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Abstract

In this work, an efficient way of converting the water hyacinth to biocrude oil
using magnetite nanoparticles (MNPs) as potential catalysts was demonstrated
for the first time. MNPs were synthesised by co-precipitation and used in the
hydrothermal liquefaction (HTL) of water hyacinth at different reaction con-
ditions (temperature, reaction time, MNPs to biomass ratio and biomass to
water ratio). The best reaction conditions were as follows: temperature—
320°C, reaction time—60 minutes, MNPs to biomass ratio — 0.2 g/g and bio-
mass to water ratio — 0.06 g/g. HTL in presence of MNPs gave higher biocrude
yields compared to HTL in absence of MNPs. The highest biocrude yield was
58.3 wt% compared to 52.3 wt% in absence of MNPs at similar reaction con-
ditions. The composition of biocrude oil was analysed using GC-MS and ele-
mental analysis. GC-MS results revealed that HTL in presence of MNPs led to
an increase in the percentage area corresponding to hydrocarbons and a re-
duction in the percentage area corresponding to oxygenated compounds, ni-
trogenated compounds and sulphur compounds. Elemental analysis revealed
an increase in the hydrogen and carbon content and a reduction in the nitro-
gen, oxygen and sulphur content of the biocrude when HTL was done in
presence of MNPs compared to HTL in absence of MNPs. The nanoparticles
were recovered from the biochar by sonication and magnetic separation and
recycled. The recycled MNPs were still efficient as HTL catalysts and were
recycled five times. The application of MNPs in the HTL of water hyacinth
increases the yield of biocrude oil, improves the quality of biocrude through
removal of hetero atoms, oxygen and sulphur compounds and is a potentially
economical alternative to the traditional petroleum catalysts since MNPs are
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cheaper, widely available and can be easily recovered magnetically and recy-
cled. This will potentially lead to an economical, environmentally friendly
and sustainable way of producing biofuels from biomass.
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Hydrothermal Liquefaction, Water Hyacinth, Magnetite Nanoparticles,
Biocrude Oil

1. Introduction

The ever-increasing global energy demand has encouraged heavy dependence on
petroleum derived fuels as a major source of energy. This could result in irre-
versible damage to the environment due to release of toxic chemicals and green-
house gases into the atmosphere. The global carbon-dioxide levels are constantly
increasing currently standing at 415 ppm from 279 ppm in 1750 [1]. Atmos-
pheric CO, is increasing at a rate of 34 gigatons per year [2]. Moreover, the de-
pletion of fossil fuels is inevitable due to reduction in conventional crude oil
production since 2004 when it was at its peak at 74 million barrels per day [3].
These challenges have encouraged research into alternative sources of clean, re-
newable and sustainable energy such as biofuels.

Biofuels are produced mostly from first generation feedstock like sugarcane,
corn and soybean. However, competition between fuel and food for the limited
food sources has proved to be a major drawback. Meanwhile, second generation
feedstock from non-food sources using energy plants such as Jatropha have been
an improvement, but these too have limitations due to competition for good
quality agricultural land with food crops [4]. The water hyacinth and algae fall
under third generation feedstock. These are a promising alternative because they
grow fast due to their efficiency in photosynthesis, they can double their biomass
in 24 hours [5] and can be cultivated on large water bodies hence no competition
for fertile agricultural land [6].

Some of the techniques employed to convert biomass to biofuels include: 1)
transesterification which converts the extracted lipids (triglycerides or free fatty
acids) to the fatty acid methyl esters (biodiesel), 2) pyrolysis: In pyrolysis, the
biomass is heated in absence of oxygen to produce bio-oils, which are upgraded
to gasoline, diesel and kerosene, 3) gasification: in gasification, biomass is con-
verted to syngas, then syngas is catalytically converted to alcohols or to diesel via
the Fischer-Tropsch process and 4) Hydrolysis of carbohydrates from the bio-
mass to sugars, then fermentation of the sugars to bio-ethanol.

A more promising route to biofuel production is the hydrothermal liquefac-
tion (HTL) process. The HTL process is a wet thermochemical conversion proc-
ess in which wet biomass with a water content of 75% to 95% is converted to
biocrude oil, at temperatures ranging between 300°C - 375°C and pressures be-
tween 40 - 200 bars [7].
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The bio-crude oil can then be upgraded to gasoline, diesel and kerosene. Since
wet biomass is used, it eliminates the need for drying biomass making the proc-
ess energy efficient. The HTL process uses less than 5% of the total energy used
in the biomass drying step of solvent extraction [8]. The HTL process uses water
as a reactive medium to convert biomass into liquid crude oil under controlled
conditions. In this conversion, the main cellular constituents such as lipids, pro-
teins and carbohydrates are broken down at the high temperatures and pres-
sures. This coupled with hydrolytic attack leads to breakage of biomolecules in the
hot compressed water resulting in the production of a biocrude oil [9] with a rea-
sonably high calorific value [10]. Life cycle and techno economic analysis shows
that the overall HTL process uses less energy than extraction and transesterifica-
tion of lipids [11] though more work is needed to increase the biocrude yields and
quality. To this end, effort has been invested in investigating the effect of catalysts
on the HTL process and its ability to produce higher quality products [12].

Solid nanocatalysts have shown great catalytic potential because they possess
large chemically active surface areas and have high chemical and physical stabil-
ity [12]. These are paramount properties for industrial applications. However,
recovery of solid catalysts from the biocrude oil mixture by filtration is a major
challenge in their application and it is not economically viable. Therefore, it is
important to develop heterogeneous catalysts which can be recovered and recy-
cled easily for further applications in HTL reactions. An interesting potential
candidate for this application are magnetite based nanocatalysts because they
can easily be recovered magnetically and recycled thereby improving their life
span and cost effectiveness. In addition, they possess a high catalytic activity for
bio-catalysis, phase transfer catalysis and photocatalysis [13]. Furthermore, they
possess a high catalytic activity and large specific surface areas. Despite their
catalytic potential, no study has yet demonstrated their catalytic effect on the
yield and chemical composition of biocrude oil in the hydrothermal liquefaction
of water hyacinth.

Therefore, this work focuses on the investigation of the catalytic effect of
magnetite nano particles on the yield and quality of biocrude oils in the HTL of
water hyacinth. The water hyacinth was chosen because it is an invasive species
on fresh water bodies in Uganda and there is very little work on its catalytic
conversion to biofuels. In Uganda, the invasion of the water hyacinth on fresh-
water bodies has disrupted water transport and hydropower generation, reduced
the fish catch and polluted freshwater. Lake Victoria alone has been invaded at a
rate of 6300 tonnes per day [14]. Its effects have led to reduction in fish exports
hence reduced income to the country. In addition, the increase in industrialisa-
tion has resulted in increased energy demand for many developing countries
hence the need to increase the energy base of these countries. A potential alter-
native to this challenge is the production of biofuels from the abundant and en-
vironmentally problematic water hyacinth through the HTL process. The objec-
tives of this research are: 1) to produce biocrude oil from the water hyacinth

through the hydrothermal liquefaction process, 2) to investigate the effect of
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HTL process conditions on the yield and quality/composition of biocrude oil
and 3) to investigate the catalytic effect of MNPs on the yield and chemical
composition of the biocrude oil. This work therefore presents for the first the
application of magnetite nanoparticles in the catalytic HTL of the water hya-
cinth. Magnetite nanoparticles were chosen because they have shown positive
results in the catalytic HTL of algae [15]. Some of the differences between water
hyacinth and algae are in their composition. Algae has a higher protein content
(about 63%) than water hyacinth while the water hyacinth contains more cellu-
lose and lignin. Because of these differences, different reaction pathways are un-
dertaken resulting in production of different quantities of compounds as seen in
the results section. Conversion of water hyacinth to biofuel would potentially
reduce the negative consequences caused by the water hyacinth as well as con-
tribute to the production of clean, renewable and environmentally friendly liq-

uid fuels hence contributing to the energy needs of the country.

2. Materials and Methods
2.1. Materials

Hexa-hydrate ferrous chloride (FeCl,-6H,0), tetra-hydrate ferrous chloride (Fe-
Cl,-4H,0), Ammonium hydroxide (NH,OH), hydrochloric acid (HCI), dichloro-
methane, sodium hydroxide (NaOH), acetone and ethanol were purchased from
Laboratory needs solutions in Kampala Uganda. All chemicals used were of ana-
lytical grade. All solutions were prepared using de-ionized water. The water hya-
cinth was obtained from the shores of Lake Victoria at Gaba beach. The typical
composition of the water hyacinth biomass is as follows: cellulose (18% - 31%),
hemicellulose (18% - 43%), lignin (7% - 26%), protein (average of 7.11%) and fat

(average of 1.9%) among other constituents [16] [17].

2.2. Methods

2.2.1. Synthesis of Magnetite Nanoparticles

Magnetite nanoparticles (MNPs) were synthesized by co-precipitation method.
In this method, hexahydrate ferrous chloride (FeCl,-6H,0) 5.4 g and tetrahy-
drate ferrous chloride (FeCl,-4H,0) 2.0 g were dissolved in 25 cm’ of de-ionised
deoxygenated water. This solution was then added dropwise to 200 cm® of de-
oxygenated 1.5 molar ammonium hydroxide (NH,OH) solution with vigorous
stirring at 300 rpm for 2 hours. A black precipitate was immediately formed and
it was decanted from the solvent magnetically. The precipitate was then washed
with deoxygenated de-ionized (DI) water and ethanol to neutralize residual ions
and dried under vacuum conditions at 60°C for 4 - 6 hours. The dried sample
was kept under N, to prevent oxidation and for later use in the catalytic HTL re-

actions.

2.2.2. Biomass Processing
The water hyacinth was harvested at the shores of Lake Victoria in Gaba, washed

with distilled water and cut into small pieces (both leaves and stems were used).
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These then were oven dried at 60°C for 4 to 6 hours and crashed into powder
using a motor (drying was done so as to accurately calculate the HTL product
yields: biocrude oil, solid residue and gas phase). Figure 1 shows a summary of
the steps.

The moisture and ash content in the biomass powder was determined by TGA
Analysis. TGA analysis was performed in nitrogen on a TG Setaram 92 micro-
balance. The ramp rate was 10 *C-min~' from ambient temperature to 1000°C. A
moisture content of 8.0% and an ash content of 16.9% were recorded. The car-
bon, hydrogen, nitrogen, oxygen and sulphur composition of biomass was also
determined and the results presented in Table 1 in the results and discussion

section.

2.2.3. Hydrothermal Liquefaction of Water Hyacinth
HTL experiments were carried out in a 50 ml stainless steel batch reactor autoc-
lave (CF series) fitted with a pressure gauge and a thermocouple to record tem-
perature (Figure 1(c)). The HTL experiments were done at different reaction
conditions of residence time, MNPs to biomass ratios, biomass to water ratios
and temperature. The reactor was loaded with a specified amount of water hya-
cinth biomass and distilled water and inserted in a pre-heated furnace/heating
mantle set to a specified temperature for the different reaction conditions
(Figure 1(c)). The temperature profile was logged at intervals of 10 seconds us-
ing a data logging software. The initial and final pressure was read off directly
from the pressure gauge. The effect of MNPs on the biocrude yield and compo-
sition was investigated at the following reaction conditions: 1) At temperatures
0of 280°C, 290°C, 300°C, 310°C, 320°C, 330°C and 340°C, 2) reaction times of 15,
30, 45, 60, 75 and 90 minutes, 3) ratios of MNPs to biomass of 0, 0.05, 0.1, 0.2,
0.3, 0.4 and 0.5 g/g and biomass: water ratio of 0.2, 0.08, 0.06, 0.04 and 0.03 g/g.
After HTL reactions, the reactor was allowed to cool to room temperature and
the products separated as illustrated in Figure 2.

The aqueous phase was filtered using a cellulose filter paper, the water was

evaporated in a drier and the biocrude oil in the aqueous phase was dissolved in

Figure 1. (a) Water hyacinth on the lake, (b) processed water hyacinth powder, (c) the batch
HTL reactor used in these experiments and (d) Biocrude oil from the water hyacinth after HTL
at 320°C for 30 minutes.
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Figure 2. Experimental flow chart for catalytic HTL of water hyacinth using MNPs.
MNPs were recycled after HTL for up to 5 cycles.

DCM. After evaporating the DCM phase, the biocrude yield in the aqueous
phase (light oils) was added to the biocrude yield in the solid phase (heavy oil) to
get the total biocrude yield. The quantity of dissolved solids in the aqueous phase
was determined by evaporating the DCM using a rota evaporator and weighing.
The DCM insoluble solids in the aqueous phase were also weighted. Bio-crudes
were extracted from the solid phase using DCM. The DCM was separated from
the bio-crude using a rotary evaporator operated under vacuum conditions at
30°C at a rotation speed of 30 rpm. The weight of bio-crude was measured by
subtracting the weight of the glass vial with bio-crude from the weight of empty
glass vial. The weight of solid residue was determined by subtracting the weight
of dried filter paper with solids from the weight of empty dried filter paper. The
MNPs were deposited in the solid residue and recovered by sonication in
de-ionised water (for 30 minutes) to weaken the attachment between biomass
and MNPs. All experiments were performed in duplicate and error analysis was

done by calculating the standard deviation.

2.2.4. Recycling of MNPs
The magnetite nanoparticles were recovered according to our previous method
reported in [14]. In this method, the dry solid residue containing MNPs was

suspended in de-ionized and deoxygenated water and sonicated for 10 - 30 mi-

DOI: 10.4236/jsbs.2021.114012

162 Journal of Sustainable Bioenergy Systems


https://doi.org/10.4236/jsbs.2021.114012

D. Egesa etal.

nutes. The biomass floated to the surface of the water from where it was skimmed
off and the MNPs were recovered magnetically. This recovery/cleaning process
was repeated at least twice to recover clean and biomass free MNPs. The recov-
ered MNPs were then weighed and recycled for further HTL reactions under

similar reaction conditions.

2.2.5. Biocrude 0il Analysis

The percentage yield of HTL products (biocrude, solid residue and gas) was cal-

culated using Equation (1). Where MNPs were used the weight of MNPs was

subtracted from the solid residue, the yield of biocrude oil and solid residue was

calculated on an ash and moisture free basis.
WP

=—F %100 (% (1)
WWH _WA_WM ( )

BC
where, Y, is the percentage yield of the product, W is the weight of product
(), W,,, Iisthe weight of the water hyacinth fed into the reactor, W, and W,,
are ash and moisture content of the water hyacinth respectively. The ash content
for the water hyacinth varied between 16.8% to 18.5% and the moisture content
was between 5% to 8%. The high heating value (HHV) of the biocrude oil was
calculated using the Dulong’s formula [10] [18] see Equation (2).

HHV (MJ-kg ™) =0.3383C +1.428(H —0/8) +0.095S 2)

where: HHV is the high heating value, C, H, O and Sare the wt.% of carbon, hy-
drogen, oxygen and sulphur present in the product. The energy recovery (£R) of
the biocrude oil was calculated according to Equation (3) [15] [19].

~ HHV, xYg,

ER=
HHV, xW,

x100 (%) (3)
where: ER is the energy recovery, HHV, is high heating value of product,
HHV_ is high heating value of the feed, Y,. is the yield of biocrude oil and
W is the weight of the feed.

2.2.6. Analytical Techniques

UV-Vis analysis of MNPs was done on a UV-Vis Cary series instrument JEM-1200
EX11. Shape, size, and dispersion of the MNPs were analysed using a JEM-1200
EX11 transmission electron microscope (TEM) at an acceleration voltage of 300
Kv. The size distribution of MNPs was determined using image ] software. The
crystal structure and phase composition of MNPs were characterized on a Bruker
D8 Advanced X-ray diffraction (XRD) machine operating at 40 kV and 80 mA
and a scanning rate of 0.02°/s in 26 range from 20° to 70° and wavelength of
1.54056 A. Compounds in the biocrude oil were dissolved in hexane and ana-
lysed by a GC-MS analyzer (TQ8040 Shimadzu from UK). Chromatographic
conditions were: HP-5 Dimethylpolysiloxane column (30 m x 0.25 mm X 0.25
pum) with He as the carrier gas and flow rate of 1.77 ml/ min. The inlet tempera-
ture was 250°C, the split ratio was —1.0, and the injection volume was 50 ml.

Programmed heating: the initial temperature was 80°C, maintained for 5 min, and
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then increased to 300°C at a rate of 4°C/min and maintained for an additional 7
min. MS conditions were as follows: EI source, ion source temperature of 230°C,
multiplier voltage of 300 V, interface temperature of 250°C and solvent delay time
of 3.5 min. Samples were analysed for elemental composition for nitrogen, car-
bon, hydrogen and sulphur using a Thermo model EA1110 elemental analyser,
running Xperience EA software, single tube configured for simultaneous CHN or
CHNS analysis using a Porapak QS 2 metre separation column. References and
samples were weighed to 6 decimal places using a Mettler UMX5 microbalance.
Samples were analysed for elemental composition for oxygen using a Thermo
model EA1110 elemental analyser, running Xperience EA software, single tube
configured for oxygen analysis using a Molecular Sieve 3A separation column.
References and samples were weighed to 6 decimal places using a Mettler UMX5

microbalance.

3. Results and Discussion

3.1. Characterisation of MNPs

The MNPs used in the catalytic HTL of the water hyacinth were characterised by
TEM, XRD and UV-Vis. TEM images (Figure 3) show the hexagonal morphol-
ogy of the MNPs. The nanoparticles were crystalline and mono dispersed and
their size ranges between 11 - 19 nm with an average particle size of 15 nm. The
particle size distribution was measured using image J software and it can be seen
from Figure 4 that most of the nanoparticles were in the size range of 11 nm,
followed by 13 nm. From their hexagonal morphology, it can be confirmed that
magnetite nanoparticles were successfully synthesised.

From XRD characterisation (Figure 5), it was observed that reflections which
correspond to magnetite nanoparticles were found at 26 = 30.437°, 35.715°,
43.393°, 53.950° and 57.309° corresponding to the (220), (311), (400), (422), and
(511) crystal planes of pure magnetite. These peaks match well with the reported
peaks in literature for magnetite [20]. Formation of magnetite nanoparticles was

also characterised by UV-Vis (Figure 6). From the UV-Vis spectrum, hydrolysis

Figure 3. TEM images of iron oxide magnetite nanoparticles synthesised by the co-precipitation
method (a) at a magnification of 50 nm and (b) at a magnification of 30 nm.

DOI: 10.4236/jsbs.2021.114012 164 Journal of Sustainable Bioenergy Systems


https://doi.org/10.4236/jsbs.2021.114012

D. Egesa etal.

80

60

40 ~

Fequecy [94

20 A1

e

0 T T T T T
11 13 15 17 19

Average particle size [nm]

Figure 4. Particle size distribution of magnetite (MNPs) synthesised by the co-precipitation
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Figure 5. XRD spectra of magnetite nanoparticles confirming the standard magnetite
peaks [14].
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Figure 6. UV-Vis spectrum for iron oxide magnetic nanoparticles (magnetite) and a mix-
ture of iron (ii) and iron (iii) oxide (ratio 1:2) solution from which magnetite nanoparti-

cles were formed [14].
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of iron ions in presence of ammonium hydroxide resulted into removal of
metal-ion complex from solution leading to the disappearance of the peak at 300
nm (corresponding to iron (ii) and iron (iii) oxide solution) and to formation of
a second broad featureless absorption tail (corresponding to magnetite nanopar-
ticles) which according to [21] is due to formation of magnetite and is as a result
of transition in band gap of semiconductor materials. The new peak corre-
sponding to formation of magnetite further confirms that MNPs were success-

fully synthesised by the co-precipitation process.

3.2. Effect of Process Conditions and MNPs on Biocrude Yield and
Composition

The process conditions investigated included: reaction time, ratio of MNPs to

biomass, ratio of biomass to water and temperatures.

3.2.1. Effect of Reaction Time and MNPs

To investigate the effect of reaction time, hydrothermal liquefaction of water
hyacinth was done in presence and absence of MNPs at 320°C, biomass to water
ratio of 1:18 and at varying liquefaction times (15, 30, 45, 60, 75 and 90 minutes)
as shown in Figure 7 and Figure 8. For HTL in absence of MNPs, the biocrude
yield increased steadily with increase in reaction time from 33 wt% after 15 mi-
nutes to a peak of 53 wt% after 60 minutes. Further increase in reaction time
beyond 60 minutes led to a gradual reduction in the biocrude yield up to the
lowest value of 44 wt% after 90 minutes (Figure 7 and Figure 8(a)). When HTL
was done in presence of MNPs, a similar trend in biocrude yield was observed
but the difference was in the higher biocrude yields registered when MNPs were
used (Figure 8(a)). HTL in presence of MNPs led to a gradual increase in bio-
crude yield from 40 wt% to a peak of 58 wt% and then reduced gradually to 53 and
45 wt% after 60 and 90 minutes of reaction respectively. The high biocrude yield in
presence of MNPs shows that they played a catalytic role by selectively favoring

70
H Biocrude [%)] @ Solid residue [%]

60 -

50 -

Yield [wt.%]
w B
© o

N
o
1

=
o
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mi Sml NN

15 30 45 60 75 90
Reaction time [Minutes]

|

Figure 7. Effect of reaction time on HTL products (biocrude oil, solid residue and gas
yields) in absence of MNPs at a temperature of 320°C and biomass to water ratio of 1 to
18 (0.06 g/g).
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Figure 8. Effect of MNPs on biocrude oil and solid residue yield at different reaction
times for HTL in presence of MNPs (catalyzed) and HTL in absence of MNPs (uncata-
lyzed). The reaction temperature was maintained at 320°C, water to biomass ratio at 1 to
18 and at a ratio of MNPs to water hyacinth of 1:5 (0.2 g/g). (a) Biocrude yield and (b)
solid residue yield.

reactions that led to the conversion of biomass to biocrude oil. A similar catalyt-
ic effect of MNPs in HTL of a different biomass feedstock (algae) was observed
by [10] [15].

Studies on HTL of oak wood revealed that MNPs owe their catalytic activity
on the degradation of cellulose and lignin, promoting the dehydration reactions
which are partly responsible for the increase in the biocrude yield [22].

The catalytic effect of MNPs can further be evidenced by a lower solid residue
yield in liquefactions involving MNPs and a higher solid residue yield in lique-
factions without MNPs (Figure 8(b)). This is an indication that MNPs are fa-
voring the conversion of solid residue to biocrude by favoring reactions that lead
to biocrude production to those that lead to solid residue production. Culmi-
nating in a reduced solid residue yield and a higher biocrude yield for HTL in
presence of MNPs.

The increase in biocrude yield with increasing reaction time in the first 60

minutes can be attributed to the polymerization of the small reactive compounds
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to form biocrude oil [23] [24]. These small reactive compounds are formed
through the hydrolysis of biomass at the initial stage of the HTL process. There-
fore, in the first 60 minutes, the polymerization reactions to form biocrude oil
are more favored. The reduction in biocrude yield at higher reaction times is
potentially due to the breakdown of components in the biocrude oil into the ga-
seous phase. This is evidenced by the increase in the gas yields at higher reaction
times (Figure 7). This observation is also confirmed by the decrease in biocrude
viscosity with increase in reaction time [25]. The reduction in biocrude yield at
higher reaction times may also be attributed to the decomposition of the inter-
mediate HTL products capable of forming biocrude oil into the gas and the char
phase through condensation, crystallization and depolymerization reactions. It
can therefore be concluded that increase in biocrude yield in the first 60 minutes
was due to increased polymerization reaction while a reduction in biocrude yield
beyond 60 minutes was due to increased decomposition of biocrude oil to the
gas phase through condensation, crystallization and depolymerization reactions
among others. It can be seen that in the first 60 minutes of reaction, the role of
MNPs was to favor the reactions that led to the formation of biocrude oil leading
to an increase in biocrude yield. In addition, beyond the peak reaction time, the
MNPs favored reactions that led to reduction in biocrude yield and solid residue
and those that favored increase in gas yield.

On the other hand, increase in reaction time led to a gradual reduction in the
solid residue yield both in presence and absence of MNPs though the reduction
was highest in presence of MNPs (Figure 7 and Figure 8(b)). In absence of
MNPs, the solid residue yield reduced gradually from 60 wt% to the lowest value
of 34 wt% after 15 and 90 minutes respectively. In presence of MNPs, it de-
creased gradually from 51 wt% to 27 wt% after 15 and 90 minutes of reaction
respectively. The reduction in solid residue yield is attributed to the decomposi-
tion of the solid phase into the gas phase as explained earlier. This is evidenced
by the increase in the gas yield at higher reaction times (Figure 7). A similar
trend in gas yield increment and solid yield reductions at higher reaction times
was observed by Yan ef al during the HTL of Sugar cane bagasse [26], though
the biomass feedstocks are different, the HTL reaction mechanisms are largely
the same. The steady increase in gas yield is attributed to the increasing decom-
position of the solid residue and biocrude oil into the gaseous phase at higher
reaction times. This was due to the increase in decomposition, hydrolysis and
depolymerisation reactions. This is evidenced by the reduction in the biocrude

and solid residue yield at higher reaction times (Figure 7).

3.2.2. Effect of MNPs: Biomass Ratio
The effect of ratio of MNPs to biomass on biocrude yield was also investigated
(Figure 9).

All other reaction conditions were kept constant. The reaction time of 60 mi-
nutes, temperature of 320°C and biomass to water loading of 1:18 giving a water
content of 94.7% which is directly in the range for HTL. The yield of biocrude
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Figure 9. Yield of biocrude oil, solid residue and gas after HTL of water Hyacinth at dif-
ferent mass ratio of MNPs to biomass done at 320°C for 60 minutes. The experiments
were done in duplicate and the error calculated based on standard deviation.

oil increased steadily from 43 wt% at a ratio of MNPs to biomass of 0 g/g (in ab-
sence of MNPs) to the highest yield of 58.8 wt% at a ratio of MNPs to biomass of
0.2 g/g. Further increase in mass ratio of MNPs to biomass led to a gradual re-
duction in biocrude yield up to the lowest yield of 46.2 wt% at a mass ratio of
MNPs to biomass of 0.5 g/g.

Similar trends in oil yield with mass ratio of catalyst to biomass have been ob-
served in a number of studies for different feedstock such as microalgae and coal
liquefaction [10] [15] [27]. These studies found that optimum yields were ob-
tained at low catalyst mass ratios. This is because at low MNPs (catalyst) ratios
there is an even distribution of MNPs on the surface of the biomass resulting in
maximum exposure of the catalyst active sites for the biomass conversion reac-
tions leading to increased biocrude yield [14]. On the other hand, the reduction
in biocrude yield at higher ratios of MNPs to biomass is attributed to increased
particle aggregation at higher concentrations of MNPs [14]. This led to loss of
catalyst and a reduced exposure of biomass to the catalyst active sites leading to a
reduction in catalytic activity hence the gradual reduction in biocrude yield.
Therefore, the biocrude yield can be enhanced by an optimum amount of cata-
lyst in HTL reactions. The steady increase in biocrude yield from the initial yield
of 43 wt% to the peak yield of 58.8 wt% corresponds to the steady reduction in
solid residue yield in the same region (Figure 9). This shows that MNPs played a
catalytic role in favouring the conversion of biomass to biocrude oil over the
conversion of biomass to solid residue. As a result, there was a reduction in solid
residue yield and an increase in biocrude yield. In summary, to achieve higher
biocrude oil yields, an optimum mass ratio of MNPs to water hyacinth biomass
is needed. Higher ratios of MNPs to biomass will result in a reduced biocrude
yield and is not economically viable since a large amount of MNPs is needed.
Under these experimental conditions, the optimum mass ratio of MNPs to bio-

mass is 0.2 g/g.
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3.2.3. Effect of Temperature

The effect of temperature on biocrude yield was investigated in presence and
absence of MNPs (Figure 10). The reaction time was maintained at 30 minutes,
the biomass to water ratio at 0.06 g/g and the ratio of MNPs to biomass was
maintained at 0.2 g/g. The temperature was varied between 280°C to 340°C. The
biocrude yield increased gradually from 37.4 wt% at 280°C to a peak of 43.2 wt%
at 320°C. Increase in temperature beyond 320°C resulted in a gradual reduction
in biocrude yield up to its lowest yield of 35.2 wt% at 340°C. The initial increase
in biocrude yield with temperature is attributed to an increased decomposition
and depolymerization of biomass into smaller compounds [28]. The reduction in
biocrude yield beyond the peak temperature is attributed to the Boudouard reac-
tions and the secondary reactions which are activated at higher temperatures [26]

[29]. The increase in gas yields at higher temperatures as seen in Figure 10(a)
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Figure 10. Effect of temperature on the biocrude yield from water hyacinth (WH) HTL:
(a) yield of biocrude, solid residue and gas at different temperatures in absence of MNPs,
(b) yield of biocrude oil in presence and absence of MNPs. The reaction time was 30 mi-
nutes and the reaction was done in duplicate and error calculated from standard devia-
tion.
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confirms the activation of secondary and Boudouard reactions leading to bio-
crude evaporation into the gas phase. The reduction in biocrude yield at higher
temperatures could also be due to the re-arrangement of the smaller compounds
in the biocrude oil to form new compounds through cyclisation, condensation
and polymerization reactions [28]. Some of these reactions may lead to a slight
increase in the solid residue yield as well [26]. These results show that some
reactions are more pronounced at certain reaction conditions. The gradual re-
duction in solid residue yield also confirms that solid residue was decomposed to
biocrude oil at lower temperatures and to gas at higher temperatures. A similar
trend in biocrude yield was observed when HTL was done in presence of MNPs
(Figure 10(b)). The only difference was that the yield of biocrude oil was higher
when MNPs were used in the liquefaction process. HTL in presence of MNPs led
to an increment in the biocrude yield by 5.7 wt% at 280°C, 6.8 wt% at 300°C, 7.3
wt% at 320°C and 5.3 wt% at 340°C. In summary, these results show that MNPs
played a catalytic role favoring reaction that led to increase in biocrude oil for-
mation. In addition, HTL of biomass at higher temperatures result in a reduc-
tion in biocrude oil yield. Under these reaction conditions, the optimum tem-

perature is 320°C.

3.2.4. Effect of Biomass: Water Ratio
The effect of biomass to water ratios on biocrude oil yield was also investigated.
The biomass was maintained at 1 g and the amount of water was increased from
6, 12, 18, 24 and to 30 g. The temperature was maintained at 320°C and the reac-
tion time was kept at 30 minutes (Figure 11). The liquefaction was done in ab-
sence of MNPs, the aim was to determine the optimum biomass to water loading
and the effect of biomass to water ratio on biocrude yield.

The biocrude yield increased steadily with increase in the mass ratio of bio-
mass to water. It reached its peak (46 wt%) at a mass ratio of biomass to water of
0.06 g/g then reduced slightly with further increase in the biomass to water ratio,

reaching its lowest value of 39 wt% at a ratio of 0.03 g/g (1:30) as seen in Figure 11.
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Figure 11. Percentage yield of biocrude, solid residue and gas at different mass ratios of
water hyacinth biomass to water after 30 minutes of HTL at 320°C.
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The gradual increase in biocrude yield with reducing biomass to water ratio is
possibly due to a steady increase in the effect of the H" and OH™ ions from water
since there concentration increases with the increasing mass of water. It is well
known that during the HTL process, hot compressed water is under subcritical
state and under such conditions, its properties are different from water at stan-
dard conditions [30]. These properties include: 1) weakening and reduction in
number of hydrogen bonds, 2) there are more ions in solution due to the in-
crease in ionic product of water (10 - 12 compared to 10 - 14 at 25°C) leading to
increased concentration of H+ and OH- ions [30], there is promotion of reac-
tions that are catalysed by acids and bases for example hydrolysis reactions and
3) there is an increase in the solubility of hydrophobic organic compounds due
to a reduced permittivity of water (from 78 F-m™ at 25°C and 1 bar to 14.07
F-m™ at 350°C and 200 bar) [31].

Therefore, increasing the amount of water increases the concentration of H*
and OH™ ions in the reaction medium and hence their reactive effect in convert-
ing biomass to biocrude oil increases. As a result, there was an increase in the
biocrude oil yield as observed in Figure 11.

However, further increase in the mass of biomass to water ratio had no sig-
nificant effect on increasing the biocrude yield. This is possibly due to presence
of excess H" and OH™ ions in the reaction mixture resulting in a reduction in
their catalytic activity hence a slight reduction in the biomass conversion to
biocrude oil. The solid residue yield decreased steadily with increasing amount
of water 7e. The very high solid residue yield initially at 0.2 g/g was potentially
due to a very low concentration of H* and OH™ ions reducing their catalytic role
in converting biomass to biocrude oil. As a result, much of the biomass was not
converted to biocrude resulting in a very low biocrude yield (Figure 11).

Another possible reason for the high solid residue yield and low biocrude
yields initially is that at high biomass to water ratios, there is a decreased solva-
tion for biomass components due to limited amount of water [32]. The decrease
in solvation limits the reactions that convert biomass to biocrude oil resulting in
a high solid residue. A similar observation was reported by Boocock ef al. when
liquefying wood. They reported that a low water to wood ratio affected the
chemical role of water in breaking down wood [33]. It can be concluded that an
optimum biomass to water ratio is needed in the HTL of biomass. Under these
experimental conditions, the optimum ratio of biomass to water was 1:18 (0.06
g/g). The steady increase in the gas yield with an increase in the amount of water
was potentially due to the increase in evaporation brought about by the in-
creased water content. The other possibility is that, higher solvent results in in-
creased solvolysis reactions which promote the splitting of chemical bonds of

intermediates to form definite products [28].

3.2.5. Analysis of Biocrude Oil Composition
To analyze the composition or quality of biocrude oils after HTL in presence and

absence of MNPs, elemental and GC-MS analysis were carried out on the bio-
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crude oil produced and the findings were presented in the sections below.

1) Elemental Analysis of biocrude oil

The C, H, N, O and S elemental analysis of biocrude oil was done at different
reaction times in presence and absence of MNPs (Table 1 and Figure 12). The
aim was to determine the effect of reaction time and MNPs on biocrude compo-
sition, High heating value (HHV) and energy recovery (ER). The carbon yield in
the biocrude oil was higher than that in the biomass feedstock and HTL in pres-
ence of MNPs presented higher yields of carbon than HTL in absence of MNPs
(Table 1 and Figure 12(a)). For HTL in presence of MNPs, the carbon content
increased from 35.1 wt% in the biomass feedstock to 63.5 wt% after 15 minutes
of HTL. Further increase in reaction time resulted in a gradual increase in car-
bon to a peak of 72.8 wt% after 60 minutes of HTL. Beyond 60 minutes there
was a gradual reduction in carbon yield with time as seen in Figure 12(a).

For HTL in absence of MNPs, the carbon content increased gradually from
35.1 wt% in biomass feedstock to 60.7 wt% after 15 minutes of HTL. Further in-
crease in reaction time led to a gradual increase in carbon up to a peak of 68.6
wt% after 60 minutes, then a gradual reduction beyond 60 minutes. The low
carbon yields at shorter reaction times are possibly due to a limited reaction time
for the conversion of biomass to biocrude. A reduction in carbon yield beyond
the optimum reaction time was possibly due to loss of carbon into the gas phase

in form of CO, due to excess heating. From these results, it is evident that the

Table 1. Elemental composition, HHV and ER of Biocrude produced from HTL of water hyacinth biomass in presence and ab-

sence of iron oxide MNPs at 320°C at different reaction times.

HTL Time (min) C N (0] S N/C* H/C* O/C* HHV ER
(wt%) (wt%) (wt%) (wt%) (wt%) - - - (MJ/kg) (%)
Biomass 351006 6.1+£0.00 54006 52.1+0.03 0.60+0.01 0.11 2.09 641 11.3+0.2 0.0
15 60.7+£0.09 7.6x+0.08 4.5+0.03 273+0.14 0.58+0.02 0.06 150 2.69 26.6+0.16 30.2=%0.03
30 62.7+0.05 79+0.04 3.7+£0.01 125+0.01 0.54+0.00 0.05 1.51 1.19 30.3+0.04 45.7=%0.05
45 654+0.04 82+0.07 32%+01 103+0.13 051+0.03 0.04 150 094 32.0+0.05 55.9=+0.03
60 686+0.12 8.1+006 28+0.03 7.4+0.14 045+0.00 0.03 1.42 0.69 335+0.16 62.6+0.06
85 67.5+003 79+0.04 25+001 7.0%+0.21 040%+0.01 0.03 140 0.66 329+0.01 58.0=*0.07
105 65.7+0.03 7.7+0.05 2.0+001 6.5%+0.14 035+0.01 0.03 141 0.63 32.1+0.03 47.8+0.01
With MNPs
15 63.5+0.13 79+£0.02 3.7+£001 206+0.16 05+£0.03 0.05 149 196 29.1+0.05 41.3%0.07
30 653+0.14 83+0.01 3.1+0.11 102+0.04 042%+0.03 0.04 153 092 322+0.06 554=0.03
45 68.5+0.06 85+0.01 24+001 84zx0.07 0.34+001 0.03 149 0.74 33.8+0.04 66.9%0.06
60 72.8+0.02 84+0.06 2.1+001 6.5%x0.00 0.31+0.00 0.02 138 0.58 355+0.01 73.2%0.13
85 71.5+0.16 79+0.03 1.8+0.00 6.1+x0.01 025000 0.02 133 0.58 344+0.1 659=%0.03
105 69.4+0.17 75+0.16 15+0.18 55+0.17 0.20+0.02 0.02 130 0.55 33.2+0.02 53.2+0.04
*Atomic ratios.
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optimum yield of carbon was obtained after 60 minutes of HTL under the speci-
fied reaction conditions. It is also clear that HTL in presence of MNPs resulted
in higher carbon yields. This shows that MNPs played a catalytic role by favoring

reactions that led to an increase in the carbon content of biocrude oil. The
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Figure 12. Elemental compositions of biocrude oil after HTL of water hyacinth at differ-
ent reaction times at 320°C and at a ratio of MNPs to water hyacinth of 0.2. (a) Carbon
content, (b) Hydrogen content, (c) Nitrogen content, (d) Oxygen content and (e) is Sul-
phur content at different reaction times. Reaction time 0 is when HTL has not been done
yet therefore stands for the composition in the water hyacinth biomass feedstock.

amount of hydrogen in the biocrude oil was higher than that in the biomass
from which it was derived (Table 1). The trend in hydrogen yield for catalyzed
and uncatalyzed HTL was similar but catalyzed HTL registered higher yields
(Table 1 and Figure 12(b)). For HTL in absence of MNPs (uncatalyzed), the
amount of hydrogen increased from 6.1 wt% in the biomass feedstock to 7.6 wt%
in biocrude oil after 15 minutes of HTL.

It increased further with increase in reaction time to a peak of 8.2 wt% after 45
minutes of HTL. Further increase in reaction time resulted in a gradual reduc-
tion in the hydrogen composition. For catalyzed HTL, the hydrogen composi-
tion increased from 6.1 wt% in biomass feedstock to 7.9 wt% after 15 minutes of
HTL. The highest yield of hydrogen (8.5 wt%) was observed after 45 minutes of
HTL in presence of MNPs.
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These results show that HTL results in an increase in the hydrogen content of
the biocrude oil compared to the biomass from which it was derived. In addi-
tion, more hydrogen yields can be realized when HTL is done in presence of
MNPs. Furthermore, a reaction time of 45 minutes is required to achieve the
highest hydrogen content in biocrude oil. It is also clear that MNPs played a cat-
alytic role in favoring reactions that lead to an increased production of hydrogen
from biomass. The nitrogen, oxygen and Sulphur content in the biocrude oil was
lower than that in the biomass from which it was derived (Table 1).

There was a gradual reduction in the amount of nitrogen, oxygen and Sulphur
with increase in reaction time for both catalyzed and uncatalyzed HTL. For cat-
alyzed HTL, the N, O and S yield was much lower compared to uncatalyzed
HTL. The nitrogen content in uncatalyzed HTL reduced from 5.4 wt% in the
biomass feedstock to 4.5 wt% in biocrude oil after 15 minutes of reaction and to
a lowest value of 2.0 wt% after 90 minutes of reaction. In uncatalyzed HTL, the
nitrogen content reduced from 5.4 wt% in the biomass feedstock to 3.7 wt% after
15 minutes and then to its lowest value of 1.5 wt% after 90 minutes of reaction
(Figure 12(c)). A similar reducing trend in nitrogen composition with time was
also observed in literature during HTL of algae feedstocks [34] [35]. The reduc-
tion in nitrogen content with time is possibly due to its portioning into the
aqueous phase in form of ammonia. The longer the reaction time the more ni-
trogen is lost into the aqueous phase, presence of MNPs seemed to fasten this
process. These results show that HTL of biomass results in the reduction of the
nitrogen content, more denitrogenation can be achieved with increased reaction
time and that presence of MNPs can lead to increased removal of nitrogen from
the biocrude oil. The MNPs potentially favor reaction which lead to increased
denitrogenation of the biocrude oil. Denitrogenation is essential since it im-
proves the fuels high heating value and reduces the release of harmful noxious
gases (NOx) into the atmosphere. A high hetero atom content (N and O) in the
biofuels imparts undesirable fuel characteristics such as a high viscosity and
acidity leading to a negative effect of the storage stability, combustion perfor-
mance and economic value [19] [36] [37].

The oxygen composition reduced from 52.1 wt% in the biomass feedstock to
27.3 wt% in biocrude oil after 15 minutes of HTL (Figure 12(d)). Increase in
reaction time resulted in a gradual reduction in the oxygen content up to its
lowest value of 6.5 wt% after 90 minutes of HTL in absence of MNPs. For cata-
lyzed HTL, the rate of deoxygenation was much higher, it reduced from 52.1
wt% in biomass feedstock to 20.6 wt% in biocrude oil after 15 minutes of HTL.
Increase in reaction time resulted in further decrease in oxygen yield of biocrude
oil to its lowest value of 5.5 wt% after 90 minutes of HTL. A similar trend in
deoxygenation of biocrude oil with time was observed in HTL of algae [12] [34]
[35]. Deoxygenation is potentially achieved through loss of oxygen into the gas
phase in form of CO and CO,. The longer the liquefaction the more the loss of
oxygen to the gas phase and hence the higher the rate of deoxygenation. The loss
of oxygen is much higher when HTL is done in presence of MNPs which play a
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catalytic role in deoxygenation of the biocrude oil. These results reveal that deox-
ygenation of biocrude oils can be achieved by increasing the reaction time even
in absence of a catalyst. But this comes at the expense of other essential elements
like carbon and hydrogen since increase in reaction time beyond the optimum
leads to a reduction in their percentage yield. HTL in presence of MNPs facili-
tates quicker deoxygenation and may be the solution to the above challenges.
MNPs potentially played a catalytic role by favoring deoxygenation reactions
resulting in an increased and faster removal of oxygen form biocrude oil. Biofu-
els generally contain a high oxygen content which is not desirable since it lowers
the high heating value of the fuel. Removal of oxygen from biofuels increases
their high heating value and energy recovery making them potentially competi-
tive with petroleum derived fuels.

The Sulphur composition reduced from 0.6 wt% in biomass feedstock to 0.35
wt% and 0.2 wt% in biocrude liquefied in presence and absence of MNPs respec-
tively (Figure 12(e)). It is clear that there was increasing desulphurization with
increase in reaction time. More Sulphur was removed when HTL was done in
presence of MNPs. This confirms that MNPs played a catalytic role in favoring
desulphurization reactions. A high Sulphur content in biofuel results in the pro-
duction of dangerous gases such as Sulphur dioxide gas which lead to formation
of acid rains.

For the HHV and ER, a similar trend with reaction time was observed for
both catalyzed and uncatalyzed (Figure 13). The HHV increased steadily with
increase in reaction time until a peak value was reached then it reduced gradual-
ly (Figure 13(a)). For catalyzed HTL, the HHV increased from 11.3 MJ-kg™" in
the biomass feedstock to a peak of 35.5 MJ/kg™ in the biocrude oil after 60 mi-
nutes of liquefaction. Beyond this time, a reduction in HHV was observed. For
HTL in absence of MNPs, the HHV increased from 11.3 MJ/kg™" in the biomass
feedstock to the highest value of 33.5 MJ-kg™' after 60 minutes of HTL. Beyond
this a slight reduction in HHV was observed.

The increase in HHV can be attributed to the reduction in the heteroatom (N
and O) content of the biocrude oil with time. Some studies have reported a re-
duction in the HHV values when there was a reduction in the N and O content
of the biocrude oils [15] [19] [24]. Increase in HHV with time is also attributed
to the increase in the C and H composition of biocrude oil with time as seen in
Table 2. The slight reduction in HHV beyond the peak time of 60 minutes is at-
tributed the reduction in the C and H content of the biocrude oil after 60 mi-
nutes of HTL. From these results, it is evident that HTL in presence of MNPs
resulted into a higher HHV than HTL in absence of MNPs. This is because,
when HTL was done in presence of MNPs (catalyzed), a higher C and H content
of biocrude oil was achieved. The higher the C and H content the higher HHV.

In addition, the low N and O content in biocrude oil from catalyzed HTL
contributed to the increase in the HHV. The higher the N and O content of bio-
crude the lower the HHV. This combined effect led to biocrude produced in
presence of MNPs having a higher HHV than biocrude produced in absence of
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Figure 13. Trend in the (a) HHV and (b) energy recovery of biocrude oil after HTL in
presence and absence of MNPs.

MNPs. For catalyzed HTL, the energy recovery increased steadily with reaction
time up to the peak value of 73% after 60 minutes of reaction and then reduced
gradually with increase in reaction time. A similar trend in ER was observed for
both catalyzed and uncatalyzed HTL (Figure 13(b)).

The increase in ER with increasing reaction time is attributed to the steady
increase in biocrude oil yields and HHVs between 0 to 60 minutes of reaction.
The reduction in ER after 60 minutes of HTL, is attributed to the steady reduc-
tion in biocrude oil yields and HHV's beyond 60 minutes of HTL.

The H/C, N/C and O/C atomic ratios were also calculated and as reported in
Table 1, there was a general reduction in atomic ratios with liquefaction time.
The O/C ratio indicates the polarity and abundance of polar oxygen containing
surface functional groups in the biocrude oil. A higher O/C ratio indicates that
there are more polar functional groups in the oil and a lower O/C ratio indicates

that there are less polar functional groups in the oil or a reduction in polarity of

DOI: 10.4236/jsbs.2021.114012

178 Journal of Sustainable Bioenergy Systems


https://doi.org/10.4236/jsbs.2021.114012

D. Egesa etal.

the oil. This also implies that there is a shift in the adsorption mechanism from
mainly ion exchange based to mainly physisorption or Van der Waals forces
[38]. Since the Van der Waals forces are weaker, the sorption capacity within the
oil drops. This is justified by the reduced viscosity of the biocrude oils at longer
reaction times and at higher liquefaction temperatures. Longer liquefaction time
is known to have a similar effect on biocrude oil as higher temperature liquefac-
tions.

For the H/C ratio, it is evident form Table 1 that there was a slight reduction
in the H/C ratio of the biocrude oil with increasing liquefaction time. It ranged
between 1.4 to 1.5 for catalyzed HTL and between 1.3 to 1.49 for uncatalyzed
HTL. The H/C ratio indicates the aromaticity of the fuel, the higher the H/C ra-
tio, the higher the energy efficiency of the fuel and the lower the CO, emissions
from its combustion. A very low H/C ratio like in benzene 1:12 (0.08) implies
that it is very difficult to burn the fuel without the production of carbon [37]
[38]. Therefore, the lower the H/C ratio the lower the energy efficiency of the
fuel and the higher the CO, emissions. On the other hand, the higher the H/C
ratio the higher the energy efficiency of the fuel and the lower the CO, emissions
from its combustion.

The N/C ratio reduced steadily from 0.11 in the biomass feedstock to a lowest
value of 0.03 in uncatalyzed biocrude oils and to 0.02 in catalyzed biocrude oils
(Table 1). This is in agreement with the steady reduction in the N content of the
biocrude oil with liquefaction time. The N/C ratio represents the amount of N
and C in the bio-oil and is an important process parameter for the solid content
in the oil. A high N content in the fuel is undesirable since it leads to production
of NOx gases during combustion. These results show that HTL in presence of
MNPs leads to an increased removal of N compounds from the biocrude oil
hence reduction in the N/C ratio. This reduction is much higher when HTL was
done in presence of MNPs.

2) GC-MS Analysis of biocrude oil

To further ascertain the identity and composition of the major compounds in
the biocrude oil, and to confirm the effect of MNPs on biocrude composition,
GC-MS analysis was done on the biocrude oil produced in presence and absence
of MNPs. The identities of the major individual compounds extracted by DCM
and their percentage relative areas were determined (Table 2, Figure 14 and
Figure 15). Peaks in the GC-MS chromatogram with percentage relative area of
less than 1% were not considered. The main compounds found in the biocrude
oil were grouped under hydrocarbons, organic acids and esters (Figure 14). The
hydrocarbons grouping consisted of the following compounds: undecane, dode-
cane, tetradecane, nonadecane, eicosane, heptadecane, octasane, 2 methyl-Pen-
tacosane, Hexacosane, Hopane and Tetratriacontane (Table 2).

The organic acid grouping consisted of acetic acid and carbonic acid while the
ester grouping consisted of Bis(2-ethylhexyl) phthalate. The hydrocarbon

grouping was the most dominant and among the hydrocarbons, Pentacosane,
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Figure 14. Distribution of the main grouped compounds in the biocrude oil after HTL of
water hyacinth in presence and absence of MNPs at 320°C for 60 minutes.
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Figure 15. GC-MS Chromatogram of bio-crude oil from water hyacinth after HTL at 320°C and 60 minutes of reaction time. (a)
HTL in absence of MNPs and (b) HTL in presence of MNPs.

eicosane and Hexacosane registered the highest compositions of 18.1%, 17.8%
and 14.9% respectively for the biocrude oil produced in presence of MNPs.
While for the biocrude oil produced in absence of MNPs, Hexacosane was the
most abundant (13.4%) followed by eicosane at 9.2%. It is interesting to note
that Pentacosane was below 1% for HTL in absence of MNPs while in presence
of MNPs it was 18.1%. This shows that MNPs may have played a catalytic role by
favoring reaction that led to the decomposition of cellular components like car-

bohydrates and oils to produce more Pentacosane hence increasing the number
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Table 2. Major compounds identified in the GC-MS chromatogram of biocrude oil after
HTL of water hyacinth in presence and absence of MNPs at 320°C for 60 minutes.

Relative area (%) Chemical
RT (min) Compound name
No MNPs With MNPs formular
4.39 Undecane 3.9 * C,H,,
5.501 Dodecane 3.5 * C,H,¢
7.25 Tetradecane 1.0 * C.H,,
16.369 Nonadecane 6.4 13.0 CsHyo
19.806 Eicosane 9.2 17.8 C,yHyp,
19.905 Acetic acid n-octadecyl ester 1.2 1.48 C,,H,,0,
20.88 Heptadecane, 2,6,10,15-tetramethyl- * 5.74 C, Hy,
21.941 Octacosane, 2-methyl- 2.7 1.27 C,0He,
22.744 Pentacosane * 18.1 C,sHs,
24.785 Bis(2-ethylhexyl) phthalate 2.2 1.8 C,,H;0,
24.85 Carbonic acid, eicosyl vinyl ester 14 2.9 C,;H,,0,
28.282 Hexacosane 13.8 14.9 CyHsy
28.282 Hopane 2.4 2.4 C,Hs,
33.048 Tetratriacontane 8.8 * C,,H,,
Total 56.5% 79.4

*Very small peaks with area less than 1% were left out.

of hydrocarbons in the biocrude oils. The organic acids and esters were present
in very small quantities, it is possible that during the HTL process, these may
have been converted to hydrocarbons through decarboxylation reactions or oth-
er reaction pathways.

Just as in elemental analysis, GC-MS results also revealed a high hydrocarbon
content, low composition of oxygenated compounds (acids and esters) and a
very low composition of nitrogenated and Sulphur compounds to below detect-
able levels (below 1%). These results show that HTL of water hyacinth biomass
can increase the hydrocarbon composition and reduce the oxygenated, nitroge-
nated and Sulphur compounds in biocrude oil. In addition, further gains in hy-

drocarbon yields can be achieved when HTL is done in presence of MNPs.

3.3. Recycling of MNPs

After HTL of water hyacinth, the MNPs were largely deposited in the solid resi-
due. These then were magnetically recovered as described in the methods sec-
tion. The recovered MNPs were then tested for their suitability as HTL catalysts.
The biocrude oil yields for the fresh and recycled MNPs was compared for up to
five cycles (Figure 16). The recycled MNPs were effective in increasing the bio-
crude oil yield for up to five cycles. The biocrude yield started reducing in the 4™
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Figure 16. A comparison of biocrude oil yields for the fresh and recycled MNPs (up to 5
cycles). HTL of water hyacinth was done at 320°C for 60 minutes.

cycle and the 5™ cycle had the lowest biocrude yield (57.1 wt%) for all the cata-
lyzed runs. It is evident from Figure 16 that HTL in absence of MNPs had the
lowest biocrude yield (53.5 wt%). This further confirms that MNPs played a cat-
alytic role in increasing the yield of biocrude oil in the hydrothermal liquefaction
of water hyacinth. These results show that MNPs can be used as HTL catalysts to
increase the biocrude oil yield and can be recycled magnetically for up to at least
four cycles. Recycling of the catalyst can save on the cost of buying new catalysts

for each batch hence making the process potentially economical.

3.4. Conclusions

This work reported for the first time the catalytic effect of MNPs in the hydro-
thermal liquefaction of water hyacinth. The MNPs were synthesized by the
co-precipitation process and characterized using TEM, XRD and UV-Vis. The
catalytic effect of the MNPs on the biocrude yield and composition was investi-
gated. The effect of HTL process conditions on yield and chemical composition
of biocrude oil was also investigated. It was observed that when HTL was done
in presence of MNPs, the biocrude yield increased. The highest increase in bio-
crude yield (5.2 wt%) was observed after 60 minutes of HTL at a mass ratio of
MNPs to biomass of 0.2, at a temperature of 320°C and at a mass ratio of bio-
mass to water of 1:18. It was also observed that MNPs played a catalytic role in
increasing the Carbon and Hydrogen content of biocrude oil and reducing the
Nitrogen, Oxygen and Sulphur content of biocrude oil. Liquefactions in presence
of MNPs resulted in a biocrude oil with a higher HHV and energy recovery. In
addition, GC-MS analysis confirmed a higher composition of hydrocarbons in
HTL reactions involving MNPs. Showing that MNPs played a catalytic role in
favoring reaction that led to increased production of hydrocarbons. Further-
more, MNPs were successfully recycled and re-used to efficiently catalyze the
HTL process for at least up to 5 cycles. Under the effect of HTL process condi-

tions on biocrude yield and composition, it was observed that: increasing the
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reaction time resulted in a gradual increase in biocrude yield up to a peak yield
and then a reduction in biocrude yield was observed with further liquefaction. In
addition, increasing the mass ratio of MNPs to biomass, MNPs to water and in-
crease in reaction temperature had similar effects of increasing the biocrude
yield up to an optimum level and then a gradual reduction in yield with further
liquefaction would be observed.

Therefore, we have demonstrated for the first time the application of magne-
tite nanoparticles in the catalytic HTL of water hyacinth. Resulting in increased
biocrude yield, improved biocrude oil quality through removal of N, O and S
compounds and increased HHV and ER as well as increased H/C ratio. We also
demonstrated that MNPs can be recycled in HTL of water hyacinth for up to 5
cycles culminating in a truly sustainable and potentially economical process.
More work is being done in our research group to upgrade the biocrude oil to

acceptable fuel standards.
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