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Green and sustainable zero-waste conversion of
water hyacinth (Eichhornia crassipes) into superior
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Troublesome aquatic weed, water hyacinth (Eichhornia crassipes) was converted into solid and liquid
fractions via green and energy-saving hydrothermal carbonization (HTC). The solid product, hydrochar,
was employed as a precursor to prepare magnetic carbon materials by simple activation and
magnetization using KOH and Fe®* ions, respectively. The obtained magnetic adsorbent possessed good
magnetic properties and presented outstanding capacities to adsorb methylene blue (524.20 mg g3,
methyl orange (425.15 mg g™%) and tetracycline (294.24 mg g~ with rapid adsorption kinetics even at
high concentrations (up to 500 mg L™, attributed to high specific surface area and mesopore porosity.
Besides the solid hydrochar, the water-soluble liquid product was used to fabricate carbon-based
supercapacitors through facile KOH activation with a considerably lower KOH amount in comparison to
conventional activation. The supercapacitor electrode made from activated liquid product possessed an
extremely high specific surface area of 2545 cm? g~ and showed excellent specific capacitance (100 F
g tor50Fcm 2 atlAg?) and good retention of capacitance (92% even after 10 000 cycles). This
work demonstrated that both solid and liquid HTC fractions from this bio-waste can serve as effective
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Introduction

Water hyacinth (WH, Eichhornia crassipes) is a floating aquatic
weed originating from South America. It is considered an
invasive species that has spread around the world. In many
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countries, including Thailand, Indonesia, and China, WH
reproduces very quickly, covering large water bodies including
rivers, lakes and canals, impeding water flow, and starving the
water of oxygen. This often Kkills fish and other species and
reduces biodiversity." It has been reported that it takes only one
day to reproduce over one-fourth of a ton of dried WH per
hectare." Nowadays, attempts at beneficial utilization of WH
have been spent mostly on handicraft products® and fertilizers.?
However, regarding the economic merits of this approach, such
products do not provide much value. The real problem is that
WH grows at a rate that surpasses its consumption. Therefore,
to address this problem in an economically viable fashion, WH
needs new innovative uses.

Considering its chemical composition, WH has notable
lignocellulosic content, including 48% hemicellulose as the
major component, along with 20% cellulose and 3.5%
lignin.* Since WH has excessive reproduction rate and is rich
in cellulose, hemicellulose and lignin, it can potentially be
employed as a proper carbon source. For this reason,
considerable attention has been paid to the use of WH to
prepare functional carbon materials or value-added
chemicals.>**°

This journal is © The Royal Society of Chemistry 2019
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Hydrothermal carbonization (HTC) is a simple process to
convert biomass into carbon materials, performed using water
as the medium in a closed system at self-generated pressure
and moderate temperatures (150-350 °C).***> The process
involves hydrolysis and dehydration of lignicellulosic
compounds in the biomass. Unlike conventional pyrolysis at
higher temperatures, a prominent reason making HTC an
attractive method is that the outcome products are in both
solid and liquid forms, and the treatment temperatures are
relatively low. The solid product from HTC is hydrochar with
surfaces that are rich in oxygenated functional groups.'>** The
abundant oxygen in these groups provides hydrophilicity to
the hydrochars, and facilitates use as catalysts, or as adsor-
bents of polar or cationic guest molecules."*™** However,
hydrochar typically has poor porosity that reduces its suit-
ability for adsorbent, which needs to have large specific
surface for adsorption capacity. Aside from the solid hydro-
char, the liquid product from HTC contains various valuable
platform chemicals soluble in water, for example levulinic
acid, hydroxymethylfurfural (HMF), furfural, phenolic
compounds, and lignin compounds." Although these
compounds are attractive as biofuels, fractionating them
would be time- and energy-consuming, and require the use of
expensive catalysts to convert the fractions to higher value
chemicals.'”**

Only a few studies have reported on direct uses of this
liquid product from HTC for the synthesis of solid carbon
materials.>®** Bai and co-workers*' used black liquor, the
liquid product from KOH-assisted HTC of rice straw, to
prepare a carbon-based acid catalyst. The study suggested
that the liquid product has promising potential as carbon
source in carbon material synthesis. Shortly after, Zhu et al.*®
prepared N-doped supercapacitors using the liquid product
or black liquor from HTC of rice straw in the presence of
KOH. It is clear that the high water-solubility of black liquor
has enabled an alternative way to ensure homogeneous
integration of other elements or compounds into the final
carbon materials.

To the best of our knowledge, only a few publications have
mentioned the use of both phases from HTC to fabricate
functional materials for different applications.”® In this
current study both solid hydrochar and liquid fractions from
HTC of WH are used as precursors to prepare magnetic
adsorbents and a supercapacitor, respectively. The magnetic
adsorbents have superior adsorption of toxic chemicals (dyes
and tetracycline) and the supercapacitor has excellent specific
capacitance and good capacitance retention. It is also worth
mentioning that our proposed methods mainly employed
water as the medium in all steps, totally excluding toxic
organic solvents, thereby making the processes environmen-
tally friendly.

This study demonstrates that undesired WH biomass can be
easily transformed into functional carbon materials with
multiple uses, by using both the solid and the liquid fractions
from HTC. This concept of converting WH biomass into high
value-added functional materials appears sustainable and does
not generate waste.

This journal is © The Royal Society of Chemistry 2019
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Experimental

Materials and chemicals

Ferric(m) chloride hexahydrate (FeCl;-6H,O, 99.0%) was
purchased from Loba Chemie. Potassium hydroxide (KOH)
(85.0%) was purchased from Merck. Tetracycline (TC), N-
methylpyrrolidone (99.7%), carbon black and polyvinylidene
fluoride were purchased from Sigma-Aldrich. Methylene blue
(MB) and methyl orange (MO) were purchased from Unilab.
Water hyacinth (Eichhornia crassipes) was obtained from a canal
in a residential area at Khuan Ru, Rattaphum district, Songkhla
province, Thailand (7° 11’ 15.7” N 100° 18’ 58.5" E).

Apparatus

Porosity and pore texture of the materials were characterized by
N, adsorption-desorption technique (Micromeritics, ASAP
2460) with degassing at 200 °C for 900 minutes prior to the
measurement. Transmission electron microscopy (TEM, JEOL
JEM-2010 and JEOL JEM-2011) was used for investigating
nanostructure of the materials, including character and species
of iron in the samples. Surface morphology and iron distribu-
tion in magnetic adsorbents were examined by Scanning Elec-
tron Microscopy equipped with energy dispersive X-ray
spectroscopy (SEM-EDX, FEI, Apreo). An X-ray diffractometer
was used to identify the iron species in the materials (XRD,
Philips, X'Pert MPD). Raman spectroscopy (Nanophoton,
RAMANforce) was used to study degree of graphitization in the
material. X-ray photoelectron spectroscopy (XPS, Kratos
Analytical Ltd., AXIS Ultra DLD) was used to study surface
functional groups and elemental composition of the materials.
A vibrating-sample magnetometer (VSM, LakeShore, Model
7404) was used to analyze the magnetic properties of the
materials. Thermogravimetric analysis (TGA, PerkinElmer,
TGA7) was used to assess the thermal stability of the liquid
product from HTC. Inductively Coupled Plasma Optical Emis-
sion Spectrometer (ICP-OES, PerkinElmer, Avio500) was used to
determine the concentrations of iron in an iron leaching test.
The concentrations of all adsorbates (MB, MO and TC) were
measured with a UV-Vis spectrophotometer (Shimadzu,
UVv1800).

Synthesis of magnetic carbon materials

In a typical synthesis, freshwater hyacinth stems were washed
and cut into approximately 1 x 5 cm pieces and dried at 90 °C
overnight. Then the dried water hyacinth pieces were crushed
into fine powder with particle size smaller than 710 pm. Next,
8.0 g of water hyacinth powder was mixed with 150 mL DI water
and transferred into a 400 mL Teflon lined autoclave, then
heated at 180 °C for 24 hours. Afterwards, the solid and liquid
products were separated from their mixture. The solid hydro-
char product with dark-brown appearance was soaked in 25 mL
FeCl;-6H,0 solution for 1 hour. Then KOH solution was added
to the mixture (mass ratio hydrochar : FeCl;-6H,0 : KOH =
5:1:5) and stirred for 12 hours. The mixture was dried and
carbonized under N, atmosphere at 800 °C for 90 minutes. The
carbonized sample was washed with hot water until neutral pH

RSC Adv., 2019, 9, 24248-24258 | 24249
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was obtained, and then dried at 80 °C for 12 hours. The final
product with magnetic properties was labeled as MWHHT(X)-Y
where X represents the ratio of KOH to biochar and Y is the
carbonization temperature. Furthermore, the adsorption effi-
ciencies were investigated for the magnetic porous carbon
materials derived from water hyacinth, with MB, MO and TC
adsorbates.

Stability of magnetic porous carbon materials against acid
leaching

Stability of the magnetic porous carbon was studied by
immersing 10 mg of magnetic carbon in 20 mL DI water at pH
2-6 and shaking at 250 rpm for 24 hours. Then iron content of
each solution was determined by ICP-OES.

Batch adsorption by magnetic porous carbon materials of MB,
MO and TC

Adsorption experiments were run to determine both kinetics
and equilibria. For adsorption kinetics, 10 mg of magnetic
carbon material was shaken in 20 mL of 500 mg L ™" methylene
blue (MB), 500 mg L' methyl orange (MO) or 200 mg L'
tetracycline (TC) at 30 + 2 °C for 0.5-24 hours. For equilibrium
isotherm studies, 10 mg of an adsorbent was shaken in 20 mL of
MB (50-500 mg L~ '), MO (50-500 mg L") or TC (40-
200 mg L™") at 30 + 2 °C for 24 hours. The adsorbate concen-
trations in solution were determined with a UV-Vis spectro-
photometer and a standard curve. Adsorption capacity (g) was
calculated as follows.

q= (CO_Ce)V (1)

m

Here Cy and C, are the initial and equilibrium concentrations of
MB, MO or TC in mg L', m is the mass of the adsorbent
material (g), and V is the volume of the solution (L).

Synthesis of carbon materials from crude liquid phase (CLP)

The dark brown crude liquid product (CLP) from the hydro-
thermal process was collected and dried at 80 °C overnight. 1.0 g
of CLP was mixed with 25 mL 2.4% w/v KOH and stirred for 30
minutes. Afterwards, the mixture was dried at 80 °C for 8 hours,
and then pyrolyzed under N, atmosphere at 800 °C for 3 hours.
The pyrolyzed product was washed with 0.1 M HCl and DI water
several times until pH 7 was reached, followed by drying at 80 °C
for 8 hours. The result was labeled with CLP + KOH-800.

Fabrication of carbon-based supercapacitor and
electrochemical measurements

The electrochemical properties of CLP + KOH-800 were tested in
a symmetric configuration using free-standing carbon elec-
trodes and 6 M KOH as electrolyte. The free-standing carbon
electrodes were manufactured by mixing 90 wt% of CLP + KOH-
800 with 5 wt% of Carbon black Super P® conductive (99+% -
metals basis, Alfa Aesar) and 6 wt% of PTFE (polytetrafluoro-
ethylene preparation diluted 10 times with water from
a commercial PTFE - 60 wt% dispersion in H,O, Sigma-Aldrich)

24250 | RSC Adv., 2019, 9, 24248-24258
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in absolute ethanol. Ethanol was fully evaporated from the
paste at 110 °C and a few drops of ethanol were added to form
compact free-standing electrodes. The electrodes were
progressively calendered in an electric 2-rolls mill, until
a homogeneous film of 100 um thickness was obtained. The
electrodes were punched in disks of 7 mm diameter and dried at
200 °C overnight. The density of the electrodes was calculated
using the following equation:

_ Melectrode _ Melectrode [2)
Velectrode St

where Mejecrode (8) is the weight of one electrode, Vejeetrode (€m?)
is the macroscopic volume of the electrode, as determined by
multiplying the section S (cm?) and the thickness ¢ (cm). The
density of 0.47 g cm® was found to be one of the most dense
carbons compared to most bio-based activated carbons found
in the literature.”®?® This can be explained by the low ratio
KOH : carbon precursor used in this experiment.

The symmetric supercapacitor was built in a Swagelok T-
cell, by sandwiching the two carbon electrodes (with
a weight difference <10%) between two stainless-steel current
collectors (Hasteloy® 276) and separated by a 10 mm disc glass
fiber separator (Whattman, 1 mm thickness). Prior to the
assembly, the two carbon electrodes were wetted with the
electrolyte. The polarization of both electrodes could be
observed by adding a reference electrode (calomel electrode,
Hg,Cl,, in saturated KCI solution) in the T-cell (see Fig. S1 in
ESIt). The voltage window of the cell was determined by per-
forming CVs at 5 mV s~ ' on the T-cells without carbon elec-
trodes. The corrosion current was only observed beyond 1.3 V
and 1.2 Vwas thus taken as voltage window (see Fig S2 in ESI¥).
For the measurements, the T-cell was connected to a VSP
Biologic potentiostat and a series of 500 galvanostatic cycles
were run at 5 A g ' prior to analysis in order to improve the
electrolyte access to the micropores of the material. Cyclic-
voltammograms (CV) were recorded at various scan rates
(5 mV s~ to 2 Vs 1), galvanostatic charge discharge (GCD) at
different current densities (0.1 to 130 A g~ ') and electro-
chemical impedance spectroscopy (EIS) between 200 kHz and
10 mHz with a signal amplitude of 10 mvV. The specific
capacitances (F g~ " and F cm ) of a single electrode were
calculated from the CVs, GCDs and EIS using the equations in
ESL+

Results and discussion

The character of hydrothermal carbonization products (both
solid and liquid)

The hydrothermal carbonization of water hyacinth at 180 °C for
24 hours provided both solid and liquid products. The solid
phase (WHHTC) appeared dark brown and had approximately
46% + 3 wt% yield relative to the initial dried water hyacinth
precursor. The liquid product was a dark brown solution. This
fraction was dried and weighed in order to calculate the yield,
which for the crude liquid phase product (CLP) was found to be
17% =+ 2 wt% with respect to the dried WH precursor. The CLP
was further employed as a carbon precursor for the production

This journal is © The Royal Society of Chemistry 2019
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of supercapacitors. The overview of our facile synthesis is shown
in Scheme 1.

The surface chemical functionality and elemental content of
WHHTC hydrochar were investigated by XPS. The results in
Table S1f suggests that even before simultaneous magnetiza-
tion and activation, WHHTC had rather satisfactory carbon
(65.80 wt%) and oxygen (27.63 wt%) contents. Despite the rich
oxygenated functional groups in WHHTC, it had a relatively
poor specific surface (7.35 m*> g ') and very small porosity
(0.0440 cm® g~ ') as shown in Table S3,T which is inadequate for
an adsorbent. Therefore, the WHHTC was further activated to
improve its porosity and adsorption performance. Moreover,
this further activation was simply coupled with in situ magne-
tization to provide the adsorbent not only higher porosity but
also magnetic properties.

Despite the high yield (20-50 wt%), the extraction of crude
liquid from lignocellulosic biomass has usually involved toxic
organic solvents,””*® an alkaline catalyst®>**” or rather high
temperatures (>250 °C).>”"?° Notably, in this current study, HTC
was performed at a relatively low temperature (180 °C) with only
water as the medium. This unusual choice can reduce energy
consumption and the complexity of the system.

The thermal behavior of CLP was studied in detail over the
temperature range 50-1000 °C (ramp rate = 10 °C min~ ") under
N, atmosphere by TGA. According to the thermogram in
Fig. S3,T 48.30% of the weight remained even at 1000 °C, indi-
cating outstanding thermal stability of the CLP. The thermo-
gram of CLP exhibits 32.4 wt% loss around 200-700 °C,
corresponding to decomposition of the cross-links. Above
700 °C, there is a minor weight loss by 19.3 wt% from decom-
position of lignin.*® Apart from the excellent thermal stability,
this lignin content in CLP also enables solution-consisted
procedures® making the further preparation of functional
CPL-based materials more facile, low-cost and scalable in
comparison to the use of solid precursors.

The chemical functionality of CLP was investigated using
XPS (Table S1t) and the major elements in CLP were carbon,
oxygen and nitrogen at 60.82 wt%, 24.60 wt% and 4.73 wt%,
respectively. Hence, CLP from green HTC of water hyacinth had
a high proportion of carbon (mainly sp> carbon (43.3%) and

View Article Online
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C-0O (14.0%)) (Table S21) giving it good potential for use in
synthesis of functional carbon materials.

Magnetic carbon materials as an adsorbent

Characterization of magnetic carbon materials. The
adsorption of initially 500 mg L™ methylene blue was tested
with all as-prepared magnetic carbon materials to select near
optimal synthesis conditions for an adsorbent.

On preparing magnetic carbon materials, we employed 500
or 800 °C to study effects of this choice on magnetization degree
and porosity properties of the resulting carbons. It is clear that
both carbonization temperatures (500 °C and 800 °C) and KOH
weight ratio (biochar (WHHTC) : KOH = 1:1 and 1:0.2) had
no effects on the magnetic properties, as observed by the tiny
differences in magnetizations shown in Table 1 (all in the small
range 4-6 emu g ‘). Nonetheless, both factors significantly
influenced porosity (Table 1). Increasing the KOH proportion or
carbonization temperature led to higher specific surface, and
total pore and mesopore volumes (Table 1).

To study the role of iron and KOH on the magnetic proper-
ties in detailed, the control experiments were performed using 2
different conditions: (1) hydrochar + FeCl; - 6H,O (MWHHTC(0)-
800) and (2) hydrochar + KOH (WHHTC(1)-800) by using the
same carbonisation temperature at 800 °C. The VSM measure-
ments show that the MWHHTC(0)-800 possessed magnetism
properties (10.23 emu g~ ') but the sample has low surface area
(291.17 ecm® g™") as shown in Table 1. In contrast, the
WHHTC(1)-800 has a high surface area (1070.27 cm® g~ ') but
shows no magnetic property (Table 1). The magnetization value
of MWHHTC(0)-800 is in the same range as in the other two
samples carbonized at the same temperature of 800 °C
(MWHHTC(0.2)-800, and MWHHTC(1)-800 with the value of
about 4-10 emu g ). This might be because the Fe species
contained in those samples are in the same zero-valent form.
The existence of zero-valent iron particles even without KOH
activation can be explained by the reduction of Fe*" ions with
the carbon matrix at temperature >700 °C, which is in accor-
dance with the previous studies.?*** As evidenced by the high
surface area of WHHTC(1)-800, this observation indicates that

Well dissolve in low concentration of KOH solution

High-Performance Supercapacitor

Dissolvedin24 %wv KOH solution

HTCat 180 °C, 24h
—_—

‘Rert

& Water hyacinth

DI water

& Hydrochar

mass ratio
Hydrochar: FeCl,-6H,0- KOH = 5:1.5

e

CLP+KOH-800
Sger 2544.87 ml/g

1. Carbonized at 800 °C
underN, atmosphere f

Driedat 80 °C
—

2. Washingwith
0.1 MHCl and
Dl water '

Simultaneous activation .2 lentFe parti I
and magnetization ero-valen e"“ \cle

1. Dried at 80 °C g

2. Carbonized at 800 °C
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3. Washlngwl(h hot DI h m

Magnetic

A
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Scheme 1 The preparation steps of magnetic adsorbent (MWHHTC(1)-800) and carbon-based supercapacitor (CLP + KOH-800) using water

hyacinth as a carbon precursor.
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Table 1 Comparison of magnetization, porosity parameters and MB adsorption capacity across various ratios of activating agent to magnetic

adsorbent

Magnetization Specific surface Total pore volume
Materials (emug™) area (m* g ") (em® g™ Mesopore fraction (%) Gi—24 n ON MB (mg g ")
MWHHTC(0.2)-500 6.00 271.12 0.1825 60.33 16.46
MWHHTC(0.2)-800 4.81 677.66 0.4348 56.28 184.24
MWHHTC(1)-500 6.00 398.14 0.2296 50.57 10.60
MWHHTC(1)-800 4.11 973.56 1.5253 87.89 535.31
WHHTC(1)-800 0 1070.27 0.5327 80.21 —
MWHHTC(0)-800 10.23 291.17 0.1945 68.23 —

KOH is responsible for the generation of high surface area and
pore volume when the activation at 800 °C was used, while iron
contributed to the magnetic properties of the composites.

MWHHTC(1)-800 was selected for further characterization
and adsorption studies, having both largest surface area and
pore volume among the cases tested. The magnetization of 4.11
emu g~ ' for MWHHTC(1)-800 is comparable to other porous
carbon-based materials reported earlier, such as 3.679 emu g~*
for Fe;C/Fe/C magnetic hierarchical porous carbon®* and 3.83
emu g ' for magnetic chitosan/poly(vinyl alcohol) hydrogel
beads.*® These magnetization values are sufficient to make
MWHHTC(1)-800 easily separable from an aqueous suspension
with an external magnet (Fig. 3b).

Physicochemical properties, including surface area and pore
texture of MWHHTC(1)-800, were studied in detail by various
techniques. Fig. 1a shows the N, isotherm of MWHHTC(1)-800,
which clearly is of type IV with an obvious hysteresis loop. This

indicates that the material contained mesopores, which is
further confirmed from the narrow pore size distribution (PSD)
in the range ~1.5-5.0 nm (Fig. 1b).

Furthermore, MWHHTC(1)-800 possessed high specific
surface and large porosity, 973 m> ¢ ' and 0.62 cm® g’
respectively. The material also had high mesoporosity, 85% of
the total pore volume. This large fraction of mesopores not only
improves adsorption rate but also enables adsorption of large
molecules,* such as the adsorbates in this study (MB, MO and
TC).

To investigate the changes in elemental composition and
functionality both qualitatively and quantitatively, XPS
measurements were carried out on both non-magnetic hydro-
char (WHHTC) and the selected magnetic material
(MWHHTC(1)-800). The C 1s XPS spectra of both WHHTC
(Fig. S4at) and MWHHTC(1)-800 (Fig. S4bt) reveal sp” carbon as
the major peak, with 284.6 eV binding energy (BE).*” The gained

a b
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Fig. 1
various pHs, for MWHHTC(1)-800.
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(@) N, sorption—desorption isotherm, (b) pore size distribution calculated by DFT, (c) XRD pattern, and (d) leached iron concentrations at
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sp> carbon content in MWHHTC(1)-800 was clear from those
spectra. The C=C functional group in MWHHTC(1)-800 was
significantly increased by carbonization and magnetization of
relative to initial non-magnetic biochar (WHHTC), from 43.3%
to 65.5%, in accordance with the decrease in oxygen content
(Table S17t). The peaks at BE 286.0 and 286.8 eV correspond to
C-0 and C-O-C bonds,*® respectively. The peaks at 288.1 and
289.4 eV confirm the presence of C=0 and O-C=O0 groups.*®
The increased content of C=C (sp?) and decreased intensity of
oxygen functionalities in MWHHTC(1)-800 indicate that
simultaneous magnetization and activation at 800 °C not only
improved the porosity but also changed the chemical nature of
the carbon product. Moreover, the absence of Fe signal in the
wide scan might be caused by the embedding of iron particles
deep in the carbon matrix, so they could not be detected by XPS.

Iron occupancy and iron particles in MWHHTC(1)-800
magnetic carbon material were characterized by XRD, TEM
and SEM-EDX techniques, as shown in Fig. 1c and 2a-f,
respectively. X-ray diffraction pattern of MWHHTC(1)-800 in
Fig. 1c shows peaks at 26 of 44°, 65° and 82°, corresponding to
(110), (200) and (211) planes of zero-valent iron (ICDD 00-001-
1262). The existence of the zero-valent iron particles provided
the magnetic carbon composite with the ferromagnetic
properties.*®

Furthermore, iron specie in this study is metallic iron or
zero-valent iron confirmed by XRD pattern in Fig. 1c. So the
materials has a ferromagnetic property. Furthermore, the
diffraction pattern also indicates a small amount of calcium
carbonate residue (ICDD 01-072-1937), which corresponds to
the small calcium content detected by XPS.

The formation of metallic iron starts with Fe(OH); from the
reaction between FeCl; and KOH. At ~400 °C, it was converted
into Fe,O; and subsequently transformed into magnetite
(Fe30,4). Above 700 °C, magnetite was reduced to zero-valent
iron particles.® During the magnetization process, KOH also
played a role as an activating agent forming K,CO; and K,O
species, which could react with carbon in the materials above

Carbon 74.6%

Fig. 2

This journal is © The Royal Society of Chemistry 2019
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700 °C, increasing porosity.*” In this study, the material was
prepared by carbonization under N, atmosphere at 800 °C to
accomplish activation and also to obtain magnetic properties.
Our method combined magnetization and activation in a single
step, without further post-formation of magnetic particles after
activation. TEM images in Fig. 2a and b confirm the presence of
iron particles (3-24 nm) embedded uniformly throughout the
material, which is in accordance with the SEM-EDX results in
Fig. 2f. The SEM-EDX technique also reveals the proportions of
carbon, oxygen and iron as 74.6 wt%, 12.6 wt% and 6.9 wt%,
respectively.

It is noticeable that the synthesis of magnetic carbon
composite in this work involved no multi-steps, for example the
formation of magnetic ion phase either before or after the
incorporation of such magnetic iron species into the adsor-
bents. This could certainly reduce time-consumption and extra
chemicals.

Although few publications have reported on Fe leaching
from iron-based magnetic composites,*** the stability of iron
particles in composite adsorbents against leaching over a wide
pH range is important for eventual practical applications.
MWHHTC(1)-800 was tested at various levels of pH (2.05-6.30)
for 24 hours. The results in Fig. 1d indicate that MWHHTC(1)-
800 had good magnetic stability over a wide pH range from
acidic (pH 3.05) to neutral (pH 6.30), with negligible release of
iron from the composite (<0.15 mg L ™). In particular, at the pH
of DI water (pH 6.30), only 0.07 mg L ™" of Fe ions was released.
However, the Fe ion concentration became higher in acidic
conditions (pH 2.05). Despite some iron discharge in strongly
acidic conditions, the material had outstanding resistance to
leaching compared with prior studies'*** that assessed pH
3.0. This might be a consequence of entrapping the iron parti-
cles by the carbon matrix, and matches the absence of iron
signal in XPS, as well as entrapped iron particles seen in TEM
images. It is worth mentioning that the stability of
MWHHTC(1)-800 over a wide pH range facilitates its practical
application as superior adsorbent.

Iron 6.9%

(a) and (b) TEM images, (c) SEM image, and (d)—(f) EDX mappings of MWHHTC(1)-800.
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Adsorption performance of magnetic carbon material
MWHHTC(1)-800. The adsorption kinetics plots in Fig. 3a show
that the adsorption rapidly reached equilibrium, within only
300 minutes even at extremely high concentration of MB (500
ppm), MO (500 ppm) or TC (200 ppm), outperforming a number
of carbon-based adsorbents.**** Additionally, the rapid
adsorption by MWHHTC(1)-800 is clearly demonstrated in the
video (ESIT). Only 0.10 g of MWHHTC(1)-800 was added into
15 mL of 500 mg L' MB followed by simple shaking. After
shaking for only ~1.5 minutes, the dark blue solution faded in
color, indicating that most MB molecules were removed.

Furthermore, after complete adsorption, a magnet took 20
minutes to attract most of the adsorbent particles. In order to
investigate the kinetics of adsorption in detail, the experimental
data were fitted with a pseudo second order model as shown in

eqn (3)
queZZ

= T4 gt ©)

q:

Here g, is adsorption capacity at any time ¢, and k, is a rate
constant in the pseudo-second-order model. The calculated rate
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Fig. 3 (a) Adsorption kinetics, and (b) adsorption isotherms of MB, MO
and TC adsorption by MWHHTC(1)-800.
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constants (k,) for all adsorbates are fairly high, as shown in
Table S4.t1 This fast adsorption of all adsorbates tested here can
be explained by not only the high specific surface area of
MWHHTC(1)-800 but also by the high mesoporosity, which
enables rapid adsorption of large molecules like MB, MO and
TC in our study.*

Furthermore, equilibrium adsorption isotherms were deter-
mined experimentally. The isotherms in Fig. 3b show that the
MWHHTC(1)-800 had high adsorption capacity of MB, MO and
TC. The maximum capacities were estimated by fitting the
Langmuir isotherm model shown in eqn (4)

_ Gmax KL Ce

L = dmaxRLCe 4
4 1+ K1 C, )

Here gmax is maximum adsorption capacity and K, is Langmuir
constant. The isotherm data was well fit by the Langmuir model
(R* = 0.90041, 0.99781, 0.93822) indicating that the adsorption
is monolayer adsorption on homogeneous surface, and the
Langmuir parameters are summarized in Table S4.f The
maximum adsorption capacities by MWHHTC(1)-800 of MB,
MO and TC are shown in Table S5.f These are high (524.20,
425.15 and 294.24 mg g~ ' for MB, MO and TC, respectively) in
comparison with the maximum adsorption capacities of
biomass'****® and non-biomass*** based magnetic adsorbents.
The great adsorption capacities achieved can be related to XPS
and N, sorption-desorption results: MWHHTC(1)-800 had high
specific surface, high porosity, and large fraction of mesopores
(2-5 nm) providing access for bulky molecules to the pores. As
mentioned in XPS interpretation, MWHHTC(1)-800 contains
65.5% sp> carbon and all the adsorbate molecules have at least 2
aromatic rings in their structure (Fig. S5t). This match of
adsorbent and adsorbate characteristics enabled m-7 interac-
tions, as a mechanism that boosted the adsorption capacity.*

Carbon-based supercapacitor prepared from the crude liquid
phase (CLP)

Characterization. Since CLP, derived from liquid HTC
product from water hyacinth, is composed of phenolic-like
compounds, it has high solubility in polar solvents, especially
water. The miscibility with water guarantees that CLP can be
easily mixed, homogeneously and thoroughly, with other added
substances. In this study, only a small amount of KOH
(CLP: KOH = 1:0.6 by weight), relative to other reported
studies,”*® was mixed directly into CLP solution that was further
pyrolyzed, to enhance porosity without a pretreatment step. It is
worth noting that the activation reported here employed much
lower KOH amount (1 : 0.6 wt% of dried liquid product: KOH)
in comparison to conventional activation with solid biomass
(=1: 1 wt%) and ensured homogeneous mixing of KOH during
the activation.

Carbon-based supercapacitor prepared with KOH activated
CLP had an extremely large BET specific surface area of 2365 +
163 m” g ' and a large pore volume of 1.29 + 0.15 cm® g~ . The
sample preparation was carried out in triplicate to confirm
reproducibility of the preparation protocol. Due to uniformity of
the mix with KOH in the activation step, surface area and pore

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03873f

Open Access Article. Published on 05 August 2019. Downloaded on 1/12/2026 1:52:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

volume were similar in all replicates along with pore texture, as
indicated by the small standard deviations. Furthermore, the N,
sorption-desorption isotherms for all replicates were of mixed
type I and IV, in the IUPAC classification of isotherms, indi-
cating micropores or small mesopores that are suitable for
electrochemical applications due to high diffusivity of the
electrolyte.”® One isotherm from the replicates is shown in
Fig. 4a.

The existing of macroporosity in CLP + KOH-800 was
confirmed by SEM images in Fig S6.1 The results clearly show
that the material contains continuous connected macropores
with diameter in the range of 0.1-1 pm (Fig. S61). Such inter-
connected macropore morphology is believed to be generated
from the melting and reorganization of the carbon precursors
upon the carbonization, as described in the previous work.*
The interconnected structure might boost the facile electrolyte
diffusion throughout the material.*"*

Chemical functionality and elemental composition of CLP +
KOH-800 were investigated by XPS technique and compared to
those of pristine CLP (Tables S1 and S27).

The activation at 800 °C increased the carbon content of CLP
+ KOH-800 from 60.82 wt% to 78.73 wt%, while the oxygen
content dropped to 15.05 wt%. Moreover, sp> carbon content
significantly increased from 43.3 wt% to 64.9 wt%, so abundant
T aromatic components were present in the activated sample.
Evidence of sp® carbon is also found in the XRD pattern in
Fig. 4c.

The XRD result shows two broad diffraction peaks at 26 = 26°
and 44°, corresponding to (002) and (100) planes in turbostratic
carbons. The low intensity broad diffraction peaks suggest a low
degree of graphitization in the CLP + KOH-800 material, in
comparison to pure graphite. Raman spectrum of CLP + KOH-
800 shows two bands at 1345 cm ™" and 1595 cm ™', represent-
ing D and G bands, respectively. The ratio of D and G band
intensity (Ip/Ig) of the CLP + KOH-800 is 1.33, indicating that the
sample contains the turbostratic nature and structural defects
(Fig. S71).*° Despite the low degree of graphitization accord-
ing to the XRD and Raman results, XPS results confirm a large
content of sp> character in 7 aromatic form. The presence of
such sp” in 7 aromatic system could enhance electric conduc-
tivity*> which is desired in applications to supercapacitors.

View Article Online
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Electrochemical properties and recycling test. The super-
capacitive performances of CLP + KOH-800 were investigated
using cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS).

The CVs at various scan rates, shown on Fig. 5a, reveal the
super-capacitive nature of CLP + KOH-800 by showing an
important capacitive current characterized by a rectangular
CV shape. However, the CVs reveal also two important side
phenomena occurring during charging and discharging. The
first, related to the important current peak observed at low
scan rate (5 and 10 mV s~ '), is attributed to carbon corrosion/
oxidation probably due to the presence of reactive functional
groups or unreacted oxygen radicals.>®*” This process is
irreversible due to the absence of an observable reduction
peak during the discharge cycle. The second phenomenon,
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Fig. 5 (a) Cyclovoltammograms (CV) of the symmetric cell at various

scan rates; (b) rate capability of the device extracted from the CV
curves and corresponding error bars due to the incertitudes on the
electrode density measurement; (c) and (d) galvanostatic charge
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called pseudo-capacitance, is characterized by the current
bumps at low over potentials during the charging and the
constant negative current slopes during the discharge. This
could be related to reversible faradaic reactions*® which
would either involve the ad/desorption of OH™ ions on
certain electro-active oxygen groups or hydrogen electro-
sorption on the carbon framework.>” However, more insight
into the charging mechanisms would be needed to provide
definitive answers.

In order to assess the performance of the materials at
different rates, the capability of the material was calculated
from the CVs and shown on Fig. 5b. Both gravimetric and
volumetric performances reveal that the material exhibits good
rate capability, maintaining 80% of its capacitance at 2 V s "
and 80 F g~ at 100 A g~ ' as determined by GCDs (see Fig. S8 in
ESIT). Combined with a maximum capacitance of 100 F g~ (or
50 Fem ) at 5 mV s~ ', these features place this material in the
range of commercially available supercapacitive carbons in
term of energy density.

The galvanostatic charge/discharge also confirm the super-
capacitive and pseudo-capacitive behaviour of CLP + KOH-800
by exhibiting a nearly triangular shape at 1 A g ' and
100 A g~ (Fig. 5¢ and d). The increase in charge and discharge
time due to the faradaic charge transfer is indicated by the
dotted arrow which compare the performances with an “ideal”
double layer supercapacitor. Additionally, the small IRg,p, in
the GCD profiles indicate good electrical conductivity and low
cell resistance of 0.795 Q.

EIS was measured to provide more insight into the
charging kinetics of both electrodes before and after the
electrodes were cycled to test the stability of the device. The
Nyquist plot (Fig. 6a) reveals the presence of a semicircle at
high frequency (above 100 Hz), representing the charge
transfer resistance R.. of the faradaic processes occurring
during charging and discharging. This resistance could
either be related to the electrode-current collector contact
resistance or the pseudocapacitive phenomenon. The slight
increase of R, upon cycling indicates that the carbon
oxidation does not hinder the electrical contact or the
pseudo-capacitive mechanisms.

Between 100 Hz and 100 mHz, the resistive regime shifts
into a capacitive regime where the increase in capacitance is
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Fig. 6 (a) Nyquist plot showing the capacitive and resistive regions and
(b) Bode plot showing the real and imaginary capacitance of the
material before and after 10 000 cycles of galvanostatic charge/
discharge.
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limited by diffusion (restricted-diffusion regime), (see Fig. 6b).
This indicate that the electrical double layer is not able to form
freely from the electrode surface towards the bulk of the
electrolyte since it is confined by the mesoporosity of the
electrode (pores up to 50 nm). This phenomenon is observed
in most supercapacitive porous carbons. When the frequency
passes below 100 mHz, the material becomes fully capacitive
and the ions are able to penetrate inside the micropores,
creating a vertical line on the Nyquist plot. The relaxation time
characterizes the shifting frequency characteristic of the
material. CLP + KOH-800 is typically in the range of micro-
porous endohedral carbons, which usually exhibit slower
relaxation times than porous carbons with exohedral porosity
such as certain graphene- or CNT-based architectures,
providing them with rapid kinetics (t,e1ax below 100 ms). Here
also, it is observed that the ionic diffusion within the meso-
pores of the materials is not drastically changed upon cycling
and the maximum capacitance obtained by EIS is also
comparable. However, a slight increase of the relaxation time
can be attributed to the oxidation of the pores surface, which
might slow down ions movements through the porous struc-
ture. By calculating the cyclability from the GCD curves
(Fig. 7a), a retention of 92% after 10 000 cycles is acceptable
and could be increased by reducing slightly the voltage
window or choosing a less corrosive electrolyte.

Finally, the Ragone plot (Fig. 7b) illustrates both the energy
and power density of the material, providing an overview of the
materials performances. Despite its relatively low micropore
volume and large average pore size, CLP + KOH-800 already
exhibits electrochemical gravimetric energy density compa-
rable with commercially available carbons (~5 W h kg~ ') and
good power density (~30 kW kg~ ') which could be explained
by the hierarchical porous structure and the abundance of
mesopores. Thanks to the free-standing electrode configura-
tion, the volumetric performances are enhanced (~2 W h L™"
and ~10 kW L™") compared to electrodes manufactured by
coated carbon paste on metal foils, while keeping the
manufacturing process simple and low-toxicity. These are
promising results, knowing that the performances of this
material can easily be improved by modifying the microporous
structure via an improvement of the synthesis process more
adapted to this type of bio-resource.
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plot.
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Conclusions

Magnetic carbon composite adsorbents and carbon-based
supercapacitor electrode with excellent performance were
successfully prepared from solid and liquid products, respec-
tively in a sustainable way, from low-temperature HTC of water
hyacinth. The as-prepared adsorbent shows superior adsorption
efficiency towards representative toxic organic compounds in
term of both kinetics and adsorption capacity at the equilib-
rium and also retained good magnetic properties even after use
in adsorption. This is due to the presence of high specific
surface area and large mesoporosity of the magnetic carbon
composite. Furthermore, the good-performance supercapacitor
electrode with extremely high surface area can facilely be
prepared with the liquid product by employing relatively low
amount of KOH. The liquid-derived carbon electrode had high
specific capacitance and good capacitance retention, confirm-
ing good electrochemical performance. This work demon-
strated a simple way to produce functional carbon materials
and the use of both solid and liquid HTC products from
embarrassing water hyacinth via a more environmentally
friendly method. Developing such high value-added carbon-
based materials with zero-waste production can facilitate solu-
tions to environmental and energy issues.
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