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Abstract: Agricultural waste, particularly lignocellulose, has been used in the second generation of
biogas. Coffee pulp and chicken feathers can be developed as biogas raw materials because of their
suitability as a biogas substrate. This study investigates the effect of the percentage of total solids
(TS), carbon to nitrogen ratio (C/N, g/g), and delignification pretreatment on biogas production from
coffee pulp and chicken feathers, and aims to compose kinetics using the modified Gompertz model.
The results show that adjusting the percentage of TS at low-level speeds up the degradation process,
which increases chemical oxygen demand (COD) reduction and biogas production. COD reduction
and biogas production increase optimally at the 25 (g/g) C/N ratio. Pretreatment delignification
aids microorganisms in substrate decomposition, resulting in faster COD reduction and biogas
conversion. The 25% TS and 25 (g/g) C/N ratio with the delignification process achieved the best
biogas production, with biogas production of 10,438.04 mL. The Gompertz method shows that the
difference in TS percentage can influence biogas production. Moreover, the method shows that biogas
production is higher with the delignification process than without it.

Keywords: biogas production; chicken feathers; coffee pulp; liquid-state anaerobic digestion; solid-
state anaerobic digestion

1. Introduction

Energy sustainability is one of the significant issues in this era. Based on the British
Petroleum (BP) Statistical Review of World Energy, global energy needs are linear with
the number of births, which means that energy consumption increases every year because
of the world population growth [1]. Global energy development is in the process of
transitioning into renewable energy [2]. Renewable energy is produced from biomass,
water, photovoltaic solar, and geothermal sources [3], including biogas. Biogas mainly
contains methane and carbon dioxide, hydrogen, hydrogen sulfide, nitrogen, and oxygen in
minor quantities [4]. Biogas is produced from farm waste, such as cow manure [5], cabbage
waste, chicken feces [6]. Another potential waste raw material for biogas production is
food industry waste [7].

Coffee is one of the largest commodities in world trade after crude oil. Coffee pulp
waste has a good fiber and protein content of 17% and 10.4%, respectively, and is processed
for another purpose [8]. Chicken feathers are another potential protein source because
they contain 85–95% of protein [9]. Ruminants cannot digest undegradable protein of
53.6–87.9% from chicken feathers. Anaerobic digestion is a biochemical decomposition
process using anaerobic microorganisms in an anaerobic condition, which means no oxygen
is needed. Anaerobic digestion is divided into two major types: liquid-state anaerobic
digestion (LS-AD) and solid-state anaerobic digestion (SS-AD). Both methods demonstrate
a good result in biogas formation. In previous research by Manan and Webb, the water
content in SS-AD was in the range of 12–70%, whereas LS-AD is different and needs more
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Abstract: This study focuses on the valorization of the organic fraction of municipal solid waste
(biopulp) by hydrothermal liquefaction. Thereby, homogeneous alkali catalysts (KOH, NaOH, K2CO3,
and Na2CO3) and a residual aqueous phase recirculation methodology were mutually employed
to enhance the bio-crude yield and energy efficiency of a sub-critical hydrothermal conversion
(350 ◦C, 15–20 Mpa, 15 min). Interestingly, single recirculation of the concentrated aqueous phase
positively increased the bio-crude yield in all cases, while the higher heating value (HHV) of the bio-
crudes slightly dropped. Compared to the non-catalytic experiment, K2CO3 and Na2CO3 effectively
increased the bio-crude yield by 14 and 7.3%, respectively. However, KOH and NaOH showed
a negative variation in the bio-crude yield. The highest bio-crude yield (37.5 wt.%) and energy
recovery (ER) (59.4%) were achieved when K2CO3 and concentrated aqueous phase recirculation
were simultaneously applied to the process. The inorganics distribution results obtained by ICP
reveal the tendency of the alkali elements to settle into the aqueous phase, which, if recovered, can
potentially boost the circularity of the HTL process. Therefore, wise selection of the alkali catalyst
along with aqueous phase recirculation assists hydrothermal liquefaction in green biofuel production
and environmentally friendly valorization of biopulp.

Keywords: hydrothermal liquefaction; municipal solid waste; biopulp; alkali catalyst; aqueous
phase recirculation

1. Introduction

In recent decades, urbanization and increasing population density in urban areas
have resulted in a surge in municipal solid waste (MSW) generation [1]. Whereas the
nowadays global MSW production capacity is approximately 2.01 billion tons per year
(2016), predicted by the World Bank Group, this number is estimated to increase further
by 70% to 3.40 billion metric tons by 2030 [2–4]. On the other hand, waste treatment
facilities have not progressed at the same pace, and henceforth their lack of capacity can
lead to catastrophic environmental issues. Depending on the region, around 28–58% of the
produced MSW by most countries consists of organic waste [5]. Thus far, this type of residue
has been viewed as the bothersome part of MSW that can hamper the usage of recycling
technologies, but, at the same time, it represents a sustainable source of carbon exploitable
for liquid fuels and nutrients for agriculture. The organic fraction of MSW contains a
considerable moisture content, making valorization techniques such as incineration cost-
prohibitive. Moreover, being exposed to non-biodegradable materials such as polymers,
it is often contaminated by a significant amount of macro- and microplastics that can
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Abstract: In this work, the biomass productivity for biorefinery products and growth curves of
three autochthonous microalgae collected in different reservoirs (“Scenedesmus sp.” (SSP), mixture
of Scenedesmus sp., Chlorella minutissima, Chlorellas sp. and Nannochloropsis sp. named “La Orden”
(LO) consortium and Chlorella minutissima named “Charca Brovales” (CB) consortium) were studied
in a 5.5 L column laboratory photobioreactor. Two different culture media, Arnon culture (AM)
and an agriculture fertilizer-based liquid medium (FM), have been used to evaluate the growth
effect of the microalgae; it was found that the medium has a clear effect on the biomass productivity
and growth rate, which ranged between 0.26–0.498 g L−1 d−1 and 0.288–0.864 d−1, respectively. In
general, the elemental analysis and higher heating value of microalgae biomass for the three species
were independent of the culture medium used for its growth, while their lipids and sugars content
depended upon the species type and culture medium used in the cultivation. “La Orden” microalga
was selected (given its best adaption to the climatic conditions) to study the biomass productivity
and growth rate in two exterior photobioreactors (100 L column and 400 L flat panel), using FM as a
medium, obtaining values of 0.116–0.266 g L−1 d−1 and 0.360–0.312 d−1, respectively. An automation
and control system was designed to operate the exterior photobioreactors pilot plant. The lipid
content of this microalga in these photobioreactors was lower than in the laboratory one, with a
fatty acids profile with predominantly palmitic, oleic, linoleic and linolenic acids. Also, the fresh
biomass collected from these photobioreactors was studied in a batch type digestion process for
biogas production, obtaining a CH4 yield of 296 ± 23 L CH4 kgVSS

−1 added with a reduction in
percentage of COD and vs. of 50 ± 1% and 50 ± 1.7%, respectively.

Keywords: autochthonous microalgae; culture medium; biorefinery; biomass production; biofuels

1. Introduction

The 2030 climate and energy framework sets targets for cutting greenhouse gas emis-
sions and increasing the share of renewable energy and energy efficiency [1]. Under the
energy union, the EU is working to integrate Europe’s energy markets, ensure energy
security, improve energy efficiency and decarbonize the economy. In this sense, in the
last years, the biorefinery concept has been implemented. According to this concept, a
system must guarantee a unified approach in the generation of valuable materials and
biofuels via the integration of biomass conversion processes [2]. A quite complete review
has been published describing the possible conversion technologies to transform meat
processing waste into biochemicals and biofuels [3]. In this line, alternative renewable

Energies 2021, 14, 4567. https://doi.org/10.3390/en14154567 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3531-5486
https://orcid.org/0000-0003-2094-209X
https://orcid.org/0000-0001-9642-8236
https://doi.org/10.3390/en14154567
https://doi.org/10.3390/en14154567
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14154567
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14154567?type=check_update&version=2
OPTION
Highlight

OPTION
Highlight



energies

Article

Organic-Inorganic Novel Green Cation Exchange Membranes
for Direct Methanol Fuel Cells

Marwa H. Gouda 1, Tamer M. Tamer 1,*, Abdelaziz H. Konsowa 2, Hassan A. Farag 2 and
Mohamed S. Mohy Eldin 1,*

����������
�������

Citation: Gouda, M.H.; Tamer, T.M.;

Konsowa, A.H.; Farag, H.A.; Mohy

Eldin, M.S. Organic-Inorganic Novel

Green Cation Exchange Membranes

for Direct Methanol Fuel Cells.

Energies 2021, 14, 4686. https://

doi.org/10.3390/en14154686

Academic Editor:

George Avgouropoulos

Received: 5 May 2021

Accepted: 22 July 2021

Published: 2 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Polymer Materials Research Department, Advanced Technology and New Materials Research
Institute (ATNMRI), City of Scientific Research and Technological Applications City (SRTA-City),
Alexandria 21934, Egypt; marwagouda777@yahoo.com

2 Chemical Engineering Department, Faculty of Engineering, Alexandria University, Alexandria 21544, Egypt;
akonsowa@alexu.edu.eg (A.H.K.); abualy2125@yahoo.com (H.A.F.)

* Correspondence: ttamer85@gmail.com (T.M.T.); mohyeldinmohamed@yahoo.com (M.S.M.E.)

Abstract: Commercializing direct methanol fuel cells (DMFC) demands cost-effective cation exchange
membranes. Herein, a polymeric blend is prepared from low-cost and eco-friendly polymers (i.e., iota
carrageenan (IC) and polyvinyl alcohol (PVA)). Zirconium phosphate (ZrPO4) was prepared from the
impregnation–calcination method and characterized by energy dispersive X-ray analysis (EDX map),
X-ray diffraction analysis (XRD), Fourier transform infrared spectroscopy (FTIR), and transmission
electron microscopy (TEM), then incorporated as a bonding and doping agent into the polymer blend
with different concentrations. The new fabricated membranes were characterized by SEM, FTIR,
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and XRD. The results
revealed that the membranes’ physicochemical properties (oxidative stability, tensile strength) are
enhanced with increasing doping addition, and they realized higher results than Nafion 117 because
of increasing numbers of hydrogen bonds fabricated between the polymers and zirconium phosphate.
Additionally, the methanol permeability was decreased in the membranes with increasing zirconium
phosphate content. The optimum membrane with IC/SPVA/ZrPO4-7.5 provided higher selectivity
than Nafion 117. Therefore, it can be an effective cation exchange membrane for DMFCs applications.

Keywords: carrageenan; poly(vinyl alcohol); cation exchange membrane; direct methanol fuel cell;
zirconium phosphate

1. Introduction

Fuel cells are utilized to directly transform the chemical reaction into electrical power.
There are many kinds of fuel cells, such as methanol, ethanol, hydrogen, etc., and they
achieve low pollution [1]. The DMFC, as a class of H exchange membrane fuel cells
(PEMFC), is broadly used in home appliances, automobiles, aerospace, and other areas [2].

The membrane works as a separator between the methanol and oxidant and provides
the chance for ions’ conduction in the fuel cell. Nafion membranes are the most perflu-
orinated PEMs used in the DMFCs due to their good ionic conductivity and chemical
and mechanical stability [1,3], although their preparation requires high costs and complex
steps [4,5]. Their substitution by inexpensive and green membranes is essential [6–8].

Scientists develop fuel cell membranes via sulfonation of polymers, blending [9],
or adding a doping agent. Materials with functionalizing carbon and porous and func-
tionalized inorganic materials have been used with membranes to replace Nafion mem-
branes [9,10]. Non-perfluorinated polymers, such as poly(ether ether ketone), poly(styrene),
and poly(benzimidazole), are the polymers commonly used for the preparation of novel
alternative membranes [10–12]. Preparation of these non-degradable polymers demands a
long time, toxic solvents, and high temperature, making the membranes’ fabrication costly,
complicated, and not green. From an economic and technological perspective, using green,
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