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Abstract: Nowadays, several alternatives have been proposed to increase the porosity and/or modify
the surface groups of hydrochars from biomasses as well as to develop additional features on
them. These alternatives can include specific modifications for the process, as previous steps or as
postreatments, and the wide variety of forms in which they can be made can substantially affect
the product distribution and properties. In this study, the hydrothermal carbonization process of
an invasive floating plant (Water hyacinth) has been modified by introducing different amounts
of iron (FeCl3) and aluminium alloy (shaving scrap waste) during the hydrothermal reaction. The
effects on process reactivity, phase distribution, and physicochemical properties of the samples
obtained were studied by means of different characterization techniques such as thermogravimetry
(TG-DTG), physical adsorption/desorption of N2 at −196 ◦C, FT-IR spectroscopy, and scanning
electron microscopy (SEM). In the case of iron-catalyzed reactions, the magnetite formation and
magnetic behavior of the prepared hydrochars after a pyrolytic treatment was also estimated. The
results obtained indicate that the porosity of the hydrochars was clearly improved to different extents
by the addition of Al or Fe during direct synthesis. In addition, porous carbons with a moderate
magnetic character were obtained.

Keywords: hydrothermal carbonization; magnetism; catalyst load; enhancement of porosity

1. Introduction

Hydrothermal carbonization (HTC) is an exciting valorization technique for converting
organic solid waste into valuable products (a solid carbonaceous solid product called
hydrochar (HC) and a liquid solution containing many valuable compounds) at relatively
low temperatures (150–250 ◦C) and autogenous pressure [1]. HC can be compared to
the char obtained by pyrolysis, because it is a coal-like material with incipient porosity.
However, both techniques differ in several aspects, such as energy involved, need of water
or activating agent, and properties of liquid phase. In relation to the carbon material, one
important difference between a char and a HC is that in general, the former has cleaner
pores, as the high temperatures usually associated with the flow of an inert gas help to
remove the volatile content of the precursor, leaving behind an incipient porosity (which
can be less or cleaner or have variable pore size depending on operating conditions but is
also susceptible to being developed by subsequent activation). Chars obtained by pyrolysis
usually have a greater C content than HC (i.e., greater heating value), mainly because
more oxygen is removed compared to HTC. In addition, the thermal removal of oxygen
functionalities and the aromatization developed in char can contribute to the development
of a surface chemistry in which, in general, the electrons are more delocalized, and the
number of acidic groups is reduced [2].
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In contrast, HTC takes place not in an inert atmosphere but rather in a very reac-
tive one in which water becomes a solvent and hydrolyzes the biomass, giving rise to
an acidic system where acids are generated and enhance many different biomass degra-
dation reactions (decarboxylation, demethanation, decarbonylation, etc.) so that HCs are
generally highly acidic [1]. In addition, during HTC a significant part of the molecules that
are formed at the liquid phase can recombine and yield macromolecules that eventually
gather to form microspheres that are adsorbed on the HC [3]. This in turn can partially
block porosity and also can contribute to increasing the solid yield, especially if long times
are used [4]. To improve the low porosity volume of HCs, these materials are often sub-
jected to postheating steps, sometimes under an inert agent [5] or by physical or chemical
activation [6].

As the number of researchers working on HTC increases, the number of studies to
better understand the nature of the degradation and recombination processes underlying
the formation of primary or secondary HCs and the effect of variables apart from the
typical (biomass load, time, and temperature) on the product distribution and properties
also increases. One aspect that has recently attracted the attention of scientists is how
the presence of mineral matter can affect the HTC process [7,8]. This mineral matter can
either be part of the starting material or can be added to the process following diverse
methodologies (preaddition to biomass by blending or adsorption and incorporation to
process water). Mineral matter has been found to affect the process kinetics, reaction
pathways, and heat of reactions as well as physicochemical properties of liquid and HC [8].

The addition of metals to the HTC reaction media as well as the introduction of
postreatments such as pyrolysis and activation has been proven to affect the structural
properties, elemental composition, and chemical surface functionalities; all these changes
aimed to upgrade the solid carbon material towards subsequent applications. For example,
HCs to be used as fuels should have low N or S and adequate ash composition [6]; if the
material is designed to be used as an adsorbent, the development of specific chemical
groups and porosity can be specifically interesting for favoring adsorption selectivity [9]; if
the final use of the product is as soil amendment, the capture of certain nutrients on the
HC is the aim [10].

Previous research has concluded that adding iron(III) chloride (FeCl3) to a HTC system
can be an effective way to incorporate Fe to a biomass HC, as compared to other ways
of incorporating this metal such as ferromagnetic fluid and Fe particles. In a previous
work, the authors found that almond shell FeCl3-assisted HTC followed by pyrolysis
could yield microporous magnetic carbon materials [5]. Other sources of Fe, such as Fe3O4
particles, have also been embedded to biomass HCs during hydrothermal treatment, and
their presence was positive during further CO2 activation, enhancing the development of
microporosity [11]. Both FeCl3 and Fe3O4 not only improved the carbon structure but also
conferred the HCs with magnetism, after thermal treatment. Magnetism is a very desirable
property in an adsorbent, especially when it is going to be used in aqueous solutions.
Removing the activated carbon when it is saturated by just approaching a magnet facilitates
management and has attracted scientific research [12].

In relation to the use of Al as a catalyst or porosity enhancement agent during HTC,
very few scientific references are found. Al has been usually added in the form of salts,
such as Al2(SO4)3 [6] and AlCl3 [13]. To the authors’ knowledge, Al alloys, as a waste
generated in the mining industry (particulate matter), have not been used as an additive in
HTC processes before.

Eichhornia crassipes, also known as water hyacinth (WH), has been listed as one of
the most dangerous invasive plants in the world. This weed is present in many fluvial
areas all over warm places of Africa, Asia, and America and absorbs both nutrients and
oxygen from water while also preventing sunlight from reaching the deep into bodies of
water, resulting in the death of many living species [14]. In addition, the plant obstructs
fishing operations in many areas, affecting their economy, which is very significant in the
case of African countries in the vicinity of Victoria Lake, where it has also been associated
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with the propagation of plagues. Finally, WH’s presence has damaged devices from hydric
plants [13]. The challenge of making WH disappear without using chemicals that are toxic
to other animals has moved the scientific community to find ways of managing this biomass
involving thermal treatment to avoid spore dissemination. In Spain, fighting this weed
has become a national priority, as is the case also in many other areas of the world, and
the solution does not seem to be easy because it is extremely resistant (seeds can live for
more than 20 years), has a very high growing rate, and can reproduce and spread very
quickly [15]. In the basin of Guadiana River in southwest Spain, EUR 50 million was spent
between 2004 and 2020 where WH had expanded over a length of 185 km along the river
(total perimeter affected = 630 km) [16].

In this study, the use of this novel precursor (WH) has been investigated to produce,
by Al- and Fe-catalyzed HTC, porous carbon materials. In both cases, for the first time how
the catalyst load can affect process reactivity and structural and chemical changes of HCs
and, in the case of Fe-assisted processes, additional potential magnetization due to further
pyrolysis of the HCs was evaluated.

2. Results
2.1. Reactivity of Processes

Tables 1 and 2 display the solid yield values (SY, %) obtained for uncatalyzed Fe
and Al-catalyzed HTC experiments. These results can be better analyzed in the precursor
biomass degradation analyses that have been plotted in Figure 1.

Table 1. Solid yield (SY, %) and N2 adsorption textural parameters of uncatalyzed HC and Al-
catalyzed HCs.

Solid
Yield (%)

SBET,
m2g−1

Vmi,
cm3g−1

Vme,
cm3g−1

VT,
cm3g−1

Sext,
m2g−1

WH-HC 26.8 23 0.005 0.019 0.024 26

WH-HC-Al5 20.6 38 0.005 0.023 0.028 42

WH-HC-Al10 28.6 35 0.005 0.033 0.038 39

WH-HC-Al20 27.0 49 0.010 0.045 0.055 53
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According to thermogravimetric analysis (TGA), under pyrolytic conditions, WH
degrades mainly in the range 240–400 ◦C, with a residual degradation prevailing up to
550 ◦C and a very slight mass loss up to 850 ◦C (fixed carbon plus ash content can be
estimated as residual mass at this temperature, that is, around 33%). When air is used as
carrier gas, the degradation profiles change significantly; at the TGA curve, there are several
slopes with two main significant degradation rates in the temperature ranges: 244–320 ◦C
(this is close to the inert analysis) and 390–472 ◦C (here, the degradation behavior clearly
differs from inert analyses). In fact, after this drop the WH residual mass reaches a value
that is similar to the one found for HTC (26.8%). Final residual mass percentage upon
combustion is 12%.

This suggests that HTC under the conditions here studied represents a middle sit-
uation between pyrolysis and combustion. This is consistent with the fact that volatile
matter (most of it) was degraded during HTC, but additional reactions removed a part
of the biomass that was resistant to pyrolysis because of the joint effect of water under
subcritical conditions (H3O+) and many reactive molecules resulting from hemicellulose
and cellulose degradation (mainly organic and inorganic acids). The presence of such
molecules makes the system highly reactive and, as a whole, involve a complex combina-
tion of many types of degradation reactions (dehydration, decarboxylation, demethanation,
decarbonylation, etc.) [1]. Other biomass materials (including water hyacinth stem and
many lignocellulosic precursors) have given, under the same temperature, time, load, and
reactor conditions, greater values of HTC solid yield [17].

2.2. Aluminium-Catalyzed HTC

Figure 2 shows the adsorption/desorption isotherms of the HCs obtained from uncat-
alyzed and Al-catalyzed WH leaves through HTC, while typical porosity parameters have
been included in Table 1. According to these results, the addition of the Al alloy during
HTC caused a slight change on the porous structure of the HCs. In the first place, the
uncatalyzed process, as expected from most previously published studies on HTC, does
not yield a carbon material with noticeable porosity development (SBET of 23 m2g−1, with
an almost negligible contribution of microporosity because of pore blockage by adsorbed,
condensed, or polymerized biomass fragments) [1]. The addition of Al resulted in a slight
improvement in porosity, which was more significant with the addition of a greater amount
of metal (20 g) during HTC. The rise in N2 adsorption at greater relative pressure values
(Figure 2) suggest that Al was specifically effective in opening mesopores and external
areas; total pore volume (VT) was almost doubled by adding 20 g of Al, as compared
to the pristine HC (0.055 vs. 0.024 cm3g−1). In fact, if one focuses on the lower relative
pressure zone, it can be observed that the increase in N2 adsorption is more abrupt for the
noncatalyzed sample.

Other aluminum compounds, such as AlCl3, added during the HTC of other biomass
materials have also been effective in opening micropores, yielding mesoporous materials,
with N2 adsorption isotherms growing along the whole range of relative pressure, as is
reported in the work of Liu et al. [13]. These authors, however, subjected the materials to
subsequent aerobic calcination to favor the formation of Al-oxide active sites.

Al in the liquid phase under subcritical conditions has been reported to be converted
into hydroxide (2Al + 6H2O→ 2Al(OH)3 + 3H2), which in turn might have catalyzed the
hydrogasification of the HC amorphous surface carbon (C + 2H2 → CH4) [18].

Surface chemical functionalities, as determined by FT-IR spectrometry, suggested that
the hydrothermal process involved the breaking up of cellulose and hemicellulose (compare
signals of WH leaves, uncatalyzed HC, and HCs obtained using different amount of Al
during HTC, plotted in Figure 3). Assignation of bands was based on previous studies [19].
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For instance, the loss of cellulose-type spectral bands at the pristine precursor are
removed after HTC; that is the case of C-O bonds in alcohols of pyranose rings 1110,
1060, and 1045 cm−1 (see Figure 3). Moreover, the signals at wave numbers in the range



Catalysts 2023, 13, 506 6 of 13

1600–1500 cm−1 found for hydrothermal-treated samples (and not for WH leaves) can be
assigned to C=O vibrations on olefinic and/or aromatic structures, as also happens for C-O
vibrations, typical for eter structures (1200 cm−1), that are only visible for HCs.

The addition of Al alloy under these conditions to the reaction medium do not have
a remarkable effect on the number, intensity, and position of the spectral bands of the HCs
under any concentration, as compared to the uncatalyzed HTC run.

SEM analyses (Figure 4) revealed that the presence of Al alloy on the liquid–solid
system altered the surface morphology of the HCs. In the case of the uncatalyzed reaction
(WH-HC), the surface is full of pleats, with a low opening of pores and the presence of
some microspheres. Other research [17] made under similar uncatalyzed HTC conditions
have shown greater abundancy of these spheres; this might indicate that condensation
reactions were less prominent in the present case or that their deposition on the primary
HC was less facilitated because of diffusion of electrostatic resistance.
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The images obtained with the retro-dispersed electron detector show small bright
particles of different size and shape heterogeneously incorporated on the carbon matrix (see
image inserted on the right in Figure 4). EDAX quantification analyses of the WH-HC-Al5
particles showed that apart from carbon (62.0%, wt./wt.) and oxygen (22.6%), metals such
as calcium (1.5%), aluminum (1.7%), and phosphorous (0.9%) were present in the material.

2.3. Iron-Catalyzed HTC

Table 2 lists the SY values (both after HTC, SY, and after subsequent pyrolysis, WSY)
as well as HC typical porosity features, as determined from N2 adsorption isotherms
at −196 ◦C (plotted in Figure 5). The addition of Fe and the further thermal treatment
resulted in a greater reactivity and lower SY in relation to the uncatalyzed run except for the
experiment made under the lowest Fe concentration (WH-HC-Fe0.25-600), which showed
a rise in SY.

Table 2. Solid yield (SY, %) and N2 adsorption textural parameters of Fe-catalyzed HTC.

SY (%) WSY
(%)

SBET,
m2g−1

Vmi,
cm3g−1

Vme,
cm3g−1

VT,
cm3g−1

Sext,
m2g−1

WH-HC 26.8 - 23 0.005 0.019 0.024 33

WH-HC-Fe0.25-600 33.2 13.73 229 0.101 0.099 0.200 80

WH-HC-Fe0.5-600 22.3 11.15 76 0.023 0.075 0.098 78

WH-HC-Fe0.75-600 22.7 11.55 66 0.018 0.054 0.072 69
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Increasing the FeCl3 solution molarity might help bond breakage, as has been sug-
gested in the specific case of cellulose [20], and could also inhibit adsorption of sec-
ondary HC that could be related to mass and energy transference resistance under such
high concentrations.

A significantly better porosity improvement was found for Fe-catalyzed reactions
in relation to Al-catalyzed samples. An apparent surface rise was found for the sample
obtained at the lowest Fe concentration (0.25 M). In this way, the first point at the lowest
relative pressure is much higher for sample WH-HC-Fe0.25-600, indicating a high contri-
bution of primary micropores; this sample, however, also presents mesopores, as the N2
gradually increases along the whole range of relative pressure.

Increasing metal concentration over 0.25 M is detrimental to pore development; not
only do these samples have lower pore volumes, but their pore size distribution is also
wider and larger. This result, joined to the lower SY found for samples made at 0.5 and
0.75 M, might indicate that pore destruction is taking place under such conditions (external
burning could be postulated or maybe disorganized carbon removal could be inhibited
under these conditions, taking into consideration that isotherms for these two runs are
type III).

According to X. Zhu et al. [20], during pyrolysis, Fe3+ ions are hydrolyzed to amor-
phous Fe species (Fe(OH)3 and FeO(OH)) at temperatures lower than 350 ◦C. Subsequently,
these species are converted into Fe2O3 at temperatures lower than 400 ◦C. At higher
temperatures (500–700 ◦C), Fe2O3 should be reduced to Fe3O4 with the aim of reducing
components such as amorphous carbon and gaseous CO. Finally, both Fe2O3 and Fe3O4
with the amorphous carbon yield the metal Fe.

Figure 6 shows a particle of sample WH-HC-Fe0.25-600. One can clearly see the ho-
mogeneously distributed particles on the carbon structure of the HC, whose EDX analyses
confirm that they consist of Fe (this metal was with difference the most abundant, with
a contribution of 9.3% wt./wt., being the proportion of C and O equal to 80.0 and 9.2,
respectively). The image also allows identifying slit-shaped open pores that developped af-
ter the calcination process. Hao et al. [11] found both effects when hydrothermally treating
several biomass materials to Fe3O4 (during HTC) and further CO2 activation.
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The FT-IR surface chemistry analysis made on the HCs have been included in Figure 7.
As expected, the pyrolytic stage involved the removal of a significant quantity of the HC
functional groups due to the high temperature applied. At the same time, these bonds
suggest that the aromatization of the surface was intensified. In general, the three spectra
are very similar, and the bands at 1600 y 1200 cm−1 typical of C=C bonds in aromatic rings
and C-O in alcohols, ethers, or esters can be highlighted [19].

Catalysts 2023, 13, 506 9 of 14 
 

 

  
Figure 6. SEM micrographs of WH-HC-Fe0.25-600 (left) and its respective retro-dispersed electron 
image (right). 

The FT-IR surface chemistry analysis made on the HCs have been included in Figure 
7. As expected, the pyrolytic stage involved the removal of a significant quantity of the 
HC functional groups due to the high temperature applied. At the same time, these bonds 
suggest that the aromatization of the surface was intensified. In general, the three spectra 
are very similar, and the bands at 1600 y 1200 cm−1 typical of C=C bonds in aromatic rings 
and C-O in alcohols, ethers, or esters can be highlighted [19]. 

 
Figure 7. FT-IR spectra of WH, WH-HC, HCs, and HCs prepared by Fe-assisted HTC. 

  

Figure 7. FT-IR spectra of WH, WH-HC, HCs, and HCs prepared by Fe-assisted HTC.

2.4. Magnetic Measurements

The magnetic behavior of the HCs prepared by Fe-assisted HTC was measured using
a homemade installation (see details and equations employed in Section 3.3.3). This setup
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allowed the determination of magnetic susceptibility (Xm) of samples. Magnetization
curves of Fe-catalyzed samples under a current of 8.5 A have been plotted in Figure 8.
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A correlation was found between the values of magnetic susceptibility found for the
HCs and the porous development that was created upon the hydrothermal plus pyrolytic
stage. In this way, the sample made using an FeCl3 concentration of 0.25 M that showed
the highest SBET (229 m2/g) also gave the greatest Xm (1.048). This value was much higher
than that found for almond shell HCs obtained under the same reaction conditions and
same installation (0.514), as reported in a previous work [9]. In that study, the authors
found better results if pyrolysis was made at 800 ◦C than at 600 ◦C; however, for WH,
making runs at 800 ◦C resulted not only in a porosity destruction but also in a significant
drop of Xm (these results have not been shown here for the sake of brevity). These findings
demonstrate that general assumptions cannot be made, and each biomass precursor must
be specifically studied.

The other two samples made in this study, WH-HC-Fe0.5 and WH-HC-Fe0.75 that
had a very poor and a similar pore volume, respectively, showed much lower values of Xm
(0.27 and 0.46, respectively, under the same conditions).

3. Materials and Methods
3.1. Materials

Water hyacinth (WH) was gathered from the Guadiana River basin at Badajoz (south-
west Spain, GPS coordinates 38.883889, −6.976824). The weed was pulled up and carried in
hermetic plastic 15 L drums, and the three main parts (leaves, stem, and roots) were manu-
ally separated. Only leaves were used in this study because of their most favorable carbon
density. After being oven-dried (110 ◦C, 12 h), WH leaves were crushed and sieved to
a particle size of 1–2 mm (CISA 200/50 sieve, Norm ISO-3310.1); the particle size was chosen
based on previous research with other lignocellulosic materials to guarantee that obtained
HCs would have a granular character. The elemental analysis of the dried biomass showed
proportions of C, O, H, and N equal to 41.14%, 4.93%, 49.63%, and 4.16%, respectively.

Aluminum alloy (AA2011 alloy) scraws were supplied from a local mining factory,
as waste from their operation, in the form of particles with sizes of 2–4 mm. FeCl3 was
used in the form of iron (III) chloride 6-hydrate, as purchased from Panreac Applichem
(Barcelona, Spain).
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3.2. Methods
3.2.1. Standard HTC Processes

The standard HTC processes were performed in a 0.2 stainless steel autoclave (Berghof,
Berlin, Germany) provided with a Teflon vessel. The dried biomass (10 g) was added to
150 mL of tap water, and the solution was kept under stirring conditions for 1 h. Thereafter,
it was transferred to the Teflon vessel and introduced on the autoclave, which was then
placed into a preheated oven (230 ◦C). The total time from the moment it was introduced
in the oven and taken out was 20 h; this time period has been chosen based on previous
experience of the research group [17], which demonstrated that this dwell time is enough
to guarantee reaching a solid yield plateau that, in turn, indicates that biomass degradation
for those temperature conditions is guaranteed. When the reaction time was reached, the
autoclave was removed from the oven and subsequently placed in a cold-water bath and
allowed to cool to room temperature.

After cooling, the solid phase was separated from the liquid by vacuum filtration and
subsequently dried at 80 ◦C to remove residual moisture. The dried HC was stored in
closed flasks that were placed into a desiccator until further analysis. The experiments
were carried out under autogenous pressure in an autoclave without the possibility of
measuring interior conditions, but according to previous studies, the pressure inside the
vessel equaled that of the water at saturated conditions.

3.2.2. Modified Hydrothermal Carbonization Processes

For aluminum-catalyzed hydrothermal processes, a prefixed amount of Al particles (5,
10, or 20 g) was added to the water–biomass solution (100 mL of water and 3 g of CAM;
that is, Al to biomass ratio of 5:3, 10:3, and 20:3) and subjected to HTC as in the case of
the standard reaction. After filtrating the slurry, containing both the metal particles and
the HC, the former was manually separated with the aim of pliers, and only HC weight
accounted for SY.

These samples were named according to the nomenclature WH-HC-AlX, where X
represents the amount of metal added to the system (for instance, WH-HC-Al5 stands for
a sample in which 5 g of Al was added to HTC).

In the case of the processes catalyzed with iron, an Fe-containing mixture (FeCl3·6H2O)
of different concentration (0.25 M, 0.5 M and 0.75 M) was added (50 mL) to the dried
weed (3 g) and directly subjected to HTC. These samples were named according to the
nomenclature WH-HC-FeX-600, where X represents the amount of metal added to the
system (for instance, WH-HC-Fe0.25-600 stands for a sample in which the concentration of
FeCl3·6H2O mixture added to HTC was 0.25 M).

Then, Fe-catalyzed HCs were subjected to pyrolysis at 600 ◦C (N2, 100 mL min−1) in
a vertical stainless steel piece of equipment described elsewhere [21].

3.3. Characterization Techniques
3.3.1. HC Reactivity and Thermal Behavior

Solid yield (SY, %) was calculated as the amount of solid product (i.e., HC) obtained
after HTC in relation to the initial mass of precursor, expressed in percentage. For those
runs catalyzed with Fe in which a second pyrolysis step was required, the whole solid
yield (WSY) was calculated by considering both yield; that is, both fractions values were
multiplied. In this way, the SY represents the final mass of char after HTC and pyrolysis in
relation to the initial biomass mass.

Thermal analyses (TGA and DTG), were performed using a thermobalance (Setsys
Evolution Setaram, Madrid, Spain). Argon or air (100 mL min−1 in both cases) were used
as carrier agents, and a heating rate of 10 ◦C min−1 was applied.

3.3.2. HC Porosity and Surface Chemistry

The porosity of the HCs was explored by N2 adsorption/desorption at −196 ◦C
using a semiautomatic adsorption unit (AUTOSORB-1, Quantachrome, Tallahassee, FL,
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USA). Prior to analyses, the samples were outgassed at 120 ◦C for 12 h. Experimental
adsorption data were analyzed using suitable methods [22] to calculate (a) the value of the
BET-specific surface (SBET); (b) the external surface (SEXT), calculated by the αs method,
using the reference nonporous solid proposed by Carrott et al. [23]; (c) the percentage of
internal surface (SINT), calculated as the difference between SBET and SEXT; (d) the volume
of micropores through the Dubinin–Radushkevich equation (VmiDR); and (e) the volume of
mesopores (Vme), calculated as the difference between the pore volume at p/p0 = 0.95 and
p/p0 = 0.10.

In addition, the surface morphology of the samples was analyzed by scanning electron
micrography (SEM, Hitachi, S-3600N, Krefeld, Germany) observation. The SEM samples
were prepared by depositing about 50 mg of sample on an aluminum stud covered with
conductive adhesive carbon tape and then coating with Rd–Pd for 1 min to prevent charging
during observations. Imaging was done in the high vacuum mode at an accelerating voltage
of 20 kV using secondary electrons.

Finally, the surface chemistry of the HCs was evaluated by means of FTIR spectroscopy.
FTIR spectra were recorded with a Perkin Elmer model Paragon 1000PC spectrophotometer
(Waltham, MA, USA) using the KBr disc method, with a resolution of 4 cm−1 and 100 scans
(Perkin–Elmer 1720, Waltham, MA, USA). The composition of the cristaline part of the HCs
was also analyzed by X-ray diffraction using Bruker equipment (Warwick, RI, USA).

3.3.3. Experimental Setup for the Study of Magnetic Behavior

The equipment used to measure the magnetic performance of materials has been
described elsewhere [5]. Briefly, the HC was introduced on a cylindrical plastic tube
(0.005 m diameter), a copper coil was wound 100 turns to be used as a pickup coil. The sam-
ple was then placed in the center of a long excitation coil (at the central part, far away from
the ends) and subjected to external AC magnetic fields, H, created by different currents.

Under these conditions, H is quite uniform in the sample and can be written as

H = niex (1)

where n is the number of turns per meter of the excitation coil, that is,

n =
Nex

L
. (2)

in which L is the length of the coil.
As is known, the magnetic susceptibility is

χm =
1

µ0H
(BHC − B0) (3)

where m0 is the vacuum permeability (4p × 10−7 H/m) and BHC and B0 are the magnetic
flux density in the sample and the air, respectively.

In order to determine the flux densities, two measurements are carried out as shown
in Figure 9:

The fem measured in Figure 9 (leftside image) permits us to find BHC by applicating
the Faraday’s law,

BHC = − 1
NpuS

∫
em f dt (4)

where S is the cross section of the sample, approximately equal to that of the pickup coil,
and NHC is the pickup coil number of turns.

The magnetic flux density measured by the Hall probe in Figure 9 (right-side image)
is B0. Substituting this value and the result of Equation (4) in Equation (3), magnetic
susceptibility can be obtained.
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4. Conclusions

Water hyacinth leaf HTC can yield a carbon material whose porosity is suscepti-
ble to being improved by means of the addition of Al or Fe to the reaction medium,
although to a different extent. While Al addition induced a little porosity development and
a slight widening of microporosity for smaller quantities of catalyst, the total pore volume
was almost doubled in reference to the uncatalyzed HTC run (without further thermal
treatment); the best result was found when the largest amount of Al alloy (20 g) was added
to the system.

On the other hand, Fe, added as FeCl3, clearly was more beneficial when a lower
mixture concentration was used; for this metal, a concentration of 0.25 M yielded a carbon
with a SBET of 229 m2/g, about 100 times higher than the noncatalyzed run. In this reaction,
the use of a further pyrolytic step not only improved the HC activation but also induced
a magnetic character to the carbon particles (magnetic susceptibility of 1.048) that could be
easily isolated from their fluid medium by application of a magnetic field.
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