH at 45 °C for 12 h, with 400 mL of the reagent added. The samples were then
washed with tap water to prevent negative chemical reactions in the next step.
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Treated with
Crassipes

Next, 3% (v/v) sulfuric acid (H,SO4) was added at 45 °C for 12 h, with 400 mL of the
reagent added. The samples were then washed with tap water to remove the reagent and
prevent reprocessing during dark fermentation.

The sugar content was determined using the dinitro salicylic acid (DNS) method.
A four-liter solution of Eichhornia crassipes hydrolysate was obtained for biohydrogen
production [14].

Biohydrogen was produced. The bioreactor for dark fermentation is designed with
a 2 L glass vessel and a gas release lid. It is ideal for continuous sampling and was
placed in a heater with magnetic stirring at 120 RPM and a temperature of 45 °C. The
biosolids generated from the treatment of brackish water (WTR) from the city of Bogota
were used. The biosolids used in this study were produced through 20 days of anaerobic
digestion. They were chosen for their bacterial profile, which has been characterized in
previous studies. The bacterial species present belong to the genera Enterobacter, Bacillus,
and Clostridium (WTR) [31-33].

Three bioreactor setups were used: two to evaluate biomass loaded with Cr (VI) and
Pb (II) and one with biomass without heavy metals.

As a result, the hydrolyzate procedure was carried out three additional times. Each
bioreactor was filled with 100 g of hydrolysate, and 100 g of inoculum (biosolid) was added.
The initial pH was 5.5. Rubber septa and aluminum plugs were used to hermetically seal
the bioreactors, and the flask holes were sterilized with alcohol. The biogas volume was
measured every 30 min using the plunger displacement method.

Hydrogen gas was determined by gas chromatography using a TCD detector on a
GC-Agilent 7890 chromatograph. The optimal temperature for hydrogen production is
47.5 °C [14]. In the Figure 2 is shows the bioremediation and biohydrogen sustainability
production process.

I C6H1206 + 6H20 — 12H2 + '

6CO2

Biomass with

Cr (vI) Biorreactor

Figure 2. Bioremediation and biohydrogen sustainability production process.

The results of the different tests were determined with the Gompertz equation.

H = Hmax * exp + <(—exp<w)> (a—1t)+1) (3)

Hmax

where a: latency time; R,,;: maximum rate of Hy production; Hy,y: maximum produc-
tion potential.
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3. Results
3.1. Results of Characterization Chemistry

E. crassipes collected in the wetland had a hemicellulose content of 33% and 30%
cellulose, lignin was lower at 9% and ash content was high at 23%, due to the contamination
inherent to the plant.

In different studies carried out, where the cellulose of E. crassipes has been physico-
chemically characterized, the high presence of cellulose and hemicellulose in its chemical
composition has been demonstrated, as in the case of [39,40]. The presence of these
two polysaccharides favors the process of metal adsorption and the production of biofu-
els [44-47]. The presence of lignin makes hydrolysis necessary before the biohydrogen
production process [15-17].

3.2. Results of Adsorptions of Cr (VI) and Pb (II)

Figure 3 shows the different removal processes in EC biomass. A treatment with two
different heavy metals, lead and chromium, was carried out.

° )
200 400 600 800 1000 1200 1400 1600 1800

Ml Treated Water

—&—EC-Pb &—EC-Cr

Figure 3. Removal of Cr (VI) and Pb (II) by biomass EC on percentages.

The Thomas model was adjusted to reflect the experimental results, which also follow
the Langmuir isotherm. This led to the conclusion that the biomass’s superficial active
sites are homogeneous [1]. As a result of this adjustment, we can use Model (1) for
adsorption capacities. For comparison, we also used Carrefio’s model (2) and found that
the adsorption capacities for Cr (VI) and Pb (II) were 10 mg/g and 18 mg/g, respectively.
Equations (1) and (2) relate the volume of water to the amount of biomass used.

The mechanism of adsorption occurs when heavy metals react with cellulose, forming
chelating complexes and creating active sites. When Cr (VI) and Pb (II) pollutants come into
contact with E. crassipes biomass, cationic exchanges occur. The pollutants are chemisorbed
and exchanged. The presence of hydroxyl groups in the biomass facilitates these processes.

Previous research has demonstrated the efficacy of E. crassipes biomass in removing
Cr (VI) and Pb (II) from continuous systems. For instance, in [1-4], over one liter of Cr
(VI)-contaminated water was treated, resulting in the removal of approximately 80% of the
chromium found in tannery wastewater, with around 50 g of this biomass.

While chemical agents were not utilized in increasing the adsorption capacity or for
the recycling processes, the successful Cr (VI) and Pb (II) adsorption processes treated over
one liter of water contaminated with these heavy metals. The aim of avoiding chemical
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agents is to prevent cellulose alteration and subsequent negative effects on bio-hydrogen
production, preserving the next level of sustainability.

3.3. Analysis EM y EDS
Figure 4 shows the macro photography of biomass without heavy metal.

=
RA3 TESCAN

| Centro Microscopia-UNIANDES

Figure 4. Characterization of without heavy metal.

Figure 5 shows the presence of carbon, which is fundamental in the structure of
cellulose and hemicellulose, corroborating what is indicated in the physicochemical charac-
terization carried out and shown in Table 2.

C Kal_2

PbKal CrLal,2

25um 25um

(@) (b) ()

Figure 5. Characterization of biomass after adsorption of Pb (II) and Cr (VI) in the (a) carbon element,
(b) Pb (II), and (c) Cr (VI).

Table 2. Characterizations of biomass of E. crassipes.

Lignin (%) Cellulose (%) Hemicellulose (%) Other (%) Reference
9 23 43 23 Present
1.1 17.3 24.7 [39]
4.1 19.7 27.1 [40]
1.1 173 24.7 [44]
11 31 27 10 [45]
11 27 27 [46]
12 36 0 10 [47]

After Cr (VI) adsorption on the EC-Cr biomass, the surface morphology changed
drastically, whereby the surface had a more irregular shape, showing an agglomerate-like
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surface and the presence of white ion particles. Cr (VI) on the surface confirms that the
adsorption process occurred. The EDX spectrum showed that EC-Cr proves the adhesion
of Cr (VI).

The observations of carbon and Cr (VI) in the EDX spectra of pearl show that the
crosslinking processes have taken place efficiently between the polymeric components of
the cellulose; these findings are summarized in Table 3, showing the characterization of the
EC-Cr through EDS.

Table 3. Physicochemically characterized EC-Cr sample.

Element Weight (g) Percentage %
Carbon 43.64 44.67
Oxygen 45.15 39.94

Cr (VI) 12.13 14.37

A percentage of 14.37% of Cr (VI) can be seen in the sample taken in dry weight on
average of the three samples taken, representing a considerable amount adhered to the
samples taken. Cr (VI) is chemisorbed due to cation exchange processes between hydroxyl
(OH) groups and this heavy metal [3]. Subsequently, it will go through the hydrolysis
process and subsequent production of biohydrogen.

After the adsorption of Pb (II) in the EC-Pb biomass, the presence of Pb (II) ion
particles on the surface confirms that the adsorption process has occurred. The EDX
spectrum showed that EC-Pb proves the adhesion of this heavy metal.

The observations of carbon, oxygen, and Pb (II) in the EDX spectra of the pearl show
that the adsorption processes in the cellulose; these findings are summarized in Table 4.

Table 4. Physicochemically characterized EC-Pb sample.

Element Weight (g) Percentage %
Carbon 43.64 43.67
Oxygen 45.15 38.94

Pb (II) 15.6 16.6

It can be seen in Table 3 that, like the biomass loaded with Cr (VI), lead remains at a
significant percentage of 16.6% in dry weight; this percentage is slightly higher compared
to EC-Cr because with this metal, there was a better performance in water treatment, and it
removed more; this could change the production of biohydrogen in the next stage.

3.4. Hydrolysis Results

The best performance in sugar production was the hydrolyzate without any metal
attached, with a production of 180 g/L of sugars; the biomass with the biomass hydrolyzate
EC-Pb obtained a production of around 120 g/L, and the biomass EC-Cr gave a result
of 110 g/L. In other experiments, the hydrolyzate of E. crassipes, without heavy metals
attached, always yielded satisfactory results [15].

3.5. Production of Biohidrogen

Figure 6 shows the results of biohydrogen production for 10 continuous days of
productivity.

The percentage of humidity in the three samples was around 90% because this type of
dark fermentation process generates humidity in the samples [27]. The hydrogen gas yield
remained constant over 12 days in all three experiments. However, in the biomass devoid
of any heavy metal, it decreased to half its initial value once the inoculum was consumed;
this is illustrated in Figure 6, where the yield drops from 80 to 40 mL H; /g glucose. On the
third day, the specific hydrogen production rate peaked at 81.3 mL H,/g.
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Figure 6. Production of biohydrogen in the three bioreactors.

During the EC-Cr biomass test, about 70 mL H, /g of biofuel was produced, which is
significant despite a 10 mL decrease in comparison to H, production by EC without heavy
metals. In spite of the decrease, it can be inferred that Cr (VI) has no consequential impact
on biohydrogen production, which is a vital contribution to ecological sustainability; these
two processes can be combined in major projects.

Regarding the EC-Pb biomass, there was a reduction of 20 mL Hj,/g compared to
EC and 10 mL H;/g compared to EC-Cr. However, this decline is not essential as the
production reached approximately 60 mlHj /g, which is equally intriguing. It presents an
opportunity to implement a complete sustainability process and maximize the biomass of E
Crassipes. The EC-Pb biomass, which had a greater capacity for Pb adsorption, had a more
significant impact on biohydrogen production than the EC-Cr biomass, which had slightly
higher biohydrogen production. Therefore, it can be inferred that a higher adsorption
capacity leads to a lower biohydrogen production capacity.

There are limited studies in the literature regarding the impact of heavy metals on
biohydrogen production. However, previous research [12-14] conducted bioethanol pro-
duction under similar conditions, which resulted in a 25% decrease in bioethanol production
from heavy metal-loaded biomass. Table 5 presents a synopsis of studies on biohydro-
gen production. All these investigations were the productions of biohydrogen through
dark fermentations.

Table 5. Resumed process of biohydrogen productions.

Biomass Yield mL Hy/g
Present research Crassipes 81.7
Present research Crassipes-Cr (VI) 71
Present research Crassipes-Pb (II) 60
44 Crassipes 73
48 Alfalfa 55.6
49 waste peach pulp 59
50 Alternanthera hiloxeroides. 89
51 cellulose 102.6
52 Cellulomonas biazotea 105.5
53 lignocellulosic biomass 108
54 Performance of clostridium species 120
55 Enterobacter, Bacillus, and Clostridium 109
56 Performance of clostridium species Bacillus 110
57 Performance of clostridium species 112

The authors of [44] utilized the E. crassipes biomass to produce biohydrogen, yielding
73 Hy/g. Similarly, ref. [48] investigated bioprocessing via the saccharification of lucerne,
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obtaining a yield of 55 mL Hj/g. Variability was observed in the substrates used. In
more specialized processes, such as those described in [51,52], celluloses were genetically
modified, leading to improved hydrogen production. Also, where the production of
hydrogen is realized with the bacteria of genera Enterobacter, Bacillus, and Clostridium, the
generation of this biofuel is better, around 100% [53-57].

However, a biomass residue without heavy metals is what remains in this process
of the mixture of the E. crassipes plant and biosolid (WTRs) and has potential as a biofer-
tilizer due to its physicochemical characteristics. The anaerobic fermentation of organic
matter produces an organic residue with exceptional fertilizing properties, comprising an
average of 8.5% organic matter, 2.6% nitrogen, 1.5% phosphorus, 1.0% potassium, and a
pH of 7.5 [58-64]. The material used with heavy metals must finally be disposed of as
hazardous waste.

4. Conclusions

The biomass of E. crassipes has a considerable quantity of cellulose and hemicellulose,
which makes it a good source of raw material for bioremediation and producing biofuels
such as hydrogen. An economical and easy-to-implement method for the treatment of
wastewater contaminated with heavy metals was designed and evaluated, producing a
bioremediation process with dry and ground E. crassipes biomass, treating two types of
water contaminated with Cr (VI) and Pb (II), in which around 85% was decontaminated by
treating 800 mL and 90% and treating 1400 mL, respectively, with an initial concentration
of 1000 mg/L.

The biomass used in this bioremediation process achieved the next level of sustain-
ability due to its great molecular power to adsorb heavy metals where three biohydrogen
production systems were designed.

This study investigated the biological production of hydrogen through batch fermen-
tation, using biomass loaded with heavy metals as a source. The presence of Cr (IV) in E.
crassipes resulted in a 14% decrease in biohydrogen yield, while the presence of Pb (II) led
to a 26% decrease. Notably, the biomass of E. crassipes without contaminants produced a
higher yield of hydrogen (81.7 mL H,/g glucose).

However, if it is affected by the presence of heavy metal biomass, it was not significant;
we concluded that a large-scale environmental sustainability process can be implemented to
remediate water contaminated with heavy metals and subsequently produce biohydrogen.
The findings indicate that the E. crassipes biomass can be utilized in various sustainable
processes. These processes can be combined to create a megaproject that benefits the envi-
ronment. This technology is based on nature and can decontaminate industrial wastewater
while also generating biofuel for the future, such as hydrogen.

Funding: The “Universidad los Libertadores” funded this research through an internal call.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Conflicts of Interest: The author declares no conflicts of interest.

1.  Zia, Z.; Hartland, A.; Mucalo, M.R. Use of low-cost biopolymers and biopolymeric composite systems for heavy metal removal
from water. Int. J. Environ. Sci. Technol. 2020, 17, 4389-4406. [CrossRef]

2. Sayago, U.E.C.; Ballesteros Ballesteros, V. Development of a treatment for water contaminated with Cr (VI) using cellulose
xanthogenate from E. crassipes on a pilot scale. Sci. Rep. 2023, 13, 1970.

3. Carrefio Sayago, U.F,; Pifieros Castro, Y.; Conde Rivera, L.R. Design of a Fixed-Bed Column with Vegetal Biomass and Its
Recycling for Cr (VI) Treatment. Recycling 2022, 7, 71. [CrossRef]

4. Carrefio Sayago, U.F. Design, scaling, and development of biofilters with e crassipes for treatment of water contaminated with Cr
(VI). Water 2021, 13, 1317. [CrossRef]


https://doi.org/10.1007/s13762-020-02764-3
https://doi.org/10.3390/recycling7050071
https://doi.org/10.3390/w13091317

Polymers 2024, 16, 893 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fubara, A.G.; Uche, C.C.; Nwoko, C.O.; Tony-Njoku, R.F; Ojiaku, A.A.; Edo, F.A. Assessment of the effectiveness of water
hyacinth (E. crassipes) in the biosorption of heavy metals from Aluminium extruding company effluents. J. Appl. Sci. Environ.
Manag. 2022, 26, 37-46. [CrossRef]

Mardliyah, R.; Kusumadewi, R.A.; Wijayanti, A. Effectiveness test of using natural adsorbent of water hyacinth leaves (eichhornia
crassipes) in heavy metal lead (Pb) treatment in batik industry wastewater. In AIP Conference Proceedings; AIP Publishing: Boston,
MA, USA, 2023; Volume 2706.

Hazarika, L.; Shah, K.K.; Baruah, G.; Bharali, R K. Kinetic and equilibrium studies on bioadsorption of copper and lead by water
hyacinth (Eichhornia crassipes) plant powder. Vietnam J. Chem. 2023, 61, 238-252. [CrossRef]

Shi, C.; Wang, X.; Zhou, S.; Zuo, X.; Wang, C. Mechanism, application, influencing factors and environmental benefit assessment
of steel slag in removing pollutants from water: A review. . Water Process Eng. 2022, 47, 102666. [CrossRef]

Zou, W.; Feng, X.; Wang, R.; Wei, W.; Luo, S.; Zheng, R.; Yang, D.; Mi, H.; Chen, H. High-efficiency core-shell magnetic heavy-metal
absorbents derived from spent-LiFePO4 Battery. . Hazard. Mater. 2021, 402, 123583. [CrossRef]

Yu, F; Li, Y,; Huang, G.; Yang, C.; Chen, C.; Zhou, T.; Zhao, Y.; Ma, J. Adsorption behavior of the antibiotic levofloxacin on
microplastics in the presence of different heavy metals in an aqueous solution. Chemosphere 2020, 260, 127650. [CrossRef]
[PubMed]

Mittal, J.; Ahmad, R.; Mariyam, A.; Gupta, V.K.; Mittal, A. Expedi-tious and enhanced sequestration of heavy metal ions from
aqueous envi-ronment by papaya peel carbon: A green and low-cost adsorbent. Desalin. Water Treat. 2021, 210, 365-376.
[CrossRef]

Shi, T.; Ma, J.; Wu, E; Ju, T,; Gong, Y.; Zhang, Y.; Wu, X.; Hou, H.; Zhao, L.; Shi, H. Mass bal-ance-based inventory of heavy metals
inputs to and outputs from agricultur-al soils in Zhejiang Province, China. Sci. Total Environ. 2019, 649, 1269-1280. [CrossRef]
Whitehead, P.G.; Bussi, G.; Peters, R.; Hossain, M. A ; Softley, L.; Shawal, S.; Jin, L.; Rampley, C.P.N.; Holdship, P.; Alabaster, G.;
et al. Modelling heavy metals in the Buriganga River System, Dhaka, Bangladesh: Impacts of tannery pollution control. Sci. Total
Environ. 2019, 697, 134090. [CrossRef]

Sayago, U.F.C. Design and development of a biotreatment of E. crassipes for the decontamination of water with Chromium (VI).
Sci. Rep. 2021, 11, 9326. [CrossRef]

Sayago, U.E.C. Design of a sustainable development process between phytoremediation and production of bioethanol with
Eichhornia crassipes. Environ. Monit. Assess. 2019, 191, 221. [CrossRef]

Carrefio-Sayago, U.F. Desarrollo de un sistema sostenible de fitorremediacion y bioetanol con E. crassipes. Tecnol. Cienc. Agua
2021, 12, 269-292. [CrossRef]

Carrefio-Sayago, U.E; Rodriguez-Parra, C. Eichhornia crassipes (Mart.) Solms: An integrated phytoremediation and bioenergy
system. Rev. Chapingo Ser. Cienc. For. Ambiente 2019, 25, 399—411. [CrossRef]

Chuang, Y.S.; Lay, C.H.; Sen, B.; Chen, C.C.; Gopalakrishnan, K.; Wu, ].H.; Lin, C.S.; Lin, C.Y. Biohydrogen and biomethane from
water hyacinth (Eichhornia crassipes) fermentation: Effects of substrate concentration and incubation temperature. Int. |. Hydrog.
Energy 2011, 36, 14195-14203. [CrossRef]

Zhang, Q.; Cao, J.; Zhao, P; Zhang, Y.; Li, Y,; Xu, S.; Ye, J.; Qian, C. Green synthesis of nickel ferrite nanoparticles for efficient
enhancement of lignocellulosic hydrolysate-based biohydrogen production. Biochem. Eng. J. 2023, 194, 108885. [CrossRef]
Sarma, M.K.; Ramkumar, N.; Subudhi, S. Biohydrogen Production from Aquatic Plant and Algae Biomass by Enterobacter cloacae
Strain DT-1. Chem. Eng. Technol. 2023, 46, 234-241. [CrossRef]

Oztep, G.; Giingoren-Madenoglu, T.; Ozdemir, G.; Isik, E.; Serez, H.; Kabay, N.; Yiiksel, M. Optimization and microbial
community analysis for anaerobic digestion of water hyacinth (Eichhornia crassipes) with waste sludge at different solid contents
and temperatures. Environ. Technol. Innov. 2023, 32, 103395. [CrossRef]

Sharma, P; Jain, A.; Bora, B.J.; Balakrishnan, D.; Show, P.L.; Ramaraj, R.; Agbulut, U.; Khoo, K.S. Application of modern
approaches to the synthesis of biohydrogen from organic waste. Int. J. Hydrog. Energy 2023, 48, 21189-21213. [CrossRef]
Hawkes, ER.; Hussy, I.; Kyazze, G.; Dinsdale, R.; Hawkes, D.L. Continuous dark fermentative hydrogen production by mesophilic
microflora: Principles and progress. Int. J. Hydrog. Energy 2007, 32, 172-184. [CrossRef]

Pal, D.B.; Tiwari, A.K,; Srivastava, N.; Ahmad, I.; Abohashrh, M.; Gupta, V.K. Biomass valorization of Eichhornia crassipes root
using thermogravimetric analysis. Environ. Res. 2022, 214, 114046. [CrossRef]

Hasan, S.; Girindran, R.; Zacharia, P.U.; Jaya, H.; Kooren, R.; Sayooj, P.; Benny, S.; Joseph, D.; Hussain, S.V. Climate resilient
products development through valorization of Eichhornia crassipes to biofuel and biochar. Int. J. Environ. Sci. Technol. 2021, 1-8.
[CrossRef]

Hemida, M.H.; Moustafa, H.; Mehanny, S.; Morsy, M.; Dufresne, A.; Rahman, EIN.A.E.; Ibrahim, M.M. Cellulose nanocrystals
from agricultural residues (Eichhornia crassipes): Extraction and characterization. Heliyon 2023, 9, e16436. [CrossRef]

Tran, T.K,; Kim, N.; Leu, H.J.; Pham, M.P,; Luong, N.A.; Vo, HK. The production of hydrogen gas from modified water hyacinth
(Eichhornia Crassipes) biomass through pyrolysis process. Int. J. Hydrog. Energy 2021, 46, 13976-13984. [CrossRef]

Abreu Sherrer, ].S. Aprovechamiento de Bagazo de Agave Tequilana Weber Para la Produccion de Bio-Hidrogeno. Master’s
Thesis, Instituto Potosino de Investigacion, San Luis Potosi, Mexico, 2013.

Dessi, P.; Lakaniemi, A.M.; Lens, PN. Biohydrogen production from xylose by fresh and digested activated sludge at 37, 55 and
70 °C. Water Res. 2017, 115, 120-129. [CrossRef] [PubMed]


https://doi.org/10.4314/jasem.v26i1.6
https://doi.org/10.1002/vjch.202200138
https://doi.org/10.1016/j.jwpe.2022.102666
https://doi.org/10.1016/j.jhazmat.2020.123583
https://doi.org/10.1016/j.chemosphere.2020.127650
https://www.ncbi.nlm.nih.gov/pubmed/32693263
https://doi.org/10.5004/dwt.2021.26562
https://doi.org/10.1016/j.scitotenv.2018.08.414
https://doi.org/10.1016/j.scitotenv.2019.134090
https://doi.org/10.1038/s41598-021-88261-0
https://doi.org/10.1007/s10661-019-7328-0
https://doi.org/10.24850/j-tyca-2021-04-06
https://doi.org/10.5154/r.rchscfa.2018.06.051
https://doi.org/10.1016/j.ijhydene.2011.04.188
https://doi.org/10.1016/j.bej.2023.108885
https://doi.org/10.1002/ceat.202000547
https://doi.org/10.1016/j.eti.2023.103395
https://doi.org/10.1016/j.ijhydene.2023.03.029
https://doi.org/10.1016/j.ijhydene.2006.08.014
https://doi.org/10.1016/j.envres.2022.114046
https://doi.org/10.1007/s13762-021-03523-8
https://doi.org/10.1016/j.heliyon.2023.e16436
https://doi.org/10.1016/j.ijhydene.2020.08.225
https://doi.org/10.1016/j.watres.2017.02.063
https://www.ncbi.nlm.nih.gov/pubmed/28273442

Polymers 2024, 16, 893 11 0f 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ri, P.C.; Ren, N.Q.; Ding, J.; Kim, ].S.; Guo, W.Q. CFD optimization of horizontal continuous stirred-tank (HCSTR) reactor for
bio-hydrogen production. Int. J. Hydrog. Energy 2017, 42, 9630-9640. [CrossRef]

Imizcoz, M.; Puga, A.V. Assessment of photocatalytic hydrogen production from biomass or wastewaters depending on the metal
co-catalyst and its deposition method on TiO,. Catalysts 2019, 9, 584. [CrossRef]

Lee, C.S.; Conradie, A.V,; Lester, E. Review of supercritical water gasification with lignocellulosic real biomass as the feedstocks:
Process parameters, biomass composition, catalyst development, reactor design and its challenges. Chem. Eng. |. 2021, 415, 128837.
[CrossRef]

Boodhun, B.S.F.; Mudhoo, A.; Kumar, G.; Kim, S.H.; Lin, C.Y. Research perspectives on constraints, prospects and opportunities
in biohydrogen production. Int. |. Hydrog. Energy 2017, 42, 27471-27481. [CrossRef]

Khan, M.A.; Ngo, H.H.; Guo, W,; Liu, Y.; Zhang, X.; Guo, J.; Chang, S.W.; Nguyen, D.D.; Wang, J. Biohydrogen production from
anaerobic digestion and its potential as renewable energy. Renew. Energy 2018, 129, 754-768. [CrossRef]

Obi, L.U.; Roopnarain, A.; Tekere, M.; Adeleke, R.A. Bioaugmentation potential of inoculum derived from anaerobic digestion
feedstock for enhanced methane production using water hyacinth. World J. Microbiol. Biotechnol. 2023, 39, 153. [CrossRef]
Jarusiripot, C.; Sungthong, D. Biohydrogen and Biomethane Production from Acid Pretreated Water Hyacinth and Kinetics.
Trends Sci. 2023, 20, 6462. [CrossRef]

Naveed, M.H.; Khan, M.N.A.; Mukarram, M.; Naqvi, S.R.; Abdullah, A.; Haq, Z.U.; Ullah, H.; Al Mohamadi, H. Cellulosic
biomass fermentation for biofuel production: Review of artificial intelligence approaches. Renew. Sustain. Energy Rev. 2024, 189,
113906. [CrossRef]

Murugesh, V.; Devi, S.K.; Unni, PM.; Hemalatha, S.; Venugopalan, V. Chemical Properties of Water Hyancinth Plant Ash. J. Adv.
Zool. 2023, 44, 539-545. [CrossRef]

Dikshit, PK.; Poddar, M.K.; Chakma, S. Biohydrogen production from waste substrates and its techno-economic analysis. In
Hydrogen Economy; Academic Press: Cambridge, MA, USA, 2023; pp. 399-429.

Magdum, S.M.; More, S.; Nadaf, A.A. Biochemical conversion of acid pretreatment water hyacinth (eichonnia crassipes) to alcohol
using pichia stipitis NCIM 3497. Int. |. Adv. Biotechnol. Res. 2012, 3, 585-590.

Mishima, D.; Kuniki, M.; Sei, B.; Soda, S.; Ike, M.; Fujita, M. Ethanol production from candidate energy crops: Water hyacinth
(Eichhornia crassipes) and water lettuce (Pistia stratiotes L.). Bioreosur. Tecnhol. 2008, 99, 2495-2500. [CrossRef] [PubMed]
Campos, C.; Beltran, M.; Moreno, G.; Leén, N. Behaviour of Fecal Contamination Indicators (Fecal Coliforms, Somatic Phages and
Helminth Eggs) in Biosolid-Soil Mixtures for Ryegrass Sward Farming. In Proceedings of the Residuals and Biosolids Conference
2010, Savannah, Georgia, 23-26 May 2010; Water Environment Federation: St. Alexandria, VA, USA, 2010; pp. 195-203.

Sayago, U.EC.; Castro, Y.P; Rivera, L.R.C.; Mariaca, A.G. Estimation of equilibrium times and maximum capacity of adsorption
of heavy metals by E. crassipes. Environ. Monit. Assess. 2020, 192, 1-16. [CrossRef] [PubMed]

Echeverry-Gallego, R.A.; Espinosa-Barrera, P.A.; Delgado-Vargas, C.A.; Vanegas, ].; Clavijo-Buritica, D.C.; Martinez-Pachén, D.;
Moncayo-Lasso, A. The application of the photo-electro-Fenton process in the treatment of wastewater reduces the abundance of
genes associated with pathogenicity factors, antibiotic resistance, and metabolism: A metagenomic analysis. J. Environ. Chem.
Eng. 2023, 11, 109937. [CrossRef]

Lay, B.; Sen, C.C.; Chen, J.H.; Wu, S.C.; Lee, C.Y.L. Co-fermentation of water hycianth and beverage wastewater in powder and
pellet form for hydrogen production. Bioresour. Technol. 2013, 135, 610-615. [CrossRef]

Tan, L.; Zhu, D.; Zhou, W.; Mi, W.; Ma, L.; He, W. Preferring cellulose of Eichhornia crassipes to prepare xanthogenate to other
plant materials and its adsorption properties on copper. Bioresour. Technol. 2008, 99, 4460-4466. [CrossRef]

Zhou, C.; Wu, Q.; Lei, T.; Negulescu, I.I. Adsorption kinetic and equilibrium studies for methylene blue dye by partially
hydrolyzed polyacrylamide/cellulose nanocrystal nanocomposite hydrogels. Chem. Eng. J. 2014, 251, 17-24. [CrossRef]
Balasubramaniana, K.; Arunachalama, A.; Dasb, K.; Arunachalama, A. Decomposition and nutrient release of Eichhornia crassipes
(Mart.) Solms. under different trophic conditions in wetlands of eastern Himalayan foothills. Ecol. Eng. 2012, 44, 111-122.
[CrossRef]

Lu, C; Jing, Y.; Zhang, H.; Lee, D.J.; Tahir, N.; Zhang, Q.; Li, W.; Wang, Y.; Liang, X.; Zhang, X.; et al. Biohydrogen production
through active saccharification and photo-fermentation from alfalfa. Bioresour. Technol. 2020, 304, 123007. [CrossRef]

Argun, H.; Dao, S. Bio-hydrogen production from waste peach pulp by dark fermentation: Effect of inoculum addition. Int. J.
Hydrog. Energy 2016, 42, 2569-2574. [CrossRef]

Song, W.; Ding, L.; Liu, M.; Cheng, J.; Zhou, J.; Li, Y.Y. Improving biohydrogen production through dark fermentation of
steam-heated acid pretreated Alternanthera philoxeroides by mutant Enterobacter aerogenes ZJU1. Sci. Total Environ. 2020, 716,
134695. [CrossRef]

Katakojwala, R.; Mohan, S.V. Multi-product biorefinery with sugarcane bagasse: Process development for nanocellulose, lignin
and biohydrogen production and lifecycle analysis. Chem. Eng. J. 2022, 446, 137233. [CrossRef]

Gupta, M.; Velayutham, P; Elbeshbishy, E.; Hafez, H.; Khafipour, E.; Derakhshani, H.; El Naggar, M.H.; Levin, D.B.; Nakhla,
G. Co-fermentation of glucose, starch, and cellulose for mesophilic biohydrogen production. Int. J. Hydrog. Energy 2014, 39,
20958-20967. [CrossRef]

Rani, P; Yadav, D.K,; Yadav, A.; Bishnoi, N.R.; Kumar, V.; Ram, C.; Pugazhendhi, A.; Kumar, S.S. Frontier in dark fermentative
biohydrogen production from lignocellulosic biomass: Challenges and future prospects. Fuel 2024, 366, 131187. [CrossRef]


https://doi.org/10.1016/j.ijhydene.2017.02.035
https://doi.org/10.3390/catal9070584
https://doi.org/10.1016/j.cej.2021.128837
https://doi.org/10.1016/j.ijhydene.2017.04.077
https://doi.org/10.1016/j.renene.2017.04.029
https://doi.org/10.1007/s11274-023-03600-9
https://doi.org/10.48048/tis.2023.6462
https://doi.org/10.1016/j.rser.2023.113906
https://doi.org/10.17762/jaz.v44i3.922
https://doi.org/10.1016/j.biortech.2007.04.056
https://www.ncbi.nlm.nih.gov/pubmed/17574848
https://doi.org/10.1007/s10661-019-8032-9
https://www.ncbi.nlm.nih.gov/pubmed/31982980
https://doi.org/10.1016/j.jece.2023.109937
https://doi.org/10.1016/j.biortech.2012.06.094
https://doi.org/10.1016/j.biortech.2007.08.022
https://doi.org/10.1016/j.cej.2014.04.034
https://doi.org/10.1016/j.ecoleng.2012.03.002
https://doi.org/10.1016/j.biortech.2020.123007
https://doi.org/10.1016/j.ijhydene.2016.06.225
https://doi.org/10.1016/j.scitotenv.2019.134695
https://doi.org/10.1016/j.cej.2022.137233
https://doi.org/10.1016/j.ijhydene.2014.10.079
https://doi.org/10.1016/j.fuel.2024.131187

Polymers 2024, 16, 893 12 of 12

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

da Silva, D.C.; Rodrigues, C.V.; Marin, D.EC.; Lazaro, C.Z,; Jacobus, A.P.; Pires, L.O.; Maintinguer, S.I. Performance of clostridium
species and autochthonous bacteria from citrus wastewater under different carbon sources to produce biofuels. Int. |. Hydrog.
Energy 2024, 49, 398-412. [CrossRef]

Tripathi, D.M.; Tripathi, S. Microbial Advancements in Dark Fermentative Biohydrogen Production: Applications and Innovations.
In Emerging Trends and Techniques in Biofuel Production from Agricultural Waste; Springer Nature Singapore: Singapore, 2024;
pp- 57-80.

Zhao, Z.T,; Ding, ].; Wang, B.Y.; Bao, M.Y,; Liu, B.F,; Pang, ] W.; Ren, N.-Q.; Yang, S.S. Advances in the biomass valorization in
dark fermentation systems: A sustainable approach for biohydrogen production. Chem. Eng. ]. 2024, 2024, 148444. [CrossRef]
Mohanakrishna, G.; Pengadeth, D. Mixed culture biotechnology and its versatility in dark fermentative hydrogen production.
Bioresour. Technol. 2024, 394, 130286. [CrossRef] [PubMed]

Saratale, G.D.; Saratale, R.G.; Lo, Y.C.; Chang, ].S. Multicomponent cellulase production by Cellulomonas biazotea NCIM-2550
and its applications for cellulosic biohydrogen production. Biotechnol. Prog. 2010, 26, 406—416. [CrossRef]

Zhang, Z.; Ai, F; Li, Y,; Zhu, S.; Wu, Q.; Duan, Z; Liu, H.; Qian, L.; Zhang, Q.; Zhang, Y. Co-production process optimization and
carbon footprint analysis of biohydrogen and biofertilizer from corncob by photo-fermentation. Bioresour. Technol. 2023, 375,
128814. [CrossRef]

Sarma, S.J.; Brar, S.K.; Le Bihan, Y.; Buelna, G. Liquid waste from bio-hydrogen production—A commercially attractive alternative
for phosphate solubilizing bio-fertilizer. Int. ]. Hydrog. Energy 2013, 38, 8704-8707. [CrossRef]

Tashyrev, O.B.; Matvieieva, N.A.; Hovorukha, V.M.; Tashyreva, H.O.; Bielikova, O.1.; Havryliuk, O.A.; Duplij, V.P. Application
of lignocellulosic substrate obtained after hydrogen dark fermentation of food waste as biofertilizer. Ind. Biotechnol. 2018, 14,
315-322. [CrossRef]

Ai, F; Zhang, Y,; Fan, X,; Li, Y.,; Zhang, H,; Jiao, Y.; Zhang, Q.; Yong, C.; Zhao, J.; Zhang, Z.; et al. Clean style recovery and
utilization of residual nutrients in effluents from biohydrogen production: In Situ immobilization based on sodium alginate.
Front. Bioeng. Biotechnol. 2022, 10, 906968. [CrossRef]

Goria, K.; Kothari, R.; Singh, H.M.; Singh, A.; Tyagi, V.V. Biohydrogen: Potential applications, approaches, and hurdles to
overcome. In Handbook of Biofuels; Academic Press: Cambridge, MA, USA, 2022; pp. 399-418.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijhydene.2023.08.320
https://doi.org/10.1016/j.cej.2023.148444
https://doi.org/10.1016/j.biortech.2023.130286
https://www.ncbi.nlm.nih.gov/pubmed/38176598
https://doi.org/10.1002/btpr.342
https://doi.org/10.1016/j.biortech.2023.128814
https://doi.org/10.1016/j.ijhydene.2013.05.032
https://doi.org/10.1089/ind.2018.0008
https://doi.org/10.3389/fbioe.2022.906968

	Introduction 
	Materials and Methods 
	Results 
	Results of Characterization Chemistry 
	Results of Adsorptions of Cr (VI) and Pb (II) 
	Analysis EM y EDS 
	Hydrolysis Results 
	Production of Biohidrogen 

	Conclusions 
	References

