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Abstract: This study provides fundamental insight and offers a promising catalytic hydrothermal
method to harness cranberry pomace as a potential bioenergy and/or hydrochar source. The physical
and chemical properties of Canadian cranberry pomace, supplied by Fruit d’Or Inc., were examined
and the optimum operational conditions, in terms of biocrude yield, were obtained by the I-optimal
matrix of Design Expert 11. Afterward, cranberry pomace hydrochar (CPH) and zeolite were
separately introduced to the hydrothermal liquefaction (HTL) process to investigate the benefits and
disadvantages associated with their catalytic activity. CPH was found to be a better host than zeolite
to accommodate cellulosic sugars and showed great catalytic performance in producing hydrocarbons.
However, high amounts of corrosive amino and aliphatic acids hinder the practical application of
CPH as a catalyst. Alternatively, zeolite, as a commercial high surface area catalyst, had a higher
activity for deoxygenation of compounds containing carbonyl, carboxyl, and hydroxyl groups than
CPH and resulted in higher selectivity of phenols. Due to the low hydrothermal structural stability,
coke formation, and narrow pore size distribution, further activations and modifications are needed
to improve the catalytic behavior of zeolite. Our results suggest that a composite composed of
CPH and zeolite can resolve the abovementioned limitations and help with the development and
commercialization of advanced biofuels from cranberry pomace.
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1. Introduction

Fruit processing industries in the world produce approximately 38.1 million metric tonnes (Mt)
of fruit waste. This remarkable amount of waste is gaining significant interest as a sustainable and
second-generation biofuel source [1]. Canada produces more than 25% of the world’s cranberries,
making the country the second-largest cranberry producer in the world. Cranberry pomace, as a major
by-product of juice processing, is normally directly discarded or, in the best-case scenario, used as animal
feed or composted along with the other municipal organic wastes [2]. These disposal methods have
been found to be a threat to the environment and human health. Due to the mentioned consequences
along with the depletion of fossil fuels, global warming, and eutrophication, the development of
an innovative method to process fruit waste is now a high priority worldwide [3]. Although huge
efforts were made to introduce fruit waste as an organic input of biogas plants, it cannot be simply
digested by conventional anaerobic digestion processes due to its poor cellulose content which limits
methanogenic processes [4]. However, fruit wastes have a moisture content of approximately 70%
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and contain various hydrothermally degradable compounds (e.g., fiber, protein, and reducing sugars),
which make it suitable to be used as a feedstock in the hydrothermal liquefaction (HTL) method [5].
For example, Anouti et al. analyzed the oil derived from the HTL of blackcurrant pomace with
standard normalized tests and compared its products with the specifications needed for conventional
fuels. The results showed that blackcurrant pomace oil cannot yet be used as a commercially tradable
product [6]. The key to reaching high yield and quality hydrocrude by HTL process is in designing
and using suitable catalysts. To date, the most studied and potentially important heterogeneous
catalysts are Pd, Pt, Fe, Ni, Co, Ru, and other metals supported on zeolite, which is still suffering
from disadvantages such as producing higher amounts of aromatics, heavy products, and cokes [7–9].
Therefore, the variety of post-synthetic modification protocols for zeolites have been studied [10].
Cocurrently, the use of hydrochar as a precursor of composite materials has been an increasing trend
in recent years [11]. Hydrochar-based composites made from the physical and chemical addition of
metal oxides, zeolites, nano carbons (i.e., carbon nanotubes, carbon nanofibers, graphene, and carbon
nitride), and polymers (i.e., polyaniline, polypyrrol, and polythiophene) have been developed for use
in various energy conversion and storage systems [12–16]. It is believed that the three-dimensional
(3D) structure of modified hydro/biochar uses the interconnected structure as channels for increasing
the density of reactants by creating a locally higher pressure [17]. This study provides considerable
insight into the necessity of producing a composite made from cranberry pomace hydrochar (CPH)
and commercial zeolite. To the best of our knowledge, no study has been conducted on petroleum
hydrocarbon fractions production (biodiesel, light gasoline, and gasoline) from cranberry pomace
using HTL and no investigation has compared the effect of hydrochar and zeolite as a catalyst on the
functional groups in the bio-oil portion.

This paper includes three main parts intending to develop advanced biofuel from cranberry
pomace. First, before conducting any experiments, the physical and chemical properties of cranberry
pomace supplied by Fruit d’Or Inc. were presented and discussed for the estimation of potential
biofuel production in the HTL process. Then optimum operational conditions were investigated
by the I-optimal matrix of Design Expert 11 for reaching a maximum yield of hydrocrude. Finally,
catalytic HTL tests were performed under the optimum condition. To this end, two different catalysts,
hydrochar and zeolite, were separately introduced in the HTL of cranberry pomace in a 300 mL Parker
Hastelloy high-pressure reactor. The results provide fundamental insight and offer an important
guideline for the future design of a composite composed of hydrochar and zeolite to take advantage of
both catalytic behaviors.

Our hypothesis is that a catalyst based on hydrochar and zeolite (hydrochar/zeolite composite)
can resolve present limitations and challenges for developing and commercializing advanced biofuels
such as biodiesel and bio-gasoline by:

• Creating meso/macropores into the micropores structure of the zeolite;
• Increasing the number of accessible active sites for macromolecules;
• Enhancing the thermal stability of the zeolite;
• Creating 3D interconnected structure using activated hydrochar.

2. Material and Methods

2.1. Feedstock and Chemicals

Cranberry pomace used in this study was kindly supplied by Fruit d’Or. Samples were collected
and immediately stored in the fridge at +4 ◦C. The cranberry pomace sample was analyzed for moisture
using AACC-method 44-15.02. Soluble and insoluble dietary fiber and total starch were quantified using
Megazyme® Integrated Total Dietary Fiber and Total Starch HK kits, respectively (Megazyme, Wicklow,
Ireland). Reducing sugars, extractable phenolics (EPP, which are extracted with aqueous-organic
solvents), hydrolyzable phenolic compounds (HPP, low molecular weight phenolic compounds that
need an acid hydrolysis to be extracted because they are bounded to the cell wall) and nonextractable



Energies 2020, 13, 6600 3 of 11

proanthocyanidins (NEPA, proanthocyanidins that cannot be extracted with aqueous-organic solvents
and need an acid hydrolysis at high temperatures), were analyzed as reported in detail in Pico et al. [18].
Particle size was determined in triplicate using a Mastersizer 2000 laser diffraction particle size analyzer
from Malvern Instruments (Worcestershire, UK). Last, crude protein content was determined following
AACC 46-30.01 using an automatic elemental analyzer (Leco, St. Joseph, MO, USA) for the analysis of
nitrogen, using the factor of 6.25 to convert the measured nitrogen into protein. Briefly, the cranberry
used in the study has a total moisture content, protein content, reducing sugars, and extractable
phenolics (EPP) of 13 ± 0.53%, 4.29 ± 0.02%, 6.34 ± 0.01%, and 2415.97 ± 66.57 (mg/100 g, FBBB, n = 12),
respectively. Table 1 gives the composition and elemental analysis of the biomass used in this study

Table 1. Physical and chemical properties of cranberry pomace supplied by Fruit d’Or Inc.

Parameters Cranberry ±

Moisture content (%) 13.00 0.53

Particle size (D 4.3) 286.85 2.28

Protein content (%) 4.29 0.02

TDF_IDF (%) 72.71 0.81

TDF_SDFP (%) 11.97 0.22

Total starch (%) no

Reducing sugars (%) 6.34 0.01

EPP (mg/100 g) 1210.11 143.43

HPP (mg/100) 2000.41 210.44

NEPA anthocyanidins (mg/100 g) 161.52 10.31

DPPH EPP (IC50) 2.52 0.21

DPPH HPP (IC50) 0.56 0.01

DPPH NEPA (IC50) 0.16 0.01

Carbon (%) 50.69 0.09

Hydrogen (%) 6.88 0.03

Nitrogen (%) 0.92 0.03

Oxygen (%) 45.86 0.12

Calcium (%) 0.05 0.01

Magnesium (%) 0.04 0.002

Potassium (%) 0.24 0.03

2.2. Hydrothermal Liquefaction Experiments

To perform the HTL experiments, a stirred reactor with 300 mL capacity, from Parker Hannifin
Corporation, USA was utilized. The material of the inside of the reactor is Hastelloy, which minimizes
contamination during experiments. Moreover, it benefits from a temperature controller that is equipped
with a cooling loop, allowing fast-response temperature alignment.

A mixture of 5 g of the sample by dry-basis and 25 g of water was introduced to the reactor for
each experiment. Nitrogen gas was passed through the reactor to purge it from air, and then used to
pressurize the reactor’s contents to ensure the experiments were held below the saturation temperature
of water. The heating jacket around the reactor was used to increase the temperature of the reactor’s
contents to the setpoint of the experiments (300, 325 and 350 ◦C). After holding the reactor at the
setpoint temperature for the specific residence time of each experiment (5, 20 and 35 min), it was
quickly cooled down to below 30 ◦C by switching off the heater and using the cooling loop inside
the reactor.



Energies 2020, 13, 6600 4 of 11

To quantify the mass yield of the gas phase, the gas inside of the reactor was collected by connecting
the reactor’s outlet valve to a graduated cylinder that was previously filled with water. The volume of
the initial nitrogen gas was then subtracted from the volume of the collected gas to find the volume of
the produced gas due to the reactions. The mass of the produced gas was then calculated assuming
that it is only composed of CO2. Finally, the gas yield was obtained by dividing the mass of the
produced gas by the initial mass of the sample. The liquid-hydrochar mixture was collected from the
reactor and separated using a filter paper. The solid portion was dried in a furnace at 105 ◦C overnight.
The hydrochar yield was then calculated by dividing the weight of the dried hydrochar by the weight
of the initial sample. Finally, the liquid yield was calculated by subtracting the sum of solid and gas
yield from 100%.

2.3. Characterization of Bioproducts

2.3.1. Py-GCMS Analysis

The liquid portions obtained from the HTL experiments were sent to a Frontier LAB pyrolizer
connected to an Agilent Technology 7890B GC and the Agilent 240 Ion Trap mass spectrometer (MS)
(Agilent Technologies, California, CA, USA) for further analysis. A U-shape quartz tube was used
to place samples with an approximate weight of 0.2–0.4 mg. Single-shot flash pyrolysis was carried
out with a 20 ◦C/ms heating rate, 300 ◦C setpoint temperature, and 20 s residence time. The flow
rate and split ratio of helium as the carrier gas were 20 mL/min and 20:1, respectively. The pyrolysis
products were separated in the Agilent HP-5 ms column (30 m × 0.25 mm i.d., film thickness 0.25 µm).
The temperature for the mass spectrometer ion source and the interface were adjusted at 230 and
300 ◦C, respectively, and scanning was conducted once per second in the range of 0–550 m/z. NIST mass
spectral database versions 147 and 27 with an identity threshold cut-off of 50 were used to identify
the peaks. Qualitative Analysis 10.0 Software could then integrate and identify the peaks and sort
them with respect to the peak area percentage at the corresponding retention time. The name of the
compounds, their structure, and their molecular formula was found by using the F-search tool of the
system. The main constituents in the pyrolysis vapor were specified by a semiquantitative study by
peak area % of each PyC.

2.3.2. BET Analysis

Quantachrome 4200e Surface Area and Pore Analyzer were used for the BET tests. The samples
were introduced in the degassing module of the analyzer for 3 h, prior to the BET analysis. Next,
the samples were reweighed to find the mass loss, and then they were placed in the analyzer for
multipoint BET analysis. By recording the volume of the adsorbate gas (nitrogen) at −196 ◦C,
and relative pressures ranging from 0.05 < P/Po < 0.97, the adsorption isotherm of each sample was
obtained. The isotherm was analyzed with the incorporated software of the BET machine to find the
targeted parameters such as specific surface area, pore-volume, and pore diameter of each sample.

3. Results and Discussion

3.1. Optimization of Operating Parameters for Maximum Yield of Biocrude

To obtain the optimum operational condition, the effects of two main parameters in HTL including
temperature and time on the responses including hydrochar, gas, biocrude, and aqueous phase yields
were investigated by the I-optimal matrix of Design Expert 11. Fourteen experiments were performed
as described in Table 2. The HTL process was carried out at temperatures ranging between 300 and
350 ◦C for 5, 20, and 35 min. The optimization method used in this study was similar to that described
in our previous work [19].

As shown in Figure 1a, by increasing the temperature from 300 to 350 ◦C and time from 5 to
35 min, the hydrochar yield experienced a significant decrease. The lowest hydrochar yield is related
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to a temperature of 350 ◦C, and residence time of around 35 min. This indicates the conversion of
biochemicals into biocrude or other phases. The biocrude yield (Figure 1b) shows a sharp increase
with an increase in the process temperature, up to around 325 ◦C. After this temperature, the yield
decreases significantly in higher residence times. The highest yield of the biocrude is around 34.98%,
which can be attributed to the temperature of 350 ◦C and residence times of 35 min. This phenomenon
is due to the improved self-ionization of water in which [H+] and [OH−] would liquefy large molecules
present in the CP into smaller compounds. Figure 1c demonstrates the aqueous phase yield versus
the binary combination of temperature and time. In this diagram, changes in the inserted variables
lead to aqueous phase yield varying from 33.03 to 36.19 wt%. Figure 1d shows the gas yield versus
the binary combination of time and temperature. In this diagram, it is shown that by increasing
both temperature and time, the gas yield increased from 10.07 to 14.19 wt%. Obviously, this is due
to the higher gasification at higher severity. Since the present study aimed to find the highest yield
of biocrude with minimal operational temperature, the temperature of 325 ◦C and retention time of
35 min was considered as the optimal operating condition for performing catalytic HTL. The results
are in agreement with the literature [20].

Figure 1. Effect of operating parameters on (a) hydrochar yield, (b) biocrude yield, (c) aqueous phase
yield, and (d) gas yield.
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Table 2. Design of experiments by the I-optimal matrix of Design Expert 11.

Run a:Temp B:Time Hydrochar Biocrude Aqueous Phase Gas

C min wt% wt% wt% wt%

1 325 35 19.47 34.90 33.03 12.60
2 325 20 20.98 33.09 33.80 12.13
3 350 35 18.16 33.01 34.82 14.01
4 350 20 18.69 34.19 34.02 13.10
5 350 5 19.21 32.80 35.11 12.88
6 325 20 20.80 33.15 33.98 12.07
7 325 35 19.40 34.98 33.07 12.55
8 325 5 22.14 31.59 34.29 11.98
9 350 5 19.28 32.87 34.85 13.00
10 350 20 18.77 34.12 33.78 13.33
11 350 35 18.11 32.55 35.15 14.19
12 300 5 25.22 30.00 34.71 10.07
13 300 35 22.56 31.68 34.62 11.14
14 300 20 23.01 30.11 36.19 10.69

3.2. Chemicals Identified Based on Their Functional Groups

More than 120 compounds were detected through Frontier LAB pyrolizer connected to an Agilent
Technology 7890B GC. To achieve a better understanding of the biocrude product releasing from
catalytic HTL of cranberry pomace, an in-depth investigation on acids, nitrogen compounds, ketones,
aldehydes, furans, phenols, alcohols, hydrocarbons, and esters was conducted for three different
scenarios: noncatalyst, hydrochar, and zeolite.

The selectivity of the functional groups is depicted in Figure 2. As the weight percentage of the
biocrude in all scenarios (noncatalyst, hydrochar, and zeolite) was the same, the corresponding
peak of any specific component in the biocrude, can be used to compare its concentration in
different scenarios [21,22]. As shown in Figure 2 and Table S1, in noncatalytic HTL, organic acids
(i.e., benzoic acid, oleic acid, palmitic acid, glutamic acid, and stearic acid) and furans (i.e., 2-Furfural,
5-Methylfuran-2(3H)-one, 5-Hydroxymethylfurfural) are the main components, the majority of which
are derived from the initial fragmentation of the C6 sugars like fructose and glucose [23]. In general,
small carbonyl and cellulose-derived compounds are the most prevalent compounds detected in the
biocrude derived from noncatalytic experimentation. In catalytic HTL of cranberry, lignin-derived
compounds such as guaiacol, catechol, 3-Methylcatechol, and p-vinylphenol were produced in
significant quantity. For the zeolite, the main functional groups are phenols (25.19%), which agrees
with the literature. Experimental studies on catalytic HTL over various zeolite-based catalysts
indicated that zeolites are the most effective catalyst for phenol production [24]. This phenomenon
is due to the better degradation of furfural intermediates into phenol over the acidic surface of
zeolite [25]. Hydrochar showed high selectivity for hydrocarbons (16.34%). The main reactions by
which hydrocarbons are produced include hydrogenation, deoxygenation, etherification, different C–C
formation reactions (e.g., aldol condensation, hydroxyalkylation, alkylation, and optional combinations)
of the hydroxymethylfurfural (HMF) and furfural obtained from chemical dehydration of hexoses
and pentoses [26]. Therefore, it can be concluded that further modification is needed for the zeolite
to make it a suitable catalyst for macro-molecules and simultaneously increase hydrocarbon content.
This study provides fundamental insights for synthesizing a catalyst composed of both hydrochar and
zeolite to take advantage of both catalytic behaviors.
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Figure 2. In-depth investigation of biocrude in terms of functional groups.

3.3. Decomposition Indicators in the HTL Process

Among all those chemicals detected by GCMS, carbon dioxide and levoglucosan have been
selected as two important indicators of decarboxylation and decomposition. Usually when zeolites are
used as a catalyst in the HTL process, most of the thermally produced oxygenates primarily go through
decarbonylation to form reaction intermediates, which subsequently will be converted into aromatics
over the zeolite catalyst [27]. This phenomenon confirms the higher selectivity of phenols (25.19%) in
zeolite than that from hydrochar (18.16%). Therefore, as can be seen in Figure 3, the selectivity of carbon
dioxide for zeolite hydrocrude (4.99%) is lower than hydrochar hydrocrude (7.17%), showing fewer
oxygenates in hydrocrude when the zeolite is used as a catalyst.

Figure 3. Two important indicators in HTL in terms of selectivity (%).

Levoglucosan is the most prevalent sugar derived from cellulose. The selectivity of levoglucosan
decreased significantly in both cases where catalysts were used, which is in agreement with previous
experimental observations [28–30]. The hierarchically porous carbon derived from cranberry could
potentially be a better host than zeolite to accommodate cellulosic sugars.
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3.4. Hydrocarbon Fractions in the Biocrude

Many researchers are looking for a novel approach or mechanism to produce the greatest yield
of fuel fractions, including light gasoline, heavy gasoline, and biodiesel from biomass. According to
the literature, Ketonization is the most important reaction by which the carboxylic functional groups
are removed, while simultaneously increasing the size of the carbon chain. The aldol condensation of
ketones and oligomerization of alkenes are responsible for producing molecules within the range of
fuel-sized molecules fuel molecular size range [21,26,28]. As it can be seen in Figure 4, the selectivity
of light gasoline (C5–C6) in the upgraded bio-oil is in the order of noncatalyst > zeolite > hydrochar.
It should be noted that the gasoline fraction hydrocarbons in noncatalytic HTL are mostly acids and
furans, therefore, it is a nonstable product with low energy content. Zeolite catalysts showed superior
activity towards gasoline (C7–C12) compared to that of a hydrochar catalyst. The selectivity for
gasoline is in the order of zeolite > hydrochar > noncatalyst. The heavy gasoline in zeolite is mainly
composed as a mixture of phenols and ketones. Hydrochar showed great catalytic performance in
producing biodiesel range hydrocarbons which make it a promising candidate for producing high
quality drop-in biofuel. However, high amounts of corrosive amino and aliphatic acids hinder the
practical application of solely using hydrochar as a catalyst. We believe that the results provide new
insights for catalytic HTL and emphasize on the necessity of producing a composite, composed of
hydrochar and zeolite. Our hypothesis about the catalytic effect of hydrochar and zeolite relies on
the combination of different catalytic effects in hydrochar and zeolite. Figure 5 summarizes the key
advantages and disadvantages of hydrochar, and zeolite derived from the current study.

Figure 4. Comparison of selected petroleum products in terms of selectivity (%).
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Figure 5. Advantages and disadvantages of zeolite and hydrochar catalysts.

3.5. BET Analysis

Table 3 presents the morphological characteristics of hydrochar and zeolite. In terms of pore size
distribution, zeolite had pore diameters of less than 2 nm, which is an indication of its narrow pore size
distribution. However, the pore size of hydrochar is distributed mainly with the region of mesopores
(20–30 nm), which makes it a better host for macromolecules [31]. The surface area of hydrochar and
zeolite were 10 and 603 m2 g−1, respectively. Thus, hydrochar solely, without chemical and/or physical
treatments, cannot be used as a catalyst support. Total pore volumes of hydrochar and zeolite were
0.45, and 0.65 cm3/g. Hydrochar had a higher pore volume, which has been inherited from the 3D
structure of hydrochar.

Table 3. Surface morphology data.

Morphological Characteristic Units Hydrochar Commercial Zeolite

BET surface area m2/g 10 603

Total pore volume cm3/g 0.45 0.646

Micropore volume cm3/g 0.001 0.384

Mesopore volume cm3/g 0.54 0.123

Micropore surface area m2/g 0.03 466

Mesopore surface area m2/g 9 137

Average pore diameter Nm 25 1.75

4. Conclusions

The physical and chemical characteristics of the hydrochar derived from fruit wastes may not
meet those of the conventional fuels. However, it may be a promising candidate as a sustainable
carbon part of composites. This study used CP for the catalytic and noncatalytic hydrothermal
liquefaction experiments. The advantages and disadvantages of using hydrochar and zeolite catalysts
were thoroughly discussed after characterization by Py-GCMS analysis. In noncatalytic HTL of CP,
organic acids (10.15%) and furans (3.7%) are the main components, which are mostly derived from
the initial fragmentation of the C6 sugars like fructose and glucose. In catalytic tests, both hydrochar
and zeolite not only mitigated the corrosive nature of hydrocrude, but also showed high selectivity
for hydrocarbon (16.34%) and phenols (25.19%), respectively. In addition to that, the selectivity of
levoglucosan decreased significantly in both catalytic scenarios. The results emphasize the necessity of
producing a composite, composed of hydrochar and zeolite. Our hypothesis about the catalytic effect
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of hydrochar/zeolite composite relies on the combination of different catalytic effects in hydrochar
and zeolite.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/24/6600/s1,
Table S1: Chemicals identified in the biocrude derived from Cranberry.

Author Contributions: O.N. designed the expriments and performed experimental work; M.H. and A.D. have
helped in scientific discussion to revise manuscript; M.M.M. have characterized the feedstock composition;
O.N. and M.H. wrote the manuscript; A.D. supervised the group during the entire process of project. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was founded by the Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA)
grant number HQP2019-1592.

Acknowledgments: We thank Elena Lee (University of Guelph, Canada) for support with proofreading the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ross, K.A.; Ehret, D.; Godfrey, D.; Fukumoto, L.; Diarra, M. Characterization of Pilot Scale Processed
Canadian Organic Cranberry (Vaccinium macrocarpon) and Blueberry (Vaccinium angustifolium) Juice
Pressing Residues and Phenolic-Enriched Extractives. Int. J. Fruit Sci. 2017, 17, 202–232. [CrossRef]

2. Struck, S.; Plaza, M.; Turner, C.; Rohm, H. Berry pomace-A review of processing and chemical analysis of its
polyphenols. Int. J. Food Sci. Technol. 2016, 51, 1305–1318. [CrossRef]

3. Ji, C.; Kong, C.X.; Mei, Z.L.; Li, J. A Review of the Anaerobic Digestion of Fruit and Vegetable Waste.
Appl. Biochem. Biotechnol. 2017, 183, 906–922. [CrossRef] [PubMed]

4. Razaghi, A.; Karthikeyan, O.P.; Hao, H.T.N.; Heimann, K. Hydrolysis treatments of fruit and vegetable waste
for production of biofuel precursors. Bioresour. Technol. 2016, 217, 100–103. [CrossRef] [PubMed]

5. Viswanath, P.; Sumithra Devi, S.; Nand, K. Anaerobic digestion of fruit and vegetable processing wastes for
biogas production. Bioresour. Technol. 1992, 40, 43–48. [CrossRef]

6. Anouti, S.; Haarlemmer, G.; Déniel, M.; Roubaud, A. Analysis of Physicochemical Properties of Bio-Oil from
Hydrothermal Liquefaction of Blackcurrant Pomace. Energy Fuels 2016, 30, 398–406. [CrossRef]

7. Savage, P.E.; Duan, P.; Savage, P.E. Hydrothermal Liquefaction of a Microalga with Heterogeneous Catalysts
Hydrothermal Liquefaction of a Microalga with Heterogeneous Catalysts. Ind. Eng. Chem. Res. 2016, 52–61.
[CrossRef]

8. Scarsella, M.; de Caprariis, B.; Damizia, M.; De Filippis, P. Heterogeneous catalysts for hydrothermal
liquefaction of lignocellulosic biomass: A review. Biomass Bioenergy 2020, 140, 105662. [CrossRef]

9. Xu, D.; Lin, G.; Guo, S.; Wang, S.; Guo, Y.; Jing, Z. Catalytic hydrothermal liquefaction of algae and upgrading
of biocrude: A critical review. Renew. Sustain. Energy Rev. 2018, 97, 103–118. [CrossRef]

10. Ennaert, T.; Van Aelst, J.; Dijkmans, J.; De Clercq, R.; Schutyser, W.; Dusselier, M.; Verboekend, D.; Sels, B.F.
Potential and challenges of zeolite chemistry in the catalytic conversion of biomass. Chem. Soc. Rev. 2016,
45, 584–611. [CrossRef]

11. Nizamuddin, S.; Jadhav, A.; Qureshi, S.S.; Baloch, H.A.; Siddiqui, M.T.H.; Mubarak, N.M.; Griffin, G.;
Madapusi, S.; Tanksale, A.; Ahamed, M.I. Synthesis and characterization of polylactide/rice husk hydrochar
composite. Sci. Rep. 2019, 9, 1–11. [CrossRef] [PubMed]

12. Chiappero, M.; Norouzi, O.; Hu, M.; Demichelis, F.; Berruti, F.; Di Maria, F.; Mašek, O.; Fiore, S. Review of
biochar role as additive in anaerobic digestion processes. Renew. Sustain. Energy Rev. 2020, 131. [CrossRef]

13. Norouzi, O.; Salimi, P.; Di Maria, F.; Pourhosseini, S.E.M.; Safari, F. Synthesis and Design of Engineered Biochars
as Electrode Materials in Energy Storage Systems; Springer: Singapore, 2019; ISBN 9789811337680.

14. Pourhosseini, S.E.M.; Norouzi, O.; Salimi, P.; Naderi, H.R. Synthesis of a Novel Interconnected 3D Pore
Network Algal Biochar Constituting Iron Nanoparticles Derived from a Harmful Marine Biomass as
High-Performance Asymmetric Supercapacitor Electrodes. ACS Sustain. Chem. Eng. 2018, 6, 4746–4758.
[CrossRef]

15. Norouzi, O.; Kheradmand, A.; Jiang, Y.; Di Maria, F.; Masek, O. Superior activity of metal oxide biochar
composite in hydrogen evolution under artificial solar irradiation: A promising alternative to conventional
metal-based photocatalysts. Int. J. Hydrogen Energy 2019, 44, 28698–28708. [CrossRef]

http://www.mdpi.com/1996-1073/13/24/6600/s1
http://dx.doi.org/10.1080/15538362.2017.1285264
http://dx.doi.org/10.1111/ijfs.13112
http://dx.doi.org/10.1007/s12010-017-2472-x
http://www.ncbi.nlm.nih.gov/pubmed/28417424
http://dx.doi.org/10.1016/j.biortech.2016.03.041
http://www.ncbi.nlm.nih.gov/pubmed/27020125
http://dx.doi.org/10.1016/0960-8524(92)90117-G
http://dx.doi.org/10.1021/acs.energyfuels.5b02264
http://dx.doi.org/10.1021/ie100758s
http://dx.doi.org/10.1016/j.biombioe.2020.105662
http://dx.doi.org/10.1016/j.rser.2018.08.042
http://dx.doi.org/10.1039/C5CS00859J
http://dx.doi.org/10.1038/s41598-019-41960-1
http://www.ncbi.nlm.nih.gov/pubmed/30931991
http://dx.doi.org/10.1016/j.rser.2020.110037
http://dx.doi.org/10.1021/acssuschemeng.7b03871
http://dx.doi.org/10.1016/j.ijhydene.2019.09.119


Energies 2020, 13, 6600 11 of 11

16. Norouzi, O.; Di Maria, F. Catalytic effect of functional and Fe composite biochars on biofuel and biochemical
derived from the pyrolysis of green marine biomass. Fermentation 2018, 4, 96. [CrossRef]

17. Norouzi, O.; Di Maria, F.; Dutta, A. Biochar-based composites as electrode active materials in hybrid
supercapacitors with particular focus on surface topography and morphology. J. Energy Storage 2020,
29, 101291. [CrossRef]

18. Pico, J.; Xu, K.; Guo, M.; Mohamedshah, Z.; Ferruzzi, M.G.; Martinez, M.M. Manufacturing the ultimate
green banana flour: Impact of drying and extrusion on phenolic profile and starch bioaccessibility. Food Chem.
2019, 297, 124990. [CrossRef]

19. Heidari, M.; Norouzi, O.; Salaudeen, S.A.; Acharya, B.; Dutta, A. Prediction of hydrothermal carbonization
with respect to the biomass components and severity factor. Energy Fuels 2019. [CrossRef]

20. Kumar, H.; Muppaneni, T.; Ponnusamy, S.; Sudasinghe, N.; Pegallapati, A.; Selvaratnam, T.; Seger, M.;
Dungan, B.; Nirmalakhandan, N.; Schaub, T.; et al. Temperature effect on hydrothermal liquefaction of
Nannochloropsis gaditana and Chlorella sp. Appl. Energy 2016, 165, 943–951. [CrossRef]

21. Liu, C.; Zhao, Q.; Lin, Y.; Hu, Y.; Wang, H.; Zhang, G. Characterization of Aqueous Products Obtained
from Hydrothermal Liquefaction of Rice Straw: Focus on Product Comparison via Microwave-Assisted and
Conventional Heating. Energy Fuels 2018, 32, 510–516. [CrossRef]

22. Taghavi, S.; Norouzi, O.; Tavasoli, A.; Di Maria, F.; Signoretto, M.; Menegazzo, F.; Di Michele, A.
Catalytic conversion of Venice lagoon brown marine algae for producing hydrogen-rich gas and valuable
biochemical using algal biochar and Ni/SBA-15 catalyst. Int. J. Hydrogen Energy 2018, 43, 19918–19929.
[CrossRef]

23. Hu, X.; Jiang, S.; Wu, L.; Wang, S.; Li, C.Z. One-pot conversion of biomass-derived xylose and furfural into
levulinate esters via acid catalysis. Chem. Commun. 2017, 53, 2938–2941. [CrossRef] [PubMed]

24. Liu, C.; Wang, H.; Karim, A.M.; Sun, J.; Wang, Y. Catalytic fast pyrolysis of lignocellulosic biomass.
Chem. Soc. Rev. 2014, 43, 7594–7623. [CrossRef] [PubMed]

25. Saba, A.; Lopez, B.; Lynam, J.G.; Reza, M.T. Hydrothermal Liquefaction of Loblolly Pine: Effects of Various
Wastes on Produced Biocrude. ACS Omega 2018, 3, 3051–3059. [CrossRef]

26. Climent, M.J.; Corma, A.; Iborra, S. Conversion of biomass platform molecules into fuel additives and liquid
hydrocarbon fuels. Green Chem. 2014, 16, 516–547. [CrossRef]

27. Wang, K.; Kim, K.H.; Brown, R.C. Catalytic pyrolysis of individual components of lignocellulosic biomass.
Green Chem. 2014, 16, 727–735. [CrossRef]

28. Adam, J.; Blazsó, M.; Mészáros, E.; Stöcker, M.; Nilsen, M.H.; Bouzga, A.; Hustad, J.E.; Grønli, M.; Øye, G.
Pyrolysis of biomass in the presence of Al-MCM-41 type catalysts. Fuel 2005, 84, 1494–1502. [CrossRef]

29. Pan, X.; Fan, Z.; Chen, W.E.I.; Ding, Y.; Luo, H.; Bao, X. Enhanced ethanol production inside carbon-nanotube
reactors containing catalytic particles. Nat. Mater. 2007, 507–511. [CrossRef]

30. Yang, L.; Tsilomelekis, G.; Caratzoulas, S.; Vlachos, D.G. Mechanism of Brønsted Acid-Catalyzed Glucose
Dehydration. ChemSusChem 2015, 8, 1334–1341. [CrossRef]

31. Pourhosseini, S.E.M.; Norouzi, O.; Naderi, H.R. Study of micro/macro ordered porous carbon with
olive-shaped structure derived from Cladophora glomerata macroalgae as efficient working electrodes of
supercapacitors. Biomass Bioenergy 2017, 107, 287–298. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/fermentation4040096
http://dx.doi.org/10.1016/j.est.2020.101291
http://dx.doi.org/10.1016/j.foodchem.2019.124990
http://dx.doi.org/10.1021/acs.energyfuels.9b02291
http://dx.doi.org/10.1016/j.apenergy.2015.11.067
http://dx.doi.org/10.1021/acs.energyfuels.7b03007
http://dx.doi.org/10.1016/j.ijhydene.2018.09.028
http://dx.doi.org/10.1039/C7CC01078H
http://www.ncbi.nlm.nih.gov/pubmed/28225129
http://dx.doi.org/10.1039/C3CS60414D
http://www.ncbi.nlm.nih.gov/pubmed/24801125
http://dx.doi.org/10.1021/acsomega.8b00045
http://dx.doi.org/10.1039/c3gc41492b
http://dx.doi.org/10.1039/C3GC41288A
http://dx.doi.org/10.1016/j.fuel.2005.02.006
http://dx.doi.org/10.1038/nmat1916
http://dx.doi.org/10.1002/cssc.201403264
http://dx.doi.org/10.1016/j.biombioe.2017.10.025
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Feedstock and Chemicals 
	Hydrothermal Liquefaction Experiments 
	Characterization of Bioproducts 
	Py-GCMS Analysis 
	BET Analysis 


	Results and Discussion 
	Optimization of Operating Parameters for Maximum Yield of Biocrude 
	Chemicals Identified Based on Their Functional Groups 
	Decomposition Indicators in the HTL Process 
	Hydrocarbon Fractions in the Biocrude 
	BET Analysis 

	Conclusions 
	References

