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(b) 

Figure 2. The potential application of (a) rice husk and (b) rice straw for fuel and power generation.

Kadam et al. [49] stated that for every ton of rice grain obtained, there is at least 1.35 tons of rice
straw residue remaining in the fields. Therefore, looking at the paddy production reported in previous
studies, it becomes clear that the amount of agricultural rice straw residue produced is extremely high.
According to Zhiqiang Liu [50], rice straw waste represents about 62% of the rice production in China,
and it is not utilized properly for energy generation. In Taiwan, during 2007, based on the paddy field
area of 9375 ha, around 0.0563 million tons of wet and fresh rice straw remained at farms following the
rice harvest. The total planted area was 38,862 ha, producing up to 0.233 million tons of rice straw [51].
Different researchers have reported different residue ratios of rice straw and rice husk, varying from 1.0
to 3.96 and 0.2 to 0.33, respectively. Table 1 shows the rice crop, rice straw, and rice husk production of
the top 20 rice-producing countries. Globally, 769.75 million tons of rice straw and 153.95 million tons
of rice husk was produced in 2017, which could have been used to produce 638.03 PJ of energy [38].

Table 1. Rice crop, rice straw, and rice husk production in the top 20 rice-producing countries in
2017 [52].

Countries
Rice Crop

(million tons)
Predicted Rice

Husk a
Predicted Rice

Straw b
Energy

Potential (PJ)

China, mainland 212.68 42.54 212.68 638.03
India 168.50 33.70 168.50 505.50

Indonesia 81.38 16.28 81.38 244.15
Bangladesh 48.98 9.80 48.98 146.94

Vietnam 42.76 8.55 42.76 128.29
Thailand 33.38 6.68 33.38 100.15
Myanmar 25.62 5.12 25.62 76.87

Philippines 19.28 3.86 19.28 57.83
Brazil 12.47 2.49 12.47 37.41

Pakistan 11.17 2.23 11.17 33.52
Cambodia 10.35 2.07 10.35 31.05

Nigeria 9.86 1.97 9.86 29.59
Japan 9.78 1.96 9.78 29.34
USA 8.08 1.62 8.08 24.25

Egypt 6.38 1.28 6.38 19.14
Republic of Korea 5.28 1.06 5.28 15.85

Nepal 5.23 1.05 5.23 15.69
Lao People’s Democratic Republic 4.04 0.81 4.04 12.12

Madagascar 3.10 0.62 3.10 9.30

World total 769.75 153.95 769.75 638.03

a Predicted residue ratio of 0.2 and b predicted residue ratio of 1.0.
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4. Characteristics of Rice Crop Residues

The size of rice husks is normally uniform, similar to the size of grain, and they are normally
very dry with a very low moisture content. Husks are normally collected at the factory level where
grain is processed. Rice husk has good market access and can be traded, because there are already
established rice husk power plants (e.g., the 2.5 MW rice-husk-based cogeneration plant at Hanuman
Agro Industries Limited), and it can also be used in the co-firing process. Husks do not require
preprocessing due to their low moisture content and high ash content, and so can be directly used for
heat generation or energy generation in power plants [18,53,54]. Rice straw is usually very bulky and it
is normally dry, although under circumstances of the rainy season, it is normally wet. It is a field-based
resource that most farmers do not collect from the field after the harvesting process. However, both
rice straw and rice husk are composed of hemicellulose (35.7% and 28.6%), cellulose (32% and 28.6%),
lignin (22.3% and 24.3%), and extractive matter (10% and 18.4%), respectively.

In addition, rice crop residues have several properties which can be determined through proximity
analysis, ultimate analysis, and elemental analysis. Both residues of rice crops also have high heating
values of 15.84 MJ/kg and 15.09 MJ/kg, respectively, which indicates their energy content and potential
as a source of power generation. Table 2 lists the important properties of rice crop residues [38,55,56].
The properties of crop residues affect combustion performance during power generation. For example,
extractive content characteristics play a role in higher heating values (HHV) and lower ash contents.
The presence of Na, K, and P also lowers the melting point of rice husk and rice straw, which may
cause fouling and corrosion.

Table 2. Properties of rice crop residues.

Analysis Properties Rice Husk Rice Straw References

Constant volume HHV MJ/kg 15.84 15.09 [38]

Proximate analysis FC 16.22 15.86 [55]
(% dry fuel) VM 63.52 65.47

AC 20.26 18.67

Ultimate analysis C 38.83 38.24 [55]
(% dry fuel) H 4.75 5.20

O2 35.47 36.26
N 0.52 0.87
S 0.05 0.18
Cl 0.12 0.58
AC 20.26 18.67

Elemental analysis of ash (%) SiO2 91.42 74.67 [55,56]
Al2O3 0.78 1.04
TiO2 0.02 0.09

Fe2O3 0.14 0.85
CaO 3.21 3.01
MgO <0.01 1.75
Na2O 0.21 0.96
K2O 3.71 12.30
SO3 0.72 1.24

P2O5 0.43 1.41

5. The Conversion Process of Rice Crop Residues into Power

Rice straw has three key elements: silica, high cellulose, and a long decomposition period.
Rice straw is widely used, including as animal feed and to produce non-wood fibers for newsprint
production and corrugated mediums. Rice straw can be converted into bioethanol, a clean-burning
fuel [57]; however, this requires a costly chemical conversion process. Rice straw can also be used as a
fuel source in a combustor or utility boiler. It is necessary to avoid slagging and fouling during the
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boiling and combustion processes. There are two processes for harvesting energy from rice straw [58]:
thermochemical and biochemical processes. The choice of conversion process depends upon the
type and quantity of biomass feedstock; the desired form of the energy, i.e., end-user requirements;
environmental standards; economic conditions; and project-specific factors. Figure 3 shows a typical
rice husk power plant. The details of both thermochemical and biochemical processes are discussed in
the following sections.

5.1. Thermochemical Processes

The thermochemical conversion processes can be classified into two categories: direct conversion
of biomass to energy products, and conversion of biomass into another form which can be used later to
produce energy. The thermochemical processes include direct combustion, gasification, and pyrolysis.

5.1.1. Direct Combustion

In this process, the chemical energy stored into the biomass is converted into heat, electricity,
or mechanical power by burning the biomass in the presence of air. For feasible energy production,
the biomass should have a moisture content of less than 50%. This process has some disadvantages.
In most cases, pretreatment of biomass is important before burning. Some pretreatment processes
include drying, chopping, grinding, etc. Pretreatment processes increase financial costs and energy
expenditure [59,60]. Combustion is the most widely used thermochemical process, especially in
developing countries, accounting for some 97% of the bioenergy obtained worldwide [61,62]. Indirect
combustion processes refer to the use of biomass as a source of fuel in a boiler, contributing to the
production of steam in the presence of oxygen in the boiler. The steam is used to generate heat and
electricity concurrently using a turbine.

 
Figure 3. A typical rice husk power plant.
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5.1.2. Gasification

The biomass is heated at high temperatures (800–900 ◦C) with an insufficient supply of air (partial
oxidation); as a result, a combustible gas mixture is produced. Rice husk gasification power generation
has become very popular in many Asian countries like China, Indonesia, India, Thailand, Cambodia,
and the Philippines. The advantages of gasification are that the gas produced can be used in gas
engines, gas turbines, and fuel cells for electricity generation at higher efficiency. Pode et al. [63]
mentioned that one ton of rice husk can produce 800 kWh of electric power and can save about 1 ton
of CO2 emissions compared to current uses. Prasara et al. [64] mentioned that an ideal gasification
process yields only non-condensable gas and ash residue. Susastriawan et al. [65] investigated the
compatibility of a downdraft gasifier using different feedstocks such as rice husk, sawdust, and their
mixture, and found that the optimum equivalence ratios of the producer gas were 3.13, 2.69, and
0.35 MJ/Nm3, respectively. The potential of rural electricity generation using biomass gasification
system was discussed by Abe et al. [66]. However, tree farming is required to provide a long-term
biomass supply for gasification.

5.1.3. Pyrolysis

Pyrolysis occurs at high temperatures and in the absence of air with biomass decomposition.
The nominal operating temperature range is 350–550 ◦C. The ratio of the products from pyrolysis,
gas-, liquid-, and carbon-rich residues, depends on the operating conditions of the process.
Bridgwater et al. [67] indicated that a fast pyrolysis process is very important and consists of
the principal reaction systems and processes along with the resulting liquid products. Depending
on the temperature, heating rate, and residence time, there are three main types of pyrolysis process
found: namely, slow, fast, and flash. The main product of slow pyrolysis process is char, with a small
amount of oil and gas. The fast pyrolysis process produces mainly pyrolysis oil, whereas the main
product of flash pyrolysis is gas. Fukuda et al. [68] found that a maximum 50% wt. pyrolysis oil yield
could be achieved through a fast pyrolysis process using rice husk. Another study showed that about
75% wt. pyrolysis oil can be obtained on a dry feed basis using a fast pyrolysis process [69].

5.2. Biochemical Processes

Different useful products can be obtained through the conversion of biomass using the following
bio-chemical processes.

5.2.1. Anaerobic Digestion

An anaerobic digestion process refers to the conversion of biomass into biogas by microorganisms
(the combination of carbon dioxide and methane) in the absence of oxygen. This biogas is an excellent
source of fuel for the generation of heat and energy. Anaerobic digestion of rice straw is not a new
concept; however, its renewable energy potential has barely been analyzed. Mussoline et al. [70]
mentioned that optimum digestion conditions of pH (6.5–8.0), temperature (35–40 ◦C), and nutrients
(C:N ratio of 25–35) could produce methane yields of 92–280 l/kg of volatile solids. Matin et al. [71]
investigated the development of biogas production from rice husk by solid-state anaerobic digestion
(SSAD) and found that lignin content was very difficult to degrade using microbes. They also found
that a better biogas yield was produced by using the SSAD method compared with liquid anaerobic
digestion (LAD). Haryanto et al. [72] investigated the effect of urea addition on the biogas yield from
co-digestion of rice straw and cow dung using a semi-continuous anaerobic digester, and concluded
that urea addition positively influenced the biogas yield and its quality.

5.2.2. Fermentation

Bioethanol produced from lignocellulose biomass generally involves three main steps:
(i) pretreatment, (ii) enzymatic hydrolysis, and (iii) fermentation. The first step involves sieving
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and pelletizing which is very important for reduction of transportation expenses and handling
fees. The second step involves the transformation of cellulose and hemicellulose biomass into
glucose, pentoses, and hexoses [73]. In the third step, glucose is fermented into ethanol by a chosen
microorganism. However, the conversion of rice straw and rice husk is possible through the different
simultaneous processes, including saccharification and fermentation (SF) and separate enzymatic
hydrolysis and fermentation processes. An overview of the fermentation process of biomass to produce
ethanol was provided by Binod et al. [74]. They mentioned that the high ash and silica content in rice
straw made it an inferior feedstock for bioethanol production. Swain et al. [75] used rice straw and
wheat straw for bioethanol production and found some challenges, such as the lignin, ash, and silica
content of rice straw, which required an appropriate pretreatment process. However, other researchers
found that ethanol production from rice straw could be achieved up to 83.1% [76]. A summary of rice
crop residue research in recent years is presented in Table 3.

Table 3. Summary of recent research in agricultural residues.

Technology Details Year References

Gasification

Experimental investigation on the role of operating conditions
on gas and tar composition and product distribution of rice

husk gasification in the existence of dolomite.
2019 [77]

Described the repossession of hydrogen gas from rice husk
aided by nanoparticles. 2019 [78]

Presented an investigational reference for biomass gasifier
design and operation. 2016 [79]

Investigated the feasibility of enhanced energy yield in
gasification of rice straw by using a prepared

iron-based catalyst.
2016 [80]

Investigated the characteristics of rice husk from varieties of
rice and the benefits of power generation using rice husk

compared to a diesel generator.
2016 [81]

Investigated the experimental statistics of air-staged cyclone
gasification of rice crops. 2009 [82]

Studied the role of different parameters on the gasification
performance using rice husk biomass in power

generation plant.
2009 [83]

Studied the role of equivalence ratio on the performance of
two-stage gasifier using rice straw. 2009 [84]

Pyrolysis

The physicochemical and toxicological characteristics of rice
husk (RH) and rice husk ash (RHA) pyrolysis

were investigated.
2019 [85]

Bio-oil made from rice husk by a commercial-scale biomass
fast pyrolysis plant was utilized to investigate the effects of

long-period storage (two years) under three
different conditions.

2019 [86]

Investigated the potential tertiary treatment of wastewater by
adsorption using rice husk biochar (RHC) obtained from

microwave pyrolysis of rice husk.
2019 [87]

Focused on liquid fuel production through co-pyrolysis of
polythene waste and rice straw in varying compositions and

characterized the liquid products.
2019 [88]

Evaluated the effects of different demineralization processes
on the pyrolysis behaviour and pyrolysis product properties

of raw/terrified rice straw.
2018 [89]

Investigated the pyrolysis process in a fluidized-bed reactor
using rice husk biomass under different operating conditions. 2010 [90]

Studied the effect of pyrolysis of rice straw biomass in a
microwave-induced reactor for the production of

hydrogen gas.
2010 [91]

Produced bio-oil through fast pyrolysis using rice husk
biomass in a fluidized-bed reactor. 2011 [92]
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Table 3. Cont.

Technology Details Year References

Anaerobic
digestion

Evaluated the effect of pretreated rice straw on high-solid
anaerobic co-digestion with swine manure, focusing on biogas

production and kinetics.
2019 [93]

Investigated rice straw physicochemical characteristics and
anaerobic digestion (AD) performance via ammonia

pretreatment.
2019 [94]

Analyzed anaerobic digestion of heavy-metal-contaminated
rice straw inoculated with waste-activated sludge. 2018 [95]

Provided useful parameters to evaluate biogas production via
anaerobic digestion of rice straw 2018 [96]

Investigated the effect of trace element (TE) addition and
NaOH pretreatment on the anaerobic digestion of rice straw. 2018 [97]

Studied the role of sodium hydroxide composition and
extractives on the improvement of biogas yield through

anaerobic digestion.
2009 [98]

Studied the influence of different operating condition and
method on the production of biogas using rice straw through

anaerobic digestion.
2009 [99]

Studied the use of rice straw and swine feces for anaerobic
co-digestion in a fed-batch single-phase reactor. 2009 [100]

Investigated the co-digestion process for biogas production
using cow dung and rice husk. 2009 [101]

Studied anaerobic digestion performance using rice straw
with acclimated sludge and phosphate at room temperature. 2010 [102]

Reported on the variation of efficiency of anaerobic digestion
using rice straw with the variation of solid concentration at

different temperatures.
2010 [103]

Fermentation
Studied the ethanol production process through the

synchronized saccharification and co-fermentation of rice
straw biomass with Candida tropicalis.

2010 [104]

Direct combustion
Reported on the performance of rice husk combustion with

bituminous coal in a cyclonic fluidized-bed reactor. 2009 [105]

Investigated the co-firing performance of rice husk with coal
in a fluidized-bed reactor with a small combustion chamber. 2009 [106]

6. Current Rice Crop Residue Management

Rice straw is the waste product of paddy production. It comprises up to 50–60% of the paddy
itself, and is produced during every harvesting process. There must be a way to manage all the
resulting waste. The current methods used by most farmers include open burning, soil incorporation,
animal feed, and removal from the field. There is no productive method used due to the cost issues
and lack of development in rural areas. Each method has different impacts on the environment and on
the nutrient balance and long-term soil fertility due to continuous plantation activities [107].

The straw removal method is used widely in India, Bangladesh, and Nepal. The repeated process
of straw removal has resulted in field soils with low potassium (K) and silicon (S), which will present a
major problem in the coming years. Apart from that, the removed straw also serves different purposes,
such as fuel for cooking in rural areas, ruminant fodder, and stable bedding. It could also be used in
the papermaking industry. Most rice straw removal involves loose straw racking, baling it in small
bales, and road-siding the bales. Processed rice straw is normally baled and hauled. The baling format,
e.g., round, square, large, or small, mostly depends on the farmer and what method is preferable
for disposal [108]. If the paddy field is small, straw removal will not be sufficient due to the lack of
cost-effectiveness in using vehicle to remove straw from the field. Compared to other management
methods, straw removal is the best choice for reducing pollutants; the only setback is the emissions
caused by the use of the vehicles transporting the rice straw [109].
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The most common method of rice straw disposal is burning. It is the easiest method, involves
no additional management cost, and is one of the fastest ways to dispose of all rice straw during
harvesting time. This method might be helpful for farmers and paddy field operators but it has a major
effect on the environment. According to Dobermann, the burning disposal method ignites atmospheric
pollution which also results in nutrient loss, but is the most cost-effective method and has the capability
to reduce pests and diseases [107].

Normally, during combustion, very high amounts of CO2 are released along with carbon monoxide
(CO), methane, nitrogen oxides, sulfur dioxide, etc. Some of these gases are classified as toxic and may
be human carcinogens. There have been medical issues faced by communities in Japan, India, and
California due to continuous exposure to open burning, mainly asthma and pulmonary morbidity.
This practice has been banned in several paddy-producing countries, including California. It is still
widespread in Asian countries due to the lack of rules regulating open burning enforced by the
government. Not only does open burning cause air pollution, but there are also high nutrient and
energy losses. Most importantly, it is a clear waste of potential energy where straw energy could be
dissipated into heat [110–112].

An alternative to open burning is soil incorporation, which is widely practiced among farmers to
re-fertilize the soil. The nutrients can be recycled for the next crop cycle and the waste is turned to good
use and helps to maintain soil quality. The incorporation method mostly uses rice straw and stubble by
ploughing (wet soil during land preparation or dry soil during fallow periods). This particular method
has caused a serious increase in methane gas emissions [108,110]. Table 4 shows the greenhouse gas
(GHG) emission factor for different rice straw management.

Table 4. GHG emission factor (EF) for different rice straw management practices [113].

Rice Straw Management Practice Name of Pollutant Emission Factor

Open burning
CH4 (methane) 1.2 g/kg (dry fuel)

N2O (nitrogen dioxide) 0.07 g/kg (dry fuel)
Combustion factor 0.8

Scattering and incorporation of rice
stubble and straw in the soil (wet

condition)

CH4 (wet soil) 129.77 kg/ton yield
CH4 (dry soil) 36.99 kg/ton yield

Baseline EF for continuously flooded fields without
organic amendment 1.3

Conversion factor for rice straw amendment
1.0 for straw incorporated <30 days

before cultivation
0.39 for straw incorporated >30 days

before cultivation
Scaling factor to account for differences in water regime

during the cultivation period
0.78 for irrigated

Scaling factor to account for differences in water regime
in the pre-season before the cultivation period

1 for irrigated (<180 days);
1.22 for rain-fed

Composting and incorporation CH4 (wet soil) 13.37 kg/ton yield
CH4 (dry soil) 2.1 kg/ton yield

Rice straw used as animal feed CH4 10,000–20,000 gCH4/ton dry weight

Rice straw for mushroom production CH4 7.27 gCH4/ton dry weight

7. Challenges in Rice-Crop-Residue-Based Power Generation

The concept rice-crop-residue-based power generation represents an effective method of converting
waste into electricity. The first ever rice-crop-based power plant was built in Jai Kheri village in the
Patiala district of Punjab in 2006, with a capacity of 10 MW. In China, the first power plant based on rice
straw was built, also in 2006, and since then, straw-based power generation has been developing in a
remarkable way. The demand for straw in China is roughly 2.13 million tons/year, with 10 direct-fired
power plants, one gasification plant, and other mixed-fired plants [114]. However, some challenges still
exist in the establishment of rice-crop-based power plants. There are still high chances that these plants
could face major problems due to ongoing changes in the state’s agricultural and industrial activities.
If there is any diversion in agricultural activity, such as from rice paddy to higher-value crops, then
the amount of rice straw will drop, causing the plant to fail [115–117]. Zhiqiang [50] explained the
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challenges for the combustion of rice straw in China; the main challenges are harvesting issues, process
and system considerations, technical improvement, and policy support. The details of the challenges
are as follows.

7.1. High Ash Content

The main challenge is managing the high ash content of in rice straw, and also the alkali metals
such as sodium and potassium that are present. During the combustion process, these chemicals could
cause slagging, fouling, and corrosion in superheaters. Slagging refers to deposits of slag material and
fouling is accumulation of unwanted particles on solid surfaces. In addition, there is the deterioration
of catalysts for nitrogen oxide reduction. Ash from coal has properties useful for cement production,
whereas ash from straw cannot be used for any other industries; therefore, it becomes an unmanaged
waste [118].

7.2. Harvesting Issues

The collection of rice straw brings up several concerns. First, pests and disease infecting the
rice straw could reduce the quality of it. The timeliness of operation has to be short to avoid high
expenditures on labour cost; therefore, a system has to be developed to make the collection time just
sufficient. Continuous removal of rice straw from paddy fields could cause loss of soil nutrients in the
field, and extra fertilizer will be required to restore the minerals lost. However, the addition of fertilizer
will have some negative impacts on the soil and may result in increased emissions. The usability
of the machines in the field is also an important consideration. The machines should be capable
of operating all conditions including muddy fields, and the field should be able to withstand the
weight of the machinery used during the harvesting process. Grower attitudes mainly concern farmers’
understanding of the collection system, for which the best way forward is to offer incentives to the
farmers that provide rice straw.

7.3. Process and System Consideration

There must be a system established for each process, including collection, processing, and
transportation of rice straw to the power plant. These systems could ensure that the cost of using
machinery for harvesting and the quantity of rice straw could be determined. Drying is definitely
required to reduce the moisture content in wet rice straw from 60–70%. It is necessary to wait for the
moisture content to drop to 25% for complete combustion to be achieved. Apart from that, if the straw
retains a high moisture content, the chance of fermentation increases, which would lessen the quality
of the straw. It is more costly to transport wet rice straw compared to dry rice straw; this represents
another reason that the drying process is necessary. Besides drying, rice straw should go through
densification to increase the bulk density, which will reduce the logistical costs. Moisture content plays
an important role in power generation; baled straw has a moisture content of 10–18%, and when the
moisture content exceeds 13%, the power output is reduced by 2% for the same feedstock amount [119].

8. Logistical Analysis

Logistics practically describe a distributed flow of things from one point to another. Logistical
analysis is very important due to the effect of the cost of transportation, which is relatively high due to
the bulk density of rice straw [120]. In this case, we are referring to rice straw transportation from the
paddy field to the power plant. Before being transported to the power plant, there are several pit stops
it has to go through for processing and collection purposes. The four main processes are harvesting,
collection, storage, and transportation. The main concern in harvesting would be increased speed
and efficiency of harvesting, instead of focusing on increasing the straw yield. The current rice straw
storage facilities in California are suitable, but there are several drawbacks in maintaining the quality
of the rice straw.
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Many end-users prefer good quality straws with low moisture content and low contamination.
These end-users mostly use the straw for power generation purpose. When harvesting, collection,
and storage activities increase, the transportation of rice straw to the corresponding end-user will
eventually increase as well. Therefore, suitable transportation infrastructure should be established to
make sure that sufficient quantities of rice straw can be distributed in an acceptable time [121].

Due to the bulk density discussed earlier, the use of rice straw for power generation has issues
related to transportation cost. It is very expensive to transport rice straw compared to coal [122–129].
Besides rice straw, there are many other logistical impacts related to transportation, as discussed in
Table 5. The cost of operating a rice straw power plant depends solely on the harvesting, processing,
and transporting cost. The use of machinery in forming bales of rice straw is normally powered by
diesel, where the cost of bales varies in different countries according to their operating cost. Forming
rice straw into bales is very important due to the resulting size reduction and increase in bulk density.
Much space is saved by compacting the rice straw into bale form before transporting.

The power requirement for a tractor is about 30 kW, which increases if a higher number of bales
need to be produced in a short period of time. The authors mainly focused on the work rate, power
requirement, size, quality and mass of bale on a small area of 50 ha of paddy production to determine
the techno-economic analysis [130–133].

Table 5. Main parameters impacting logistical costs [134].

Parameter Impact on Cost Type of Biomass Country

Distribution of efficient
biomass management

Minimizing transportation
cost Any type Spain

Effective and efficient
planning of logistical

operations

Minimizing transportation
cost Agricultural crop Canada

Increased transport vehicle
capacities

The minimum cost of
transportation Cotton plant stalks Greece and Europe

Maximized truck
utilization factor

Minimizing transportation
cost Herbaceous biomass United States

Increased size of
power plants

Logistical constraints on
economic performance
became less restrictive

Agricultural crop,
agro-industrial, and

wood waste
Italy

Biomass storage Has a significant role in
biomass logistics

Cotton stalk and almond
tree pruning Greece

Site productivity
A high productivity

plantation would reduce the
transportation cost

Eucalyptus United States

Increased bulk density The minimum cost of
transportation

Agricultural and woody
biomass Canada

Development of more
efficient collection and

transport systems

The minimum cost of
transportation Corn stover United States

On top of that, the most crucial criterion in baling is that the moisture content of the particular
rice straw has to be below 20%. The best method by which to achieve this is to carry out the baling
process 2–3 days after harvesting. There are two main baling techniques: small rectangular bales and
big rectangular bales. Small rectangular bales are already being implemented in Thailand, whereas
study has focused more on big rectangular bales for their higher density. Bales have to be dense to ease
the transportation cost [135]. Figure 4 shows an overview of the logistical model. It explains how rice
straw is transported to a power plant [134].
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Figure 4. Overview of the logistical model [134].

The first process involved is rice straw being left to sun dry after harvesting; it is then baled in a
rectangular form to ease transportation. Secondly, all rice straw in a particular field is collected and
transported to a collection center, where all other straw bale from other paddies are also collected. Once
the capacity of the collection center is almost reached, the rice straw is checked for quality and moisture
content before being transported to a power plant for energy generation purposes. The quality and
moisture content are checked to avoid any drop in power plant efficiency. Therefore, the collection
center has to have equipment able to check the quality of rice straw, and also equipment to dry bales of
rice straw if their moisture content exceeds the required limit.

9. Conclusions

The paper reviewed the possibility of power generation using rice husk and rice straw, and the
various factors that impact their production. Based on the literature, the following can be concluded:

• Rice straw has very high potential for power generation; however, sustainable energy production
depends on the availability of rice straw.

• Properties of rice straw vary between countries due to relative humidity and the use of different
types of fertilizer.

• Though rice straw power plants are eco-friendly, the major problems preventing wide
implementation are logistical issues, which contribute to about 35–50% of the total operation cost.
Therefore, a detailed cost–benefit study must be conducted to avoid losses and make sure the
power plants are sustainable in the future.

There are few things to be considered in the establishment of rice-crop-based power plants:

• The amount of rice straw available in an area, because it is the main supply of feedstock for the
plant. A simple method could be used to determine the straw amount in an area, namely the
straw to grain ratio. In most studies a ratio of 0.75 is used.

• Ash content and alkali metal contents affect the combustion process.
• The supply of rice straw should have a low moisture content to enable complete combustion and

increase efficiency. If the moisture content exceeds 13%, the power output is reduced by 2%.

Before rice straw is fed into a power plant, it has to undergo preprocessing to reduce the moisture
content, and the easiest method for this is open sun drying before collection. The next step is to have a
decent rice straw supply chain to the power plant. Therefore, the power plant should be located in a
strategic location. Finally, it can be concluded that rice husk and rice straw could be a potential source
of renewable energy if various factors such as straw properties and logistics can be improved.
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Abstract: Production of biodiesel from non-edible oils is one of the effective methods to reduce
production costs and alleviate the obstacle of traditional raw material supply. Rhus typhina L. (RT) is a
promising non-edible plant because it grows fast and has abundant seeds. But previously reported
oil content of RT was only 9.7% and 12%. Further research into improving the biodiesel production of
RT seed oil is urgently needed. Here we obtained the biodiesel production of RT with a maximum
oil content of 22% with a low free fatty acid content of 1.0%. The fatty acid methyl ester (FAMEs)
of the RT seed oil was produced by a standard optimized protocol use KOH as a catalyst with the
highest yield of 93.4% (w/w). The quality and purity of RT FAMEs, as well as the physio-chemical
characterizations of the biodiesel products, were investigated and compared with the international
standard of ASTM D6751 and EN 14214. The values of fuel properties are comparable with mineral
diesel and environmentally friendly. Overall, the proposed RT seed oil could be a potential source of
raw materials for producing high-quality biodiesel after the optimization and transesterification.

Keywords: Rhus typhina biodiesel; non-edible oil; base-catalyzed transesterification;
Physico-chemical properties

1. Introduction

The speedy reduction of traditional diesel oil resources, as well as the environmental problems
epitomized by global warming, has led to a worldwide demand for renewable energy [1]. In response
to the crisis, alternative fuels such as biodiesel, bioethanol, biomass, biogas, and synthetic fuels are
being developed worldwide [2]. Among them, biodiesel is paid much attention because it is renewable,
with reduced emissions of COx, SOx, and particulate matter into the atmosphere compared to diesel,
with a higher flash point, ensuring greater safety in transportation and storage [3]. It is estimated
that biodiesel/bioethanol can replace about 10% of diesel consumption in Europe and 5% of total fuel
demand in Southeast Asia [3,4]. Generally, biodiesel, also named fatty acid methyl ester (FAME), was
derived from triglycerides, which are produced from vegetable oils and animal fats with a variety
of lipid parameters [5]. Direct use of triglycerides (crude oil) is severely restricted due to its high
viscosity and poor ignition quality [4,6]. Therefore, a variety of treatment methods are developed
to overcome the viscosity and combustibility of vegetable oils [4]. The strategies including dilution,
micro emulsification, pyrolysis, and transesterification for biodiesel fuel production. Among them, the
base-catalyzed transesterification reaction can converts triglycerides to methyl ester in shorter reaction
times with high efficiency [4,6,7]. Therefore, this method has been widely used in the production of
biodiesel fuel.
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Currently, 95% of commercial biodiesel is made through different edible vegetable oil sources
such as palm, sunflower, rapeseed, and soybean oil [7,8]. But the industrial expense, especially raw
feedstock, is the major obstacle in the moneymaking of edible oil biodiesel [9]. Due to the competition
with food raw materials and fuel dispute, the continuous and large-scale production of biodiesel
from edible oil is severely challenged [10]. A promising alternative is to shift the focus to the use of
non-edible oil resources and/or waste cooking oil to produce biodiesel [11–13]. Many non-edible oil
crops have been used for biodiesel production, evaluation, and commercialization such as Jatropha
curcas and Karanja [12,14,15], waste tallow [16], Silybum marianum L. [17], wild Brassica Juncea L. [18],
and prominently, algae [19]. To further promote it, there is an urgent need to shift the focus to planting
non-edible oil plants on poor land, which are often unsuitable for human crops, cost-effective, and
have no impact on biodiesel production in the food market [8].

R. typhina (sumac staghorn) is one of the non-edible plant’s sources, is a member of family
Anacardiaceae. Sumac trees are distributed in the subtropical and temperate regions of the world,
especially in Africa and North America. It is native to America that can reach a height of 30–35 feet
deciduous shrub to a small tree. The R. typhina seed has a good economic potential as feedstock for
biodiesel. The reasons are as follows: RT plant growth quickly and produces a huge amount of seeds.
Three to four hundreds of R. typhina trees can be planted per hectare. Approximately one-hectare
area will produce 78,000 kg seeds, the productivity of oil is about 17,160 kg per hectare. Some studies
have been carried out on the extraction of R. typhina (RT) seed oil. Ruan et al., 2012 [20] reported that
based on acetone/water extract 9:1 v/v, the yield of RT seed oil was 9% w/w, and Zhang et al., 2018 [21]
improved the seed oil content to 12%. However, the studies warrant further research into improving
the biodiesel production of RT seed oil.

Here we produced biodiesel from the RT seed oil (RTSO) and optimized their potential for energy
production, such as methanol to oil molar ratio, catalyst concentration, reaction temperature, reaction
time, and stirring intensity. The techniques including FTIR (Fourier Transform Infra-Red Spectroscopy),
NMR (1H and 13C) (Nuclear Magnetic Resonance Spectroscopy), GC-MS (Gas Chromatography and
Mass Spectroscopy) were used to confirm the ester conversion and fatty acid composition. The
physic-chemical properties of the FAME were investigated and compared with petrodiesel and
standards of ASTM D6751 and EN14214 i.e., density, kinematic viscosity, cloud point, pour point, flash
point, fire point, Cetane number, oxidation stability, saponification value, iodine value, acid value,
specific gravity, ash content, and cold filter plugging point. Elements analysis by inductively coupled
plasma atomic emission spectroscopy (ICP-OES) and elemental analyzer (EA) show that biodiesel
is environmentally friendly. Overall, a prospective inedible raw material for biodiesel making was
discovered and scrutinized.

2. Materials and Methods

2.1. Source Collection and Preparation of Seeds for Oil Extraction

The R. typhina seeds were collected from the wild/wasteland in Tianjin Binhai New Area, China.
The seeds were separated by hand, washed with distilled water, and then dried in the sunlight first for
48 h and then at 60 ◦C oven-dried (to remove the moisture) until the seeds reached an unchanged weight.
A grinder (XIANTAOPAI XTP-10000A, Zhejiang, China) was used to grind the seeds. The ground
seeds were oven-dried at 60 ◦C for 1 h and 30 min to finish the moisture and then extracted to obtain
the oil. Photographs of plants and seeds processing are shown in Figures S1 and S2 (Supplementary
Materials).

2.2. Oil Extraction

R. typhina seeds were shelled, dried, and pulverized with a grinder (Xiantaopai XTP-10000A,
Zhejiang, China). The oil was extracted using soxhlet [22] and mechanical oil extractor (Fangtai
Shibayoufang FL-S2017 China and Fangtai Shibayoufang J508, Guangdong, China) (Table S1,

328



Energies 2019, 12, 4290

Supplementary Materials). The oil extraction was occurring in a soxhlet instrument at 90 ◦C for 7 h by
various kinds of solvent were used, including petroleum ether, acetone, dichloromethane, and ethyl
acetate. The particles and impurities were removed by filter paper (pore size 30–50 μm), and the crude
RT oil was recovered at 80 ◦C under reduced pressure by using a rotary evaporator (Tokyo Rikakikai
Co. Ltd. N-1210B, Tokyo Japan). The obtained RT oil was stored and dried over anhydrous sodium
sulfate before use.

2.3. Biodiesel Production Procedure

By applying 50 g of RT crude oil, 10 mL of methanol at molar ratio 5:1, and 2.3 w/w% of KOH
catalyst, the RT seed oil biodiesel was prepared. The transesterification reaction is shown in Figure 1.
At 65 ◦C for 1 h under reflux, the reaction was carried out, and 600 rpm was the agitation rate [23]. By
using 99.99% excess of methanol [24], the process was performed, such as methanol to oil ratio was 5:1,
KOH ratio was 2.9 w/w%. The reflux condenser was furnished with a reactor to cool down the methanol
as it comes out from the reaction process mixture. The reaction mixture was then put in a separating
funnel and keep for a one-night stay that the biodiesel, soap, and glycerol can become separate from
each other by layers making, the bottom phase is glycerol, and the upper phase is biodiesel. After
reaction completion, crude glycerine can separate through gravity, and KOH can be detached with 3–4
time washing with hot distilled water. The complete removal of the catalyst can be check through
a phenolphthalein indicator. The leftover unreacted methanol and moisture were finished through
vacuum distillation and continue the process till when it confirms that there is no unreacted methanol
and moisture in the final product, and the FAMEs weight loss is constant. The crude FAMEs were
further washed 3–4 times with heated deionized water, centrifuging and dry with a vacuum dryer to
confirm its purity. The phase separation was usually starting very quickly and can be observed in
start 10 min, but the biodiesel phase was cloudy, it shows incomplete detachment. The result shows
that the cloudy biodiesel layers can become clean and clear, giving them enough time for settling, and
complete impartiality needs up to 20 h. In fact, during the resolution process, the transesterification
process was still in progress. Hence, to give them a long time for separation is more beneficial, the
separation and conversion yields. All analytical reagent grade chemicals were used.

 
Figure 1. Transesterification reaction.

2.4. FTIR Study

The Fourier Transform Infrared (FT-IR) bands spectroscopy were verified by a (Bruker Vertex 70
FT-IR spectrometer, Germany) with a resolution of 1 cm−1, scanning 15 times, and using Nujol mull
as a dispersive medium in the range of 400–4000 cm−1, to originate the obtained biodiesel describe
through various functional groups characterization.

2.5. NMR Study

The RT FAMEs NMR spectrum was obtained by (Bruker Avance Ш400 NMR Spectrometer,
Karlsruhe, Germany) at 400 MHz (1H-NMR) or 100 MHz (13C-NMR). Deuterated chloroform was
used as a solvent, and tetramethylsilane was used as the internal standard. The RT biodiesel 1H NMR
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(300 MHz) spectrum was documented with a cycle delay of 1.0 s, and several scans of 8 times, with a
pulse duration of 30◦. A carbon 13C NMR (75 MHz) spectrum was recorded with a pulse duration of
30◦ and a cycle delay of 1.89 s, and a scan of 160 times [25,26].

2.6. GCMS Study

The obtained RT FAMEs result was checked and tested by GCMS (QP2010SE, Shimadzu,
Tokyo, Japan). GC-MS conditions are listed in Table 1. Detail procedure is present in Figure S2
(Supplementary Materials).

Table 1. Gas chromatograph conditions.

Parameter. Descriptions

Column

QP2010SE, Shimadzu
PEG-20M

Length: 30 m
Internal diameter: 0.32 mm

Film thickness: 1 um
Injector temperature 220 ◦C

Detector temperature (EI 250) 210 ◦C
Carrier gas Helium, flow rate = 1.2 mL min−1

Injection V = 1 uL
Split Flow rate = 40:1

Temperature program
Initial temperature = 100 ◦C

Rate of progression = 10 ◦C min−1.
Final temperature = 210 ◦C, 20 min.

2.7. ICP-OES and EA Study of RT Biodiesel for Elemental Analysis

The presence of metals in the RTSO FAMEs was studied using Inductively Coupled Plasma
Spectrometer (Spectro-blue, Kleve, Germany) and Elemental Analyser (Vario EL CUBE, Hanau,
Germany). The procedure is presented in Figure S3 (Supplementary Materials).

3. Results and Discussion

Rhus typhina plants and their pre-treated seeds are shown in Figure 2. Several varieties of solvent
were used to extract oil from the RT seed powder, including petroleum ether, acetone, dichloromethane,
and ethyl acetate. Seed collection at the right time, proper pre-treatment of seeds (put in sunlight
first for 48 h and then at 60 ◦C oven-dried for 1.5 h to remove the moisture), use of petroleum ether
as the extraction solvent and environmental conditions have a significant role in obtaining the high
oil contents. The results are summarised in Table 2. Since the lower percentage of FFAs in the oil
is the significant point to process direct transesterification of RT seed oil, this data indicates that
petroleum ether is the best solvent for extracting oil from RT seeds because it provides high yields of
oil and less FFAs. Besides, petroleum ether is less expensive than other solvents and can be recycled
from the process. The oil and FFAs content were related to the polarity of the solvent extracted, in
the order of petroleum ether < ethyl acetate < acetone < dichloromethane. Less polar solvents can
extract larger amounts of non-polar oils (triglycerides) and less amount highly polar FAA. By soxhlet
extraction [22], petroleum ether gives the highest extracted oil content of 22 wt. % (FFAs = 1.0 wt. %),
which is significantly higher than the reported seed oil contents (Ruan et al. [20] reported that based
on acetone/water extract 9:1 v/v, the yield of RT seed oil was 9.7% w/w, ZHANG et al. [21] reported
that based on AOAC method the seed oil content was 12 w/w%). Ethyl acetate gives low oil content
of 17.8 wt. % (FFAs = 1.3 wt. %), while more polar solvents like acetone and dichloromethane give
somewhat lower oil content of 16–14.2 wt. % (FFAs = 1.5–1.8 wt. %). Based on these extraction results
using petroleum ether and the ability to produce RT seeds oil, the RT seed could be an efficient source
for biodiesel production as an alternative energy.
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(a) (b) 

Figure 2. (a) Optical photographs of RT mature plant and (b) pre-treated seeds.

Table 2. FFAs and oil contents of extracted RT seed oil.

Solvent FFAs Content (wt. %) Oil Content (wt. %)

Petroleum ether 1.0 22
Acetone 1.5 16

Dichloromethane 1.8 14.2
Ethyl acetate 1.3 17.8

3.1. Optimizations of Reaction Variables on Conversion Yield

We have studied five different parameters through which we have applied different conditions,
and each parameter was tested in three conditions to check that what is the most proper and suitable
condition for obtaining the optimum result. The five parameters are as follow and discuss one by one,
including methanol/oil ratio, catalyst concentration, temperature, stirring intensity, and time. The
detail experimental results were presented in Table S2.

3.1.1. Effect of Methanol to Oil Molar Ratio on Yield

Methanol to oil molar ratio is one of the main factors affecting the ester conversion during the
transesterification process. The transesterification of RT oil was evaluated and investigated at different
methanol to oil range. The added amount of methanol in the reaction was varied from 4:1, 5:1, 6:1,
and 7:1 (as shown in Figure 3). While temperature (65 ◦C), stirring intensity (700 rpm), and reaction
time (60 min) was kept constant. The best proportion of methanol and oil was 6:1, in which the
conversion yield was 91.66%. But at proportion 7:1, the conversion percentage was as low as to 70%. It
was observed that when the proportion of methanol to oil rises from 4:1–6:1, the product yield was
increased. Whereas in an additional increasing proportion of methanol to oil, a reduction in biodiesel
production was observed. Excessive methanol can make it difficult to separate glycerol from the
biodiesel phase. The higher methanol ratio restricts the separation of glycerol due to high solubility.
Thus, in the presence of residual glycerol in the biodiesel layer allows the equilibrium reaction to start
the backward reaction and again met with the methyl ester to form a monoglyceride [27]. The results
show that excessive use of methanol has no substantial effect on biodiesel production; in fact, the
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separation of ester and glycerol is complicated. Therefore, a molar ratio of 6:1 is the optimum ratio of
RT methyl ester yield.

Figure 3. The effect of methanol to oil molar ratio on RTOB yield.

3.1.2. Effect of Reaction Temperature on FAMEs Yield

Temperature is a very important factor in the optimization process and has a great impact on
product yield. In this work, constant parameters such as KOH concentration (2.9 wt. %), methanol to
oil proportion (6:1) reaction time (60 min), and stirring speed (700 rpm) were used. A graph of biodiesel
conversion (%) versus temperatures such as 60, 65, and 70 ◦C is shown in Figure 4. The product
yield was increased from 60 ◦C to 65 ◦C; it is clear from the reaction process that the temperature had
a progressive effect on the transesterification of the RT oil to biodiesel. Though, when the reaction
temperature raised from 65 ◦C to 70 ◦C, we noticed a slight decrease in the reaction yield, which possibly
due to the accelerated saponification reaction at a high temperature. When the transesterification
reaction temperature is higher than the boiling point of the alcohol, the methanol cannot evaporate, and
a huge number of the bubble will produce, which make fast the reaction and increase the saponification
of glycerides [28]. Therefore, 65 ◦C is the optimum temperature for the reaction.
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Figure 4. Effect of temperature on RTOB yield.

3.1.3. Effect of the Catalyst Concentration on FAMEs Yield

The process of variables that can affect transesterification, in addition to saponification and
hydrolysis are catalyst concentration. In this reaction, methanol to oil molar ratio (6:1), temperature
(65 ◦C), reaction time (60 min), stirring intensity (700 rpm) was kept constant, respectively. The catalyst
(KOH) range of 2.0, 2.4, 2.9, and 3.8 wt. % has applied for the methanol decomposition in the RT
seed oil. Figure 5 demonstrates the production of FAMEs at various KOH range. A small amount of
catalyst 2.0 and 2.4 wt. % was not enough for the completion of the reaction. The highest conversion
percentage rate was achieved (91.66%) at 2.9 wt. % of the catalyst. An additional increase in the catalyst
concentration will negatively affect the conversion ratio. When the KOH amount was increased from
2.9 to 3.8 w/w%, the production of the methyl ester decreases, resulting in an increase in the viscosity
of the reactants, and a decrease in the yield, a large amount of soap was observed. This observation
has been explained by an increase in saponification due to the excess of the basic catalyst rather than
the esterification of the triglyceride [29]. By increasing the saponification process reaction, the extra
amount of catalyst will improve and help in soap formation so that the FAMEs solubility chances will
increase in the glycerol, FAMEs, and glycerol mixture will appear [30].
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Figure 5. The effect of catalyst concentration on RTOB yield.

3.1.4. Effect of Agitation Speed on FAMEs Yield

Stirring is a key factor in the optimizations because it affects biodiesel production in both ways.
In the KOH and methanol mixture, the fat and oil are not soluble, so in the transesterification process,
the mixing is very important. The decomposition of methanol was carried out at various agitation
speeds, i.e., 500, 600, 700, and 800 rpm. While the methanol to oil molar ratio (6:1), KOH concentration
(2.9 wt.%), reaction temperature (65 ◦C), and reaction time (60 min) was kept constant. The FAMEs
production at diverse mixing speed is shown in Figure 6. The reaction was witnessed to be incomplete
at 500 rpm, and the mixing rate was not significant for methanol decomposition. The yields of the
methyl esters at 600 and 700 rpm were 90% and 92.5%, respectively. As clarified by the results, a direct
correlation was elucidated between the agitation rate and the RTOME yield, i.e., as the agitation rate
increased, an increase in yield was observed. Therefore, a mixing rate of 700 rpm provides the best
conversion rate (92.5%) of RT oil to RTOME. This is consistent with the previous studies [31–33], which
concluded that increasing the agitation rate promotes the homogenization of the reactants, resulting in
higher methyl ester yields. Once the two phases are mixed, and the reaction is started, stirring is no
longer needed. It is clear from the results that a further stirring rate (800 rpm) has no significant effect
on RTOMEs yield, but the result was the same as 700 rpm (95.5%).
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Figure 6. The effect of stirring intensity on RTOB yield.

3.1.5. Influence of Reaction Time on FAMEs Yield

The methyl ester transformation percentage rises with the reaction time. Also, the influence of
reaction time on methyl ester alteration is shown in Figure 7. The influence of biodiesel yield was
studied at different time rates of 40, 60, 80, and 100 min. Though methanol to oil molar ratio (6:1),
reaction temperature (65 ◦C), catalyst concentration (2.9 wt.%), and stirring intensity (700 rpm) was
kept constant. The current results presented that biodiesel conversion reached at the optimum rate in 80
min. Experimental results show that biodiesel production increase as the reaction time increases. The
reaction time has no significant effect after 80 min, and the methyl ester production starts decreasing, it
is indicating that the FAMEs reached the distribution equilibrium. As the duration increases, further,
the reaction process will begin to react backward, and the ester yield will certainly begin to decrease
by 88% at 100 min. This is consistent with the literature data showing that longer reaction times will
result in lower yields due to the reverse reaction of transesterification (hydrolysis), which tends to
produce more fatty acid to forming soaps [34,35]. According to the experimental results, the reaction
time has an important role in the increase and decrease of biodiesel conversion. The minimum yield
was obtained at 40 min, and the optimum yield occurred at 80 min.
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Figure 7. The effect of reaction time on RTOB yield.

3.2. Physio-Chemical Characterization of R. typhina Methyl Ester

The physicochemical properties of the Rhus typhina seed oil biodiesel (RTSOBD) were evaluated
and examined according to ASTM and EN standards and matched well except kinematic viscosity.
The kinematic viscosity (6.3 mm2/s) is slightly higher than ASTM D6751 (1.9–6.0 mm2/s). Kinematic
viscosity needs further modification to improve its value under the limits. Accordingly, the kinematic
viscosity of the BD produced from the RT seed oil is slightly high than those of conventional biodiesels,
and thus must be blended with other less viscosities diesel fuels (biodiesels or petrodiesel fuel) to
lessen its properties to the acceptable limits. Also, the results obtained were matched with reported
data from the same source of biodiesel mentioned by other researchers and compared with petrodiesel.
The results are shown in Table 3.
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3.3. NMR Spectroscopy

3.3.1. 1H NMR Analysis

The biodiesel yield during the transesterification process was determined by using 1H NMR
techniques, and the progression of its characteristic spectra was depicted. When 1H NMR was used,
the produce methyl ester was used to monitor the product by the protons of the methylene group
adjacent to the ester moiety in the TAG and the protons of the alcohol moiety. Though by 1H NMR
spectroscopy technique, the RT seed oil biodiesel was characterized, the spectra of which are shown in
Figure 8 and Table S3 (Supplementary Materials). The distinguishing proton methyl ester peaks were
detected to be a singlet at 3.663 and triplet of the α-CH2 proton at 2.308 ppm correspondingly. The
existence of methyl ester in biodiesel was approved by these two distinctive peaks. At 0.895 ppm, the
peaks were detected to be terminal methyl proton; at 1.319 ppm, the associated methylene protons of
the carbon chain were detected, which shows a strong confirmation. A strong signal was detected
for the β-carbonyl methylene proton at 1.623 ppm and olefin hydrogen at 5.342 ppm, respectively.
According to the literature review, several studies specified that this diverse standardization curve
established on 1H NMR spectroscopy was used to enumerate the reaction yield throughout biodiesel
production by transesterification of a mixture of methanol and fatty acids [36–39]. In this regard, the
1H NMR spectrum of RT oil biodiesel can be used to quantify the conversion of triglycerides to methyl
esters during transesterification, as evidenced by previous studies [40,41]. In this study of 1H NMR
spectra, the divers and distinctive analyses were existing in the Rhus typhina seed oil biodiesel methyl
ester spectrum. The appropriate indications selected for incorporation are the methoxy group of the
methyl ester at 3.66 ppm and the methyl ester group of the α-carbonyl methylene proton at 2.308 ppm.
Thus, 1H NMR spectroscopy showed a strong conversion of TAG to Rhus typhina methyl ester.

 
Figure 8. 1H NMR spectrum shows RT FAMEs.

3.3.2. 13C NMR Analysis

Ester carbonyl important peaks (-COO-) 174.24 and (C-O) 51.32 ppm associated with RT biodiesel
were depicted by using 13C NMR spectroscopy. The Rhus typhina biodiesel 13C NMR spectra are shown
in Figure 9, Table S4 (Supplementary Materials). The unsaturated methyl ester peaks were detected
at 130.21 and 127.89 ppm, respectively. The other associated peaks at 14.1 ppm and 22.5–34.1 ppm,
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correspondingly represent the terminal carbon of the methyl group and the methylene carbon of the
long-chain fatty acid ester. The present experimental work spectra were closely matched with the
literature work [42] and thus approve our verdicts.

Figure 9. 13C NMR spectrum of RT FAMEs.

3.4. FT–IR Spectroscopy Analysis

To identify the various stretching and bending vibration corresponding functional groups and
bands of the pure RT seed oil biodiesel sample, the FTIR spectra mid-infrared regions were used. The
FT-IR carbonyl group position is highly sensitive to both molecular structure and substituent effects [43].
The two strong characteristic ester absorption bands which are derived from a carbonyl group are
vC=O at 1750–1730 cm−1 and C-O at 1300–1000 cm−1. At 2980–2950, 2950–2850, and 3050–3000 cm−1,

respectively, the stretching vibrations of CH3, CH2, and CH appear, and at 1475–1350, 1350–1150, and
723 (ρCH2) cm−1 respectively the bending vibrations of these groups appear [44]. As presented in
Figure 10 and Table S5 (Supplementary Materials), at 1743 cm−1, the Rhus typhina seed oil biodiesel
methoxy ester carbonyl group has appeared. The peak 3464 cm−1 indicated an overtone of the ester
function [45]. The C-O stretching vibration exhibited two asymmetric coupling vibrations at 1170 cm
due to O-C-C and 1016 cm−1 due to νC-C(=O)-O. The stretching bands of methylene appeared at
2854 cm−1, and methane appeared at 3007, 2925 correspondingly. The bending vibration appeared
at 1435, and 1361 cm−1 belong to the methyl group, and the bending vibration appeared at 723 cm−1

belongs to the methylene group. The peak at 1641 cm−1 shows that C=C is not saturated in RT seed oil
biodiesel. It is worth noting that the chromatography and spectroscopy techniques can be used to
assess biodiesel, making observing, and its superiority. GC-MS, IR, 1H NMR, and 13C NMR was in
the FAME-determined features, and different functional group structure is considered to be effective,
fast, and easy to use techniques. Therefore, they are used for precise facts elucidation in biodiesel is
sensible and dependable.
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Figure 10. FTIR spectrum of RTME (FAMEs) functional groups.

3.5. Profiling of R. typhina Oil Fatty Acid Methyl Esters Using GC–MS Analysis

For the analysis of biodiesel, the most widely used method is gas chromatography. Generally, it is
the perfect method to enumerate the trace components configuration accurately. In the present research
work, to evaluate the particular methyl ester conversion of prepared RT seed oil to biodiesel, we have
applied the gas chromatography and mass spectroscopy. The data on the GC-MS spectrum was shown
in Figure 11. We used the GC spectrum and reported seven major peaks, which is consistent with
the literature [46]. By using library matching software (NO. NIST 14), the peak was identified, and
every peak matched with a fatty acid methyl ester. The retention time of the identified FAMEs and its
position are presented in Table 4. Though by retention time data, the properties of fatty acid methyl
ester were prepared and verified by mass spectrometry, and from EI ion source, the mass spectra were
obtained [47]. The experimental results were compared and matched with the reported results of the
RT seed oil biodiesel.
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Figure 11. GC–MS analysis of fatty acid compositions of RT seed oil Biodiesel.
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3.6. ICP-OES and EA Analysis

The occurrence of elements within the biodiesel is offensive, as these elements cause many
complications such as stimulating biodiesel deprivation, deterioration of engine, operability
complications [48]. The essentials whose capacity in biodiesel requires to be controlled are sodium
(Na) and potassium (K), which come from the mechanism in biodiesel manufacture. The amount
of metal phosphorus (P) is also significant that originate from the raw materials. The elemental
concentrations in RT oil biodiesel (RTOBD) were matched with Petro-diesel. It is confirmed from
the results that the concentrations of elements were reasonably lower in RT seed oil biodiesel than
high-speed diesel (HSD).

Prerequisites (Elements) such as potassium (K), sodium (Na), magnesium (Mg), and calcium (Ca)
within biodiesel guide to the injector, stimulate drain, piston and circle wear, locomotive deposit and
pass through a filter plug [49]. The recorded concentrations of C, H, N, and O were mentioned in
Table 5 and Figure S3 (Supplementary Materials). The high oxygen content results in a low calorific
value in the pyrolysis liquid product. The presence of oxygen reduces the ignition delay time, improves
the combustibility and burning degree, thereby reducing CO, PM, and other exhaust emissions. Many
researchers [50–52] found that high oxygen content in biodiesel can effectively reduce PM emissions
from diesel engines. Table 5 shows that the oxygen content of BD100 is 11.12%. The most common
biodiesel has an oxygen content of about 10% [53–55]. The high hydrogen contents (13.02%) of biodiesel
are attractive for its utilization as fuel [56]. High H to C ratio means higher hydrogen molecules in
the fuel. As hydrogen has the highest burning velocity between all fuels, whether gases or liquids.
Increasing hydrogen ration in the fuel combination means that the fuel-burning velocity will be better
and cleaner. The heating value generally increases as the proportion of H to carbon atoms increases
due to the higher heating value of hydrogen than carbon. The HHV is an important property to define
the energy content and efficiency of fuels. The HHV of biodiesel (23.73 MJ/kg) was lower than that of
diesel (49.65 MJ/kg). The structural oxygen content of fuel improves its combustion efficiency due
to an increase in the homogeneity of oxygen with the fuel during combustion. We compared with
some reported results (Table 5), our experimental results matched them well. The nitrogen content
is moderate. Though K, Na, Mg, and Ca Values Table S6 (Supplementary Materials) RTOBD (3.219,
70.29, 32.74, 7.360 μg/g) were low as compared to HSD (213.3, 868.3, 35.6, and 21.4 μg/g). The highest
acceptable concentration of Na and K in biodiesel was 5 mg·kg−1, while P is 10 mg·kg−1 [57], Figure 12.
The concentration of Na and K was lower in RTOBD, but in HSD, its amount is very high; that’s why
RT biodiesel will be more capable of utilizing and environmental friendly.

Table 5. RTBD EA (Elemental Analyser) analysis in comparison with other plant seed and
shells biodiesel.

Ultimate
Analysis

RT-BD
Pistachio
Shell [58]

Peach
Stones [59]

Apricot
Kernel

Shells [60]

Cherry
Stones [61]

Mahua Seed
[62]

C% 74.89 42.41 45.92 47.33 52.48 61.24
H% 13.02 5.64 6.09 6.37 7.58 8.40
N% 1.97 0.070 0.580 0.370 4.54 4.12
O% 10.12 51.87 47.38 45.93 35.30 25.50

HHV
(MJ/kg) 23.73 22.21 24.07 24.29 24.11 25.30
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Figure 12. Elemental analysis of RTBD ICP-OES.

4. Conclusions

In conclusion, the crude RT seed oil transesterification was done to produce biodiesel with a
highest yield of 93.33% by using a base catalyst. We obtained the optimal transesterification conditions
and achieved a maximum oil content of 22%. Seven fatty acids were detected in the RT FAMEs
production. ICP-OES and element analyzer indicate it could be environment-friendly energy. RT
FAMEs were matched and follow well the recognized biodiesel standards of ASTM D6751 and EN
14214. The RT could be a better choice for renewable energy. This crop can be grown on barren
wasteland on a large scale for the mass manufacture of biodiesel to fulfil the energy demand and
reduce the energy crises.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/22/4290/s1,
Figure S1: R. typhina plant with fruit, Figure S2: (a) RT crude oil filtration (b) optimization (transesterification)
(c) BD washing (d) RT biodiesel. Figure S3: RTBD EA (Elemental analysis) for C, H, O, and N, Table S1: Source
collection, oil extraction and transesterification of non-edible R. typhina (Sumac fruit) seed oil as biofuel, Table S2:
RT FAMEs detail process of optimization, Table S3: 1H NMR spectroscopic data showing the chemical composition
of various methyl esters (Methoxy proton) in RT, biodiesel (FAMEs) sample, Table S4: 13C NMR spectroscopic data
showing the chemical shift values corresponding to various structural features in RT (Methoxy carbon) FAMEs,
Table S5: FTIR data presenting various functional groups in RT FAMEs, Table S6 Comparison ICP-OES elements
concentration (ug/g) of RT-BD with petro-diesel.
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Abstract: Forward osmosis (FO) and pressure-retarded osmosis (PRO) have gained attention
recently as potential processes to solve water and energy scarcity problems with advantages over
pressure-driven membrane processes. These processes can be designed to produce bioenergy and
clean water at the same time (i.e., wastewater treatment with power generation). Despite having
significant technological advancement, these bioenergy processes are yet to be implemented in full
scale and commercialized due to its relatively low performance. Hence, massive and extensive
research has been carried out to evaluate the variables in FO and PRO processes such as osmotic
membrane, feed solutions, draw solutions, and operating conditions in order to maximize the
outcomes, which include water flux and power density. However, these research findings have not
been summarized and properly reviewed. The key parts of this review are to discuss the factors
influencing the performance of FO and PRO with respective resulting effects and to determine the
research gaps in their optimization with the aim of further improving these bioenergy processes and
commercializing them in various industrial applications.

Keywords: concentration polarization; draw solution; feed solution; forward osmosis; pressure-retarded
osmosis; operating conditions; membrane fouling; osmotic membrane

1. Introduction

The demand for water and energy has been raising continuously and their shortage has resulted
in the development of alternative renewable energies and water treatment systems which require
less energy. Two of the osmotically driven membrane processes (ODMPs), namely forward osmosis
(FO) and pressure retarded osmosis (PRO), have attracted the most attention in the past years as
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the emerging technologies for numerous applications such as wastewater treatment and biomass
processing for bioenergy [1].

Osmosis refers to the movement of solvent molecules mostly water from the feed solution (FS)
which has lower solute concentration into draw solution (DS) which has higher solute concentration
across a semipermeable membrane. The osmotic pressure difference (Δπ) between the two solutions is
the driving force for ODMPs and the same quantity of hydraulic pressure is required to terminate the
osmosis process. In contrast, pressure-driven membrane processes (e.g., nanofiltration, RO, etc.) rely
on externally applied hydraulic pressure [2]. The key benefits of ODMPs compared to the latter are
that they consume less energy and have lower fouling tendency, which results in high water flux, high
rejection of salt, and less membrane cleaning [3].

FO processes occur without any applied hydraulic pressure (ΔP = 0) [4]. Once the solvent starts
moving from FS to DS, the hydrostatic pressure on the DS side gradually becomes greater and the
water flow will stop eventually; mathematically, the water flux (Jw) stops when ΔP equals to Δπ

(where Δπ–ΔP = 0; hence Jw = 0) [5]. On the other hand, reverse osmosis (RO) employs hydraulic
pressure differential as its driving force to move water from the saltwater to the freshwater, resulting in
a negative flux across the membrane. This occurrence is relatively due to the large pressure (ΔP > Δπ)
exerted to the concentrated side.

PRO processes are intermediate between FO and RO. Similar to RO, hydraulic pressure is applied
to the DS side against the osmotic pressure gradient, but it is smaller than the osmotic pressure
difference (ΔP < Δπ). Thus, the net water flux, Jw is still towards concentrated DS, which is in a similar
direction as FO [4]. To generate the power steadily, a constant concentration and pressure must be
set for the DS so that a constant flow of FS across the membrane can occur. Subsequently, there is
more volume flow on the concentrated region and this additional flow can be employed for power
generation regarding bioenergy production [5].

There are several differences between FO and PRO in terms of the fundamentals and applications,
even though both processes utilize a similar driving force, which is salinity gradient difference [6].
For instance, FO processes are employed to produce clean water, dilute draw solution, or concentrate
feed solution in applications including brine treatment and desalination [2]. On the other hand,
PRO processes are employed to generate electricity or power using osmotic pressure from the DS.
The application difference is caused by the fundamental difference in their operations as FO processes
involve direct use of osmotic pressure to transport less concentrated solution across semipermeable
membrane barrier while PRO processes utilize hydraulic pressure to pressurize the DS to help in
converting the osmotic pressure to hydraulic pressure [7].

Besides PRO processes with power generation as the main application, FO processes can be
integrated with other systems for bioenergy production. For instance, bioenergy from organic matter
found in wastewater can be converted into electricity via forward osmosis-bioelectrochemical hybrid
systems (FO-BESs) which use electrochemically active bacteria [8]. One example of FO-BESs is osmotic
microbial fuel cell (OsMFC) which separates anode and cathode with an FO membrane. It produces
more electricity compared to the conventional microbial fuel cell with a cation exchange membrane [9].
Moreover, energy recovery (e.g., biogas production) can be carried out through an anaerobic osmotic
membrane bioreactor (An-OMBR) which integrates FO with anaerobic treatment by submerging an FO
membrane inside the bioreactor. FO processes can be used to concentrate nutrients and harvest algae
which is a bioenergy source, where biodiesel can be produced from its lipid extract and bioethanol can
be fermented from its carbohydrates [10,11].

Although there are several ODMPs applications for bioenergy production, these processes are so
far applied in lab-scale studies only and up-scaling to full scale is essential. To achieve at that stage,
optimization of process parameters has to be investigated. Therefore, this paper comprehensively
reviews the factors influencing the performance of the ODMPs, which is generally measured by
water flux, reverse solute flux, and power density. Various aspects of an osmotic membrane such as
concentration polarization, membrane materials, membrane configurations, and fouling are discussed.
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The next sections focus on the feed solutions and draw solutions which provide the osmotic pressure
difference to drive the ODMPs. Operating conditions including cross-flow rate and temperature
are also studied for their effects on the performance of FO and PRO. This review provides insights
into the concerned researches in practically designing an optimum osmotic membrane system for
bioenergy production.

2. Osmotic Membrane

During the past 40 years, membrane development has been focused on pressure driven processes
but the attention in ODMPs, like FO and PRO, has increased in the last decade [12] since they
demonstrate significant promise to leverage the global water-energy nexus [13]. It is crucial to
formulate customized membranes for these technologies since membrane properties such as structural
parameters, water permeability and solute permeability affect the overall performance of FO and
PRO processes. For instance, asymmetric FO membrane is an essential component to determine the
performance of FO-BES where its properties such as mass transfer resistance and proton transfer ability
affect the bioenergy production [8]. Generally, there are two methods to prepare membrane including
(1) direct phase inversion, which involves phase inversion of a polymer dope in a non-solvent followed
by formation of integrally skinned membranes, and (2) interfacial polymerization (IP), which is
utilized to create thin-film composite (TFC) membranes [14]. Modifications on membrane including its
microporous substrate and selective layer have been the main research area to improve the performance
of FO and PRO processes. For instance, specific functional compounds or groups have been introduced
on the surface of the selective layer to tackle the problems of fouling and low productivity [15]. In short,
a desired osmotic membrane should be thin, highly selective, and antifouling while compatible with
the chosen draw solution, produce high water fluxes, decline dissolved solutes, and tolerate mechanical
pressures caused by operation conditions [15,16].

2.1. Concentration Polarization

An osmotic membrane consists of an active layer and a support layer. The former selectively
allows movement of solvent molecules but declines at least some dissolved ions whereas the latter with
a side bond to the former comprises a phase-inversion sub-layer and an electrospun-fiber sub-layer.
Concentration polarization (CP) happens when the salt concentration difference across the active layer
is different from the concentration difference of the bulk solutions itself [17]. Since DS is diluted by
the incoming water flux, there is an immediate reduction in the osmotic pressure at the surface of
membrane facing the concentrated DS, causing the solute concentration on the other membrane side
facing the FS to increase, since the diffusion of water is towards the DS [18].

Depending on the membrane orientation, these two CP phenomena can happen either on the
active layer or on the support layer since the asymmetric membrane is used in the FO process. Although
any of the membrane orientations can be used to operate ODMPs, for clarity, the process is said to be in
FO mode (also known as AL-FS orientation) given that the active layer faces FS and support layer faces
DS. Generally, this mode can be used for any membrane separation process. In contrast, the process is
termed as PRO mode (also known as AL-DS orientation) when the active layer faces the DS and the
support layer faces the FS. PRO mode is normally used for osmotic power generation [19].

On the other hand, there are two kinds of CP where the formation of a concentration layer at
the membrane surface and in the porous structure of asymmetric membranes is defined as external
concentration polarization (ECP) and internal concentration polarization (ICP), respectively [20]. ECP
is usually associated with the concentrations of DS and FS whereas ICP is mainly affected by the
support layer structure and thick dense membrane [4]. The presence of CP can significantly affect the
effective osmotic pressure difference (Δπ) across the membrane leading to a sharp decline in water flux
and operational performance of FO and PRO processes [21,22].

In PRO mode operation, water from FS moves into the porous support layer and permeates
through the active layer. The salt from FS also enters the support layer however, it cannot pass through
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the active layer, resulting in an increase of concentration within the support layer, which is called
concentrative ICP. In FO mode operation, dilutive ICP takes place when water permeate dilutes the DS
within the porous support layer, causing slow solute mass transfer [23]. ICP could become acute in
ODMPs and it cannot be erased by manipulating hydraulic conditions like increasing turbulence or
shear force since it happens within the support layer, thus membranes specially designed for ODMPs
are desired for applications [2]. Optimization on porosity, thickness, and tortuosity of the substrate
structure is essential for minimizing the severe effects of ICP. For example, an FO membrane that has a
highly porous substrate with low tortuosity and a detect-free thin selective layer is the most effective
approach to alleviate ICP [15].

2.2. Membrane Materials

To develop a system with optimal flux, the choice of material to fabricate a membrane is significant
because membrane fouling can directly affect the membrane flux. The material selection also depends
on the purpose of the membrane since the operational parameters of FO and PRO are quite different.
They require different selectivity degrees for the membrane skin layer where FO needs highly selective
membranes whereas PRO which targets high power density requires just sufficient salt decline to
maintain the driving force and govern concentration polarization [24]. Furthermore, most conventional
FO membranes, which are usually tailored to be porous and thin to lower ICP and structural parameters,
will either be damaged or deformed under high pressure of PRO [14]. This may cause serious leakage
of DS and failure towards the entire process [25]. This indicates that PRO membranes must be robust
enough to tolerate the operational hydraulic pressure. Micro-void type support layers that tend to
reduce CP can be beneficial for the FO process; however, their applications in PRO are restricted to
lower pressure processes since the micro-void structure can easily be collapsed under the effects of
high hydraulic pressure [26].

Early attempts to fabricate FO and PRO specialized membranes were restricted to cellulose
triacetate (CTA) and TFC membranes [25]. Cellulose is the most abundant existing natural polymer and
derivatives of cellulose such as cellulose acetate (CA) and CTA are appropriate materials to fabricate
membranes due to their good separation, moderate flux, and non-toxicity [27]. In order to produce
CTA membranes (as demonstrated in Figure 1A), a dense active layer is formed by casting CTA with an
embedded polyester fabric where the thickness of the active layer is minimized to improve the water
permeability while maintaining the membrane integrity or contaminant rejection [15]. However, CTA
membranes have restrictions in their application for desalination due to their comparatively low water
permeability and solute rejection. Severe CP has been induced in CTA membranes by a sponge-like
structure which was initially designed to improve flux [15]. In addition, cellulose-based materials not
only have low stability to pH and temperature but also undergo biodegradation and hydrolysis [27].

Therefore, enhanced TFC membranes have been developed to keep the high water flux obtained
by CTA membranes and to improve the mechanical robustness of the membranes [25]. This is because
highly selective and permeable TFC membranes have high flexibility in structural design with the
ability to individually optimize the two membrane layers (selective and substrate layer) for specific
needs [15,28]. Modification on the structure of the support layer significantly reduces ICP while having
the dense thin film layer allows great water permeability and salt rejection [7]. A TFC membrane (as
shown in Figure 1B) generally consists of (1) a very thin polyamide active layer, (2) a polymeric support
layer, and (3) a fabric layer for mechanical support [29]. Some examples of the artificial polymers
are polysulfone (PSF), polyether sulfone (PES), polyvinylidene fluoride (PVDF) and polyacrylonitrile
(PAN) [27]. The standard preparation method of TFC membrane layer-by-layer assembly using the
microporous substrate obtained through phase inversion and the polyamide layer formed through IP
between chloride and amine monomers such as trimesoyl chloride and m-phenylenediamine [15].
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Figure 1. Cross-section SEM micrographs of (A) commercial CTA-HTI and (B) TFC membrane.
Reproduced with permission from Yip, Tiraferri, Phillip, Schiffman and Elimelech [16], Copyright
(1969) American Chemical Society.

Wang, et al. [30] had compared the characteristics of CTA and TFC FO membranes provided by
Hydration Technologies Innovation (HTI, Albany, NY, USA) and the results are shown in Table 1.
The smaller contact angles indicate a higher hydrophilicity degree, which means permeation of water is
easier and higher water flux is expected [31]. Indeed, higher water flux was observed in TFC membrane
compared to CTA membrane under the same operating conditions [30]. It is noteworthy that in a
more recent study by Li, et al. [32], a self-made TFC membrane in comparison with a commercial
CTA-HTI membrane also exhibited higher flux loss due to membrane fouling [32]. Flux loss is one
of the important criteria to be considered for overall flux performance when designing an osmotic
membrane system. Nevertheless, higher reverse salt flux was observed with TFC membranes in both
studies [30,32].

Table 1. Comparison of commercial CTA and TFC membrane produced by Hydration Technologies
Innovation (HTI, Albany, NY, USA). Adapted with permission from Wang, Tang, Zhu, Dong, Wang
and Wu [30], Copyright (2014), Elsevier B.V.

Parameters Cellulose Triacetate Thin-Film Composite

Thickness of active layer (μm) 6.1 ± 2.0 4.9 ± 1.1
Thickness of support layer (μm) 51.4 ± 6.7 47.8 ± 2.5

Pore size of SL (μm) 5.3 ± 1.0 3.9 ± 2.0
Contact angle of active layer (◦) 86.0 ± 4.5 79.2 ± 6.3

Contact angle of support layer (◦) 72.8 ± 1.9 73.8 ± 6.0
Water permeability (A) (L/(m2 h bar)) 0.70 ± 0.07 1.24 ± 0.04

Salt permeability (B) (L/(m2 h)) 0.53 ± 0.03 0.37 ± 0.08
Salt rejection rate (%) 94.7 ± 0.1 97.7 ± 0.5

Water flux Lower Higher
Reverse solute flux Lower Higher

In another study [33], which compared the PRO performance of five different membranes including
CTA-HTI, CTA-HTI spiral, CTA-FTS, TFC-FTS, and TFC-Aquaporin (Fluid Technology Solutions (FTS)
and Aquaporin A/S are commercial membrane companies), it was found that although TFC membranes
have higher flux, CTA membranes with higher pressure stability show higher power densities because
the latter with a thicker rejection layer is less likely to be damaged at high pressure while the former is
more prone to compaction. To summarize, it is obvious that each material has better performance in
different aspects and more comparison studies should be carried out to provide evidence that support
the hypothesis of one being better than another.
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The development of the membrane materials and synthesis methods has been enhanced by
the research and commercial attention on FO and PRO, resulting in the use of other materials [25].
For instance, a variety of nanomaterials, as shown in Table 2, has been used to alter the membrane
substrates, either only form the active layer, or fabricate the whole thin film nanocomposite (TFN)
membranes [34]. Incorporation of hydrophilic nanomaterials such as carbon-based nanomaterials
functionalized with hydrophilic moieties can alleviate ICP by forming higher hydrophilicity, bigger
porosity, and lower tortuosity [35]. Since the synthesis processes for TFC membranes are well established,
any discovery on new membrane materials can be scaled up effortlessly for commercialization [36].
For example, aquaporins, which are water channel membrane proteins, have been incorporated into
membrane substrate and this biomimetic Aquaporin membrane has been large scale commercialized
for academic and industrial applications [37]. Nonetheless, it must be noted that there is a limited
number of pilot-scale research carried out to apply TFC membranes in commercial-scale FO and PRO
processes. More extensive researches at a bigger scale are needed for osmotic membranes to find out
their feasibility for a sustainable operation to the point of commercialization despite the promising
findings in laboratories.

Table 2. Recent nanostructured osmotic membrane and their experimental performance.

Type of
Nanomaterials

Nanoparticles
Incorporated

Effects
Water Flux (Jw, L/m2 h)

Ref.
Unmodified Incorporated

Carbon
nanotubes

400 ppm sulfonated
carbon nanotubes

• Better
separation performance

• Better permselectivity
• Enhanced hydrophilicity
• Decreased

surface roughness

21.3 ± 2.1 29.9 ± 1.6 Li, et al.
[38]

Zeolites 0.4 wt % modified
clinoptilolite

• Increased
membrane porosity

• Higher eccentricity
• Reduced structural

parameter (S)
• Minimized ICP

16.3 24.61 Salehi, et
al. [39]

Zwitterions

Poly [3-(N-2-methacry
loylxyethyl-

N,N-dimethyl)-
ammonatopropan

esulfonate] (PMAPS)

• Lower water
contact angle

• Enhanced hydrophilicity
• Remarkable

anti-fouling properties

12.54 15.79 Lee, et al.
[40]

Graphene
oxide

0.1% graphene oxide
nanosheets

• Increase in
the hydrophilicity

• Increase in a surface
roughness value

• Better water permeability

7.9 14.5
Shokrgozar
Eslah, et
al. [41]

Carbon
quantum dots

Na+-functionalized
carbon quantum dots

• Higher roughness
• Larger effective

surface area
• Decreased

membrane thickness
• Increased interstitial

space among the
polyamide chains

24.25 ± 2.8 34.86 ± 1.41 Gai, et al.
[42]
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Table 2. Cont.

Type of
Nanomaterials

Nanoparticles
Incorporated

Effects
Water Flux (Jw, L/m2 h)

Ref.
Unmodified Incorporated

Metal and
metal oxide

nanoparticles

0.5 wt % molybdenum
oxide NPs

(MoO3)

• Increased wettability
• Enhanced surface

roughness,
hydrophilicity, and
water permeability

~21 67 Amini, et
al. [43]

Polyelectrolytes
Layer-by-layer

polyvinylidenefluoride
(PVDF)

• Enhanced hydrophilicity
and porosity

• High pure
water permeability

• Low
structural parameter

5.4 24.1 Gonzales,
et al. [44]

Metal–organic
frameworks

0.12 w/v % copper
1,4-benzenedicarboxylate

nanosheets,
CuBDC-NS

• Reduced contact angles
• Increased

surface hydrophilicity
• Much lower reverse

solute flux

18 28 Dai, et al.
[45]

2.3. Membrane Configurations

In addition to membrane materials, membranes have been fabricated into two membrane
configurations based on geometry that is flat sheet and hollow fiber configurations to improve
performance such as achieving high water fluxes and superior rejection properties [46]. Generally, as
compared to the hollow fiber membrane, it is easier to engineer a thinner support layer in a flat sheet
membrane, thus it has higher water flux and power density [7]. However, due to the thin support
layer and lower packing density, flat sheet membranes are less mechanically stable and more likely
to experience structural destructions under pressure, even with a macro-void free support layer [14].
Compaction due to pressure always negatively affects the properties of the flat sheet membranes, such
as increasing the resistance of porous substrates, decreasing the permeability of the selective layers,
and enhancing the salt leakage by spacer [47].

Therefore, recent approaches in developing flat sheet membranes focus on enhancing their
mechanical robustness, which is crucial for the PRO applications since it decides the maximum
applicable hydraulic pressure. For example, the selective layer of flat sheet membranes is normally
post-treated with chemical and physical modification for better mechanical strength [48]. Another
approach to improve the pressure tolerance of flat sheet membranes is by utilizing customized spacers.
Membrane with customized tricot fabric spacers was able to tolerate a stable 48 bar hydrostatic pressure
for exceeding 10 h and achieve 14.1 W/m2 at 20.7 bar [14]. The restrictions of pressure observed in
numerous previous PRO research are primarily because of the unsuitable selection of spacer material.

Hollow fiber membranes (as shown in Figure 2) are tubular-shaped membranes and this
configuration provides key benefits including a self-supporting structure and high packing density in
membrane modules [49]. Hollow fiber membranes commonly feature a higher mechanical strength
due to their geometrical (circular) structure. The fabric support-free hollow fiber configurations
could also give rise to better control of the structural parameters [49]. Furthermore, the hollow fiber
membrane module demonstrates higher efficiency (flux) of mass transfer compared to the flat-sheet
(spiral-wound) module [50]. Wang, et al. [51] discovered that contact angles of FO hollow fiber
membranes were much smaller than the commercial flat sheet membranes suggesting that they have
higher hydrophilicity and lower fouling tendency. Besides, Chou, Wang and Fane [47] reported much
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lower specific reverse salt flux in the hollow fiber membrane as its self-supporting structure can
eliminate the deformation-enhanced reverse solute flux which is common for flat-sheet membranes.

Figure 2. Hollow fiber membranes.

Moreover, hollow fiber membranes do not require spacers to effectively support the flowing of
liquids on both sides of the membranes. Without spacers, deformation of the membrane caused by
the spacer under high pressures could be minimized and more membranes could be packed into the
modules. Also, with a self-supporting structure, higher pressures can be achieved by keeping the
pressurized DS on the shell side rather than on the bore side of the fiber [52]. Since a spacer is not
required in hollow fiber membranes with DS on the shell side, power density can be improved without
the potential energy loss from the interface between membrane and spacer [53]. The Japanese Mega-ton
project had tried a prototype by modifying and upscaling CTA-based RO hollow fiber membrane into
PRO membrane module and achieved a power density of 7.7 W/m2 at 25 bar [54]. However, they
usually have smaller initial water flux compared to the flat sheet membranes (before deformation takes
place), and they are likely to face pressure drop problems within each hollow fiber [6]. In addition,
increasing pressure causes a reduction in the dimensions of fiber, leading to an increase in feed pressure
loss on the bore side [52]. These are research gaps that researchers can look into so that there will be an
enhancement in hollow fiber membranes and the performance of ODMPs.

Power density is a significant parameter in selecting the membrane for the PRO process. Although
increasing the membrane area can scale up the energy generation, membranes with high power density
which produce greater power per unit area reduce the membrane size required and the capital cost.
As demonstrated in Table 3, various enhanced hollow fiber TFC membranes have been developed
recently and applied in PRO processes where the highest power density in the literature so far is
38 W/m2. In contrast, there is limited literature on the application of flat sheet membranes in osmotic
power generation recently, after Han et al. [14] had summarized PRO performance of TFC flat sheet
membranes up to 2015. One of the recent studies is research by Sharma, et al. [55] which discovered
that CA flat sheet membrane modified with PEG 6000 achieved power density of 3.1 W/m2. In brief,
flat sheet membranes are more appropriate for FO applications due to their highly engineered support
layer while hollow fiber membranes that have simple fabrication, high-pressure resistant structures,
and high membrane surface area per module are comparatively suitable to harvest energy through
PRO process [25].
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Table 3. PRO performance of recent hollow fiber membranes.

Membrane Feed Solution Draw Solution
Hydraulic

Pressure (Bar)
Power Density

(W/m2)
Ref.

TFC DI water 1.2 M NaCl 30 38 Wan, et al. [56]
TFC DI water 1 M NaCl 16.5 14.6 Park, et al. [57]
TFC DI water 0.81 M NaCl 20 18.8 Zhang, et al. [58]
TFC DI water 1.0 M NaCl 20 12.1 Gonzales, et al. [59]
TFC DI water 1 M NaCl 21 16.7 Lim, et al. [60]
TFC DI water 1 M NaCl 20 20 Wan, et al. [61]
TFC DI water 1 M NaCl 20 27 Wan and Chung [62]

2.4. Membrane Fouling

Membrane fouling, which happens due to the deposition of particles and/or solutes at the
membrane surface or inside membrane pores, is one of the main factors influencing membrane
performance in ODMPs [12]. There are four types of fouling and their respective model foulants
are shown in Table 4. The chemical and hydrodynamic interactions between the foulants and the
membrane surface either temporarily or permanently decrease membrane water flux [63], leading to
lowered permeate quality, reduced water recovery, shortened membrane life, and increased operating
cost [13]. This is because foulants not only react with the membrane surface physically but also
deteriorate membrane material chemically [63]. In addition, the accumulation of foulant influences
power density used to generate energy in PRO. A layered model by Nagy, et al. [64] demonstrated a
50% reduction of power production due to a 500 μm-thick cake layer.

Table 4. Fouling types and model foulants.

Type of Fouling Model Foulants

Organic Alginate, humic acid (HA), and bovine serum albumin (BSA)
Inorganic Calcium salts and silica
Colloidal Colloidal silica particles
Biological Escherichia coli bacteria suspensions

A lot of academic studies, industrial researches and development efforts have been carried out
since the early 1960s to mitigate membrane fouling [63], which is influenced by various factors such as
operation conditions, membrane properties, level of pretreatment and solution chemistry [21]. The
properties and characteristics of membranes that influence fouling formation are their morphology
(i.e., surface roughness, surface pattern, or pore size) and chemical structure (i.e., charge, hydrophilicity,
and functional groups). In general, low surface roughness, high hydrophilicity, and negative surface
charge are desirable [65].

In ODMPs, the accumulation of foulants takes place on different surfaces of membrane depending
on the membrane orientation, hence fouling can be categorized into internal and external fouling [66].
In FO mode, foulants are accumulated on the relatively smooth active layer and a cake-type layer is
subsequently formed. The deposition of foulants is influenced by both shear force and permeation
drag, resulting from bulk cross-flow and permeate flux, respectively [67]. This manner of fouling is
referred to as external fouling.

The mechanism of fouling is more complex in PRO mode. The foulants which are relatively small
compared to the pores of the rough support layer can enter the membrane porous support layer and be
adsorbed on the walls, or eventually be retained by the dense active layer and deposited at the back of
the active layer. Subsequently, foulants which penetrate the support layer attached to the foulants
which have been accumulated on the active layer, resulting in clogging of the membrane pores. This is
the most serious case of fouling and is very difficult to clean up [68]. At the beginning of fouling in PRO
mode, the effect of hydrodynamic shear forces is absent since cross-flow velocity disappears within
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the support layer [67]. Fouling in this manner is called internal fouling. Under severe conditions of
fouling, more foulants continue to accumulate outside of the support layer, resulting in both external
and internal fouling [66].

External fouling, in comparison with internal fouling, happens on the surface of the membrane
so it is more able to be removed and reversed via optimizing feed water hydrodynamic conditions
or chemical cleaning [69]. Therefore, AL-FS orientation is recommended by most researchers for FO
application to avoid unwanted internal fouling [70], although there is relatively higher water flux in
PRO mode since crossflow shear on the membrane surface can mitigate dilutive ECP [18]. On the other
hand, PRO membranes are usually in operation of PRO mode due to higher mechanical stability (to
avoid rejection layer damage) and higher power density (in the absence of fouling) [71].

Even though the osmotic backwash method has been developed to clean foulants within the
support layer [72], it is essential to develop internal fouling control which is more effective for PRO
because the requirement of pretreatment of feed water and membrane cleaning increases energy
consumption and incurs additional costs [73]. It is also urgent to develop an appropriate PRO
membrane to mitigate support layer fouling where material and roughness of the surface of the support
layer should be taken into account [12]. Nevertheless, it should be clarified that both internal and
external fouling can be irreversible depending on feed water constituents and their interactions with
the membrane [74].

3. Feed Solutions

A variety of FSs, such as sewage [75,76], grey water [77], and microalgae [76,78], have been
examined for their feasibility in different FO applications. Study on these commercially available
FSs and other unexplored FSs is very important to understand their applicability, sustainability and
economic feasibility in FO processes. Since FO is driven by the osmotic pressure difference, increasing
feed concentration leads to lower initial flux due to the higher osmotic pressure of FS followed by
a thinner foulant layer due to lowered convection of foulants to the membrane [64]. Furthermore,
the presence of salt in the FS increases ICP in the membrane and reduces the achievable power
density. Madsen et al. [33] reported a 55% reduction in power density (8 W/m2 to 3.6 W/m2) when
FS was changed from MilliQ ultrapure water to a 2 wt % NaCl solution. The reduction in power
density was not linear and the biggest difference occurred when changing MilliQ water to 0.01 wt %,
which is the typical salinity of the river water model. This indicates that the suitability of river water
as a FS should be investigated and DS with higher salinity should be studied to generate higher
power. Moreover, the presence of other solutes (either dissolved or suspended) in FS could directly
influence the FO performance [18]. This is because an increase in total dissolved solids of FS results
in a reduction of net osmotic pressure, thus reducing water flux [18]. Composition and chemistry of
FS—including the availability and concentration of divalent ions, ionic strength, and pH—strongly
affect the fouling behavior in FO since characteristics of the foulants (e.g., membrane surface charge) and
the foulant–foulant and foulant–membrane interactions are influenced [79]. For instance, comparatively
high retention of ammonia was observed at a pH of 5 and the retention gradually decreased when the
pH increased. Meanwhile, there was an enhancement in the retentions of nitrite, nitrate, and phosphate
when pH was increased from 5–8. This is because the electrostatic repulsion between the membrane
and the negatively charged ions was strengthened by the increasing negative charge on the surface of
the membrane [76].

Feed waters with different qualities have been researched to determine the major foulants since
water flux and osmotic power generation are reduced by membrane fouling, making the overall
cost as high as other membrane processes [80]. In addition, for certain quick fouling, high cleaning
frequency and long downtime processing are required making the conventional backwash approaches
impractical. Also, adding a large amount of chemicals that are expensive to alleviate fouling in PRO
processes is not viable economically [81].
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Pretreatments

In order to reduce membrane fouling and to improve the performances, various pretreatment
approaches—including microfiltration [82], vacuum filtering [83], low-pressure nanofiltration [84],
low-pressure reverse osmosis [81], and coagulation [85]—have been investigated. Water flux increases
when pretreatment is carried out since the suspended solids in feed solution are removed. However,
Yang, Gao, Jang, Shon and Yue [83] reported that the increment associated with sewage pre-filtration
decreased with time. Seker, et al. [86] presented similar findings where initial water flux with
pretreatment (8.5 L/m2 h) was lower but water flux of pretreated whey decreased slowly and final flux
(4 L/m2 h) was the same as the flux of non-pretreatment. Therefore, it should be noted that pretreatment
only delays, but does not mitigate, the fouling formation.

In addition, the power density increases after the pretreatment. Results shown by Yang, Wan,
Xiong and Chung [81] demonstrated that the PRO process without pre-treatment at 15 bar generated
a power density of 2.92 W/m2 (only 40% of its initial power density) while the PRO process using
filtrates from nanofiltration could produce a stable power density of 7.3 W/m2 with only a 10.7%
drop. Nonetheless, Kim and Kim [87] suggested omitting pretreatments in designing and operating
PRO because pretreatments need more energy (0.1–0.4 kWh/m3) than the extractable net energy
(0.1 kWh/m3) and net energy extraction from seawater and river water could be done using PRO even
with severe fouling. Therefore, an economical and less energy-intensive approach should be developed
for pretreatments, otherwise pretreatments might not be that helpful in both FO and PRO processes.

4. Draw Solutions

Identifying an appropriate draw solute/solution is one of the major challenges to the FO and
PRO processes. Since the mid-1960s, a variety of DS has been proposed and examined to maximize
the efficiency of these processes but none of them have been successful for commercialization [88].
There are several important criteria to be fulfilled by an ideal DS, which are (i) high water flux (high
osmotic pressure), (ii) simple and cheap recovery from the diluted DS, and (iii) low reverse solute flux
(RSF) [89]. However, the first two requirements are in fact a conflict between one another since good
osmotic potential requires a strong association between water molecules and draw solutes, which
subsequently complicates the recovery process [90]. The recovery of DS remains one of the main
challenges even though various approaches have been proposed including RO, heating/distillation,
ultrafiltration, nanofiltration, magnetic separation, physical triggers, precipitation, and membrane
distillation [91].

There are various additional criteria for an ideal draw solute, such as having no damage, scaling or
fouling on the membrane surface even after prolonged use, intrinsic properties (e.g., at or near neutral
pH), low viscosity even at high concentrations, low toxicity without adverse effect on environment
and human health, a high diffusion coefficient to reduce ICP, being chemically stable for repeated use
as well as cost-effective [91]. However, some contradictions between or deviations to some of these
criteria may exist. For instance, solutes with small size like NaCl are more likely to achieve a high
diffusion coefficient which reduces ICP, but there is also relatively high RSF due to their size [92].

Considering the diversity of feed solutions, it may not be possible that a single universal DS can
treat all kinds of feed solutions [93]. Hence, before applying practically to the real-world industries, a
draw solute should be extensively evaluated regarding their suitability through examining its various
aspects and the priority order of assessment measure is entirely based on each application. For example,
the primary property of a draw solute for power generation via PRO should be water induction
ability (high osmotic pressure) since the relationship between power density and water flux is direct
proportional [89].

As demonstrated in Figure 3, DS is widely classified into two groups which are synthetic
compounds and commercially available compounds that can be further categorized into four main
kinds in accordance with their physicochemical properties: volatile compounds, nutrient compounds,
inorganic salts, and organic salts but overlapping may occur as this grouping is not strict [94].
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Commercially available draw solutes were dominant before 2007 and there have been efforts in
exploring them but the outcomes are still far from satisfactory, therefore various synthetic DSs that
exhibit superiority with lower RSF and less energy consumption in recycling have been proposed
recently [95].

 
Figure 3. Classification of draw solutes/solution.

There is another classification of DSs based on the recovery methods of draw solute which are
either responsive or non-responsive to some external stimuli [93]. The non-responsive draw solutes
which include the commercially available compounds refer to those without significant variation
in their water affinity upon exposure to stimuli like a magnetic field, thermal, pressure, or light
whereas the responsive draw solutes are mostly the synthetic compounds which respond to stimuli by
undergoing substantial changes in water affinity. Phase transitions between two states with different
water affinities usually happen. Draw solutes can then be easily regenerated or separated from the
diluted draw solutions while maintaining drawing ability which is sufficiently high [90].

When the concentration of DS increases, the osmotic pressure difference also increases, resulting
in greater water flux. However, this is temporary because there is an enhanced dilutive ICP inside the
membrane support layer caused by the increased incoming water flux, reducing the available driving
force drastically [18,96]. In addition, increased concentration of DS results in a greater draw solutes loss
because of RSF, despite being less significant in comparison to the increased Jw. It is noteworthy that if
DS concentration is further increased beyond a certain level, the pumping energy will be increased due
to the increased viscosity. The use of highly concentrated DS could also result in other implications; for
example, chemical exposure to increased ionic concentrations could affect membrane stability [18].
Hence, it is essentially important to develop draw solutes which can produce high water flux at low
concentration as this could lead to momentous energy and cost savings.

5. Operating Conditions

Furthermore, operating conditions are another factor that highly affects the treatment efficiency
of FO. Examples of operating conditions are draw solution concentration, membrane orientation,
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cross-flow velocity and temperature, which are shown in Figure 4. This is also applicable to PRO where
the extractable power per unit membrane area (i.e., the specific power) is affected by local conditions
such as concentration and temperature of seawater [97]. Moreover, the combined effects of operating
conditions should be investigated extensively and the relationship between each variable should be
understood so that the performance of ODMPs can be maximized. For example, Hawari, et al. [98]
reported a 93.3% increase in the membrane flux when both the DS temperature and the flow rate are
increased from 20 to 26 ◦C and from 1.2 to 3.2 L/min, respectively.

Figure 4. Factors affecting osmotic membrane processes.

Nonetheless, it is a challenge to define a general set of best-operating parameters since they
are highly dependent on a particular system where each system has its own membrane parameters,
equipment specifications, element geometry, site conditions, and system losses [99]. Maximum power
point tracking (MPPT) has been proposed recently to have real-time control of PRO systems by either
controlling of only one parameter which is the pressure exerted [100–102] or simultaneously controlling
of few parameters including feed flow rates, draw flow rates and pressure exerted [103]. Maximum
net power and maximum specific energy can then be extracted from the PRO system at both the design
stage and in the field with varying conditions [103]. Nevertheless, laboratory-scale studies are still in
great need even though numerous simulation and model-based optimization studies [104–106] have
been carried out.

5.1. Cross-Flow Rate

According to film theory, the thickness of the mass transfer boundary layer at the membrane
surface is changed by varying the flowrate of solutions [107]. When the flow rates are higher, there is
an increase in permeate flux because the boundary layer is thinner, resulting in a higher rate of mass
transfer, thus reducing ECP and fouling; however, in some cases, it was found that at higher flow
rates, the residence time along the membrane will be shorter which will result in lower permeation
across the membrane [23,108]. Increasing cross-flow velocity induces mixing in the porous support
layer making the ICP less severe, especially for those membranes with thin and highly porous support
layers [109]. In a cross-flow system, two main forces are applied to the feed particles. Hydrodynamic
drag which is perpendicular to the surface of the membrane forces the foulant molecules to move
towards the membrane while the shear rate which is tangential to the surface of the membrane causes
the molecules to move back towards the bulk solution. Higher tangential shear force at high cross-flow
velocities reduces the accumulation of foulants [110]. The removal rate of foulant is also higher [64].
Furthermore, the power density can be influenced by changing the flow rate ratio due to the higher
water fluxes obtained from the membrane with a higher flow rate ratio. By understanding the influence
of the input flow rate ratio, the potential power output from a PRO system can be increased [111].

A relatively low DS flowrate compared to the FS flowrate will cause dilution effect affecting
the permeate flux, which is also more serious with a higher concentration of DS. There should be a
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sufficiently high cross-flow rate of the DS (dilution factor <2) to restrict the adverse dilution effect [96].
In fact, by altering the flow rates of both the FS and the DS could achieve a greater increment in
water flux compared to altering the flow rate of either one. An increase in both flow rates causes a
simultaneous reduction of CP effect at both sides of the membrane [98]. It shall be noted that high
ratios of flow rate can induce great force to the membrane surface which has the potential to damage
the membrane [111]. Hence, research works should be conducted to determine the optimal ratio of
flow rates to be implemented.

The study conducted by Phuntsho, Sahebi, Majeed, Lotfi, Kim and Shon [18] has shown higher
FO water flux at higher crossflow rates with optimum crossflow rate between 400 and 800 mL/min,
although the increase is logarithmic and the effect of crossflow is insignificant beyond this level.
Seker, et al. [112] supported this wherein their study, there was no variation in water flux while
increasing flow rate from 2500–7500 mL/min as the flow rates used were higher than the optimum.
There was a reduction in water fluxes when the flow rate was further increased to 10,000 mL/min. Also,
Gulied, et al. [113] found out that a small increase in water flux (∼1.5%) and %W recovery (1.2%) were
resulted from increasing the flow rate from 1600–2800 mL/min. However, when the circulation flow
rate increased, the ECP effect could become smaller reducing the water flux where the WF and %W
recovery decreased gradually with increasing flow rates from 2800–3200 mL/min.

In addition, there is a requirement of extra pumping energy for high cross-flow rates yet the
enhancement on water flux may be limited. For instance, the study reported by Gulied, Al Momani,
Khraisheh, Bhosale and AlNouss [113] observed there was no significant effect on FO performance by
increasing circulation flow rate (from 1.6 mL/min to 3.2 mL/min) but energy consumption increased
from 36.1 W/m3 to 144.2 W/m3. This indicates that energy consumption increased by ~4-fold when
doubling the flow rates. The efficiency of the PRO process is reduced as a result of increased energy
need for pumping even though increasing cross-flow rates leads to increased power densities [114].
In certain cases and up to certain limits, improvement in osmotic performance and power generation
can justify the energy invested for additional pumping [103]. At the optimal cross-flow, a balance of
pumping energy and osmotic performance shall be accomplished [96].

5.2. Temperature

Operating temperature is a crucial factor which affects the osmotic performance. This is because
it has a direct influence on the thermodynamic properties of both solutions, (e.g., osmotic pressure,
diffusion, and viscosity) [115]. In fact, according to the van ’t Hoff equation (π = βCRT), there is a
direct proportional relationship between osmotic pressure and the temperature. Although the osmotic
pressure is not proportional to the concentration if the solutions are highly concentrated, there is still an
assumption of the proportionality between the osmotic pressure and the temperature [116]. Variation
in the thermodynamic properties not only affects the water flux but also influences membrane fouling
and solute rejection/diffusion [117]. Heating both sides (FS and DS) simultaneously is more effective
since the difference among the water fluxes with increased temperature of either one solution is not
significant [115].

An increase in the temperature improves the water flux due to reduced water viscosity in solutions
(and/or solubility), and increased water solubility and diffusivity within the membrane [117]. Besides
variations in properties of solvent, solute, and solution, there is higher water flux because the polymeric
membrane expands upon heating producing larger effective pore sizes, which also unfortunately
gives rise to more serious solute diffusion [118]. RSF increases with the increase of temperature as the
membrane has less resistance to draw solute transmembrane diffusion [115]. Although the increased
solute diffusion alleviates the concentrative ICP in the support layer and increases the water flux,
dilutive ECP can be enhanced because such an improved water flux carries more solutes from the feed
bulk phase to the surface of the support layer, thereby reducing the available driving force [117].

Furthermore, an increase in water flux leads to a reduction of operation time; for example, Yang,
Gao, Jang, Shon and Yue [83] demonstrated reducing sewage to one-quarter volume using FO filtration
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took 46 h and 15 h at 15 ◦C and 35 ◦C, respectively. In addition to increasing water flux, higher
temperature generally results in higher power density. Simulated model by Anastasio, et al. [119]
predicted that power density is greater at elevated temperature since membrane hydraulic permeance,
draw osmotic pressure and solute diffusivity all raise with temperature. Table 5 demonstrates how
an increase in temperature affects water flux and/or specific power in previous studies. Most of the
studies reported the improvement with increasing temperature, but higher temperatures can be tested
for the resulting performance together with their effects on membrane and energy efficiency.

Table 5. Increase in water flux and/or specific power due to increase in temperature.

Membrane FS DS
Temperature

(◦C)

Increase in
Water Flux
Per ◦C (%)

Increase in
Specific

Power Per
◦C (%)

Ref.

CTA-HTI Brackish
water

1.5 M
Na2SO4

25–35 3.1 - Zhao and
Zou [120]35–45 1.2

CTA-HTI 10 mM NaCl 1 M NaCl 25–35 4.1 3.4 She, Jin and
Tang [71]

CTA-HTI Brackish
water

0.5 M KCl
25–35 1.7 - Phuntsho, et

al. [121]25–45 3.2

CTA-HTI 0.5 M NaCl
1 M NaCl

20–30
7.1 6.5 Kim and

Elimelech
[122]

1.5 M NaCl 3.9 3.3
2 M NaCl 5.0 4.7

CA-HTI DI water 1.5 M NaCl 20–40 - 5.2

Anastasio,
Arena, Cole

and
McCutcheon

[119]

CTA-HTI DI water 2 M NaCl
5–20 2.9 - Heo, et al.

[123]20–45 3.3

TFC-TCK 0.01 M NaCl
0.6 M NaCl

25–50
2.9 3.2 Wang, et al.

[124]1.2 M NaCl 3.0 3.1

TFC Municipal
wastewater

Synthetic
seawater

concentrate

15–25 4.0 -
Yang, Gao,
Jang, Shon

and Yue [83]25–35 1.9

6. Conclusions

There is an extensive potential in ODMPs, specifically FO and PRO, to act as a sustainable
bioenergy solution on water and energy scarcity. However, technological developments and large-scale
investigations are required to improve their feasibility and performance. This review provides a
comprehensive summary of factors affecting their performance so that these efficient and green
bioenergy processes can be further improved and implemented in the industrial applications in the
near future. Membrane FS and DS, which are the major components of ODMPs, have high impacts
on the performance of FO and PRO. These components which are commercially available should be
modified for better performance. For example, research should be carried out to improve the pressure
stability of TFC membranes for higher power density. Efforts must also be carried out on exploring
new materials to fabricate membrane as well as to synthesize FS and DS so that higher water flux and
greater power density can be achieved, thereby improving the bioenergy production. Draw solution
with high salinity should be explored and examined to enhance the power generation to compete
with other renewable energies. Also, optimization of operating parameters and understanding of the
relationship between these parameters are essential to maximizing the bioenergy output. Although the
performance of osmotic membrane processes (i.e., water flux and power density) is not affected by
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their economics, the cost aspect—including membrane cost and pretreatment cost—is an important
criterion for consideration when designing an osmotic system, especially for bioenergy applications.
Therefore, a techno-economic assessment of these osmotic membrane processes is essential to examine
their feasibility even though there is a lack of full-scale FO and PRO applications to validate the cost
assumption. In short, this paper has summarized the factors affecting FO and PRO processes which
help in bioenergy production while outlining research needs and future directions on each factor.
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Abstract: The world energy production trumped by the exhaustive utilization of fossil fuels has
highlighted the importance of searching for an alternative energy source that exhibits great potential.
Ongoing efforts are being implemented to resolve the challenges regarding the preliminary processes
before conversion to bioenergy such as pretreatment, enzymatic hydrolysis and cultivation of biomass.
Nanotechnology has the ability to overcome the challenges associated with these biomass sources
through their distinctive active sites for various reactions and processes. In this review, the potential of
nanotechnology incorporated into these biomasses as an aid or addictive to enhance the efficiency of
bioenergy generation has been reviewed. The fundamentals of nanomaterials along with their various
bioenergy applications were discussed in-depth. Moreover, the optimization and enhancement
of bioenergy production from lignocellulose, microalgae and wastewater using nanomaterials are
comprehensively evaluated. The distinctive features of these nanomaterials contributing to better
performance of biofuels, biodiesel, enzymes and microbial fuel cells are also critically reviewed.
Subsequently, future trends and research needs are highlighted based on the current literature.

Keywords: bioenergy; biofuel; nanotechnology; nano-catalysts; nano-additives

1. Introduction

The current primary energy consumption is dominated by conventional fossil fuels including
coal, oil and gas [1], leading to sustainability problems such as a declining amount of fossil fuels,
environmental impacts and huge price fluctuations [2]. Greenhouse gas emissions, global climate
change as well as intense energy demand have driven a number of professionals to develop novel
solutions to replace fossil fuels. Among the alternative energy sources, biomass accounts for around
80% of the energy produced by global renewable energy carriers [3]. It can be stored and employed to
generate heating, fuels and electricity when required. These are called bioenergy which is defined as
solid, liquid or gaseous fuels produced from biological origin.

Bioalcohol derived from corn, wheat, sugar beet and sugarcane as well as biodiesel produced
by transesterification of oils extracted from rapeseed, palm, soybean and sunflower are examples
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of bioenergy generated from first-generation feedstock. Non-food feedstocks like lignocellulosic
and microalgae biomass are second- and third-generation feedstocks used to produce bioenergy,
respectively. The biomass can be processed using thermal conversion technologies such as combustion,
gasification and pyrolysis which converts biomass to bio-oil (a liquid fuel) and biochar (a solid residue),
while syngas, which can be further processed to biofuels and electricity, is produced by the gasification
of biomass [4]. Furthermore, anaerobic digestion has been employed commercially to produce biogas,
which is also a type of bioenergy. The biogas produced has been utilized to generate heat and electricity.
It plays an important role to provide the necessary energy to rural areas for cooking and lighting [4].
In addition, bioenergy can be produced by microbial fuel cells (MFCs) which uses naturally occurring
microorganisms with biological electricity-generation ability.

Despite having numerous scientific breakthroughs, there are still various technical barriers to
tackle for bioenergy production so that it can compete with fossil fuels. For instance, for microalgal
biofuels production, cultivation of algae on a large scale effectively and efficiently, maintenance of the
desired culture with alien species, harvesting cost of algae and energy efficiency and the best conversion
method to biofuels remain uncertain [5]. Moreover, pretreatment methods are required to extract
fermentable sugars from lignocellulosic biomass before proceeding to biofuel generation processes [6].
Other than technological barriers in production, challenges like insufficient existing infrastructure for
the production process and high production cost compared to first-generation biofuels are apparent [7].
These drawbacks necessitate the development of production and optimization strategies to achieve
high quality and high yield of bioenergy. For example, processes regarding pre-treatment, enzymes
and fermentation can be looked into so that bioenergy production can be made to more energy-efficient
and cost-effective [8].

Nanomaterials are the fundamental principle of nanoscience and nanotechnology application.
The application of nanostructure science and technology covers a wide interdisciplinary area of research
and development activity which has grown explosively worldwide in the past research discipline.
Nanoscale materials are defined as a set of substances, where at least one dimension is less than
approximately 100 nm. This extremely tiny size gives a large ratio of surface area to volume and
increases the number of active sites for various reactions and processes. These nanoparticles (NP)
also have the ability to exhibit different morphologies that have broadened their applications in
different fields [9]. In addition, nanostructured materials, in comparison with large particles, have a
faster reaction rate with other molecules [10]. The existence of nanomaterials has already influenced
significant commercial impact, and the awareness of nanomaterials will raise due to its unique optical
scale properties which are impactful for various fields such as bioenergy, electronics, mechatronics,
medicine, pharmaceutical, ionic liquids, polymer and many more.

A number of direct and indirect applications of nanomaterials in bioenergy production have been
reported. Nanomaterials are exceptional candidates in numerous biofuel systems due to their large
surface areas and special characteristics including high catalytic activity, crystallinity, durability, efficient
storage, stability as well as adsorption capacity [11]. The effects on metabolic reactions of bioprocesses
producing biofuel are enhanced with nanoparticles such as nanofibers, metallic nanoparticles and
nanotubes [9]. Nanoparticles, which are usually used as catalytic agents, take part in enhancing the
activity of anaerobic consortia, reducing inhibitory compounds and transferring electrons in order to
improve the process yields. Nanomaterials such as nano-crystals, nano-droplets and nano-magnets
are also used as nano-additives in order to enhance the blending efficiency of biofuel with petrol and
diesel [12].

This paper comprehensively reviews the recent approaches and applications related to
nanotechnology incorporated processes for bioenergy production. The fundamentals of nanotechnology
are introduced with the uses and benefits of various nanoparticles. Then the next section covers
applications of nanotechnology on biomass including microalgal biomass and lignocellulosic biomass.
Then, recent advances in the nanotechnology-based biofuel industry including nano-catalysts for higher
biofuel yields and nano-additives for better fuel blends performance are presented. The conversion
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of chemical energy to electrical energy via MFCs with the aid of nanoparticles is also discussed.
Moreover, future works and challenges are highlighted to provide insights for the future development
of bioenergy production using nanomaterials. This study with in-depth comparison analysis will
contribute to the bioenergy field where it provides a clear outline to the concerned researchers in how
nanotechnology can improve bioenergy production.

2. Fundamental of Nanomaterials

Redesigning a material at the molecular level state is also known as engineered nanomaterials
in which modification is made toward their small size and novel properties which are generally not
visualized in their conventional and bulk counterparts. The distinct properties of these materials at the
nanoscale are their relatively large surface area which triggers the novel theory of quantum effects.
Nanomaterials provide a much greater surface area to volume ratio compared to their conventional
forms, which is beneficial as this can provide greater chemical reactivity created by their specialty [13].
Considering the reaction on a nanoscale level, the properties and characteristics of materials including
novel optical, electrical and magnetic behaviors can be more vital due to the quantum effects [14].

The most common terms for nanostructured materials are classified as zero-dimensional (0-D),
one-dimensional (1-D), two-dimensional (2-D) and three-dimensional (3-D) nanostructures [15]. These
dimensionalities of nanomaterials are characterized using an ultrafine grain size less than 50 nm or
limited to 50 nm. Various modulation dimensionalities can be formed such as 0-D (e.g., atomic clusters,
filaments and cluster assemblies), 1-D (e.g., multilayers), 2-D (e.g., ultrafine-grained overlayers or buried
layers) and 3-D (e.g., nanophase materials composed of equiaxed nanometer-sized grains). Common
types of nanomaterials include nanotubes, dendrimers, quantum dots and fullerenes. Nanomaterials
have applications in the field of nanotechnology where they display different physical and chemical
characteristics from normal-sized chemicals.

The most fundamental component in a nanostructure fabrication is nanoparticles. NPs with
diverse size and morphology can be fabricated via several synthetic routes which offer superior
quality of NPs, but the fabrication procedures such as biosynthesis are still under development for
further improvement [16]. Organic nanoparticles have been widely investigated up-to-date, with
liposomes, polymersomes, polymer constructs and micelles, all being employed for imaging or drug
and gene delivery techniques [17]. Meanwhile, inorganic nanoparticles have also attracted attention
in recent years attributed to their unique material- and size-dependent physicochemical properties,
which are incomparable with traditional lipid- or polymer-based nanoparticles. A common reason to
what makes inorganic nanoparticles attractive is their physical properties (e.g., optical and magnetic),
in addition to their chemical properties such as inertness, stability and ease of functionalization [18].
Thus, inorganic nanoparticles such as magnetic, gold, quantum dots and carbon nanotubes have vast
potential in various modern applications. For example, carbon nanotubes, metal-oxide and magnetic
nanoparticles (MNPs) are employed for bioenergy production. Table 1 summarizes the advantages
and disadvantages of magnetic nanoparticles.

Table 1. Advantages and disadvantages of magnetic nanoparticles [19].

Advantages Disadvantages

• Excellent biodegradability
• Readily to be customized
• Ease of separation
• Low cytotoxicity to biomass cell
• Ease of synthesis
• Ability to bind multiple targeted compounds
• Large surface-to-volume ratio
• Maintain stability after mechanical, physical and

chemical modification

• Poor dispersion abilities
• High cost of synthesis material
• Limitation in scale up production processes
• Mobility dependent on environment compatibilities

373



Energies 2020, 13, 892

MNPs which comprise of a magnetic core (e.g., magnetite (Fe3O4) or maghemite (g-Fe2O3)) are
some of the most profound inorganic nanomaterials [20]. The MNPs are most frequently used over all
the nanoparticles examined for bioenergy production since their magnetic properties give them easy
recoverability. Enzymes used in biodiesel or bioethanol generation can be immobilized with MNPs
as a carrier. High coercivity and great paramagnetic property of MNPs during the methanogenesis
process also make them useful for biogas production [21]. However, metals such as cobalt and nickel
which are incorporated in the synthesis exhibit toxic and susceptible compounds when subjected to
the oxidation process, thereby more research studies are required to overcome these problems [22].

3. Biomass

The world energy production of CO2 has been tremendously rising due to the exhaustion of
fossil fuels. On top of that, the concern relating to energy safety and environmental pollution has
been an appointment in searching for alternative sources for bioenergy production. Lignocellulosic
biomass involves plants and agricultural residues composed of cellulose, hemicellulose, lignin as
well as other components (i.e., proteins, pectins and extractives). It was estimated that only 3% out
of 13 billion t/y of plant residues were fabricated into manufacturing goods and the remaining were
left for decomposition [23]. Thereby, these lignocellulosic residues should be properly managed by
converting them into bioenergy where researchers have proven that the composition of lignocellulose
has the capability to transform their monomers or building block into biofuels (e.g., bioethanol and
biodiesel). On the other hand, ongoing studies have also shown the ability of microscopic filamentous
photosynthetic microorganism, or well-known as “microalgae”, regarding the conversion of algal lipids
into biofuels. These microalgae-based biofuels have similar chemical properties compared to those
from fossil fuels which are deemed to be a promising natural source for bioenergy production. Thus,
incorporating nanotechnology into these alternative biomasses could greatly contribute to bioenergy
production by acting as an aid to improve efficiency in various applications such as manufacturing,
energy resources, transportation, mechatronics, health care and pharmaceutical technologies.

3.1. Lignocellulose for Conversion of Cellulose to Biofuel

The conversion of cellulose to biofuels faces some difficulties such as the recalcitrant structure of
cellulose and the rigidity of the cell wall from lignocellulose biomass. The preliminary step involves
depolymerization of cellulose polymer into its monomers, delignification of cellulose into cellulolytic
enzymes, hydrolysis of cellulolytic enzymes into carbohydrates and fermentation of hydrolyzed sugars
into biofuel production [24]. In some cases, enzymatic hydrolysis and fermentation (e.g., simultaneous
saccharification (SS), simultaneous saccharification and co-fermentation (SSCF) and consolidated
bioprocessing (CB)) were combined to reduce the major steps involved in biofuel production from
lignocellulose biomass.

A study has shown the capabilities of nanotechnology where acid-functionalized magnetic
nanoparticles (MNPs) are used as catalysts to hydrolyze the cellobiose (β-glucose) from lignocellulose
biomass [25]. However, the disadvantage of the dispersion from some nanoparticles is the difficulty to
disperse in the aqueous solution where the hydronium ions were ineffective in the solution due to the
wettability of the sample. The results showed that the acid-functionalized MNPs with 6% of sulfur
content achieved cellobiose conversion up to 96.0% more than the conventional conversion (32.8%)
without catalyst [25]. The presence of these acid-functionalized MNPs could enhance the hydrolysis
reaction by their nanobiocatalyst properties for the immobilization of different enzymes. Aside from
that, the high surface-to-volume ratio of these MNPs facilitates the rate of hydrolysis compared
to the chemical pretreatment approach. Likewise, the separation of these magnetic nanoparticles
can be recycled for the subsequent hydrolysis process which is more preferable in minimizing the
process cost as they can be separated from the reaction medium magnetically. This was supported
by Lai et al. [26] and Erdem et al. [27] who demonstrated the sulfonate-supported silica MNPs
for the hydrolysis of lignocellulose biomass which was deemed as a promising hydrolysis catalyst.
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The presence of the silica-coated on the MNPs accelerates the mass transport in the acidic reaction
due to its relatively porous structure and higher stability of the magnetic core. On the other hand,
propyl-sulfonic acid-functionalized MNPs were subject to pretreatment and hydrolysis of wheat straw
lignocellulose biomass, however the efficiency was not as promising compared to the above studies [25].
Recent technologies using microwaves-, ultrasonication- and electricity-assisted approaches are also
recommended to be explored in the field of nanotechnology. A study by Su et al. [28] has demonstrated
the potential of incorporating microwave-assisted technology with carbonaceous acid MNPs for the
pretreatment and hydrolysis of sugarcane bagasse, Jatropha hulls and Plukenetia hulls. The hydrolysis
performance obtained for sugarcane bagasse, Jatropha hulls and Plukenetia hulls was 58.3%, 35.6%
and 35.8%, respectively. Table 2 summarizes the efficiencies of the MNPs for the hydrolysis of
lignocellulose biomass.

Table 2. Comparison studies on the efficiencies of magnetic nanoparticles.

Magnetic Nanoparticles (MNPs) Biomass Strain Operating Condition Yield (%) References

Sulfonate-supported silica MNPs,
FE3O4-SBA-SO3H

Amorphous
cellulose 1.0 g, 15 mL H2O at 150 ◦C for 3 h 50 [26]

Sulfonate-supported silica MNPs,
FE3O4-SBA-SO3H Cellulose 1.0 g, 15 mL H2O at 150 ◦C for 3 h 26 [26]

Sulfonate-supported silica MNPs,
FE3O4-SBA-SO3H Starch 1.0 g, 15 mL H2O at 150 ◦C for 3 h 95 [26]

Sulfonate-supported silica MNPs,
FE3O4-SBA-SO3H Corn cob 1.5 g, 15 mL H2O at 150 ◦C for 3 h 45 [26]

Perfluoroalkylsulfonic MNPs,
PFS-MNPs Wheat straw 2.5% (w/w) biomass, 160 ◦C for

24 h 66.3 ± 0.9 [25]

Alklysulfonic MNPs, AS-MNPs Wheat straw 2.5% (w/w) biomass, 160 ◦C for
24 h 61.0 ± 1.2 [25]

Carbonaceous acid MNPs,
C-SO3H-Fe3O4-MNPs Sugarcane bagasse 0.027 g, 15 mL H2O, 160–200 ◦C

(0.5–2.2 MPa) for 3 min 58.3 [28]

Carbonaceous acid MNPs,
C-SO3H-Fe3O4-MNPs Jatropha hulls 0.027 g, 15 mL H2O, 160–200 ◦C

(0.5–2.2 MPa) for 3 min 35.6 [28]

Carbonaceous acid MNPs,
C-SO3H-Fe3O4-MNPs Plukenetia hulls 0.027 g, 15 mL H2O, 160–200 ◦C

(0.5–2.2 MPa) for 3 min 35.8 [28]

Yet, the limitation of MNPs has evolved nanobiocatalysts through using silica-based NPs (Si-NPs),
nickel-based NPs and carbon nanotubes. Si-NPs are usually coated on the surface of the nanoparticles
which functions to immobilize a lignocellulolytic enzyme such as cellulase. It has been reported that
Si-NPs improved the catalytic activity in the simultaneous saccharification reaction for bioethanol
production from Trichoderma viride cellulase [29]. Factors such as particle size, pore size and surface
area are also crucial points as stated by Chang et al. [30], who evaluated two mesoporous silica NPs
(MS-NPs) on commercial cellulose. These MS-NPs have the chemical binding ability to immobilized
cellulase on their porous size surface for cellulose-to-glucose conversion up to 80%. Alternatively,
nickel-based NPs (Ni-NPs) are also commonly used for the hydrogenation process for the conversion
of glucose to a sorbitol molecule [31]. Gasification of biomass for the production of synthesis gas,
also known as syngas (CO +H2), can be useful as their intermediates can be further converted into
biofuels. Subjecting these unstable enzymes into a high operating temperature and pressure catalytic
processes would result in a lower productivity yield of biofuels. Another study has shown the use
of nickel-cobaltite NPs on the stability of Aspergillus fumigatus cellulases at different concentrations
of synthesized NPs. The results showed that the addition of 1 mM of nickel-cobaltite NPs increased
enzyme activity of endoglucanase, β-glucosidase and xylanase by 49%, 53% and 19.8%, respectively [32].
Contrast to these, carbon nanotubes (CNTs) are widely known for their attractive features in electricity,
thermal properties and mechanical strength [33]. Most studies have reported that multi-walled carbon
nanotubes (MWCNTs) performed more effectively than single-walled carbon nanotubes (SWCNTs)
as the immobilization of enzymes is compatible with their structural arrangement which enhanced
catalytic activities of immobilized enzymes [33,34]. These MWCNTs outperformed the hydrolysis
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of cellulose from Aspergillus niger within 85%–97% efficiency and retained its recyclable activity at
52%–75% after six cycles of hydrolysis process [33,34].

3.2. Nanotechnology for Bioenergy Production from Microalgal Biomass

Microalgae are widely researched as the third-generation biofuels feedstock with a diversity of
photosynthetic species [35,36]. The ability of microalgae to grow in harsh environments, high carbon
dioxide uptake and rapid productivity have made them an alternative biofuel feedstock. In addition,
the composition of microalgae which is rich in proteins, carbohydrates, lipids and carotenoids makes
them an excellent choice compared to lignocellulosic biomass [37]. However, these microalgae-based
biofuels face some challenges such as being difficult to manage in industrial-scale production, in
addition to the high cost for biomass production and harvesting, which requires efficient technologies
for biofuel conversion.

Previous studies have shown the feasibility of using MNPs for the hydrolysis of the microalgae cell
wall by immobilizing cellulase on MNPs followed by lipid extraction [38]. Subjecting the immobilized
cellulase to MNPs allows the microalgae cell wall composed of polysaccharide cellulose to be hydrolyzed
for the release of lipid composition. Under optimal conditions, the maximum yield (93.56%) of biodiesel
was achieved. A similar study also utilized MNPs replaced with metal-oxide MgO as an aid linked with
the cellulase enzyme to improve the hydrolysis of cellulose from Chlorella sp. CYB2. The results showed
that the glucose yield obtained was 91% performed by the mechanism of metal-oxides. Meanwhile,
Nematian et al. [39] reported the use of superparamagnetic nano-biocatalysts for the conversion of
bio-oil extraction from Chlorella vulgaris microalgae to biodiesel production. The results showed that
the transesterification reaction using 3-aminopropyl triethylenesilane-glutaraldehyde (MNPs-AP-GA)
was 69.8 wt %. The study also claimed that the covalent bonding of lipase showed a reliable method for
improving enzyme loading and productivity. Apart from that, microwave-assisted with MNPs for the
enhancement of biogas and biohydrogen production from microalgae were also studied. The biogas
and hydrogen productions were 328 mL and 51.5%, respectively [40]. However, there is still a lack of
study regarding the feasibility and economic analysis of these MNPs in large-scale production which is
a gap to-be-filled for researchers dealing with nanomaterials.

4. Impacts of Nanomaterial for Enhancement of Biofuels Production

The development of nanomaterial has expanded by modification with different functionalized
groups (e.g., amino-based, nickel-based, hydrophobic-based, gold-based) for the enhancement of
biofuel production. Nanomaterials are also capable of improving these enzymes’ activities by
introducing it into the cultivation medium [41]. The properties of these nanomaterials have proven to
generate stress during cultivation conditions such as high metal concentration (Fe), which affects lipid
accumulation in Chlorella vulgaris microalgae [42]. Introducing these nanoparticles with silica and iron
oxide composition in the cultivation medium would result in a strong sheer between the nanoparticles
and the cell as these nanoparticles act as a competitor for nutrients uptake. In terms of extraction and
recovery of lipids, these nanoparticles have also demonstrated excellent extraction ability to replace
these conventional solvents (e.g., chloroform, methanol and hexane) in the extraction. The benefits of
these nanoparticles are to prevent algae from dying and bring up the re-cultivation process from these
extracted microalgae [43].

4.1. Nanomaterial Incorporation as Nanocatalyst in Microalgae Processing

These unique nanomaterials stimulate the photosynthesis growth of microalgae by inducing a
mild stress condition for the accumulation of lipid without harming the cells. Several studies have
implemented nanoparticles as a nutrient in the culture medium (e.g., iron and magnesium) [42].
The iron nanoparticles also generate various reactive oxygen species (ROS) via Fenton-type reaction
which causes oxidative stress to the microalgae [44]. However, a study by Kang et al. [45] reported that
a high concentration of TiO2 nanoparticles in the presence of light would induce the viability of the
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cell. On the other hand, Mg-aminoclay nanoparticles have also been tested positively for the growth of
Chlorella sp. KR-1 and Chlorella vulgaris as the amino clay nanoparticles are composed of metal cations
such as Ca2+, Mg2+ and Fe3+ covalent bonded on the center of the nanoparticles [46]. The supplement
of MgSO4-NPs has shown its enhancement activity in both photosynthesis and reduced glycerol
consumption in the mixotrophic cultivation of C. vulgaris [47]. The implementation of MgSO4-NPs
induces the flocculation of microalgae by reducing the penetration of light, resulting in an increase of
chlorophyll content.

The impact of these nanoparticles has also been applied as an enzyme immobilizer via covalent
bonding for biodiesel production. The previous study has reported that Porcine pancreas lipase,
Candidarugosa lipase and Pseudomonas cepacia lipase were subjected to amino-functionalized MNPs for
enzymatic transesterification reaction and achieved a high conversion of biodiesel up to 67% [48,49].
A similar study also modified the amino-functionalized MNPs with a glutaraldehyde crosslinker
which aided a higher immobilized lipase on the surface of the MNPs [50]. Results showed that the
presence of this crosslinker coated on the MNPs was efficient to achieve a biodiesel conversion of
90% where the superior properties of glutaraldehyde activated the surface availability for enzyme
immobilization. Aside from that, hydrophobic MNPs were also investigated for the transesterification
of immobilized lipase to biodiesel. These hydrophobic MNPs have the ability to adsorb lipases or
immobilize lipase on their hydrophobic interfaces by their lids and protein chains [51]. The conversion
of extracted oil to fatty acid methyl esters was 70% along with a biodiesel production rate of 43.5 g/L/h
under optimized conditions [52]. The enhancement and separation of C-phycocyanin from Spirulina
platensis microalgae using a fabricated chitosan-modified nanofiber membrane has also shown a
purification factor of 3.3-fold and 66% recovery, respectively [53]. The function of this fabricated
chitosan-modified nanofiber membrane enables the coordination binding of contaminated proteins via
electrostatic interaction by separating and purifying the targeted C-phycocyanin molecules during the
separation process. A recent study by Cheah et al. [54] also utilized a fabricated chitosan-modified
nanofiber on the antibacterial activity with Escherichia coli which exerted antibacterial activity up to
99.5% effectively. The presence of a polycationic charge from the fabricated chitosan-modified nanofiber
membrane forms an electrostatic bond with the negatively charged site on a bacterium cell wall. This
deformed the permeability of the cell wall due to the stress condition, hence leading to cell lysis and
death. Other fabricated nanomaterials such as carbon nanotubes, mesoporous, nanofibers, electrospun
nanofiber, ferric-silica and gold-based support were also incorporated as engineered nanoparticles
to enhance the immobilization of enzymes for higher biofuel production [51,55,56]. Yet, there is still
a lack of insight and studies regarding its optimized condition for an ideal immobilized enzyme for
biodiesel conversion.

The controversy in utilizing nanomaterials especially carbon nanotubes (e.g., Al2O3, CuO, ZnO
and TiO2) faces challenges due to its toxicity to microalgae which covers oxidative stress, agglomeration
and the inconsistent supply of nutrients and synthesis cost of these nanomaterials. In addition, on
a molecular chemistry level, the internalization mechanisms of these functionalized NPs are still
not clearly understood. This calls for researchers to further evaluate these problems where to date,
the economic analysis, environmental safety and life cycle analysis (LCA) are subjects of interest as
standardized processes are much more preferable for an appropriate assessment of these lacking issues.

4.2. Nano-Additives Blended Biodiesel in Diesel Engines

Nanomaterials have also been tested as nano-additives on fuel properties due to their distinctive
properties of nanofluid which enhance various properties such as viscosity, flash point density, cetane
number and many more. An experiment has evaluated the effect of physicochemical properties of
biodiesel using metal-oxide NPs as a fuel additive [57]. The presence of these metal-oxide NPs acts as an
oxygen buffer resulting in a simultaneous oxidation process of hydrocarbons by reducing the emission
of oxides from nitrogen. Metal-oxide NPs exhibit a high surface-to-volume ratio that improves the fuel
efficiencies of this biodiesel compared to those of a conventional powder form. The results showed
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that a higher dosage of these cerium oxide NPs increases the fluid layer resistance and viscosity where
lower fuel viscosity is incapable of lubricating the fuel injection pump which will cause leakage and
easily wear off, reducing the fuel delivery performances. Clearly, this showed that metal-oxides NPs
are thermally stable to promote the oxidation of hydrocarbon and the reduction of nitrogen oxide.

The addition of nano-additives blended with fuel improves the cetane number and calorific value
resulting in better performance of combustion. Studies have shown that aluminum- and silicon-based
NPs improve the combustion quality of biodiesel engines [58]. This was also supported by another study
using zinc oxide-based NPs diesel–pomoplion stearin wax biodiesel blends where the improvement
of calorific value and cetane index were observed significantly [59]. Carbon nanotubes were also
used by Singh and Bharj [60] who reported that the cetane index improves when the concentration
of carbon nanotubes increases. Other nanoparticles such as iron oxide-based NPs were evaluated
showing the benefits from these NPs in enhancing both cetane number and calorific value for an ideal
combustion quality as well as reducing the emission release from diesel engines [61,62]. Nanofluids as
additives are also promising for the improvement of brake thermal efficiency of diesel engines, as these
additives promote complete combustion due to the higher evaporation rates, reduced ignition delay,
high flame temperatures and lengthy flame sustenance [58,63]. Other effects such as carbon monoxide
emission, hydrocarbon emission, NOx emission, combustion and evaporation can be resolved by
adding nano-additive blends into biodiesel fuel.

Despite its benefits, the major issues of NPs remain at the production cost that hindered the
commercialization of nanofluids. Studies regarding NPs as fuel additives are still limited to be
implemented at this point in time. Problems regarding nanoparticle aggregation, settling and erosion
are yet to be resolved and this requires better characterization of nanofluids to boost its effective usage.
On top of that, insufficient experimental results and poor understanding of the theoretical mechanism
of heat transfer are the main points to be tackled before commercializing these nano-additives in
diesel engines.

5. Bioelectrochemical System (BES)

Bioelectrochemical system (BES) is defined as the combination of biological and electrochemical
processes, involving the use of electrochemically-active bacteria to degrade organic matters in various
sources, such as industrial wastewater and biomass wastes [64,65]. The end products obtained are
electricity, hydrogen or other valuable compounds such as ethanol, hydrogen peroxide (H2O2) and
formic acid (CH2O2). BES is widely applied for wastewater treatment, and at the same time, the
production of bioenergy. Therefore, BES is a promising technology for managing water pollution
and global energy crisis [65]. Basic microbial fuel cells (MFC), photosynthetic MFC, plant MFC and
biophotovoltaics [66] are examples of several forms of BES. Due to the simple operation and mild
conditions, MFC nowadays attracts great interest from researchers worldwide as a new source of
renewable bioenergy of the future.

5.1. What Is MFC

In 1911, Potter first came up with the idea of utilizing the microbes to produce electricity [67]
followed by the development of first microbial half fuel cells by Cohen in 1931. MFC involves the
electrochemical interactions between the microorganisms or electrogenic microbes and organic matters
in which the electrons are transferred from the substrate to the anode electrode. This process is
known as extracellular electron transport (EET) [68]. The electrogenic microbes are the microorganisms
that serve as the main biocatalysts by transferring the electron produced from the metabolism of
organic compounds to the electrode through a series of chemical reactions, for instance, c-type
cytochrome or nanowires of the bacteria [69]. The examples of electrogenic microbes are bacteria
(e.g., Geobacter sulfurreducens, Shewanella putrefaciens, Clostridium cellulolyticum, Enterobacter cloacae,
Rhodoferax ferrireducens, Clostridium butyricum) and fungi (e.g., Aspergillus awamori, Phanerochaete
chrysosporium) [70–73]. The microbes on the anode are responsible for generating electrons and protons
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by utilizing the organic substrates. The protons (H+) produced will pass through the membrane and
the electrons then flow through the electric circuit to the cathode at which oxygen reduction reaction
(ORR) occurs [74,75]. As a result, bioelectricity is produced.

A typical MFC (Figure 1) is made up of two electrodes (anode and cathode) and a semi-permeable
membrane known as the proton exchange membrane. Different types of materials such as metals have
been used in the fabrication of electrodes. The most common materials for electrodes are carbon and
graphite [64]. For the production of non-carbon based electrodes, the metals used are stainless steel,
cobalt, copper, silver, nickel, titanium and gold [76]. There are some factors that affect the generation
of bioelectricity by MFC including the surface area, stability, porosity, durability of the anode, cathode
and membrane. The ideal electrodes should have the following characteristics [77]:

• Good electrical conductivity;
• Good thermal stability;
• Low resistance;
• Good biocompatibility with the system;
• Strong stability and anti-corrosion toward the chemical used in MFC;
• Large surface area;
• Good mechanical strength;
• Low cost.

 

Figure 1. The component of microbial fuel cells (MFC).

The anodic chamber of MFC is made up of an anode, microbes (bacteria) and a substrate
(wastewater) [66]. Being the most significant component of MFC, anode with the microbes attached to
it allows the electrons flow via the electrochemical reactions of the microbes through the degradation
of substrates. An essential aspect of the anode is the ability of the microbes to facilitate the formation
of biofilms and increase the probability of EET to occur [66]. The most common materials used in the
fabrication of anode are graphite or carbon that comes in various sizes or geometrics, for instance,
carbon nanotubes, rods, felt, cloth, paper and plates [66,77–81]. On the other hand, the cathode is the
electrode where the oxygen reduction reaction (ORR) will happen [75]. Overall, the ORR occurred
at the cathode is the limiting factor of MFC and will affect the maximum power density, efficiency
and performance of the entire MFC [66]. The catalysts have been integrated to improve the cathodic
ORR [82]. The preferred cathode catalyst is platinum (Pt) due to high surface areas but the production
cost is high [66]. Hence, graphite, which is cheaper than platinum, and possesses a large surface area is
utilized as the cathode material to increase the efficiency of MFC [83,84]. Another component of MFC is
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the proton exchange membrane (PEM), a physical membrane that separates anode and cathode. There
are various types of membranes that exist; for instance, cation or anion exchange membrane, nylon
fibers, ultrafiltration membrane, microfiltration membrane, glass fibers and porous fabrics, but most of
the membranes are not cost-effective [66]. This urges researchers to explore the low-cost material for
use in the production of membrane and simultaneously increase its efficiency as the barrier between
anode and cathode and proton transfer rate.

5.2. Modification of MFC Components with Nanomaterials

There are a few challenges that need to be addressed to produce bioenergy in pilot-scale by MFC.
First, low power density that is insufficient to support a large population is the main bottleneck faced
by MCF [85–88]. The maximum power density achieved by the conventional electrodes is about
26 mWm−2 for 3D graphite rods [89] or 611.5 ± 6 mWm−2 for 2D carbon cloth [90]. The performance of
MFC is also affected by temperature as microbes cannot grow and carry out their activities at extremely
low or high temperatures [91,92]. Thus, MFC needs to be conducted at an optimal temperature
that is suitable for microbes. Besides, the complex, toxicity and high-cost process of manufacturing
of components of MFC could hinder the practical applications and economical usage of MFC [93].
Therefore, researchers have been searching for a replacement or new materials in the production of the
main components of MFC, such as anode, cathode and separator in order to improve performance
and enhance the conductivity of electrons. Figure 2 demonstrates the advantages and disadvantages
of MFC.

Figure 2. Advantages and disadvantages of microbial fuel cells (MFC).

Recently, nanotechnology or use of nanomaterial has revolutionized the fabrication of components
of MFC to improve the performance and efficacy of traditional MFC in terms of electron conductivity,
power density, cost, thermal stability, ORR rate and anti-corrosion [94,95], particularly the modification
of electrodes (anode and cathode) by nanomaterials. This is because the materials used in the production
of electrodes that are the major constituent of MFC are essential to determine the overall performance
of MFC [96]. Thus, the production of bioenergy through MFC will be enhanced. The examples of
nanomaterials for electrodes that will improve the function of MFC are metal nanoparticles (i.e., copper,
gold, platinum, palladium and silver), quantum dots (i.e., Cds, CdSe, ZnS), metal-oxides (i.e., CeO2,
TiO2, ZnO, SiO2, Al2O3 and MnO2) [93,97], graphene (2D-nanomaterials) [76], carbon nanotubes and
nanocomposites (multiphase materials). However, the use of nanomaterials in the modification of
components of MFC in the pilot-scale is still in progress of development due to the high production
cost. Table 3 illustrates the examples of nanomaterials used in the modification of components of MFC.
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6. Future Works

To develop a cost-effective system of bioenergy production, a techno-economic assessment must
be carried out with consideration on the cost of nanoparticle synthesis which can influence the overall
production process. This also emphasizes the development of economically viable nanoparticles
to make the whole process economically feasible for commercialization. Pilot-scale research is
necessary to examine the viability of incorporating nanoparticles on a large-scale bioenergy production
basis. Furthermore, future researches are not limited to sources and production of bioenergy where
nanotechnology could address the technical limitations in science and engineering by contributing to
areas of transformation, transportation, energy efficiency and storage, as well as the use of bioenergy
end-product [11]. Apart from that, there are still limited studies on using NPs as fuel additives
up-to-date where approaches to solving nanoparticle aggregation, erosion and settling are still required.
There is a lack of practical results and an understanding of heat transfer mechanisms to commercialize
these nano-additives in diesel engines. In addition, safety assessment must be carried out because
nanoparticles have demonstrated obvious exposure effect in terms of human and environment with
the increasing use in biofuel applications. The toxicity of nanoparticles has been examined using
several approaches wherein in vitro investigation of nanotoxicity is mostly involved [109]. However,
in vivo interaction should be studied extensively focusing on the nanoparticles particularly used to
produce bioenergy as well as biofuel [21]. This also applies to microorganisms as nanoparticles that
are safe, non-toxic and compatible with enzymes and microbes should be synthesized. For instance,
NPs are toxic to microalgae as they result in agglomeration, oxidative stress and inconsistent nutrient
supply. Therefore, screening studies of nanoparticles are required to investigate their broad range of
concentrations with an influence on microbial and enzymatic activity. Research at the molecular level
should be conducted to study the mechanism involving nanoparticles and proteins in the production
process. Subsequently, the optimum process conditions of bioenergy production can be established.

7. Conclusions

The depletion of fossil fuels and intensive energy demand has motivated researchers to develop
alternative energy sources. Among the renewable energy technologies, bioenergy from biomass
has its unique advantages. To meet future energy requirements while overcoming the technological
barriers of bioenergy production, incorporation of nanomaterials in bioenergy production has been
investigated since it can improve both quality and quantity of bioenergy produced by biomass, biofuel
and microbial fuel cells. The bioenergy production process can be enhanced by NPs in different
approaches. Firstly, acid-functionalized MNPs could be used to improve the hydrolysis reaction
of biomass using different immobilized enzymes. Furthermore, metal-oxide NPs have been tested
as nano-additives to enhance the performance of combustion as well as the blending performance
of biofuel and conventional diesel. BES, or more specifically MFC, which is widely employed for
wastewater treatment and bioenergy production, has also been modified by fabricating its components
with nanomaterials in order to promote better performance and efficacy. However, there are still
technical gaps in the world of nanotechnology-based bioenergy, whereby there are limited studies on
the application of NPs as fuel-additives, in vivo toxicity of NPs and molecular-scale mechanism of
NPs-protein. Last but not least, economic analysis, safety assessment and life cycle analysis (LCA) on
the incorporation of nanomaterials in bioenergy production are essential for providing insights and
outlines for future research.
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Abbreviations

SS Simultaneous saccharification
BES Bioelectrochemical system
SSCF Simultaneous saccharification and co-fermentation
CB Consolidated bioprocessing
Si-NPs Silica-based NPs
MS-NPs Mesoporous silica NPs
EET Extracellular electron transport
H+ Proton
Ni-NPs Nickel-based NPs
MFC Microbial fuel cells
NPs Nanoparticles
MNPs Magnetic nanoparticles
ORR Oxygen reduction reaction
CNTs Carbon nanotubes
MWCNTs Multi-walled carbon nanotubes
SWCNTs Single-walled carbon nanotubes
ROS Reactive oxygen species
LCA Life cycle analysis
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Abstract: As a promising alternative renewable liquid fuel, biodiesel production has increased
and eventually led to an increase in the production of its by-product, crude glycerol. The vast
generation of glycerol has surpassed the market demand. Hence, the crude glycerol produced should
be utilized effectively to increase the viability of biodiesel production. One of them is through
crude glycerol upgrading, which is not economical. A good deal of attention has been dedicated to
research for alternative material and chemicals derived from sustainable biomass resources. It will
be more valuable if the crude glycerol is converted into glycerol derivatives, and so, increase the
economic possibility of the biodiesel production. Studies showed that glycerol carbonate plays an
important role, as a building block, in synthesizing the glycerol oligomers at milder conditions under
microwave irradiation. This review presents a brief outline of the physio-chemical, thermodynamic,
toxicological, production methods, reactivity, and application of organic carbonates derived from
glycerol with a major focus on glycerol carbonate and dimethyl carbonate (DMC), as a green chemical,
for application in the chemical and biotechnical field. Research gaps and further improvements have
also been discussed.

Keywords: crude glycerol; glycerol carbonate; dimethyl carbonate; microwave irradiation;
reaction kinetics

1. Introduction

Throughout history, the survival of human beings has been fully dependent on the resources
found on the Earth. In recent times, the world has been threatened with increasing environmental
problems, particularly global warming. Statistics show that the carbon dioxide (CO2) levels in
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the atmosphere have been increasing every year and touched a record of 411.93 ppm in February
2020 [1]. Moreover, it is projected that conventional petroleum in Malaysia will run out by 2050
with the current consumption rate [2]. Hence, sustainable development by replacing conventional
fossil fuels with alternative renewable and sustainable resources is a must to overcome the fossil fuel
depletion issue and protect the global environment. Governments have also shown their initiatives by
adopting new laws and regulations to ensure that the emission standards are being constricted for
off-road, marine and stationary engines. Hence, alternative fuels have been explored and fostered,
especially for transportation, construction, cultivation and electricity generation. Among the available
renewable energy resources, biomass plays a significant role as feedstock in most biofuel production [3].
In the chemical industry, raw material origins are usually not the main issue. In contrast, cost and
process effectiveness are the major driven of innovation. Nevertheless, the growth of sustainable
consciousness, reinforced by both general society attitude and government initiatives, has pushed
the researcher/chemist to take the naturally available raw material into consideration. As a result,
the interest of researchers in exploring the alternative material and chemicals derived from sustainable
biomass resources has been increased. The main aim of this article is to review the recent publications on
the process of glycerol upgrading into glycerol carbonate. The catalytic activities, such as hydrotalcites,
zeolites, heteropoly acids, and oxides, are emphasized. Further, the effect of different reaction
conditions on the catalytic activities and selectivity of glycerol carbonate are also discussed in this
article. Furthermore, issues that require further investigation have also been highlighted.

2. Biodiesel and Renewable Diesel

Petroleum diesel, i.e., conventional fossil fuel, is produced from petroleum-based crude oil.
Crude oil is the combination of hydrocarbons, organic compounds, and small amounts of metal, which
formation takes millions of hundreds of years. Crude oil is removed from the ground and transferred
into a refinery. The crude oil is then passed through a heat-and-pressure based process within the
refinery. To replace the conventional non-renewable petroleum diesel, biodiesel and renewable diesel
are introduced (Figure 1). The major difference between biodiesel and renewable fuel will be explained
shortly. As biodiesel and renewable diesel are in the form of liquid, unlike other renewable energy
(i.e., hydro energy and solar energy), they can be directly used to operate current engines, especially
transportation vehicles and industrial machines that are mostly operated by liquid fuel, without
modification to their design.

Unlike petroleum diesel, biodiesel does not depend on fossil fuel. Biodiesel is usually produced
from vegetable oils and/or animal fats through the transesterification process. In 2019, petrol stations
in Malaysia switched from B7 to B10, to increase the sustainability of energy sources [4]. The next
renewable alternative fuel is called renewable diesel. Renewable diesel, almost similar to biodiesel,
is formed from waste agricultural products [5], mainly waste vegetable oils and animal fats. The main
difference between renewable diesel and biodiesel is the production method. The production process
of renewable diesel and petroleum diesel is the same, and hence, it is chemically similar to each
other. However, the greenhouse gas emissions of renewable diesel (also known as hydro-treated
vegetable oil or HVO) and traditional biodiesel are both smaller than those from fossil diesel. From an
environmental perspective, the usage of biodiesel and renewable diesel fuel can significantly reduce
the emissions of hydrocarbon, carbon monoxide, and particulate matter [6]. However, it is well-known
that the combustion of biodiesel in diesel engine emits 10% more of NOx in comparison to petroleum
diesel. On the other hand, this increase in the NOx emission issue can be solved by using renewable
fuel combustion as it was reported that the use of renewable fuel leads to lower NOx emission when
compared to petroleum diesel [7,8]. Furthermore, as the chemical properties of renewable diesel and
petroleum diesel are similar, that would mean a few things:

• The hydrogenation process makes the renewable diesel devoid of oxygen. Hence, the problem
related to freezing temperature and storage, which are faced by biodiesel, will be avoided.

• Due to hydrogenation, the combustion of renewable diesel is cleaner than biodiesel.
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• The engines that are designed for conventional diesel fuel are also compatible with renewable
diesel, with no blending necessary since they are chemically the same.

• Along with the above, since the process is not a transesterification reaction, there will be no
production of waste glycerol. Hence, the crude glycerol issue, which is the major concern of
biodiesel production, will be eliminated.

 

Figure 1. Processing for renewable diesel and biodiesel production.

The demand for biodiesel, as a renewable liquid biofuel, has been increasing. Global biodiesel
production is expected to reach 23.57 billion litres by 2025 [9]. Biodiesel is produced from vegetable
oils or animal fats along with methanol via transesterification reaction [10,11]. The transesterification
process is usually catalysed by sodium methoxide (CH3NaO) for a single-feedstock biodiesel plant,
and potassium hydroxide (KOH) or sodium hydroxide (NaOH) for a multiple-feedstock biodiesel
plant. As an important source of sustainable energy fuel, the annual biodiesel production increased
year by year. Worldwide, biodiesel production uses primarily vegetable oil as its raw feedstock. In the
European Union, rapeseed oil is used as main feedstock, while in the United States it is soybean oil,
and in Asia it is mainly palm oil. Moreover, algae has also been identified as a potential feedstock for
biodiesel production [12]. Crude glycerol is the major by-product formed from biodiesel production via
the transesterification reaction. The simplified biodiesel production process is shown in the flowchart
(Figure 2).

Figure 2. An overview of a standard biodiesel production process - Biodiesel and glycerol are the two
main products.

3. Crude Glycerol – By-product of Biodiesel Production

Although the growth of the biodiesel industry has increased dramatically, especially between 2005
and 2015 (from 10% of total biofuel output to 25% in 2015), the biodiesel production still highly depend
on the government policy and economic subsidies due to the high production costs of biodiesel [13].
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Moreover, another major issue of biodiesel production is the generation of a by-product, crude glycerol.
It is reported that 10 g of glycerol is generated for every 100 g of biodiesel produced [14–16]. Hence,
the development of sustainable methods for exploiting this low cost organic raw material is imperative.
Nevertheless, as there are impurities present in the crude glycerol, making the direct applications
of crude glycerol restricted. The world markets for biodiesel are going into a period of precipitous,
transitional growth, creating both uncertainty and opportunity [17]. Hence, an urgent solution is
required to mitigate the problem of oversupply of this crude glycerol. Over the long term, biodiesel
producers that are best able to evolve and adapt to advancement in technology, markets, feedstock,
and government policies are most likely to succeed. One of the obvious ways to significantly improve
the economic aspect of overall biodiesel production is the utilization and conversion of the glycerol
by-product into value-added products [18]. With the estimate of the world market for biodiesel
reaching 150 billion litres per year by 2016, this potentially means a stockpile of over 15 billion litres of
crude glycerol available for refining and converting into value-added products per year [19]. The crude
glycerol stream from the biodiesel process typically is about 50% glycerol or less and also contains an
unused catalyst, alcohol, soap, water and salts. As mentioned previously, the presence of impurities
lowers the value of the crude glycerol. Its value varies according to the level of impurities, which in turn
is directly dependent on the type of feedstock used and the biodiesel synthesis method. The untreated
crude glycerol can be used as animal feed, and for the co-digestion/co-gasification process but this can
only be done on a short-term basis. The by-product crude glycerol will require a stringent purification
process before it can be utilised in food, pharmaceutical or cosmetics fields. There are three main
procedures in purifying crude glycerol. The first stage is the removal of free fatty acids, soap, and
carried over catalyst via neutralization. The second step involves the evaporation of the excess
methanol present in the crude. The third procedure, however, includes selective purification with the
purpose to achieve the final product purity, through several methods, such as distillation (vacuum
or azeotropic type), cation exchangers, which remove positively charged ions, or anion exchangers,
which remove negatively charged ions, membrane separation with vaporization (pervaporation), and
absorption [20]. In a recent review, a more detailed description of the purification of crude glycerol
was reported [21]. The typical steps are summarised in Table 1 [22].

Table 1. Typical steps in crude glycerol purification [22].

Steps Methods Description

1 Neutralization

• Remove catalyst and soap by using acids.
• If using sulphuric or hydrochloric acid, the final product of this stage will be in

two phases.
• If phosphorous acid is used, three phases of the final product will be obtained.
√

Upper fraction: free fatty acids; middle fraction: glycerol and methanol;
lower fraction: catalyst.√
Advantage: less harmful to the environment and tri-potassium phosphate,
that is broadly used as fertilizer, is obtained as a by-product.

2 Methanol removal

• It is a must to remove methanol from glycerol fraction as it is toxic.
• There is a huge amount of methanol in crude glycerol as a result of the excess

addition of methanol during transesterification.
• To remove the methanol, the evaporation process is conducted at 50–90 ◦C for at

least 2 hours under vacuum.

3

Vacuum distillation

• Basically, glycerol can be polymerized into polyglycerol at a temperature above
200 ◦C. Hence, vacuum distillation is essential so that the purification process can
be conducted without the polymerization of polyglycerol.

• This method is optimal for small and medium-sized companies due to its high
energy consumption as glycerol has high heat capacity.

Ion exchange resins • Removal of inorganic salts, free fatty acids, and free ions from crude glycerol.
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One of the major drawbacks of the methods mentioned above is the high energy consumption.
Therefore, it has triggered the researchers to find different ways for crude glycerol purification, such as
membranes separation. The membrane separation process is driven by the concentration or electric
potential difference between the two mediums [23,24]. As membrane separation is an eco-friendly
technology, it has become more well-known recently in terms of biodiesel’s waste glycerol purification.
Despite all the processes mentioned, they are economically not viable for the smaller biodiesel producers.
It is vital to develop a more eco-friendly, more efficient and economical process for crude glycerol
purification, which could improve the cost-effectiveness of the overall biodiesel production [25,26].

Innovative methods for transforming glycerol into high value-added platform chemicals are being
developed. Glycerol is one of the most versatile known chemicals with a wide variety of uses and
applications such as in food, pharmaceutical, cosmetic, coating, and other industries. In the literature,
several protocols for the synthesis of value-added products from glycerol have been reported and a
significant number of platform molecules have been synthesized. Some of them have high potential
in replacing petroleum-based products. As stated by Behr et al., all chemical products derived from
glycerol are a result of one of many processes [27], as shown in Figure 3. These processes include
the synthesis of glycerol esters, ethers, acetals and ketals, propanediols, epoxides, the oxidation and
dehydration products of glycerol, and the production of synthesis gas. Several important chemicals
can be obtained, among the more common ones are propane-diols, glycerol carbonate, epichlorohydrin,
acrolein, esters of glycerol, fuel additives and glyceric acid [18,28–30]. Among these products, glycerol
carbonate is one of the most attractive derivatives of glycerol reported in the last couple of years because
of its high reactivity with amines, alcohols, carboxylic acids, ketones, and isocyanates. According to
the market source, the cost for glycerol carbonate in 2017 ranged from US$2.4 to US$3 per kilogram,
which means US$2400 to US$3000 per metric tonne [31].

 

Figure 3. Different Chemical pathway for glycerol conversion to chemical derivatives (Adapted
from [32]).
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4. Glycerol Carbonate

Among the valuable raw chemicals derived from glycerol is glycerol carbonate (Gly-C)
(i.e., 4-(hydroxymethyl)-1,3-dioxolan-2-one). Glycerol carbonate is a cyclic carbonate and its molecular
structure presents a structural duality. It bears a hydroxyl group and 2-oxo-1,3-dioxolane group that
gives Gly-C wide reactivity [33]. The Gly-C has excellent properties, such as good water-solubility,
high boiling point, low toxicity, low flammability, good biodegradability, and a high flash point [34].
The glycerol carbonate is advocated as a useful and green building block in the field of organic
chemistry as it is bio-based and has wide reactivity. Gly-C has a molar mass of 118.09 g/mol, and is
widely used as a polar high boiling solvent, a surfactant component, a membrane component for gas
separation and a component for industrial of coating, detergent, polymers, ink, paint, lubricant and
electrolyte [28,35,36]. Furthermore, glycerol carbonate can also be used as chemical intermediates for
the synthesis of other chemical compounds such as glycidol, which is employed in textile, plastics,
pharmaceutical, and cosmetics industries [28,37].

Figure 4 shows the structural formula of glycerol carbonate. The hydroxyl group of glycerol
carbonate consists of H-bonding and hence, glycerol carbonate has higher density properties. Besides,
it has the potential to substitute petrochemically derived propylene carbonate. The general properties
of glycerol carbonate and pure glycerol are shown in Table 2.

Figure 4. The glycerol carbonate molecular structure.

Table 2. The comparison of properties between glycerol carbonate and pure glycerol.

Properties Unit Glycerol Carbonate Pure Glycerol

Molecular weight g/mol 118.09 92.094
Density at 25 ◦C g/ml 1.4 1.261

Boiling point ◦C 354 290
Melting point ◦C −69 17.8

Vapour pressure at 177 ◦C bar 0.008 0.003
Flash point ◦C 190 177

Dielectric constant at 20 ◦C ESU 111.5 42.5
Hansen solubility parameter delta D at 25 ◦C MPa1/2 17.9 17.4
Hansen solubility parameter delta P at 25 ◦C MPa1/2 25.5 12.1
Hansen solubility parameter delta H at 25 ◦C MPa1/2 17.4 29.3

Hildebrand solubility parameter at 25 ◦C MPa1/2 34.1 36.1
Viscosity at 25 ◦C cP 85.4 1500

Glycerol carbonate (Gly-C) has several distinctive reactive locations: (a) the dioxolane ring with
three carbon atoms, and (b) the suspended hydroxyl moiety. Hence, Gly-C has the ability to react
not only as a nucleophile via its hydroxyl group, but also as an electrophile through its ring carbon
atoms. These reactive sites provide potentials for utilizing glycerol carbonate as a precursor molecule
for conversion to other intermediate chemicals, which ultimately are used in numerous direct and
indirect applications. It has vast industrial applications and some of the potential industrial uses of
Gly-C are presented in Table 3.

A sustainable route is to react urea with glycerol to produce glycerol carbonate, which has a vast
perspective to be used as a replacement for fossil-fuel derived compounds. More studies were carried
out to find environmentally friendly alternative paths in upgrading the waste glycerol into glycerol
carbonate. Among the other promising routes for glycerol carbonate production, include reactions
based on easily available raw materials, which are inexpensive and bio-based. Using enzymes as
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catalytic systems could generate more environmentally friendly alternatives. Based on an in-depth
analysis of the recent publications on the subject, the present review will focus on glycerol carbonate
syntheses routes, it’s broad reactivity, and current applications.

Table 3. The potential application of glycerol carbonate in various industries.

Chemical Industry Application References

Glycerol
Carbonate

• Polymers and plastics
• Polyesters
• Polycarbonates
• Polyamides
• Polyurethane plastic coatings
• Hyperbranched polyethers
• Solvent for plastics and resins

[38]

• Cosmetics and personal care
• Emollient and solvent in nail polish remover, lipsticks, anti-perspirant sticks
• Wetting agent for cosmetic clays

[33]

• Chemicals
• Chemical intermediate
• Glycidol
• Biolubricants
• Biobased polar solvents
• Liquid membrane in gas separation
• Surfactants and detergents
• Blowing agent

[39]

• Pharmaceutical
• Solvent for medicinally active species
• Carrier in pharmaceutical preparations

[36]

• Semiconductor
• Electrolytes in lithium and lithium-ion batteries [40]

• Agricultural
• Plant-activating agent [41]

• Building and Construction
• Curing agent in cement and concrete [42]

5. Existing Production Routes for Synthesis of Glycerol Carbonate

As mentioned previously, the conventional glycerol market is limited and any large increase in
biodiesel production will cause a sharp decrease in its market price. In the last few years, there have been
numerous reports in the literature concerning the synthesis of glycerol carbonate from glycerol. While
some production methods are being applied at an industrial scale, several new promising synthesis
methods were reported recently which are more sustainable. The greener pathway for synthesis of
glycerol carbonate involves chemicals such as CO/H2, organic carbonate (e.g., ethylene carbonate,
dimethyl carbonate, and diethyl carbonate), and also carbon dioxide [36,37,43]. These pathways, overall,
results in the chemical fixation of CO2. Among these pathways, the transesterification between glycerol
and dimethyl carbonate is one convenient method that could be performed under mild conditions
(at 50–100 ◦C; under atmospheric pressure) in the presence of a catalyst, as shown in Figure 5 [37,43,44].
The catalysts used to convert glycerol to glycerol carbonate can be homogeneous catalysts such as
K2CO3, NaOH, and H2SO4 [44,45], enzymatic catalysts [44], or heterogeneous catalysts such as CaO,
NaOH/γ-Al2O3, and Mg/Al/Zr mixed oxide [28,35,45]. Table 4 summarizes the reaction conditions for
various types of synthesis pathway for glycerol carbonate production. Meanwhile, Table 5 presents the
advantages and limitations of the different routes for the synthesis of glycerol carbonate.
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Figure 5. Reaction mechanism between glycerol and dimethyl carbonate for glycerol carbonate
production [37].

6. Microwave Assisted Conversion of Glycerol/Glycerol Derivatives to Organic Carbonates

Organic carbonates are very important compounds having a simple structure, high polarity,
low viscosity, low toxicity and degradability [79]. These compounds are able to replace hazardous
reagents in some organic processes. Two main classes of organic carbonates are cyclic and linear
carbonates. The total market production of both cyclic and linear organic carbonates is about 18 million
tons per year and mainly produced from phosgene [80]. Figure 6 shows some of the more commercially
important organic carbonates (dimethyl carbonate (DMC), diethyl carbonate (DEC), cyclic carbonates
(CC), diphenyl carbonate (DPC)) and their properties.

Figure 6. The properties of various organic carbonates (Adapted from [80]).

Different methods have been deployed for the typical synthesis of glycerol carbonate from glycerol
as depicted in Table 4 (such as the reaction of glycerol with urea, direct carbonation of glycerol with
phosgene, or carbon monoxide and oxygen reaction). However, there are technical and environmental
drawbacks accompanying the reaction of glycerol with urea, such as high reaction temperature (150 ◦C)
required. The carbonation reaction is known as an environmentally hazardous process due to the
toxicity of phosgene and CO [70]. Given the toxicity of phosgene, alternative routes for the synthesis
from carbon dioxide are becoming more and more relevant. A greener method for the production of
glycerol carbonate is the carbonation of glycerol with carbon dioxide (catalysed by Sn). This method,
however, has low yield (below 35%) due to the thermodynamic limitation [81]. Most of the other
methods also have disadvantages such as low Gly-C yield, vacuum operation condition to separate
ammonia continuously, or difficulty in the separation of products [82,83]. Several new non-phosgene
methods including alcoholysis of urea, carbonylation of alcohols using CO2, oxy-carbonylation of
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alcohols, and transesterification of alcohols and carbonates have been developed for synthesizing
organic carbonates. If applied, some of these new routes would lower the emission of CO2 into the
atmosphere about seven times (0.92 tons per ton of product, compared to 6.62 tons at present) [28,35,36].
Carbon dioxide (the most significant and long-lived greenhouse gas) is produced by most significantly
by combustion of organic materials and fossil fuels. Instituting chemical processes and industries
based on carbon as a building block would be paramount to reduce CO2 levels in the atmosphere.
As stated earlier, a specific problem in this context is the issue of CO2 reactivity (the carbon atom
in CO2 is in its most oxidized state, - hence, makes the molecule highly stabile with low reactivity).
The suitable catalyst system can overcome the high reaction barrier, but in general, these reactions
still require rather harsh conditions. Researchers are discovering new, environmentally benign, green
processes for the synthesis of value-added chemicals and platform molecules.

Microwave irradiation has been used for the synthesis of many organic compounds. The uptake
of this technique was sluggish for about 12–14 years after the original publications on the benefits of
conducting organic reactions in a microwave in the mid-1980s. However, since the year 2000, there has
been an upsurge in publications describing the utilization of microwave synthesis. This trend is most
probably correlated to the availability of instruments designed specifically for organic synthesis, hence,
allowing microwave reactions to be conducted in a safe and reproducible manner. Among the obvious
advantages of microwave heating include more uniform and rapid heating resulting in reduced reaction
time for the synthesis of chemicals. Since glycerol is a very good absorber of microwave radiations,
microwaves could play a greater role in the synthesis of Gly-C. In microwave irradiation, efficient
internal heating is produced by the direct coupling of microwave energy with the solvent, reagents or
catalysts in the reaction mixture. The radiation passes through the walls of the vessel directly into the
whole reaction mixture, since the reaction vessels are made out of microwave-transparent materials.
In typical microwave reactors, the magnetrons (microwave generators) produce microwave radiation of
wavelength 12.25 cm, which corresponds to a frequency of 2.45 GHz. Two mechanisms are responsible
for the microwave heating, dipolar polarisation and ionic conduction. By using closed vessels, higher
pressures can be attained and the superheating effects are greatly magnified, hence, it is possible to
maintain solutions at temperatures above their conventional reflux temperature. The higher purity of
products often observed in microwave-assisted reactions is largely attributed to the homogeneous and
smooth in situ heating. The heating process is also easily controllable because the energy input stops
immediately when the power is turned off. It is important to point out that microwave energy cannot
break chemical bonds. Compared to classical heating, microwave irradiation provides the advantage
of allowing high-temperature reaction. Another advantage of microwave heating is the non-thermal
effects due to specific heating of polar intermediates produced during the reaction. These polar
intermediates will lead to modified selectivity, enabling polymerization which otherwise could not be
performed with thermal heating. For a more detailed account of microwave-assisted reactions, some
excellent reviews can be referred [84–87].

Despite all the studies on the synthesis of Gly-C, only a few studies mentioned the
microwave-assisted synthesis of Gly-C. In a microwave-assisted reaction, the rate of a reaction
involving glycerol as a reactant can be greatly improved due to the high dielectric properties of
glycerol [88]. Along with similar scope, polyglycerols has been evaluated over several years as a way of
utilizing excess crude glycerol. Polyglycerol have received a lot of attention as a hydrophilic component
for neutral surfactants and emulsifiers for food, cosmetic and pharmaceutical. They comprise mainly of
glycerol oligomers of low molecular mass. The conventional synthesis of polyglycerols is from glycerol.
It involves drastic conditions (high temperature and alkaline conditions), resulting in a complex mixture
of oligomers with no well-defined chemical composition [89]. Recently, the production of polyglycerols
derivatives and glycerol carbonate using microwave irradiations has been demonstrated [88]. By using
microwave irradiation, the synthesis of glycerol oligomers, can be performed under relatively mild
conditions using glycerol carbonate as a valuable starting material. In this case, the reaction did not
require any solvent or reactant and was completed in a relatively short time. Hence, microwave-assisted
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polymerization of glycerol carbonate presents the advantages of using less-hazardous conditions and
better energy efficiency. On top of that, the experimental conditions allow no usage of any solvent,
reactant, or purification steps [90].

In a recent report the transesterification of crude glycerol (GLY) at 70% and 86% purity with
dimethyl carbonate (DMC) using calcium oxide (CaO) as catalyst was performed with both the
conventional heating and microwave-assisted process [91]. In both the processes, it was found that
70% purity of crude GLY gave a higher yield of Gly-C, with the microwave technique showing better
energy efficiency. In their work the highest yield of Gly-C (93.4%) was obtained under the microwave
system (crude GLY purity of 70%, 1 wt% of CaO as catalyst, 2:1 M ratio of DMC: GLY at 65 ◦C,
5 minutes reaction). While the impurities and leftover catalyst residue in the crude GLY are generally
undesirable for the conventional transesterification process, it is interesting to note that some impurities
(methanol, soap, salt, and fatty acids) in the crude glycerol had demonstrated positive effect [92].
According to the authors, crude GLY performs better than pure GLY in microwave heating because of
greater energy efficiency. Thus, direct utilization of crude GLY from the biodiesel plant to produce
GLY-C via microwave irradiation transesterification is a viable and economical option [91].

More microwave efficiency in synthesis was demonstrated in a reaction for the production of
2,3-dihydroxypropyldecanoate using glycerol derivatives. In this process the microwave-assisted
synthesis (solvent-free) was performed by esterification of decanoic acid in the presence of two distinct
glycerol derivatives, glycidol, and glycerol carbonate. The process uses microwave irradiation with
an output power of 200–400 W, involving decanoic acid and glycerol derivatives (stoichiometric
proportions), with an organo-catalyst. The microwave-assisted synthesis notably enhances the
selectivity in 2,3-dihydroxypropyl decanoate (at 300 W, 91%), reinforcing the efficiency and selectivity
of the microwave-assisted method [93].

7. Dimethyl Carbonate

Dimethyl carbonate (DMC) is a valuable and green platform chemical and /or solvent which
continues to attract a lot of attention. Dimethyl carbonate (DMC) is an environmentally benign chemical
and is widely used as a carbonylation agent. DMC has been classified as one of the greenest solvents in
terms of safety, health and environmental criteria [94,95]. It is a nonpolar aprotic solvent having good
miscibility with water. It is non-toxic and biodegrades readily in the atmosphere. In terms of its usage,
DMC can be a potential replacement for methyl ethyl ketone, ethyl acetate, methyl isobutyl ketone, and
most other ketones. Moreover, DMC is a green substitute for highly toxic and hazardous compounds
such as (i) dimethyl sulfate and halohydrocarbons in methylation reactions and (ii) phosgene (COCl2)
in carboxymethylation (methoxycarbonylation) reactions [96]. Among the reaction routes for the
production of DMC, the transesterification route and direct synthesis from methanol and CO2 is the
most attractive one due to the inexpensive raw material and the avoidance of corrosive reagents, such
as phosgene and dimethyl sulphate [97]. Various catalysts have been studied extensively. Different
dehydrating agents and additives have been used to minimize the effect of water produced during
the reaction and improving the catalytic performance of the catalyst. Currently, the most established
commercial pathway for the production of DMC is through oxidative carbonylation of methanol
using O2. In addition, new alternative processes for DMC from CO2 are being developed. Direct
synthesis of dimethyl carbonate (DMC) from CO2 and methanol is a very attractive reaction. This is
because CO2 as a greenhouse compound can be consumed in this process [96]. Patents have already
been registered for use of DMC and DEC as a fuel additive in gasoline due to their excellent blending
properties, high octane number, and oxygen content. Diesel engines are much more efficient than
gasoline engines, however, they suffer from NOx and particulate emissions. Many studies have already
been reported on the reduction of hydrocarbons, CO, NOx, and particulate emission from diesel
engines because of the use of organic carbonates as oxygenate in the fuel [98–100].

403



Energies 2020, 13, 1483

The conventional way for the direct synthesis of DMC requires the use of an autoclave along with
solid base K2CO3 and CH3I additive, high pressure and long reaction time of over 2 h. In this reaction,
the dimethyl ether (DME) appeared as a by-product and its proportion reached 7%–31% of the total
products [101]. More studies, including the mechanism of reaction are directed towards the conversion
of CO2 and methanol to DMC. The synthesis of dimethyl carbonate (DMC) from CO2 and methanol
under milder reaction conditions using reduced cerium oxide catalysts and reduced copper-promoted
Ce oxide catalysts were reported recently [102]. The report stated that the conversion of methanol
was low (0.005%–0.11%) when the milder condition was used. The mild reaction conditions for
DMC synthesized were as follows: the reaction time was 2 h, low temperature of 353 K, and low
total pressure of 1.3 MPa using reduced Cu–CeO2 as catalyst (0.5 wt% of Cu). New development
in organic synthesis is the increasing interest in applying microwave irradiation. With high heat
efficiency, microwave irradiation can accelerate the reaction and decrease the run time resulting in fewer
by-products than by conventional heating, but there was very few literatures on the synthesis of DMC
concerning microwave energy. Conventional heating methods are not an effective method to transfer
energy to the reactants of a reaction mixture because the thermal conductivity of the various materials
affects the energy transfer process. On the other hand, during microwave irradiation, molecules are
efficiently heated internally by the direct coupling of energy from microwaves. Furthermore, current
microwave instruments can precisely control the temperature, even allowing reaction mixtures to be
superheated in a closed vessel. A study reported that the synthesis of dimethyl carbonate (DMC)
from CO2 and methanol required about 2 min for maximum yield of DMC when a power of 800 W
was used. In the case of decreasing microwave power to 450 W, this reaction could be completed in
10 min and the yield of DMC was at least the same as in non-microwave reaction using conventional
heating (autoclave) [101]. The reaction temperature under microwave irradiation was obviously
lower than that with conventional heating, but the corresponding DMC yield was higher. It is very
likely that microwave energy could be efficiently absorbed by the reactants, especially by methanol
leading to a rate acceleration effect. The authors also claimed that in the reaction conditions used,
about 2.5% of DME formed as a by-product in the conventional heating (autoclave). In contrast,
only 0.4% of DME (by-product) was produced when the reaction was irradiated by microwave [101].
In the microwave irradiation, due to the interaction of the microwave energy with the molecules at a
very fast rate, the real reaction temperature is higher than the average temperature of the medium.
Hence, both energy consumption and reaction time are reduced by means of microwave irradiation.
On the down-side, the microwave-assisted reaction has some disadvantages such as difficulty in the
scale-up from laboratory to industrial scale due to the penetration depth of microwave radiation into
the material is only a few centimeters. There are safety issues concerning the industrial vessel that
need to be addressed, especially for uncontrolled heating.

Recently, there were reports on the usage of dimethyl carbonate instead of using alcohol as an
alternative method to produce biodiesel. In this reaction, the product of triglyceride and dimethyl
carbonate reaction is fatty acid methyl ester (FAME) and fatty acid glycerol carbonate (FAGC).
Subsequently, FAGC then reacts with another molecule of dimethyl carbonate to generate another
FAME molecule and glycerol dicarbonate. Accordingly, the overall reaction involves one molecule of
triglyceride and two molecules of dimethyl carbonate to generate three molecules of FAME and one
molecule of glycerol dicarbonate. This would enable biodiesel production without the production of
waste glycerol as a by-product. Ilham and Saka firstly investigated biodiesel production from rapeseed
oil in supercritical dimethyl carbonate using a batch-type reactor [103]. The reaction steps for biodiesel
production under supercritical dimethyl carbonate conditions are shown in Figure 7.

A study about biodiesel production under supercritical dimethyl carbonate conditions is still limited.
A complete conversion to biodiesel about 94% (w/w) was made at 350 ◦C, 20 MPa, oil-to-dimethyl
carbonate molar ratio of 1:42 after 12 min [103]. In addition, there is no previous report about reaction
kinetics of oil conversion to biodiesel in supercritical dimethyl carbonate. Optimization studies on
biodiesel production using supercritical dimethyl carbonate method have also been carried out in recent
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years. Recently, Kwon et al. performed non-catalytic biodiesel production from coconut oil using
dimethyl carbonate under ambient pressure [76]. They conducted an experiment via a continuous flow
mode using a tubular reactor. They reported that a complete conversion to biodiesel was achieved
in a short reaction time of 1–2 min at 365-450 ◦C under ambient pressure, obtaining 98%. By using
DMC to produce biodiesel, it is envisaged that the glut of crude glycerol in the market will be reduced.
The glycerol carbonate obtained from the reaction is a much valuable product. It has higher economic
value and it is used in many reactions as green chemical or solvent. The properties and benefits of
glycerol carbonate have been mentioned earlier.

Figure 7. Reaction scheme for biodiesel production under supercritical dimethyl carbonate condition.

8. Kinetic Model of Transesterification of Glycerol with Dimethyl Carbonate

Transesterification of glycerol is also known as transcarbonation. As its name implies, it involves
the carbonate exchange reaction between the alcohols and carbonate sources [33]. One of the carbonate
sources is dimethyl carbonate, DMC. DMC is an environmentally friendly chemical and has been
widely studied in producing the value-added glycerol carbonate with different catalysts such as,
potassium methoxide (CH3OK) [104], trisodium phosphate [78], calcium oxide (CaO) [91], Mg-Al
hydrotalcite [105], guanidine ionic liquids [106], lipase [107], K-zeolite [108], and others. Notice that the
transcarbonation of glycerol with DMC is a reversible reaction as shown in Figure 5. Thus, an excess
amount of DMC should be used in order to shift the chemical equilibrium towards the formation of
glycerol carbonate. Moreover, Jiabo Li and Tao Wang concluded that the chemical equilibrium constant
of the reaction of glycerol and DMC increased as the reaction temperature increased. In order words,
the formation of glycerol carbonate is more favourable by increasing the reaction temperature [61].

To gain more understanding about the transesterification of glycerol, its kinetic study has been
conducted and reported by several researchers [104,109,110]. The kinetic study is usually performed
to obtain the kinetic parameters (reaction rate) for the ease of comparison with other works. Typically,
the kinetic analysis includes the investigation of the effect of different factors on reaction speed,
which is essential for the system design, and the optimization of chemical reaction [111]. In addition,
more information regarding the characteristics of a reaction mechanism can be obtained [112]. Moreover,
it allows the construction of a mathematical model that can represent a specific chemical reaction.
In determining the unknown parameters for a mathematical model, a series of experiments with high
accuracy should be conducted. However, recent times different types of modelling technique has been
introduced and eventually reduce the number of experiments [113].

Based on previous work there are four suitable kinetic models in describing the reaction of
transesterification of glycerol with DMC, as summarized in Table 6 [104]. Each model involves two
equations for the reaction before and after a certain conversion value, the critical conversion, Xcrit to
account for the effect of different phase regime on the catalytic behaviour. The first equation describes
the reaction under the biphasic regime in which the catalysts are soluble only in the glycerol-rich
stage with certain concentration, Ccat’. Moreover, the first order was assumed with respect to the
concentration of glycerol, Cgly. The DMC, however, reacts at a constant concentration, CDMCsol.
The second equation of the proposed models describes the reaction under the single-phase stage
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(at X larger than Xcrit) where the catalysts are assumed to be dissolved in the entire reaction medium
at Ccat. In addition, unlike the previous equation, the first-order effect was estimated for both
concentrations of glycerol, Cgly and DMC, CDMC. As mentioned previously, the transesterification of
glycerol with DMC is a reversible reaction. With the use of excess DMC, the reaction tends to shift
to the production of glycerol carbonate. Nevertheless, the effect of reversible should be taken into
consideration in proposing the kinetic model, and thus, kinetic models 2 and 4 are suggested.

In addition, more complex kinetic models (kinetic models 3 and 4) were contemplated by
accounting for the nature of the catalyst and its potential deactivation. This is because it had already
been investigated that some of the catalysts suffered from deactivation in the transesterification process
of glycerol with DMC [104,108,114,115]. Catalyst deactivation is defined as the loss of catalytic activity
over time. It is a continuing concern in the catalytic reaction, especially in the practice of industrial
catalytic process. Generally, the causes of catalyst deactivation can be divided into three groups,
which are chemical, mechanical and thermal. More specifically, the catalyst deactivation process
can be explained by six basic mechanisms, including poisoning, fouling, thermal degradation and
sintering, vapor formation, vapor-solid and solid-solid reactions, and crushing. Despite the best effort
to avoid catalyst deactivation, it is inevitable that all catalyst will decay. To restore the catalytic activity,
regeneration of the catalyst is usually the first choice, and disposal of the catalyst is the last resort.
However, the ability to regenerate the catalyst highly relies on the reversibility of the deactivation
process mentioned previously. As an example, sintering is basically irreversible. On the other hand,
some poisons can be removed through chemical washing, oxidation and/or mechanical and heat
treatment. Further details can be obtained from [116].

Li and Wang investigated the deactivation effect of the alkali solid catalyst (calcium oxide, calcium
hydroxide and calcium methoxide) in the transesterification process of glycerol with DMC [114].
They found that the alkali solid catalysts reacted with glycerol and glycerol carbonate, transformed
into basic calcium carbonate and eventually, deactivated the catalysts as the basic calcium carbonate
consists of less catalytic strength. In the transesterification of glycerol with DMC that utilized K-zeolite
as the catalysts, the deactivation phenomenon observed might be attributed to the reduction of the
available active spaces for the conversion of glycerol to glycerol carbonate [108]. Moreover, it is
reported that the use of crude glycerol led to rapid catalyst deactivation, which was not observed for
runs with pure glycerol [117]. This is because the impurities present in the crude glycerol has limited
the catalytic activity, resulting in significant deactivation of the catalyst. However, pure glycerol is far
more expensive than crude glycerol. Hence, understanding the effect of impurities in crude glycerol
on catalyst performance is crucial to optimize the overall production cost of glycerol carbonate.

Table 6. Kinetic models for the transesterification of glycerol with dimethyl carbonate.

Model
Number

Reaction
Type

Potential Catalyst
Deactivation

If X≤Xcrit If X>Xcrit

1 Irreversible
Excluded r1 = k1·Ccat

,·CGly·CDMCsol
r1 = k1·Ccat·CGly·CDMC

2 Reversible r1 = k1·Ccat·CGly·CDMC
r2 = k2·Ccat·CGC·CMeOH

3 Irreversible
Included

r1 =

k1·Ccat
,·
[
(1− β)·e−kd·t + β

]
·CGly·CDMCsol

r1 = k1·Ccat·β·CGly·CDMC

4 Reversible r1 = k1·Ccat·β·CGly·CDMC
r2 = k2·Ccat·β·CGC·CMeOH

In conjunction with the kinetic models stated in Table 6, the Arrhenius equation is applied to
consider the temperature effect, T as in equation (1):

ln k = ln A− Ea

R
· 1
T

(1)

where k indicates the kinetic constants of the reaction, A is the pre-exponential factor, Ea symbolizes
the activation energy (kJ/mol), and lastly, R is the ideal gas constant (8.314 J/mol.K).
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9. Summary and Future Perspectives

The worldwide inclination to embrace a sustainable and bio-compatible process has led to
the development of systems focused on the use of CO2 and CO2-based compounds as feedstocks,
promoters, and reaction media. In the present article, the synthesis of various carbonates has been
reviewed with the main emphasis on the usage of crude glycerol as the raw material. Production of
surplus glycerol in the biodiesel industry is a pressing issue and the industry is looking for ways to
utilize and transform crude glycerol into valuable products, such as glycerol carbonate, with green
solvent, the dimethyl carbonate (DMC) especially. DMC is one of the simplest carbonates and is termed
as the green compound of the 21st century due to its low toxicity, high biodegradability and peculiar
reactivity. Although studies on organic carbonates have been done extensively, there remain some
shortcomings that must be resolved. In this regard, different ways to improve the thermodynamically
limited equilibrium conversion to shift towards DMC formation is crucial (DMC yield is only around
1%, even at thermodynamically favourable, high-pressure conditions). Therefore, the development
of high activity and high stability catalysts are crucial. Determining the mechanistic kinetics in the
synthesis of organic carbonates has the potential to inspire improved catalyst design, which will
result in mitigating the problems of long reaction times and high reaction temperatures. Furthermore,
microwave-assisted organic synthesis is well known due to its shorter reaction time, lower operating
temperature, volumetric heating mechanism, specific microwave effect, and rapid heating. The specific
microwave effect is the non-thermal effect of microwave irradiation which causes the specific heating
of polar intermediates and leads to a modified selective reaction, that normally cannot be performed
using conventional heating. However, non-thermal microwave effects should be further investigated
as their presence is still a controversial issue, especially in the chemical synthesis area. Moreover,
mechanisms and process improvements using microwave irradiation are very limited and further
work is needed in order to develop an understanding of these synthesis routes.
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