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Abstract Green biotechnology related to biomass conversion
for production of bio-based chemicals has drawn considerable
attention because of the increasing costs of fossil fuels and
their adverse effects on climate change, environmental pollu-
tion, and human health. In this study, the recent promises and
issues of low-carbon-driven bio-product technology develop-
ment using lignocellulosic substrates from agriculture were
critically reviewed. First, the challenges in bio-based chemical
production were addressed from the aspect of technology.
After that, the lignocellulose feedstock and their building-
block chemicals used in the literature were summarized. In
addition, novel pretreatment, bio-conversion, and separations
technologies for cleaner production of bio-based products
were comprehensively reviewed. It suggests that the main
challenge to deploying bio-based chemical technologies into
commercialization is the high cost of product recovery from

the bioreactor due to the relatively low product titers caused
by the product inhibition and/or pH in conventional
fermentation.

Keywords Bio-refinery . Building block . Agriculture .
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Introduction

Fossil-based chemicals are produced using compounds from
crude oil, coal, or natural gas with the aid of co-reagents, such
as ammonia, and multiple process steps. In contrast, biomass
containing a great amount of proteins, amino acids, and lig-
nocellulose (such as agricultural wastes, forestry residues,
grasses, and woody materials) is a renewable and inexpensive
feedstock for the production of fuels, chemicals, materials,
and heat/power. Adom et al. [1] found that the bio-products
can uniformly offer great reductions in greenhouse gas (GHG)
emissions ranging from 39 to 86 %, compared to their fossil
counterparts, based on a cradle-to-grave life cycle assessment.
Tsiropoulos et al. [2] also reported that bio-based chemicals,
for example polyethylene, result in decreasing greenhouse gas
emissions of ∼0.75 kg CO2-eq per kg of polyethylene produc-
tion, i.e., 140 % lower than petrochemical polyethylene, and
saving non-renewable energy use for ∼65 %. Therefore, bio-
based chemicals production in biorefineries using biomass
feedstocks is an attractive alternative due to its environmental
benefits such as carbon neutral property.

Bio-based technologies and products, industrial biotech-
nology, are a key opportunity for significant green growth.
The OECD [3] reported that biotechnology could contribute
to 2.7 % of GDP in 2030 within the OECD region, and make
the largest economic contribution in industry and primary
production. However, there are challenges facing the
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continued expansion of industrial biotechnology such as sus-
tainable availability of raw materials with increasing climate
and severe weather impacts, water availability, and stability of
the markets [4].

Biomass can be converted into high-value bio-based
chemicals and products including biofuels, organic acids, ami-
no acids, sugar alcohols, fatty acids, bio-polymers, bio-mono-
mers, bio-pharmaceuticals, and cheap energy sources for mi-
crobial fermentation and enzyme production [4–6]. Concep-
tually, the bio-refinery industry applies a hybrid collection of
core technologies from different fields including chemistry,
bio-engineering, and agricultural expertise, which generally
encompasses two major platforms: thermochemical conver-
sion and biochemical conversion. Several types of bio-
technologies such as using a microbial electrochemical meth-
od [7] have been operated at a large scale or in industrial
manufacturing. Other emerging technologies for processing
biomass include microwave-assisted biorefining [8], super-
critical fluid extraction [9, 10], oxidation methods [11], and
resin-wafer electrodeionization with a separative bioreactor
(RW-EDI/SB) [12].

In this study, we address the challenges in bio-based
chemicals production from the aspect of technology. The
available biomass feedstocks and their building-block
chemicals used in the literature were also summarized. In ad-
dition, we review breakthroughs in novel pretreatment, bio-
conversion, and separations technologies for cleaner produc-
tion of bio-based products.

Challenges in Bio-refinery Technologies

Normally, the conversion of lignocellulose biomass into
building-block chemicals for further value-added product syn-
thesis requires a multi-step procedure including (1) pretreat-
ment and conditioning, (2) conversion process, and (3) sepa-
rations and purification. The pretreatment processes include
dilute acid method, ammonium additive, two-stage process,
and microwave. The common conversion processes include
gasification, pyrolysis, hydrothermal liquefaction, catalysis,
enzymatic hydrolysis, and fermentation. Recovery and purifi-
cation are complicated steps in fermentation processes and can
be the most costly process in the bio-product manufacturing.
They usually depend on both the nature of the product and the
complexity of the fermentation broth [13]. For example, recov-
ery of xylitol from lignocellulosic media fermented by micro-
organisms as well as the possible viable techniques for down-
stream processes is poorly explored in scientific papers [13].

There are several key technology challenges in all bio-
refinery processes. Logistics costs are a major hurdle across
the bio-refinery industry. One approach is to use a distributed
pretreatment scheme to process close to the origin of the bio-
mass resource, thereby increasing the biomass density.

Second, efficient conversion of lignocellulose biomass into
products is another major hurdle due to the complexity of
lignocellulosic biomass structure. As a result, the development
of new reactor technology for continuous operation is critical
for efficient biomass processing [14]. Third, the dilute
(watery) waste streams need to be managed throughout the
process. A key strategy is to develop a simultaneous (in situ)
conversion/separations process for main components or deriv-
atives at low cost, and low resource (especially water) and
energy consumption. To improve transformation yields and
rates, new platform chemicals should be identified that can
be derived at sufficient volumes, yields, and energy efficiency
to control costs.

There is strong public and private momentum to improve
the sustainability of bio-chemicals production. Strategies for
economic and environmental production include (1) efficient
bioprocesses, (2) bio-catalysis without product inhibition, and
(3) product recovery. According to Anwar et al. [15], ad-
vanced bio-technologies should be focused on discovery and
characterization of new enzymes, and production in homolo-
gous or heterologous systems.

Lignocellulose Feedstock from Agriculture
and Forestry

Biomass as used in this article refers to the organic matter
originated from organisms such as energy crops (e.g., corn
and rice straw), agricultural and forestry wastes (e.g., pod and
bagasse), domestic waste (e.g., kitchen waste and brown
grease), animal husbandry wastes (e.g., carcass), and industrial
wastes (e.g., rubbers and paper). Lignocellulosic feedstocks, or
second-generation feedstocks, are themost abundant renewable
organic resource available and are composed of sugars and
lignin [16•]. Agricultural lignocellulosic biomass comes from
the wastes or residues in agricultural or forestry processing,
such as sugarcane bagasse [17, 18], corn stover [19],
beechwood [20], sweet sorghum [21], corncob [22], rice straw
[11, 23], nutshells and pomace [24], palm empty fruit bunches
[25], wheat straw [26], and onion/potato waste [27].

Table 1 presents the composition of selected lignocellulosic
biomass types associated with their treatment process in the
literature. Two main types of agricultural biomass feedstock
(i.e., sugar-rich and lignin-rich) can be converted under benign
conditions, normally not at high temperatures and pressures,
to produce desired products with limited byproducts. Polysac-
charides sourced from starch (C6H10O5)n derived from ligno-
cellulosic biomass are most easily processed to glucose via
hydrolysis [14]. Therefore, research on the starch-based bio-
mass has been extensively studied to achieve a cost-effective
process for bio-based chemicals or fuels. Lignocellulose is a
biopolymer comprising of 30–50 % cellulose, 20–40 % hemi-
cellulose, and 10–25 % lignin [14, 15], along with smaller
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quantities of other organic and non-organic compounds such
as proteins, lipids, and other extractives [29•].

Cellulose (C6H10O5)n, the main constituent of plant cell
walls, is one of the most abundant polymers on the planet. It
is a complex polysaccharide, consisting of 3000 or more
β-(1/4) linked D-glucose units [16•]. Hemicellulose
(C5H8O5)n, in contrast, is a relatively amorphous and highly
branched heteropolysaccharide, consisting of a wide variety of
C5 and C6 sugars, which is easier to chemically or thermally
decompose than cellulose. On the other hand, lignin, a
phenylpropane-based polymer, contains three aromatic alco-
hols (coniferyl alcohol, sinapyl alcohol, and p-coumaryl alco-
hol) produced through a biosynthetic process and forms a
protective seal around the cellulose and hemicelluloses.
Cross-linking of the cellulose and hemicellulosic components
with lignin via ester and ether linkages renders lignocellulose
resistant towards hydrolysis [14].

Lammens et al. [30] have assessed the biomass source
availability of proteins (e.g., amino acid) for the production
of bulk chemicals in a bio-refinery. Their results indicate that
glutamic acid is the most abundant protein building block in
almost all investigated byproduct streams, except for sugar-
cane vinasse, as starting materials for chemical products. It
can be a source for the production of bio-based pyrrolidone
derivatives such as N-methylpyrrolidone (NMP) and N-
vinylpyrrolidone (NVP), the polyamide precursor
succinonitrile, and acrylonitrile. According to their estimate,
there are enough sources available to produce bio-based
chemicals such as NMP with market sizes around
100 k tonnes per year from amino acids. Bulk chemicals
(e.g., acrylonitrile) can be completely replaced by their bio-
based equivalent, by expanding the production of biomass
such as grasses [30].

Important Building Blocks for Bio-chemicals
Production

Figure 1 shows the schematic diagram of lignocellulose sub-
strate utilization for bio-based chemical production, which
indicates that possible building blocks (platform chemicals)
from biomass include succinic acid, fumaric acid, maleic acid,
levulinic acid, glucaric acid, itaconic acid, aspartic acid,
glutamic acid, glycerol, sorbitol, and xylitol [12, 14]. One
class of chemical products that are produced in large volumes
via bio-catalysis process are organic acids such as gluconic
and lactic acids. For example, acidogenic microorganisms an-
aerobically convert lignocellulosic biomass into short- and
medium-chain fatty (also called carboxylic or organic) acids,
such as lactic, formic, acetic, propionic, butyric, valeric, and
hexanoic acids [31]. Those products themselves are valuable
building-block chemicals, which can be further synthesized
into value-added products via various routes.

The investment and growth in production capacity of bio-
based materials continue to increase globally. According to an
estimation from Lux Research, building-block chemicals such
as adipic acid and lactic acid are growing from 2.0M tonnes in
2013 to 4.9M tonnes in 2017 [32]. In 2013, of the commercial
bio-based chemicals production (excluding ethanol), short-
chain fatty acids accounted for 46 % in total global bio-
based chemical production capacity, followed by sorbitol at
approximately 16 %, glycerin at 14 %, and fatty alcohols
production at 11 % [33]. Lactic acid, furfural, and several
other small-volume chemicals rounded out the bio-based pro-
duction capacity for 2013.

Bio-based organic acids production typically results in only
dilute product concentrations because product inhibition and
acidification drive pH outside of the optimal range for the bio-

Table 1 Composition of selected lignocellulosic biomass associate with its treatment process in the literature

Biomass Cellulose (%) Hemicellulose (%) Lignin (%) Lipids (%) Ash (%) Treatment/process Reference

Wheat straw 38.0–44.2 22.4–32.4 24.4–25.0 N.A. N.A. Dry dark fermentation [26]

Palm empty fruit bunches 59.8–60.4 17.3–19.1 13.3–15.3 1.92–2.34 N.A. Solid-state fermentation [25]

Corn stover 32.0–47.4 10.3–17.5 18.8–29.6 N.A. 4.2–14.5 N.A. [19]

Nutshells 48.2–53.9 15.4–29.4 22.4–30.7 N.A. 0.19–0.98 Torrefaction pretreatment [24]
Apple pomace 40.6 40.1 19.3 N.A. 0.64

Sweet sorghum 34–45 25–27 18–21 N.A. N.A. Co-fermentation [21]

Rice straw 38.2 21.3 19.7 N.A. N.A. Ionic liquid-tolerant microprobe [23]

Corncob 34.8 30.3 21.6 N.A. N.A. Alkaline hydrogen peroxide [22]

Sugarcane bagasse 50 25 25 N.A. N.A. Multi-stage pretreatment followed
by fermentation

[17]

Sugarcane bagasse 39.4–39.5 26.0–26.1 23.2–23.4 N.A. ∼3.2 Enzymatic hydrolysis [18]

Beechwood 70 10 10 N.A. <10 Enzymatic hydrolysis [20]

Horticultural waste 34.5 28.6 36.0 N.A. N.A. Fermentation [28]

All data was based on dry substrate

N.A. not available
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catalyst [34]. Therefore, numerous studies on organic acid
purification (separations) have been conducted using tech-
niques such as ion exchange, reactive extraction, membrane
separations, distillation, and electrodialysis processes [12, 35].
On the other hand, the use of lignin for chemical production
has been limited due to contamination from salts, carbohy-
drates, particulates, volatiles, and the molecular weight distri-
bution of lignosulfonates [16•].

Novel Pretreatment Processes

Table 2 summarizes the novel pretreatment, bio-conversion,
and separations processes in the literature. Pretreatment of
lignocellulose substrates is a critical stage for bio-refinery to
improve the transformation yields and rates. Since the pre-
treatment process can break down the lignin structure, disrupt
the crystalline structure of cellulose, and increase the porosity
(accessible surface area) of the biomass, the acids or enzymes
can easily access the cellulose to hydrolyze into monomers.
To date, various pretreatment methods, including (1) mechan-
ical, e.g., milling [26]; (2) thermal, e.g., SO2-catalyzed steam
explosion [40]; (3) chemical, e.g., dilute acid [41•], two-stage
treatment [42], green liquor [43]; and (4) biological, e.g., fer-
mentation [26], have been extensively investigated by differ-
ent researchers.

The ideal pretreatment process should produce a disrupted
and hydrated substrate that is easily hydrolyzed and optimized

to accommodate the requirements of subsequent conversion
steps, such as (1) minimization of inorganic materials and (2)
separation of main constituents lignin, cellulose, and hemicel-
lulose [16•]. Moreover, in a sugar fermentation process, the
formation of sugar degradation products and fermentation in-
hibitors should be avoided. In this study, several novel pre-
treatment processes including microwave, supercritical fluid
extraction, and chemical/oxidation methods are reviewed.

Microwave Technique (Physical)

Although microwave techniques have been operated on a
commercial scale since the early 1960s, the specific effects
of microwaves on biomass (in particular, on cellulose) have
been recognized only recently [44]. The wavelengths of mi-
crowave range between 1 and 1000 mm, corresponding to
frequency of 300–0.3 GHz, which fall in between infrared
and radio wave regions of the electromagnetic spectrum.
Since the wavelength range could interfere with radar and
communications, the Federal Communications Commission
regulates the specific wavelength for industrial, scientific,
and medical purposes that, for instance, the available frequen-
cies for industrial equipment are 0.915, 2.45, 5.8, and 24,
124 GHz [45]. The penetration depth of microwave into ma-
terials is an important parameter in the microwave process
design and scaleup, where the penetration depth varies with
the types of material, microstructure properties, microwave
frequency, and operating temperature [46].

Fig. 1 Schematic diagram of lignocellulose substrate utilization for bio-based chemical production. Yellow grid within building-block chemicals
represents fermentation product, while light-blue grid represents chemical product
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It has been proven that the initial cellulosic polysaccharide
helices can be rapidly activated by microwaves, leading to the
formation of reactive oligosaccharides for quickly undergoing
further chemistry [47]. Su et al. [17] also found that an addi-
tional sugarcane breakdown of 5 % was achieved using mi-
crowaves. Under microwave irradiation, the production of
chemicals from biomass proceeds at markedly lower temper-
atures (up to 150 °C) compared to conventional heating [8].
Moreover, the molecules with a high degree of functionality
can be produced while conventional heating tends to produce
a great proportion of lower-value gases. Furthermore, with
microwave-assisted heating, the CMF with a purity of 74–
98% can be synthesized using various types of solvents, com-
pared with conventional heating at typically 5–10 % yields of
CMF [36].

One of the most significant advantages of microwave py-
rolysis is the in situ separation of bio-oil into a minimum of
two fractions based on differences in their boiling points.
However, there are several challenges in microwave applica-
tion to biomass processing including (1) control of the decom-
position process so that a limited number of reaction pathways
occur leading to selective processes for converting biomass
into molecular products, (2) development of rapid separation
of particular products or intermediates into continuous pro-
cessing, and (3) optimization of the energy efficiency, eco-
nomic costs, and environmental benefits [47].

Supercritical Fluid Extraction (Chemical)

From the green chemistry point of view, the attractive process
solvents include water (limited to water-soluble compounds),
ethanol, and carbon dioxide (CO2) because they are generally
non-toxic, non-hazardous, and environmentally degradable.
Supercritical CO2 has a critical temperature of 31 °C and a
critical pressure of 7.4 MPa. Since CO2 is able to readily
convert into the supercritical state and offer a wider range of
solvent strengths through the judicial application of different
combinations of temperature and pressure, it has been utilized
as a supercritical fluid for extraction in applications such as the
food industry [47, 48]. Supercritical fluid CO2 extraction
(SCF-CO2) has been used to isolate essential components
frommicroalgae such as fatty acids, lipids (e.g., triglycerides),
bio-pharmaceuticals, and pigment (e.g., carotenoids) [9, 10].
Because CO2 can be recycled, SCF-CO2 has been evaluated
for many processes.

Due to the non-polarity of CO2, it has been considered a
suitable solvent for the extraction of lipids, especially from
microalgae, and lignin operating below its supercritical pres-
sure [10, 49]. It is predicted that CO2 solubilized in water
(carbonic acid) catalyzes the hydrolysis of hemicellulose in
biomass [49]. One limitation is that SCF-CO2 reduces the
extraction efficiency of polar co-solvents. Water content in
microalgae samples is usually high. Extraction may require

reduction to below 20 wt% water to achieve the best perfor-
mance for SCF-CO2 extraction [50].

According to the results by Tibbetts et al. [9], the SCF-CO2

extraction can significantly reduce crude lipid (285.5 g/kg in
original biomass) and caloric contents (23.4 MJ/kg in original
biomass) of residual biomass to 256.2–256.3 g/kg and 23.0–
23.1 MJ/kg, respectively. It was also noted that SCF-CO2

extraction in the presence of water can efficiently improve
the enzymatic digestibility of aspen (hardwood) and southern
yellow pine (softwood) [49].

Chemical and/or Oxidation Methods

Green liquor, a mixture of sodium carbonate and sodium sul-
fide, has been recently considered as an ideal pretreatment
step because it keeps both cellulose and hemicellulose frac-
tions in the substrate for enzymatic hydrolysis [43]. The hy-
drolysis yields of glucan and xylan were found to be 84.6 and
77.2 %, respectively, with a solid-to-liquid ratio of 1:6 (w/v)
[43].

Jung et al. [11] developed a novel lignocellulose pretreat-
ment using Fenton-mimicking process (FeCl3/H2O2) at rela-
tively high solids loading of biomass. The initiative radicals
and iron species from the Fenton reaction will first attack
lignin and hemicellulose due to their location in the outer
portions of lignocellulose, and produce demethylated, oxi-
dized, or fragmented lignin and polysaccharides. By optimiz-
ing reaction conditions, the highest enzymatic digestibility of
93.2 % was obtained from rice straw pretreated with 10 % (w/
v) solids loading at 25 °C.

Development of Innovative Bio-conversion
and Separations Technologies for Cleaner
Production

Fermentation: GeneticallyModified Biocatalytic Platform

Metabolic engineering is one of the key thrusts in bio-based
production due the capability to synthesize targeted products
with high selectivity and atom efficiency. Chen et al. [6] sug-
gests focus on (i) using simple, available, and inexpensive
starting materials, (ii) identifying and eliminating bottlenecks
in pathways for the desired products, (iii) constructing robust
biocatalysts, and (iv) optimizing regulatory networks to max-
imize yields, titers, and productivity. Fermentation has been
extensively used as a pretreatment process and/or bio-
conversion process [25]. For instance, the dark fermentation
corresponds to the first step of anaerobic digestion (considered
as a substrate pretreatment) after inhibition of the methano-
genic activity, which simultaneously produces high amount of
hydrogen (H2) and valuable volatile fatty acids (VFA). Motte
et al. [26] combined dry dark fermentation and mechanical
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pretreatment of wheat straw prior to bioethanol fermentation,
which successfully improve the substrate conversion into bio-
products (i.e., biofuels and VFA) of a factor two.

Zhang et al. [28] conducted a pioneering study on a Can-
dida athensensis strain SB18 for xylitol production using
batch fermentation and fed-batch fermentation. The results
successfully demonstrated that stain C. athensensis SB18 is
a promising strain for high-titer and high-yield xylitol produc-
tion, corresponding to yield and productivity of 0.87 g/g sub-
strate and 256.5 g/L, respectively. Park et al. [39] reported for
the pioneering biosynthesis of polyhydroxyalkanoates (PHA)
containing different 2-hydroxybutyrate (2HB) monomer frac-
tions, ranging from 10 to 60 mol%, from glucose by metabol-
ically engineered Escherichia coli strains. The highest 2HB
fraction in the copolymer was obtained by adding 2 g/L of
2HB and 0.5 g/L of 3HB to the culture medium, which result-
ed in the production of P (61 mol%2HB-co-36 mol%3HB-co-
3 mol%LA) with the PHA content of 26.7 wt%.

On the other hand, over the last 50 years, extensive devel-
opment of genetic systems for fundamental understanding of
the metabolism of E. coli is the prime prokaryotic genetic
model [6]. Bio-based chemicals can be produced with
engineered E. coli at low production cost because of its rapid
doubling time and growth rate, ease of high-cell-density fer-
mentation, and the availability of excellent genetic tools for
strain improvement. Zhou et al. [38] have developed an
engineered E. coli strain (B0013-070B) to exhibit high overall
volumetric productivity and the oxygen-limited productivity
of 4.32 and 6.73 g/L/h, respectively. Moreover, the D-lactate
productivity was 122.8 g/L, with an increased oxygen-limited
productivity of 0.89 g/g/h, revealing the effectiveness of using
a genetic switch to regulate cell growth and the production of a
metabolic compound. The scaled-up conditions optimized in a
shake flask experiment were utilized in the bioreactor
experiment.

Anaerobic Co-digestion

Anaerobic digestion (AD) is a naturally occurring, biological
pretreatment of organic substrates carried out by microbial
communities in the absence of oxygen. However, the conven-
tional mono-digestion of substrates (such as animal waste) is
not appropriate since ammonia toxicity from the rapid degra-
dation of organic nitrogen (such as urea and protein) can result
in digester instability [27, 29•]. Recently, a significant oppor-
tunity, specifically the anaerobic co-digestion (ACoD) of lig-
nocellulose with animal manure (or other nitrogen-rich organ-
ic wastes), was explored to prevent the aforementioned prob-
lem and adverse environmental impacts caused by commer-
cial AD facilities (e.g., GHG emission and phytotoxicity). The
co-digestion of carbohydrate-rich lignocellulosic biomass
with nitrogen-rich animal waste has significant implications

in maintaining an optimal C/N ratio for commercial bio-
chemicals production [27].

Typically, the residence time of the substrates using ACoD
is shorter than that of conventional AD to prevent the diges-
tion of cellulose [29•]. The consortium of microorganisms
present during ACoD can convert the sugar constituents of
hemicellulose into CH4, while effectively exposing lignin
and cellulosic fibers in the digestate. In addition, the solubi-
lized components in the digestate can be used as precursors for
diverse products such as bioenergy/biofuel (i.e., CH4, H2, eth-
anol, and butanol), organic acids (e.g., succinic acid), and bio-
polymers (e.g., bioplastic), or applied to agricultural land as an
organic fertilizer to promote nutrient retention [51, 52]. It was
found that the digestates can be potentially utilized as fertilizer
in agriculture due to their contents of N, P, K, and
micronutrients [51]. Fuchs and Drosg [52] evaluated the
state-of-the-art processing technologies for digestates, which
indicate that, in many cases, direct land application is still the
most economical treatment option.

Integrated Bio-conversion and Separations Process

One of the main challenges to deploying bio-based chemical
technologies is the high cost of product recovery (purification)
from the bioreactor due to low product titers [12]. Part of the
reasons is that a high (organic) acid concentration inhibits
microbial activity, which also results in the reduction of the
productivity. Another reason may be due to the low feedstock
concentration if it is generated from the lignocellulose bio-
mass. To overcome these technological barriers, different
strategies, such as (1) selection of the best pretreatment tech-
nology for each feedstock, (2) detoxification of hydrolysate,
(3) adaptation and optimization of microorganisms to inhibi-
tion, and (4) in situ reaction/separation, have been proposed.
For example, since there are no indications that one pretreat-
ment method will be the best route for all biomass feedstocks,
it would be possible to achieve a higher yield/concentration of
substrate, thereby reducing production cost via selection of the
best pretreatment process for different target feedstock. Mean-
while, detoxification of hydrolysate is doable to improve the
efficiency of fermentation but it is expensive [41•]. Another
option would be adaptation of microorganisms to the inhibi-
tory compounds, such as engineered/adapted strains and cell
immobilization or encapsulation.

Integrating the bio-conversion and in situ product recovery
is a new approach to cost-competitive bio-chemicals produc-
tion. The concept of in situ product separation during bio-
conversion is the principle of separative bioreactor (SB),
where two types of design modulus were commonly used:
(1) single-stage and (2) two-stage, or so-called integrated pro-
cess. The detailed description can be found in the literature
[12, 53, 54]. The SB results in a simpler bioprocess train with
fewer unit operations, better pH control, reduced inhibitory
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organic acid compounds, higher organic acid purity, and most
importantly, enhanced bio-conversion rates and yields.

Nanofiltration (NF) membranes can reject small molecules
such as multivalent ions and monosaccharides, while perme-
ating monovalent ions. Xiong et al. [31] used two commer-
cially available NF membranes to efficiently separate a mix-
ture of carboxylic acids from acidogenic digestion while si-
multaneously retaining sugars in actual lignocellulosic bio-
mass digestion liquor. The process achieved separation by
high sugar rejection (>90 %) and low acid rejection (0–
40 %), with the exception of butyric acid (100 % rejection).

Lin et al. [12] has developed an integrated fermentation SB
for bio-based chemical production by incorporating bio-
conversion process with innovative membrane separations
(i.e., resin-wafer electrodeionization, RW-EDI). Cost-
competitive bio-based chemical production such as succinic
acid, gluconic acid, and sorbitol has been reported using this
platform. For example, ∼48 wt% succinic acid is achievable in
the anaerobic fermentation using RW-EDI-based SB, with a
fermentation productivity and product purity of 0.25–0.30 g/
L/h and 80 %, respectively. It combines 1 mol of CO2 with
1 mol of glucose to produce 1 mol of succinic acid, with other
byproducts, which implicates the potency to integrate CO2

capture process with the RW-EDI/SB for bio-based chemical
production. On the other hand, according to the experience of
a pilot-scale test for continuous operation of more than 600 h,
the gluconic acid can be produced via aerobic fermentation
SB at a productivity of 20–22.5 g/L/h. In addition, the fermen-
tation productivity increased significantly at the pilot scale (in
comparison to bench scale ∼5 g/L/h). It was noted that the
economic viability of using SB to produce and recover organ-
ic acids was in the range of $0.10–0.35 per kg of organic acid
(exclusive of labor).

Conclusions

Over the past few decades, the interest in the development of
cost-effective and environmentally friendly biotechnological
processes using lignocellulosic substrates has increased con-
siderably. Pretreatment of lignocellulose substrates is a critical
stage in production to improve the transformation yields and
rates because it can break down the lignin structure, disrupt
the crystalline structure of cellulose, and increase the porosity
of the biomass. Novel pretreatment processes such as micro-
waves, supercritical fluid extraction, and oxidation methods
have been proposed and demonstrated. Beside pretreatment,
there is significant development of simultaneous bio-
conversion and separations processes such as applying elec-
trochemical methods and/or integrated membrane processes.
For example, the innovative membrane technology, i.e., resin-
wafer electrodeionization (RW-EDI), with a separative
bioreactor (SB) enables continuous product formation and

recovery of organic acids while avoiding product inhibition.
In addition, the SB is capable of producing organic acids
without the needs of neutralization and subsequent acid regen-
eration, thereby significantly reducing the production cost and
environmental impact. Compared to conventional fermenta-
tion processes, the SB processes show excellent productivity
and high titers of bio-based chemicals.
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