PEER-REVIEWED ARTICLE b | oresources.com

Catalytic Hydrothermal Upgrading of a-Cellulose using
Iron Salts as a Lewis Acid

Sharifah Bee Abd Hamid,* Swe Jyan Teh, and You Sing Lim

The catalytic hydrothermal carbonization (C-HTC) method is proposed as
a way to convert renewable feedstocks into carbon nanomaterial, using a-
cellulose as the model compound. In this study, cellulose reacted with a
controlled amount of Lewis acid catalyst (FeCl: and FeCls) under
hydrothermal conditions, at temperatures ranging from 180 to 220 °C, for
6 to 24 h. The Lewis acid catalyst’s effect on the formation of carbon
nanomaterials in the C-HTC reaction was investigated. This study showed
that Lewis acid catalysts promoted the complete carbonization of cellulose
at a reduced temperature of 200 °C. The addition of FeClz in C-HTC also
promoted greater C=0 functionality compared to FeCls. Furthermore, the
surface area of the carbon nanomaterials derived from the hydrothermal
carbonization of cellulose increased from 7.92 to 15.87 and 12.96 m? g*
for the uncatalysed, FeCl. and FeCls-catalysed HTC, respectively. The
findings in this study shed light on the effect of Lewis acid properties on
the tunability of functional groups in the preparation of carbonaceous
materials for high-end applications.
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INTRODUCTION

Biocarbon is a solid, carbon-rich material, derived from organic matter that has
undergone a carbonization process. Biocarbon can be used in a wide variety of applications,
due to its advantageous physical and chemical properties. For example, the high surface
area and non-toxic nature of biocarbon make it suitable as an adsorbent for wastewater
treatment (Singanan and Peters 2013; Mohan et al. 2014) and pollutant removal (Liu and
Zhang 2009; Han et al. 2013). The calorific value of biocarbon is similar to that of lignite,
making it an attractive substitute in the coal energy sector (Liu et al. 2012; Hribernik et al.
2013). Additionally, carbon-rich nanomaterials, which possess the appropriate
functionality, can act as a catalyst or catalyst support through specific interactions between
its surface and the surrounding reactants (Ding et al. 2012; Kalyani et al. 2013; Zhu et al.
2013).

From an agricultural standpoint, lignocellulosic biomass waste has often been
utilised as a viable carbon feedstock for the production of biocarbon (Antal Jr. et al. 2007,
Funke and Ziegler 2010; Jamari and Howse 2012). Bio-feedstock is typically comprised of
three components: lignin, hemicelluloses, and cellulose. Cellulose, a straight chain polymer
that consists of poly-glucose units, is the simplest and most ordered of the structures.
Hemicellulose contains many different sugar monomers, such as xylose, fructose, and
sucrose, while lignin consists of phenylpropane units with hydrophobic and aromatic
properties, cross-linked in a complex, three-dimensional biopolymer structure (McKendry
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2002; Titirici and Antonietti 2010). When lignocellulosic biomaterials undergo the
carbonization process, bond cleavage and carbon-ring rearrangements occur so that the
final product achieves a higher graphitic order. The energy requirement for the
carbonization process increases from cellulose to hemicellulose to lignin, due to the
increasing complexity in the structure of the components (Hosoya et al. 2007; Yang et al.
2007).

The carbonization process itself is the thermochemical conversion of organic
material into a fixed carbon material. Presently, the carbonization of agricultural
lignocellulosic biomass waste is carried out via pyrolysis. Various pyrolysis configurations
have been used to yield useful products from the lignocellulosic biomass. When biomass
is heated at high temperatures and subjected to a short retention time, in the absence of air
(a process known as fast pyrolysis), bio-oil and biocarbon are produced as its major and
minor products, respectively (Stefanidis et al. 2014). The heating of biomass under high
temperatures for prolonged retention times is referred to as slow pyrolysis. Depending on
lignin content of the precursor, the yield for the slow pyrolysis ranges from 24 to 46% wt.
(Lee et al. 2013). The disadvantage of pyrolysis is that the process suffers from low yields
and is intolerant of high water content. Thus, additional energy is required to dry the
materials before pyrolysis.

Alternatively, the hydrothermal carbonization (HTC) process is a promising route
to synthesize functional biocarbon with the desirable functional group (aldehyde, hydroxyl,
carbonyl, carboxylic, etc.) for specific applications such as electrodes, supercapacitors, and
gas storage media. The sustainable HTC system uses renewable lignocellulosic bio-
resources and requires a relatively mild temperature to produce carbon nanomaterials with
specific functionalities (Libra et al. 2011). The use of heated, pressurized water as solvent
allows carbonization reactions to proceed at mild temperature conditions ranging from 180
to 250 °C (Titirici and Antonietti 2010). Hydrothermal carbonization is an attractive option
because of its relatively simple and green technique, and it is scalable for the mass
production of various carbon materials. When lacking a catalyst, HTC yields low-rank coal,
and increasing the temperature results in a decrease of the C:O ratio (Libra et al. 2011).
The addition of catalysts is expected to further improve the HTC process by reducing both
the energy requirement and processing time.

Lewis acids such as metal salts, e.g. zinc chloride (Fechler et al. 2013), copper(Il)
acetate (Yu et al. 2004), and [Fe(NHa4)2(S0Oa)2]-6H20 (Cui et al. 2006) have been
considered as an alternative to mineral acids due to the greater ease in recovery of the metal
salts, making the catalysed carbonization process more environmentally friendly.
However, to the best of our knowledge, the effect of metal oxidation states in the catalysis
of hydrothermal carbonization has not yet been explored. Furthermore, iron catalysts have
not yet been applied in the catalyzed hydrothermal carbonization of higher level
polysaccharides, e.g. cellulose. Therefore, this study was carried out to compare the
catalytic activity between Fe?* and Fe* ions in the hydrothermal carbonization of cellulose.

A one-pot catalytic-HTC (C-HTC) technique was proposed to prepare the
functionalized biocarbon in the presence of different Lewis acid catalyst loading.
Therefore, the present study was carried out to optimize the catalysis platform to convert
cellulose into carbon-rich functional nanomaterials. This study evaluates the influence of
divalent and trivalent Lewis acids on the C-H, C-O, and C-C bonds in cellulose during the
HTC process.
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EXPERIMENTAL

Materials

The carbon feedstock used in this experiment was a-cellulose (Sigma Aldrich,
USA), which is a model compound of lignocellulosic bio-resources. For the catalysis
reaction, divalent (FeClz, 99.5%, Merck, Germany) and trivalent (FeCls, 99.5%, Merck,
Germany) iron chloride salts were employed as the Lewis acid catalyst.

Methods
Synthesis

Employing typical preparation techniques, 3 g of a-cellulose was dispersed into 50
mL of de-ionized water. A controlled amount (33.33 wt. %) of the catalyst was added to
the cellulose solution and stirred until it was homogeneously mixed. The prepared solution
was subsequently transferred into a Teflon-lined autoclave (80 mL) and heated at
temperatures ranging from 180 to 220 °C for intervals varying between 6 and 24 h, as listed
in Table 1. The ratio of catalyst to feedstock was altered in this experiment. The resulting
carbon nanomaterials were washed several times with 10% wt. hydrochloric acid (HCI) to
remove residue inorganic salts, then subsequently washed with de-ionized water until a
neutral pH was obtained (Xiao et al. 2012). The purpose of the acid wash was to reduce
the residue catalyst trapped in the formed carbon nanomaterials.

Characterization

Several characterization techniques were used to identify the resulting carbon
products. The presence of functional groups in the final samples was investigated using
Fourier transform infrared spectroscopy (Bruker IFS 66V/S, USA) and Raman
spectroscopy (Renishaw inVia Raman microscope, UK), with ranges of 400 to 4000 cm!
and 200 to 3200 cm™, respectively.

Sample crystallinity was investigated by X-ray diffraction (Bruker S4 Explorer,
USA), with a powder diffractometer using Cu Ka radiation sources of 40 kV in the 26
ranging from 20° to 70°. The chemical composition of the carbon products was
characterized using a CHNOS (carbon, hydrogen, nitrogen, oxygen, sulfur) elemental
analyzer (LECO TruSpec Micro CHNS, USA).

The surface morphology and size of final products were characterized using a field
emission scanning electron microscope (FE-SEM) (Zeiss SUPRA 35VP; Germany). To
determine the stability of the catalyst, the leaching test was performed by dispersing 0.1 g
of the sample in 100 mL distilled water. This dispersion was sealed and stirred for 72 h.
The dispersed carbon was then separated by means of centrifugation and followed by
passing the supernatant through a 0.22 um syringe filter. The liquid was then analysed for
the presence of Fe and Cl using methods APHA 3120B, 20th Edition 1998 and APHA 4110
D, respectively.

The BET Surface area, pore volume and pore size distribution of the samples were
analysed with a TriStar Il Surface Area and Porosity Analyzer. The samples were
outgassed under vacuum at 200 °C for 5 h to remove moisture content before conducting
the nitrogen gas adsorption method. Surface area and pore diameter was calculated by
Brunauer-Emmett-Teller (BET) method, whereas micropore volume was obtained by the
t-plot method.
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RESULTS AND DISCUSSION

The CHNOS elemental analysis determines the organic content of an unknown
sample. A smaller H/C ratio indicates high graphitic structure in the analyte. Other studies
have reported a carbon content of around 60 to 70% wt (Sevilla and Fuertes 2009; Baccile
et al. 2010; Braghiroli et al. 2014). During this study, the product yield was between 62
and 66% wt. for the uncatalyzed samples, whereas catalyzed HTC cellulose yielded
between 66 and 73% wt. Each sample was prepared in duplicate, and the average value
with standard deviation values are reported in Table 1. In all samples, the carbon content
increased as the temperature increased, subsequently decreasing the H/C ratio (Table 1).
This indicates increasing effectiveness of carbonization at higher temperatures. There is a
sharp increase in the carbon content between cellulose carbonized at 180 and 200 °C, which
is in agreement with the previous works conducted by Falco et al. (2011). This indicates
that cellulose undergoes significant structural disruption when subjected to a reaction
temperature of 200 °C and onwards, thus opening up more reactive sites for the dehydration
and aromatization reactions. In this study, the oxidation state of the catalyst plays a mildly
significant role towards increasing the carbon content of the HTC treated cellulose, as
shown by the relatively higher carbon content of the FeClz-catalyzed samples.

Table 1. Reaction Conditions and Chemical Elemental Analysis for Carbon
Nanomaterials Obtained from C-HTC of Cellulose Feedstock

Reaction Uncatalyzed FeCl,-catalyzed FeCl;-catalyzed
Temp. :
No °C) fime C H C H C H
(hours) H/C | Yield Yield H/C | Yield
T e ol O 8 LS Bl 78 W I U R B
(SD) (SD) ) (SD) (SD) (SD) (SD) )
64.03 4.79 67.94 4.86 67.02 4.98
Al 12 0.08) | (0.09) 0.90 | 62.0 2.03) | (0.02) 0.86 | 66.4 0.16) | (0.01) 0.89 | 64.3
180
65.98 4.90 69.75 454 69.01 4.84
A2 24 (1.56) | (0.15) 0.89 | 63.5 ©0.77) | (0.12) 0.78 | 69.8 ©0.12) | (0.16) 0.84 | 68.6
66.55 4.68 74.08 4.48 73.32 4.61
B1 12 (0.45) | (0.02) 0.84 | 65.0 0.22) | (0.24) 0.73 | 72.3 0.24) | (0.42) 0.75 | 70.2
200
68.23 4.61 72.96 4.34 74.58 4.59
B2 24 0.31) | (0.11) 0.81 | 64.7 (0.63) | (0.01) 071 | 73 (1.03) | (0.08) 0.74 | 71.0
69.20 4.64 72.50 4.23 72.58 4.44
C1 12 (0.48) | (0.04) 0.8 66.5 0.09) | (0.12) 0.70 | 72.8 033) | (0.12) 0.73 | 725
220
70.70 4.60 73.66 4.18 73.90 4.58
Cc2 24 (1.86) | (0.01) 0.78 | 66.8 (0.11) | (0.09) 0.68 | 735 ©031) | (0:38) 0.74 | 729

The FT-IR spectra of HTC carbon nanoparticles, recorded in the frequency range
of 400 to 4000 cm™, showed a very broad band at 3400 cm™ that resulted from the vibrating
bands of hydroxyl groups and the stretched vibrations of the adsorbed water molecules
(Fig. 1). The intensity of absorption in the IR spectrum is related to the change in the dipole
moment that occurs during the vibration. There are several bands which reveal the presence
of various surface functionalities and aromatic rings in the samples. The IR spectra of the
catalyst recorded a medium absorption of 1701 cm™, which can be attributed to the
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carbonyl (C=0) group. The presence of aromatic rings is evidenced by the weak band in
the 750 to 875 cm™ region, which corresponds to the aromatic C-H out of plane bending.
Additionally, the medium intensity peak observed at 1620 cm™ indicates aromatic C=C
vibrations (Kang et al. 2012; Zhang et al. 2015). These samples also possess an aliphatic
C-H structure at 2800 to 3000 cm™, which can be attributed to the aliphatic stretching as
well as spectra in the 1000- to 1460-cm™ region, corresponding to the C-O stretching in
hydroxyl, ester or ether, and O-H bending vibrations (Presser et al. 2011). For the
uncatalyzed samples, the intensity of aliphatic structure was high, in the 1000- to 1460-cm’
! region. For the catalyzed samples, there was a considerable reduction in the area of the
strong band at 1000 to 1460 cm™. It can be seen in Fig. 1 that the area of this band is smaller
for the catalyzed HTC in comparison to the uncatalyzed HTC. Meanwhile, the IR spectrum
representing the aromatic structures at 1620 cm™ arises, indicating that the aromatization
process takes place during C-HTC (Falco et al. 2011). Additionally, samples catalyzed by
FeCl2 show a greater amount of C=0 functionality, as well as C=C aromatic compound, as
shown by the stronger absorption at these bands in comparison to FeCls and uncatalyzed
HTC.

B
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FeCl, catalyst 200 °C, 12h FeCl, catalyst 220 °C, 12h
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Fig. 1. FT-IR spectra analysis of the synthesized samples at different conditions: (a) 200 °C, 12
and 24 h, (b) 220 °C, 12 h and 24 h. Further magnification of graphs (a) and (b) in the 2000-500
cm! region are shown in (c) and (d), respectively.

Raman spectroscopy is an analytical technique that detects changes in
polarisability, and it is a complementary technique to FT-IR. Raman scattering is a
phenomenon in which inelastic light scatters due to symmetrical bond vibration. Usually,
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Raman spectroscopy of amorphous carbon materials indicates characteristic peaks of 1300
cm*and 1590 cm™, referring to D band and G band, respectively. In this study, the G bands
of the samples indicate the E2g2 mode of graphite, sp? C=C stretching ability, or a
combination of both (Schwan et al. 1996). Furthermore, as shown in Fig. 2, these G bands
were typically broad. The peak broadening could be a result of cluster size, indicating larger
particles. Raman analysis is able to check for the presence of aromatic structures in the
samples by analyzing the intensity of the G band. Higher intensity of the G band indicates
higher sp? C=C content, an aromatic structure. Interestingly, it was found that D bands were
absent from the Raman spectrum of the FeClz- and FeCls-catalyzed cellulose HTC,
indicating the absence of sp® carbon disorders in the samples. The degree of aromatization
for both divalent- and trivalent-Fe catalyzed samples is similar. However, samples treated
with FeCl: catalysts exhibit slightly higher intensities of the G band when compared to the
trivalent-Fe sample, for samples undergoing 24-h reactions.

A G B G

/ \ FeCl, catalyst 200 °C, 24h FeCl, catalyst 220 °C, 24h
FeCl, catalyst 220 °C, 12h
FeCl, catalyst 200 °C, 12h .

FeCl, catalyst 200 °C, 24h
/ o\ FeCl, catalyst 200 °C, 12h FeCl, catalyst 220 °C, 12h
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Fig. 2. Raman spectroscopy analysis of the synthesized samples at different conditions: (a) 200
°C,12and 24 h, (b) 220 °C, 12 hand 24 h
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X-ray diffraction (XRD) analysis shows the degree of crystallinity of the
synthesized nanomaterials. The XRD analysis employed Cu ka radiation at 26, ranging
from 10° to 80° for every gram of the sample. The results in Fig. 3 show that the products
of the uncatalyzed HTC exhibited three characteristic peaks at (101) reflection at 26 = 15°,
(002) reflection at 26 = 22.5°, and (040) at 26 = 34° (Sevilla and Fuertes 2009). The (101)
and (002) reflections correspond to the transversal arrangement of the crystallites in
cellulose, while the (040) reflection is caused by the longitudinal structure of the polymer.
The appearance of these peaks indicates that the uncatalyzed samples did not undergo a
complete conversion of cellulose to carbon, thus leaving some properties of cellulose in
the sample. For samples synthesized with the aid of FeCl. and FeCls catalysts, the
characteristic peaks of cellulose disappeared. The results obtained show that the catalyzed
samples were in an amorphous state, suggesting that the crystalline phase of cellulose was
broken during carbonization. The catalytic activity of FeCl. and FeCls altered the
carbonization process by improving the cracking rate of the cellulose bonding. In
comparing the effects of divalent and trivalent iron chloride, it was found that both catalysts
were able to aid in the formation of amorphous carbon at different reaction temperatures
and residence times. However, one result highlighted that the Fe?* ion had the stronger
catalyst effect at higher temperatures. By observing the XRD pattern for HTC cellulose
reaction at 220 °C for 12 h, the Fe®* catalyzed samples exhibited more amorphous
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characteristics when compared to the Fe®* catalyzed samples. Therefore, these patterns
justify that divalent Lewis acid catalysts were the better catalyst for the cleavage of
glycosidic bonds at higher temperature. For samples synthesized for 12 and 24 h, all
samples followed similar trends, with no significant evidence to prove that the reaction
proceeding for 12 h was better than the reaction for 24 h.
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Fig. 3. XRD analysis of the synthesized samples at different reaction conditions (a) 200 °C, 12 and

24 h, (b) 220 °C, 12 and 24 h
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Scanning electron microscope (SEM) characterization reveals the samples' surface
morphology and particle size. From the SEM images, the uncatalyzed samples obtained by
hydrothermal treatment for 12 h at 220 °C show that the morphology of the samples was
mostly irregular, with limited micro-sized carbon spheres (Fig. 4a). The sample displayed
carbon microspheres with particle size distribution ranging from 2 to 3 um. Fig. 4a supports
the evidence from XRD analyses whereby uncatalyzed samples did not undergo complete
carbonization.
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Fig. 4. SEM images of the synthesized samples at 220 °C, 12 h: (a) uncatalyzed sample,
(b) FeCl: catalyzed sample, and (c) FeCls catalyzed sample. EDX measurements of carbon
nanomaterials synthesized from cellulose (d) without catalyst, (e) with FeCl: catalyst and
(f) with FeCls catalyst.
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Comparing the SEM images of Fe?* and Fe®* catalyzed samples obtained at similar
reaction conditions, carbonaceous nanomaterials were formed under Lewis acid-catalyzed
conditions. Aggregated, uniform nano-spheres were formed with particle diameters
ranging from 300 to 600 nm (Figs. 4b and 4c). However, some irregularly shaped particles
can still be seen from the SEM image of Fe3*-catalyzed sample (Fig. 4c). It is possible that
the trivalent Fe has lower accessibility to aid the hydrothermal carbonization of cellulose.
Furthermore, the present results suggest that the FeCl2 catalyst possesses higher catalytic
severity for the cracking of cellulose bonds during the carbonization of cellulose, leading
to higher-quality carbon nanomaterials.

Energy dispersive X-ray (EDX) spot analysis of the samples determined the
composition of C and O elements at the surface of the synthesized samples. Compared to
the uncatalysed sample (Fig. 4d), the C content of the hydrochar increased in the presence
of catalyst. More specifically, the composition of C was slightly higher for the FeClz-
catalyzed HTC (Fig. 4e) than the FeCls-catalyzed HTC (Fig. 4f), corresponding with the
CHO elemental analysis. Minimal Fe was present in the samples (< 0.59%) with little effect
on the elemental composition, indicating the facile removal of catalyst from the samples
upon rinsing with hydrochloric acid and deionized water.
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Fig. 5. Brunauer-Emmett-Teller (BET) adsorption isotherm of the uncatalysed, FeCl> and FeCls-
catalysed samples at 220 °C, 12 h

It was observed that the adsorption isotherm contained three characteristic regions:
(a) the initial part of the curve with a gentle rise resulted from nitrogen uptake at P/P° <
0.1; (b) the second part that is the plateau of the curve between 0.1 < P/P° < 0.9 and (c) the
upward bend of the curve at the last region when equilibrium was reached (P/P° =~ 0.9).

The characteristics of the curve indicated a Type Il isotherm. The shape of the
isotherm indicated the presence of a high proportion of micropores with some contribution
of meso and macropores (Chowdhury et al. 2012). The aforementioned surface analysis
determined that the average pore diameter of the carbon nanomaterials derived from
uncatalysed HTC of cellulose was 47 A. The addition of Fe?* and Fe®* catalyst increased
the pore diameter to 89 and 65 A, respectively, which may be attributed to the formation
of additional pores after the removal of catalyst via acid washing. Nevertheless, the surface
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area of carbon nanomaterials derived from the hydrothermal carbonization of cellulose
increased from 7.92 to 15.87 and 12.96 m? g* for the uncatalysed, FeCl> and FeCls-
catalysed HTC, respectively.

Results obtained from surface area analysis of the carbon nanomaterials derived
from uncatalysed and catalysed HTC are summarised in Table 2.

Table 2. Physico-chemical Characteristics of Carbon Nanomaterials Derived
from Uncatalysed, FeClz- and FeCls-catalysed C-HTC of Cellulose at 220 °C, 12
hours’ Reaction Time

Physico-chemical uncatalysed FeClz-catalysed FeCls-catalysed
characteristics

BET surface area 7.9205 m? gt 15.8722 m? g* 12.9626 m? gt
t-plot micropore 7.4177 m? g*t 8.3520 m? gt 1.7809 m? g*
surface area

Average pore 47.3879 A 89.6985 A 65.2252 A
diameter

Mineral acids, e.g. sulphuric acid, phosphoric acid, and hydrochloric acid, have
been traditionally used to accelerate the carbonization process by accelerating the
dehydration reaction to form carbon basic structural units (BSU) before the recondensation
occurs to form carbonaceous particles, i.e. hydrochar. Many reports have been found on
the carbonization of simple sugars. In the presence of acid, simple sugars are reduced to
furfural and 5-HMF (Sevilla and Fuertes 2009). The production of 5-HMF also was
observed with good yield from fructose, sucrose, and xylose (Tong et al. 2011; Choudhary
et al. 2012).

Alternatively, Fe anions, being electron acceptors, i.e. Lewis acids, can also
potentially catalyse the dehydration process by electrophilic attack on the glycosidic bond
in the cellulose structure. Previously, [Fe (NH4)2 (SOa4)2]-6H20 has been used as a catalyst
in the carbonization of glucose, which led to the fabrication of hollow carbonaceous
microspheres (Cui et al. 2006).

In this study, the presence of a catalyst allowed the effective carbonization at
temperatures as low as 200 °C, whereas previously a minimum temperature of 220 °C was
necessary to decompose the cellulose chains, under uncatalysed conditions (Sevilla and
Fuertes, 2009). The sp® disorder was also reduced in the samples through the use of catalyst.
Due to the complexity of the carbonization process, it was a challenge to pinpoint the exact
role of catalyst in the carbonization process. It was proposed previously that the mechanism
of carbonization includes a hydrolysis phase to break the cellulose chains into
oligosaccharides (Sevilla and Fuertes 2009), followed by dehydration to form furan
compounds (Xiao et al. 2012). The oligosaccharides, phenolic, and furan compounds then
become repolymerized to form soluble chains. Subsequently, C=C bonds are produced via
keto-enol tautomerization and intramolecular dehydration. When threshold conditions are
achieved, carbon nuclei particles are formed and further crosslinking between these
compounds lead to the growth in the carbon particles (Ryu et al. 2010).

It is possible that Lewis acid catalysts play multiple roles in accelerating the
hydrolysis and aromatization reactions, leading to C-O bond cleavage and the formation of
C=C bonds. Lewis acid catalysts were found to promote polymer crosslinking,
graphitization, and hydrochar yield (Cai et al. 2007). Lewis acid catalysts are electron
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acceptors, and the notion has been proposed to break bonds in the lignocellulosic structure
via electrophilic attack on the C-H, C-O, or C-C bonds (Molina-Sabio and Rodriguez-
Reinoso 2004).

From the data presented herein, one can see that there are subtle differences in the
application of ionic charge on the hydrothermal carbonization of cellulose. It was observed
that the C=0 group was still significantly present in the Fe?*-catalysed samples. On the
other hand, the higher acidic properties of the Fe®* cation resulted in a more reduced form
of carbon, indicated by the diminished peak at 1700 cm™, which corresponds with the
carbonyl, C=0 group. Leaching test was performed and it did not show a detectable amount
of Fe content in the sample. Thus there is no chance of introducing Fe as a secondary
pollutant in the process stream when using the hydrochar prepared here.

CONCLUSIONS

1. The results show that the addition of Fe-salts promotes the synthesis of carbonaceous
products from cellulose. This study shows that the carbonization of cellulose is
incomplete at 200 °C in the absence of the iron salt; however, with the aid of Lewis
acid catalysts, complete carbonization was observed.

2. The addition of FeClz2 in C-HTC promoted greater C=0 functionality compared to
FeCls. The stable oxidation state of Fe3* ions reduced the oxidation of carbon functional
groups.

3. BET analysis showed that adding Fe containing salt can act as catalyst to enhance the
surface area substantially.
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