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Recently, the bioconversion of biomass into biofuels and biocommodities has received significant attention. Although
green technologies for biofuel and biocommodity production are advancing, the productivity and yield from these
techniques are low. Over the past years, various recovery and purification techniques have been developed and
successfully employed to improve these technologies. However, these technologies still require improvement regarding
the energy-consumption-related costs, low yield and product purity. In the context of sustainable green production, this
review presents a broad review of membrane purification technologies/methods for succinic acid, a biocommodity
obtained from lignocellulosic biomass.
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| 1. Global Market for Sustainable Green Chemistry

Green chemistry is the implementation of chemical products without generating dangerous bye products into the
environment. Moreover, Anastas and Warner 2! defined green chemistry as the application of a set of values that reduces
or eradicates the use or generation of dangerous substances in the design, production and application of chemical
products. Biomass is an essential candidate for sustainable future energy demands [&. Biochemical conversion
technologies of biomass are gaining more attention from the research communities nowadays. Biomass can be converted
into various products, such as hydrogen, biogas, ethanol, acetone, butanol, organic acids (pyruvate, lactate, oxalic acid,
levulinic acid, citric acid and succinic acid), 2,3-butanediol, 1,4-butanediol, isobutanol, xylitol, mannitol and xanthan gum
by selecting different microorganisms in the process of biochemical conversion [&. Lignocellulosic feedstocks have more
benefits than other biomass materials because they are the non-edible part of the plant and therefore, they do not
interfere with food chain [,

Fossil fuels are non-renewable resources forming after several years. They are expected to deplete by the end of this
century. Moreover, the production and utilization of fossil fuels has caused considerable environmental hazard. The
advent of environmentally friendly energy from renewable sources such as biomass is, hence, indispensable. This review
focuses on the integration of green chemistry concepts into biomass processes and conversion with the aim of taking full
advantage of the potential of biomass to replace non-sustainable resources and meet global needs for fuel besides other
chemicals and materials 4

The repercussions of the depleting non-renewable resources have compelled many in the manufacturing sector to search
for alternative methods of producing industrial materials. Likewise, like-minded researchers around the globe have been
investigating new bio-sources and application of the bio-based chemicals. Chemicals produced from waste/ any biological
material (biochemicals) require less special handling and management than the traditional and harmful chemicals. Thus,
their reduced operating costs increase revenue. Additionally, waste valorization is less challenging, as by-products of bio-
based chemicals are less hazardous compared to the environment and are reusable, generally as animal feed. Presently,
it is becoming increasingly necessary to implement and develop viable ways of manufacturing industrial materials. Apart
from improving the industries, bio-based chemical supply companies also develop their homegrown economies and
environments B, The global market for sustainable chemistry is expected to grow remarkably. Recently, an increase in
public interest and a rise in the number of companies showing interest towards sustainable chemistry have led to a
promising viewpoint for global market for green chemistry. In 2014, over 62% companies reported consumer’s interest in
viable application of green chemistry. There is, therefore, an expected global market growth from $11 billion experienced
in 2015 to closely $100 billion by 2020 8. Many corporations and states have developed interest in bio-based fuels mainly
because of the financial freedom and benefits they offer.

The concept of circular economy or zero-waste approach in sustainable waste management retains resources within the
economy when a product has reached the end of its life. These products can be effectively utilized again, thereby creating
additional value I8, Evolution to a more circular economy involves changes throughout value chains, from product design



to new business and market models, from new ways of turning waste into a resource, to new models of consumer
behavior. Waste management plays a vital role in the circular economy: it governs the way waste hierarchy is put into
practice. The waste hierarchy creates a precedence order from prevention, preparation for reuse, recycling and energy
recovery through to disposal, such as landfilling. This standard is aimed to encourage the possibilities of delivering the
best global environmental outcome 8. More importance will be given to adoption of the use of complex feedstock such as
lignocellulosic biomass of organic fraction of wastes .. Figure 1 depicts the hierarchy of waste management. In light of
Figure 1, green chemistry and engineering should begin to envision molecules, consider their origins and their
interactions outside of the laboratory access, ensuing the dream to pursue a benign-by-design society 8. Therefore,
integrating the application of green chemistry with biochemical concepts will assure efficient processing of raw biological
resources through advanced process design. It will also reduce the amount of waste produced through by-products and
amount of energy required [£. An example of a chemical that could be produced via biorefinery is succinic acid.
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Figure 1. Hierarchy of waste management (adapted from Deselnicu et al. [8).

| 2. Succinic Acid and Its Uses

Succinic acid (SA) is a four-carboxylic acid that has been used as a curative in Europe for years 0. It is a platform
chemical that can be converted to several essential chemicals, and it has wide applications in industry. It is a precursor of
tricarboxylic acid cycle (TCA) and the product of the reverse of the same cycle (rTCA). It can be used to bring an umami
taste in food and can be used as a growth stimulant in both animal and plant feeds. It is converted to green solvents and
surfactants in the chemical industry 29, To limit the negative effect of plastic pollution, biodegradable plastics can be
manufactured by using SA precursor and polybutylene succinate (PBS). SA is used in the pharmaceutical industry to
manufacture active pharmaceutical ingredients (APIs) 112 Dye to the enormous application of SA across industries, the
global succinic acid market is estimated to grow at a Compound Annual Growth Rate (CAGR) of more than 7.0% between
2019 and 2027, in terms of value. 23114l The estimated increase in market size is an alarm signal to all countries,
especially with the new environmental and health-friendly production processes for SA. The sustainable conversion of
agricultural wastes such as lignocellulosic biomasses to value-added chemicals via biotechnological processes has been
a great encouragement to researchers.

Introduction of clean and sustainable energy resources is one of the most effective ways to reduce dependence on fossil
fuels 251, Currently, fossil fuel reserves are near depletion. The use of fossil fuels has raised concerns due to its alarming
contribution to global warming and raising of negative health issues 28171, Therefore, the current shift in development
towards biomass as an alternative resource to petrochemical feedstock is fast-tracked by these recent needs to lessen
negative effects resulting from petrochemical processing. Utilization of renewable energy resources as feedstock through
bio-refinery technology promises to reduce the carbon footprint for sustainable development. The production cost of SA
depends on several factors such as maintenance cost and type of feedstock, productivity, yield and recovery methods (8.
Presently, the market price of SA obtained from petrochemical-based feedstock, which depends on its purity is about
US5900e8800/t 19, In an attempt to reduce the production cost, SA production companies and groups have paid more
attention on the use of renewable feedstocks for the industrial production of bio-SA (29, conversion of cellulosic biomass,
particularly agricultural wastes into fermentable sugars to produce biofuel and bio-based chemicals, is currently receiving
massive attention [21]. Though the technological method for bio-converting biomass to these valuable products is still in its



infancy, the rate at which new developments is introduced into the research sphere has attracted great attention. Current
findings revealed that utilization of renewable feedstocks during fermentative production can reduce production costs and
environmental hazards compared to petroleum-based feedstocks 22,

Major SA-producing microorganisms include yeast, rumen bacteria, Corynebacterium and E. coli. Among these
organisms, bacteria and fungi have been recognized as hosts fit for the effective SA production. Much efforts have been
put into the process development of SA production using different fungal/yeast strains, for example, Byssochlamys nivea,
Aspergillus niger, Candida tropicalis, Aspergillus fumigatus, Penicillium viniferum, Lentinus degener, Paecilomyces varioti,
Saccharomyces cerevisiae and Pichia kudriavzevii (Issatchenkia orientalis) 4. Several SA-producing bacteria, such as
A. succinogenes, A. succiniciproducens, M. succiniciproducens, B. succiniciproducens, Corynebacterium sp., B. fragilis
and recombinant E. coli, have also been intensively studied 2423 for SA production as a metabolic end or intermediate
product, using renewable biomass 24, Other organic acids produced by the mentioned microorganisms vary from butyric,
lactic, fumaric and acetic acid, of which some can be used as platform chemicals. These organic acids are of high
interest, mainly as precursors for synthesizing a variety of valuable chemicals via different chemical conversion pathways.
However, several challenges affect the proliferation of the microbes in the bio-converting reactor and thus production of
by-products from the pretreatment of lignocellulosic and hemicellulosic biomass 23], Aside from the need for optimization
of the bio-converting microorganisms and fermentation processes, it is also crucial to develop an energy and cost-
effective downstream process to compete with the current petrochemical production process.

A major factor affecting cost-effectiveness in the production of SA is the limited choice of suitable operation units for
downstream separation and purification. This area has been expounded in research, and various downstream separation
and purification methods have been developed. The methods include reactive extraction, electrodialysis (ED), Ca-
precipitation and crystallization, along with acidification of succinate salt for SA purification [El28l. Nonetheless, it is still
challenging to effectively separate the organic acids from a mixture of multiple diluted components and reduce the
concentration of other organic acids with similar properties to a minimum. Moreover, these traditional purification methods
require a large number chemical to fulfil the process. In addition, some of these methods, such as Ca-precipitation,
generate large amount of solid waste (gypsum or CaSO,) and therefore lead to relatively low yield and purity 4. Few
successes have been reported on these techniques due to the recurrent need to adjust pH, generation of waste and
difficulty in integrating the process with fermenter during continuous production 28], Novel and cost-saving techniques for
the separation, purification and concentration of products of interest are urgently required. To this end, membrane-based
separation technigues are considered the most promising technology, and have attracted much interest over the years.
They have the advantage of being highly selective, more permeable and more flexible 22, Moreover, membrane
technology is more sustainable and environmentally friendly, as it does not require the use of highly toxic chemicals B9,

Against this background, the objective of this review is to identify the current advances in membrane-based technique for
purification of succinic acid obtained from bioconversion of lignocellulosic biomass. Furthermore, the review aims to
provide information on the possibility of developing a cost-effective and energy-efficient membrane-based separation
system that is easy to operate for a continuous production, with the capability to produce high-purity SA from biomass.
Lastly, the review highlights some challenges and future prospects of membrane-based separation process during the
downstream operation of bioconversion of lignocellulosic biomass into biocommodities, in particular SA

At present, succinic acid has a market of over $0.4 billion per year and with the possibility of increasing up to $1.3 billion
per year. The price of producing succinic acid from petrochemical is cheaper ($1.05 to 1.29 US/kg) compared to succinic
acid produced by fermentation ($1.66 to 2.2 US/kg, sold at $5-9 US/kg) depending on its purity. Hence, efforts must be
made to reduce processing costs in bio-based succinic acid production B, Figure 2 shows the industrial applications of
succinic acid.
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Figure 2. Industrial application of succinic acid (adapted from Awosusi [£2]),

3. Production of SA via “One-Pot” Bioconversion of Biomass with
Integrated-Membrane-Based Separation

Innovative integrated bioreactor systems in a continuous fermentation process could improve yield and result in high
purity devoid of any substrate or product inhibition during succinic acid production B3, Simultaneous production and
downstream separation of succinic acid can be effectively implemented by using multi-staged membrane systems. These
systems involve a combination of nanofiltration, microfiltration and forward-osmosis systems to ensure high degree of
selectivity and increased product purity. The development of an environmentally friendly upstream production process as
well as cheap and flexible downstream separation is still a key issue in the industrial-scale production of succinic acid,
which needs to be urgently addressed. Figure 3 shows a proposed system where the biomass pretreatment, hydrolysis
and fermentation take place in one vessel (one-pot) (portion A). Furthermore, the recycling approach at each step too
could make the process economical. In the pursuit of green technology, recycling microbes, salts, residual sugar as well
as permeated water recycling at various stages of nanofiltration, microfiltration and reverse osmosis can be implemented.
This is especially important with growing environmental concerns and strict discharge limit. A is upstream process (one-
pot consisting of pretreatment, hydrolysis and fermentation); B is the downstream process, (Part 1) the purification of
fermented (one-pot bioconversion effluent); and C is the downstream process, (Part 2) the concentration of succinic acid
by using nanofiltration and forward-osmosis process, as depicted in Figure 3.
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Figure 3. Multi-staged membrane system (adopted from Kumar et al. [18),

In the bioconversion of feedstock to succinic acid, there are a number of unit operations present. These include
pretreatment, enzymatic hydrolysis of the pretreated feedstock to fermentable sugars, the fermentation of these sugars to
succinic acid and the recovery of the produced succinic acid B4, Integration of some or all of these steps impacts the
process economics significantly. Depending on the pretreatment and its suitability for microbes, a number of intensified
configurations can be used, namely CBP (consolidated bioprocess), SSF (simultaneous saccharification and
fermentation) and SSCF (simultaneous saccharification and co-fermentation) B2, The main advantages of process
intensification methods include lower inhibitory effects of monosaccharides and oligosaccharides on enzyme activity,
substantially lowering enzyme requirements. Additionally, higher conversion rates of polysaccharide to fermentable sugars
or other target products can be recovered with a shorter processing time, lower water consumption and lower reactor
volume 23],

The main disadvantage associated with process intensification in bioconversion is the typical inconsistency between the
conditions used during pretreatment and those used during enzymatic hydrolysis and fermentation. In addition,
pretreatments usually make use of acidic or basic solvents to break apart the lignocellulosic cell wall, depolymerize
cellulose and improve enzyme accessibility 8. These pretreatment solvents are incompatible with downstream
processes such as enzymatic saccharification and microbial fermentation. There are differences in pH optima, the
pretreatment hydrolysate often contains toxic reagents and inhibitory by-products, such as furfural and
hydroxymethylfurfural BZ. For this reason, process intensification procedures such as SSF and CBP separate the
pretreatment step but usually include a detoxification step before enzymatic hydrolysis and fermentation. Recently,
inorganic salts-based molten hydrate salts (MHSs) have emerged as promising media for saccharification of
polysaccharides because of the intrinsic acidity of the media 28, This means that MHS solvents effectively catalyze the
cellulose hydrolysis into glucose and hemicellulose into hexose in homogeneous and heterogeneous systems allowing
pretreatment to be done in conjunction with hydrolysis. This has opened new avenues to create a new process flow
configuration known as the “one-pot” bioconversion configuration wherein lignocellulosic feedstock is pretreated,
hydrolyzed and fermented simultaneously in one vessel 2. This could increase the potential for optimal bioconversion of
succinic as well as incur less capital and operational costs.

As a proof of concept, a “one-pot” bioconversion of corncob to succinic acid was investigated by using mixed-consortia of
rumen bacteria. From this study, a low yield of SA was reported with a conversion of up to 2% of dissolved biomass
sugars which was approximately 10.4 g/L succinic acid, several other obstacles have to be surpassed to make the “one-
pot” process economically viable, most especially, the low production rates (0.02 g/L.h) B2, Although the use of mixed
culture has various advantages such as less stringent sterilization requirements, the adaptive capability of microbial
diversity, the use of the mixed substrate, as well as the possibility of a continuous process, the use of mixed consortia is
known to result in low product purity and concentration due to the various carbon channeling routes that occur. Therefore,



the “one-pot” process can be optimized for the optimization of succinic acid production, using a mixed culture of isolated

bacteria, and the kinetic model for the process could be developed.
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