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Abstract: This contribution aims to provide an overview of various aspects of novel process strategies for biorefi neries 

based on the production of succinic acid (SA) and its transformation into high added-value derivatives. The focus is on 

recent developments of a wheat-based biorefi nery entailing upstream processing strategies to convert low cost raw 

materials into fermentable sugars as well as on key insights into the improvement of SA production (e.g. strain develop-

ment, fermentation kinetics, and fermentation optimization). The incorporation of these processes in future biorefi ner-

ies for the production of value-added products and fuels will undoubtedly be an important contribution to the world’s 

 highest priority target of sustainable development. © 2011 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction

P
etrochemical processes have provided low cost produc-
tion routes for fuels, plastics, and chemicals for well over 
50 years but the escalating impact on the environment 

and the inevitable future depletion of fossil feedstocks make 

it essential that benign, sustainable alternatives be developed 
commercially in the very near future.1 Fossil raw materials 
derived from prehistoric organic matter are irrevocably decreas-
ing and the depletion of oil is predicted to occur in the next two 
to three decades.2 Progressive changes are in need to switch 
from petrol-based commodities to renewable feedstocks.
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Sustainable renewable chemicals will have to come mostly 
through photosynthesis as compared to renewable energies 
which can be derived from a variety of sources. Globally, it 
is increasingly acknowledged that plant-based raw materi-
als (i.e. agricultural crops, energy crops, and lignocellulosic 
crop residues) have the potential to replace a large fraction of 
fossil resources as feedstocks for the sustainable production 
of chemicals, materials and fuels. Figure 1 shows a range of 
products which can be derived from current petrochemical 
industry as compared to some of their counterparts from a 
potential biomass-based bio-industry.

Th e biorefi nery concept could signifi cantly reduce produc-
tion costs of plant-based chemicals and facilitate their sub-
stitution into existing markets. Th is concept is analogous to 
that of a modern oil refi nery in terms of a highly integrated 
facility able to effi  ciently process biomass raw materials into 
individual components and convert these into marketable 
products such as energy, fuels, and chemicals.4 By analogy 
with crude oil, every element of the crude feedstock can 
be valorized including low value components (e.g. lignin). 
Biorefi neries could therefore provide several valuable out-
puts from a complex feedstock which in turn will lead to a 
signifi cant reduction in production costs as well as the pos-
sibility to partially replace long-term utilized petrochemicals 
with renewable chemicals.

Th ere are several renewable chemicals that can be currently 
derived from biomass. In 2004, the US Department of Energy 
(DOE) elaborated a list of the top 12 most attractive candi-
dates to focus research eff orts in future years. Th ese included 
several organic acids (succinic, itaconic, levulinic, and fumaric 
acids), amino acids (glutamic acid) and polyols/sugars (glyc-
erol, sorbitol, etc.), denoted as platform molecules or building 
blocks. Th ese chemicals generally possess various functionali-
ties (double bonds, carboxyl groups, carbonyl and hydroxyl 
groups, etc.) suitable for a range of multiple transformations 
from esterifi cations to hydrogenations, oxidations, polym-
erizations, etc. Succinic acid (SA) was shortlisted as one of 
such top-12 platform chemicals that could be produced from 
carbohydrates5 and was still on a revisited list of top platform 
chemicals in 2010.6

SA is a 1,4-dicarboxylic acid demonstrated to be one of the 
key platform molecules to be transformed into a variety of 
useful chemicals as a replacement of maleic anhydride.6–9 
From esters to amides through pyrrolidones, alcohols and/
or biopolymers, the rich chemistry of the two carboxylic 
groups within the molecule (Fig. 2) as well as its partial solu-
bility in water are two key assets for relevance from the list 
of building blocks. 

Both SA and maleic anhydride are important platform 
molecules that can be used in the pharmaceutical, food, 
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Figure 1. Some of the chemicals that could be produced from a wheat-based biorefi nery to replace the products from 

petroleum based chemical industry.3
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and agricultural industries. Th e rise of petroleum price in 
recent years favors the fermentative production of SA as a 
replacement for the petrochemical production of maleic 
anhydride. Th e current production of maleic anhydride is 
based on n-butane. Th e process requires high energy con-
sumption due to demanding harsh operating condition: high 
temperature (250°C) and pressure (200 bar).8 Th erefore, low 
temperature and pressure bioproduction of SA would be eco-
nomically favorable.

Traditionally, SA is produced from petroleum via oxida-
tion of n-butane but it has been recently obtained from vari-
ous biomass feedstocks including wheat, corn wastes and 
others.10–12 DSM and Roquette started up a joint venture 
(Reverdia v.o.f.) to produce bio-based SA building on previ-
ous experience in the SA demonstration plant at Lestrem in 
France, which was built in 2009.13

Th e purpose of this work is to provide a case study example 
of the use of SA to demonstrate the concept of a cereal-based 
biorefi nery (Fig. 3), which integrates both pre-treatment 
and processing of wheat and wheat milling by-products as 
substrates for SA production and chemical transformations 
of SA both in fermentation broths and isolated crystals. 

Current fl our mills operate at 70–80% grain to fl our conver-
sion yields where the remaining 20–30% constitutes various 
waste or by-product streams that contain predominantly 
bran as well as some germ and endosperm.14 Th ese  milling 
by-products contain 25–30% starch and could be used in 
various microbial bioconversions for the production of 
value-added chemicals. In this biorefi nery concept, the fol-
lowing steps are involved to convert raw materials into SA 
and its derivatives, as shown in Fig. 3.

(1)  Upstream processing of raw materials for the production 
of generic feedstocks consisting of simple sugars.

(2) Feedstock bioconversion to SA.
(3)  Downstream processing for SA recovery and purifi cation.
(4)  Chemical transformations of SA to high value-added 

products.

Upstream processing

Upstream processing is generally the fi rst step of a biore-
fi nery process, in which the raw materials are converted 
into simple sugars. Th is is an important step as lignocel-
luloses become increasingly promising raw materials for 

Figure 2. Transformations of SA to high added value chemicals.
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biofuels and biochemicals production. SA fermentations 
were predominately carried out in the past using defi ned or 
semi-defi ned media. In recent years, SA fermentations using 
lignocellulosic materials including wheat-derived media,15–17 
corn-derived media,18–19 hydrolyzate of rapeseed meal,20–21 
hydrolyzates of spent yeast cells,18 and hydrolyzate of sake 
lees (brewing by-products)22 have also been explored. Th e 
cost of these lignocellulosic left overs is cheap but their pre-
treatment steps are crucial for an economically viable SA 
production process.

Generic feedstock production from wheat via fungal 

submerged fermentations and fungal solid-state 

fermentations (SSF) 

Four wheat-based upstream processing strategies have been 
developed in our group to produce a carbon-rich stream 
and a nitrogen-rich stream (as shown in Fig. 4, designated 
as Strategy 1, 2 3, and 4, respectively).16–17,23–24 Although 
Strategy 1 has minimum processing steps, it has been 
demonstrated that it was not suitable for generic feedstock 
production due to the low glucose and free amino nitro-
gen (FAN) concentrations in the fungal fi ltrate. On the 
contrary, both Strategies 2 and 3 could fulfi ll the nutrient 
requirement of typical SA fermentations (Fig. 5). In Strategy 
3, two fungi strains (Aspergillus awamori and Aspergillus 
oryzae) have been utilized to produce amylolytic and pro-
teolytic enzymes, respectively. Th ese enzymes were subse-
quently employed to hydrolyze gluten-free fl our and gluten, 
respectively. In terms of nutrient concentrations, the high-
est glucose concentration which could be obtained by SSF 
was 170 g L−1. 

Furthermore, the highest FAN concentration was 3.3 g L−1 
(equivalent to 66 g L−1 yeast extract), which is the highest 
reported in the literature. In spite of enhancing FAN con-
centration, the SSF has several advantages in comparison to 
submerged fungal fermentation including ease of medium 

preparation, reduction of production time and the possibil-
ity to utilize agricultural and food wastes. Th e last point 
clearly suggests its potential to be widely applied as it does 
not compete with food usage.

Generic feedstock production from only wheat 

milling by-products

Non-food feedstocks for the development of biorefi nery 
concepts have attracted an increasing deal of attention 
motivated by the increasing concern of food shortage and 
the soar of food prices. Wheat middlings and bran are by-
products from the wheat-milling industry. Dorado et al. 
(2009) devised a strategy to convert these two materials 
into a generic microbial feedstock, as shown in Fig. 4 desig-
nated as Strategy 4.17 Similar to Strategy 3, wheat bran has 
been utilized as substrate for the production of amylolytic 
and proteolytic enzymes, respectively. Simultaneous starch 
and protein hydrolyzes together with fungal autolysis then 
occurred when the A. awamori and A. oryzae SSF solids 
were mixed with suspensions of wheat middlings and bran 
at 55°C. Hydrolysis of wheat middlings and bran in a paddle 
reactor resulted in the highest glucose and FAN concentra-
tions of around 100 g L−1 and 300 mg L−1, respectively. Th e 
carbon and nitrogen concentrations of this hydrolyzate met 
well the nutrient requirement of an industrial SA fermenta-
tion (Fig. 5).

Development of upstream strategies based on other 

low cost raw materials

Similarly, the use of corn fi ber and corncob has been inves-
tigated for SA production using A. succinogenes.18–20 Corn 
fi bers or corncobs were fi rst ground and then hydrolyzed 
by the diluted acid method. Th e addition of a commercial 
enzyme hydrolyzed the spent yeast, which provides suf-
fi cient  nitrogen source.18 Chen et al. also investigated the 
use of rapeseed meal for SA production by simultaneous 
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Figure 3. Flow chart of a wheat-based biorefi nery development, from wheat and wheat milling by-products as raw material to fi nal 

products. 
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3.  Integration of fermentation with downstream separation 
or upstream processing, such as simultaneous saccharifi -
cation and fermentation.

Strain development

In nature, SA is a direct in vivo precursor that accounts for 
up to 70% of the propionic acid formed in the rumen of 
cows.31 Most SA-producing micro-organisms have there-
fore been isolated from rumen of bovine, beagle dog, and 
humans. Th ese include species such as Anaerobiospirillum 
succiniciproducens, Actinobacillus succinogenes, Mannheimia 
succiniciproducens, Fibrobacter succinogenes and Escherichia 
coli.32–36

Th e recent blooming of genetic engineering and rel-
evant techniques enable the construction of recombinant 
micro-organisms with desired phenotypes and signifi cant 
improved SA production. Kim et al. constructed a shuttle 
vector for Actinobacillus succinogenes, which allows the 
over-expression of exogenous genes.37 Lee et al. reported 
the use of metabolic engineering for the modifi cation of 
the metabolic pathway of M. suciniciproducens based on 
complete genome sequence.38 Similarly, De Mey et al. 
developed a library of artifi cial promoters of E. coli as a 
useful tool for fi ne-tuning gene expression.39 Th is enabled 
the construction of a large library of metabolically engi-
neered E. coli mutants and 24, square, deepwell microtiter 
plates were used for mutant screening by evaluating the 
SA productivity and yield.40 Th ese parts of work have 
been comprehensively overviewed in several recent review 
articles.14,41–42

Traditional strain improvement methods including 
random mutation and screening are in any case still fre-
quently utilized in SA fermentations. Early work carried 
out by Guettler et al. showed an improvement of SA pro-
duction from 80 g L−1 to over 100 g L−1 by using A. suc-
cinogenes fl uoroacetate resistant strain FZ6.33 Liu et al. 
used N-Methyl-N -́Nitro-N-Nitrosoguanidine (NTG) as a 
mutagen and isolated a A. succinogenes SF-9 strain, which 
could achieve a 23.4% increase in SA concentration with 
50% decrease of acetic acid production.44 Alternatively, Ye 
et al. obtained an NH4+-tolerant A. succinogenes mutant 
YZ0819 using continuous culture based selection strategy.44 
Th is mutant effi  ciently produced SA in fermentations using 
ammonia as a pH neutralizer instead of MgCO3. Similarly, 

saccharifi cation and fermentation.20 Diluted sulfuric acid 
pre-treatment and subsequent hydrolysis with an enzyme 
mixture consisting of pectinase, cellulose, and glucanase 
were used to release sugars from the rapeseed meal. Th is 
study suggested that rapeseed meal may be an alternative 
substrate for the effi  cient production of SA by A. succino-
genes without additional nitrogen source supplementation. 
SA production using various raw complex materials is sum-
marized in Table 1. It indicated that almost any type of raw 
biomass could be used for the bioproduction of SA. Th e SA 
concentration, yield, and productivity depend on the sugar, 
nutrient, and inhibitor concentrations in the biomass-
derived media.

Succinic acid production

Th e development of a novel biotechnological process 
requires several strategic considerations. Usually, the opti-
mization of a fermentation process involves three aspects:

1.  Strain development by genetic engineering method, tra-
ditional strain mutation/screening method, or the inte-
gration of these two methods.

2.  Optimization of fermentation conditions, such as sub-
strate concentrations, temperature and pH, and the 
optimization of fermentation processes (e.g. developing 
batch, fed-batch and continuous processes).

Requirement I II III IV

Strategies

0

50

100

150

200

250

300

350

G
lu

co
se

 c
on

ce
nt

ra
tio

n 
(g

/L
)

0

1000

2000

3000

4000

F
A

N
 c

on
ce

nt
ra

tio
n 

(m
g/

L)

Glucose

FAN

Figure 5. Glucose and FAN concentrations in wheat-derived media 

produced from different upstream strategies and the requirement of a 

typical SA fermentation.



94 © 2011 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 6:88–104 (2012); DOI: 10.1002/bbb

CSK Lin et al. Review: Fermentative production and chemical transformations of succinic acid

the essential nutrients, which may be used as a cost-eff ective 
alternative to replace the synthetic fermentation medium 
to produce SA. Du et al. investigated the possibility of 
sequentially replacing a commercial semi-defi ned medium 
by the fl our hydrolyzate and fungal autolyzate generated in 
upstream Strategy 2 (Fig. 4).15 Th ese results showed that this 
wheat-based biorefi nery employing coupled fungal fermen-
tation and subsequent fl our hydrolysis and fungal autolysis 
can lead to a suitable feedstock for the effi  cient bacterial 
production of SA. More than 64 g L−1 SA was produced in 
a fermentation using only the carbon-rich and nitrogen-
rich streams produced via solid-state fungal fermentation 
(Strategy 3). 

Dorado et al. have also demonstrated that the feedstock 
produced from wheat-milling by-products (Strategy 4) could 
also lead to an SA production of 54 g L−1 when low quantities 
of MgCO3 (ca. 10 g L−1) were additionally supplemented.17 
Th is confi rmed that both submerged fungal fermentation 
and solid-state fungal fermentation could supply suffi  cient 
nutrients for fermentative SA production. Another interest-
ing phenomenon is that in fermentations using this medium 
produced via Strategy 4, SA was continuously accumulated 
aft er glucose was depleted. Other sugars such as xylose and 
maltose were also produced during hydrolysis, which have 
been subsequently converted into SA.17 A comparison of 

evolutionary engineering of A. succinogenes for improved SA 
production on glycerol has also been reported.45 

Another promising approach to improve strain perform-
ance is to integrate genetic modifi cation with strain muta-
tion/screening. Th e famous E. coli AFP111 strain originated 
from a genetic modifi cation strain E. coli NZN111, followed 
by spontaneous mutagenesis.36,41 Jantama et al. developed 
an E. coli C mutant, combining designed gene deletion and 
directed metabolic evolution using a growth-based selection 
strategy, which produced 86.5 g L−1 SA in a batch fermen-
tation.46 Pan et al. investigated strain mutation using soft  
X-ray and an anti-fl uoroacetic strain A. succinogenes S.JST1 
was screened out with a 96% decrease of the metabolic fl ux 
from pyruvate to acetic acid.47 Based on this work, an adh-
site-directed mutant A. succinogenes S.JST2 was obtained by 
introducing two TAA termination codons. Th e metabolic 
fl ux analysis showed that the fl ux from pyruvate to ethanol 
decreased by 98% in A. succinogenes S.JST2.

Succinic acid fermentations optimization

In the second stage of a biorefi nery, the simple sugars gener-
ated from the upstream processing are converted into tar-
get products using natural or recombinant strains. In this 
sample biorefi nery process (Fig. 4), the results of upstream 
processing indicated that the wheat-derived media contained 

Table 1. Comparison of SA concentration, yield and productivity in batch fermentations using natural raw 
resources by Actinobacillus succinogenes.

Substrate SA concentration 
(g L−1)

Yield 
(g/g)

Productivity 
(g L−1.h)

References

Cane molasses 55.2 0.80 1.15 25

Corncob hydrolyzate 23.6 0.58 0.49 19

Corn core 32.1 0.89 0.67 26

Corn straw 33.7 0.81 0.70 26

Corn stover hydrolyzate 66.2 0.66 1.38 27

Crop stalk (corn stalk and cotton stalk) 15.8 1.23 0.62 28

Glucose with spent Brewer’s yeast hydrolyzate 46.8 0.69 0.98 29

Rapeseed meal 23.4 0.115 0.33 20

Rice straw 17.7 0.63 0.37 26

Straw hydrolyzate 45.5 0.81 0.95 26

Flour hydrolyzate and fungal autolyzate 64.0 0.81 1.19 16

Wheat hydrolyzate with seawater 49.0 0.94 1.12 30

Wheatstraw 19.0 0.74 0.40 26

Wheat milling by-products hydrolyzate 62.1 1.02 0.91 17
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reported that A. succinogenes tolerated up to 143 g L−1 glu-
cose and cell growth was completely inhibited with glucose 
concentration over 158 g L−1.49 Signifi cant decrease in SA 
yield and prolonged lag phase were observed with glucose 
concentration above 100 g L−1. Among the end-products 
investigated, formic acid (in the form of formate) was 
found to have the most signifi cant inhibitory eff ect on SA 
fermentation. Th en the critical concentrations of acetate, 
ethanol, formate, pyruvate, and succinate was quantitatively 
determined as 46, 42, 16, 74, 104 g L−1, respectively.49 Th ese 
values are very diff erent as compared to those more recently 
reported by Li et al., in which the critical concentrations 
of acetic acid, formic acid, and SA were 10, 8.8, and 40 g 
L−1, respectively.50 A growth kinetic model considering 
both substrate and product inhibition was also proposed, 
adequately simulating batch fermentation kinetics using 
both semi-defi ned and wheat-derived media.49 Th e model 
successfully described the inhibitory kinetics caused by 
both externally added chemicals and the same chemicals 
produced during fermentation. It provided key insights into 
the improvement of SA production and the modeling of 
inhibition kinetics. 

Succinic acid fermentations using seawater 

as a novel mineral source

Th e search for alternative and more sustainable water 
sources have been the focus of many studies in recent 
decades due to the shortage of fresh water in many areas. 
A recent report from the United Nations Offi  ce has sum-
marized that overcoming the crisis in water and sanitation 
is one of the greatest human development challenges of the 
early twenty-fi rst century.51 Th e development of a seawater-
based biorefi nery strategy could have a potentially strong 
impact in this area with a holistic utilization of seawater, 
aiming at more effi  cient, low cost, and small carbon foot-
print processes. Lin et al. presented the fi rst report regard-
ing the novel usage of seawater instead of plain water in 
fermentative biochemical production.30 Interestingly, there 
were no signifi cant diff erences in terms of SA production 
in fermentations using seawater/water mixtures containing 
between 65% and 100% synthetic seawater. Indeed, a com-
plete replacement of distilled/tap water by seawater could be 
achieved which will facilitate media preparation procedures, 

experimental yields for A. succinogenes fermentations using 
various waste feedstocks is presented in Table 1. 

Xylose is a pentose commonly found in cellulose and 
hemicellulose hydrolyzates. Analysis showed that xylose was 
present in the wheat hydrolyzate with a glucose-to-xylose 
mass ratio of approximately 10:1.48 Experiments with vary-
ing glucose-to-xylose ratio were conducted and showed that 
the presence of xylose in glucose-containing media did not 
inhibit SA biosynthesis. Interestingly, SA concentration was 
slightly enhanced (19%) with a glucose-to-xylose ratio of 
15:1, (Fig. 6). Th is indicates a hydrolyzate of cellulose and 
hemicellulose could be potentially employed as media to 
enhance SA production via bacterial fermentation. Th ese 
results are consistent with those reported by Yu et al. in 
which corncob hydrolyzate containing xylose as predomi-
nant monosaccharides were utilized in fermentative SA pro-
duction (Table 1).19 Formation of by-products such as acetic, 
formic, and pyruvic acids are due to the carbon fl ux through 
diff erent metabolic pathways in A. succinogenes. Th e detailed 
metabolic pathway in A. succinogenes was summarized by 
Mckinlay et al.41 

Fermentation kinetics

Th e critical product and by-product concentrations, the 
inhibition of substrate and products on the growth of 
A. succinogenes in fermentations were studied in order 
to fi nd the optimum substrate concentration. Lin et al. 

Figure 6. SA production with different initial glucose 

and xylose ratios as carbon source in small anaerobic 

reactors (SARs).
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followed by evaporation at reduced pressure (under vacuum) 
to remove water and other acid by-products with low boiling 
points. SA crystals can therefore be precipitated from the 
concentrated solution. 

Th is process was recently improved by the inclusion of an 
ion-exchange pre-treatment process to convert succinates 
to SA in the fermentation broth.60 Experimental results on 
defi ned fermentation broths demonstrated that an opti-
mum SA yield and purity could be achieved at pH 2 using 
Amberlite IR 120H as ion-exchange resin (conditions at 
which all succinates are converted into SA) from a series of 
steps in which the pH was changed from 1 to 7. In experi-
ments using defi ned fermentation broths (consisting of vari-
ous sodium salts including acetate, formate, pyruvate, and 
succinate), only 48% SA could be recovered as compared 
to those using actual fermentation broths at pH 2 with SA, 
for which a yield of 0.895 g/g SA with more than 99% (w/w) 
purity of product was obtained.

Reactive extraction is an interesting alternative for SA iso-
lation and purifi cation from fermentation broths. Blaga et al. 
(unpublished results) investigated SA separation by reactive 
extraction using dichloromethane as an organic solvent. Th e 
SA recovery rate was 45% in the fi rst test without any proc-
ess optimization. Similarly, Kurzrock and Weuster-Botz also 
reported an alternative identifi ed reactive extraction systems 
(trihexylamine dissolved in 1-octanol or with dihexylamine 
and diisooctylamine dissolved in 1-octanol and 1-hexanol) 
resulting in the highest recovery yield (95.5%) of SA extrac-
tion from aqueous solutions.58

Amines off er a high affi  nity to react with negatively 
charged molecules because of their high basicity (electron 
donor). Th erefore, they are suitable for the extraction of 
organic acids such as SA. Th e amine reacts with the SA mol-
ecules at the interface between the aqueous and the organic 
phase leading to the formation of amine acid-complexes. 
Th ese complexes are solubilised into the organic phase.58

A low pH (e.g. pH 2–3) allows for a selective extraction of 
SA due to the nature of the dicarboxylic acid. A low pH fer-
mentation process should then be developed if a combined 
fermentation/integrated reactive extraction of SA dual proc-
ess is envisioned.

Such simultaneous integration of SA separation with 
fermentative SA production is clearly the most promising 

as well as make the process more economically and environ-
mentally sound. 

In bench-top fermentations with 50% seawater and wheat-
derived media, around 45 g L−1 SA was produced with a 
yield of 1.02 g/g (consumed glucose) and a productivity of 
0.84 g L−1 h−1. Th ese values were similar to those obtained in 
fermentations using semi-defi ned media and tap water. Most 
promisingly, 49 g L−1 SA was produced with a yield of 0.94 
g g−1 and a productivity of 1.12 g L−1 h−1 in a fermentation 
using only wheat-derived medium and natural seawater.30 In 
summary, mineral compounds and salts in seawater, together 
with wheat-derived media, were found to meet well the min-
eral requirements for A. succinogenes fermentations, without 
a signifi cant inhibition of the cell growth. Interestingly, 
compounds present in seawater had a major eff ect on rates 
of reactions of a range of downstream transformations of SA 
including esterifi cations and amidations in comparison with 
reactions run under similar conditions using distilled water. 

Downstream processing

Aft er fermentation, SA remains in the fermentation broth 
together with by-products, biomass, and unconsumed sub-
strates. Although in some cases the fermentation broth has 
been directly utilized, as in downstream chemical transfor-
mation processes,30 SA is normally separated and purifi ed 
before its direct industrial application and/or subsequently 
used for the production of value-added chemicals. 

SA recovery is traditionally achieved by precipitation with 
ammonia52–53 and calcium hydroxide.54–55 Recently, several 
novel SA separation strategies have been investigated, such 
as direct crystallization,56 reactive extraction,57 liquid-liquid 
extraction,57–58 and adsorption.59 In particular, the integra-
tion of membrane fi ltration-electrodialysis for SA separation 
with fermentative SA production signifi cantly improved 
both SA titer and volumetric productivity (83 g L−1 and 
10.4 g L−1 h−1, respectively).60

Luque et al. developed a novel alternative methodology 
(direct crystallization) to the traditional calcium precipita-
tion to obtain SA crystals from defi ned and wheat-based fer-
mentation broths.56 Activated charcoal was fi rst added to the 
fermentation broth (upon biomass removal) to adsorb the 
colored impurities. Th e pH of fermentation broth was then 
adjusted to 4.2 (pKa1 of SA) by addition of hydrochloric acid, 
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of polymers. Traditional esterifi cation methods are unse-
lective, and use soluble mineral acids that have to be 
separated at the end of the reaction, leading to hazardous 
waste.13 Furthermore, there is the issue of the stability of 
the catalysts under diff erent conditions, especially aqueous 
medium.64 Carbonaceous materials have been particularly 
attractive catalysts for esterifi cation reactions of SA with 
alcohols.56,65–68

Water-tolerant biomass-derived mesoporous carbonaceous 
materials functionalized with sulfonated groups were found 
to be highly active and selective in the esterifi cation of SA 
with aqueous ethanol (Scheme 1) both under conventional 
heating and microwave irradiation.56,65 

Materials denoted as Starbons-SO3H were found to provide 
quantitative yields to diethylsuccinate (DIES) aft er 6–8 h 
reaction under conductive heating (80°C) as compared to 
0.5–1 h under microwave irradiation, using pure SA in all 
cases. Starbon acids were stable and reusable under the 
investigated conditions at least for four uses and comparably 
more active to related solid acid catalysts including acidic 
zeolites (beta zeolite, SiO2/Al2O3 25), sulfated zirconia, and 
similar sulfonated microporous materials (e.g. DARCO®).

Following our initial report, Zhang et al. recently prepared 
similar sulfonated non-porous carbonaceous materials via 
carbonization of a equimolecular mixture of D-glucose and 
p-toluenesulfonic acid (or sulfuric acid) at 180°C for 
24 h.68 Materials provided quantitative yields to DIES aft er 
4 h of reaction, with the optimum activities obtained for the 
glucose/p-toluene sulfonic acid material. Th ese solid acids 
were also found to be highly reusable under the investigated 

approach in SA separation. In this process, SA is continu-
ously removed from fermentation broth, relieving the inhibi-
tory eff ect of SA. Meynial-Salles et al. reported an integrated 
membrane bioreactor monopolar electrodialysis process.60 
SA concentration up to 146 g L−1 could be obtained in a cell 
recycling fed batch culture of Corynebacterium glutami-
cum.62 Th e neutralization pH in the process of adsorption of 
SA from fermentation broth by anion-exchange resins was 
also recently studied.63 Th e reaction involves the carboxy-
lic groups and forms carboxylate groups aft er interaction 
with an alkali from the anion exchange resin, which acts as 
a pH neutralizing reagent. In turn, it reduces the addition 
of alkali utilized for pH control purposes. Th is innova-
tive system could possibly be applied as a coupled in situ 
product removal and pH neutralization in industrial SA 
fermentations.

Chemical transformation of succinic acid

Th e SA thus obtained aft er downstream processing can be 
feasibly subjected to a series of transformations as previously 
summarized in Fig. 3. Esterifi cations, etherifi cations, amida-
tions, and hydrogenations are among the important processes 
that can be performed to convert SA into high added-value 
chemicals. Some of these relevant processes will be discussed 
in detail in this section for both pure and recovered SA crystals 
as well as for SA-enriched fermentation broths. 

Transformations of succinic acid crystals 

(pure or recovered from fermentation broths) 

In principle, there are three key proven transformations 
which have been reported to provide high yields and 
selectivities to products using diff erent catalysts and com-
mercially pure SA. Th ese are esterifi cations, amidations, 
and hydrogenations. Some of them have been conducted in 
aqueous media using water-tolerant catalysts.30,56 Th e next 
sub-sections are aimed to provide an overview of these rel-
evant chemical transformations of SA, with practical exam-
ples in most cases. 

Esterifi cation of succinic acid

Esterifi cations are one of the most useful transformations 
for organic acids, especially for a dicarboxylic acid since the 
diester can be used as an intermediate in the  manufacture 
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Scheme 1. Esterifi cation of SA in aqueous ethanol catalyzed by 

carbonaceous solid acids.
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Pd nanoparticles supported on Starbon® under mild reac-
tion conditions (aqueous media, 10 bar hydrogen pressure, 
80–100°C), where supports in this case where inherently non 
acidic.56 Ru/C catalysts doped with others metals (e.g. Co) 
have also been reported to give GBL in high yields as origi-
nally reported by Deshpande et al.76 Doping with Co (up to 
1%) resulted in a remarkable increase in SA conversion for 
the bimetallic catalyst, 3–4 times as high as that of the Ru/C 
catalyst. However, these materials only provided relatively 
good activities under forced conditions of temperatures and 
pressures, typically 250°C, 103.5 bar in an autoclave.76 

Two other key products which can be obtained from SA 
are THF and 1,4-butanediol (BDO). With regard to THF, 
there are only a few reports on the production of this 
important chemical via hydrogenolysis of SA and succinate 
esters, most of them from patent literature.7,8 Following the 
results from Deshpande et al.,76 we have recently reported 
the selective production of THF from SA using Ru-derived 
catalysts.77 Th e selectivity to THF could be maximized aft er 
24–34 h in aqueous media at 100oC (10 bar H2) using Ru 
loadings between 5 to 7%. Other authors have reported the 
selective production of THF from diethyl succinate via vapor 
phase hydrogenolysis mediated by CuO-ZnO/HY catalysts.78 
In this way, selectivities up to 95% for THF were obtained. 

reaction conditions, preserving over 90% of their initial 
activities aft er six uses.68 Th eir proposed solid acids were 
also comparably more active than a sulfonated activated 
microporous carbon prepared for comparative purposes. 

Other groups have also reported the use of other solid 
acids including heteropolyacids,69 acidic resins such as 
Amberlyst XN-1010 and Nafi on NR50 coupled with a mem-
brane separation step via pervaporation69 and Amberlyst 
15,71 as well as related reactive distillation processes for the 
production of SA esters.72–73

Interestingly, the concept of chemical transformations of 
recovered SA from fermentation broths was pioneered by 
our group in 2009.56 Precipitated SA crystals from fermen-
tation broths possessed in general low purities (30–50%) 
compared to those isolated from synthetic fermentation 
broths (>90%). However, Starbon-SO3H materials were able 
to effi  ciently esterify recovered impure SA in high yields 
to DIES (>75%) aft er 12 h of reaction (conductive heat-
ing) and 1 h (microwave irradiation). Th e solid acids were 
fairly stable under the investigated conditions but activities 
dropped aft er every reuse due to deactivation of the catalyst 
via adsorption and deposition of organic compounds on the 
materials surface.56 In any case, this is the fi rst report of the 
utilization of fermentation broth recovered SA in esterifi ca-
tion reactions. 

Hydrogenation of succinic acid 

Hydrogenation of SA is a key process which can grant access 
to a range of important high added value chemicals includ-
ing γ-butyrolactone (GBL), Tetrahydrofuran (THF) and 
1,4-butanediol (Scheme 2).

Th ese compounds fi nd relevant applications as solvents, 
additives in cosmetics and fragrances, polymers, etc. SA 
hydrogenation has been reported to be promoted by sup-
ported noble metals (e.g. Pd, Ru) for the selective produc-
tion of γ-butyrolactone (GBL).74–76 Hong et al. reported a 
79% conversion of SA (51% yield to GBL) in 4 h of reaction 
at 60 bar of hydrogen and 240°C using a Pd on mesoporous 
alumina xerogel catalyst.74 In their studies, a very interest-
ing dependence of SA conversion (and especially GBL yield) 
with acid densities was also observed. 

Comparatively, a lower yield to GBL (30%) at compara-
tive conversion of SA was reported aft er 24 h reaction using 

Scheme 2. Reaction pathway for the hydrogenation of 

SA using supported metal catalysts. Reproduced by 

permission of the Royal Society of Chemistry. 
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allows the possibility to work with dilute aqueous mixtures in 
which less water-soluble formed products (e.g. esters, amides, 
lactones) are easily separated out from the original mixtures, 
with some others crashing out as fi ne crystals in solution due 
to their insolubility in the aqueous broth.

In this regard, optimised results of our previously reported 
Starbon-SO3H in the esterifi cation of an SA-enriched fer-
mentation broth were as expected remarkably lower as 
compared to commercially pure or broth-recovered SA, with 
only moderate conversion and selectivity to DIES (close to 
50%) were obtained aft er 12 h reaction.30 

As a comparison, the amidation of an SA-enriched broth 
with benzylamine to give N,N-dibenzylsuccinamide as 
 target product (Scheme 3) was also selected to test the 
 activity of Starbon-SO3H. 

For this particular sequential reaction, N-monoben-
zylsuccinamide (top product, Scheme 3) was quickly 
observed (aft er 30 min reaction) aft er which the production 
of the diamide started to quick off  to reach a maximum of 
ca. 50% selectivity at 80% conversion of SA in the broth.30 
Th e transformation from the monoamide to the diamide 
could be easily followed by gas chromatography (GC) and 
high performance liquid chromatography (HPLC), par-
ticularly for commercially pure and recovered SA crystals. 
Interestingly, the eff ect of the aforementioned impurities 
(e.g. K+, Mg2+, SO4

2−) present in the fermentation broth 

However, the process involves high temperatures (>190oC) 
and pressures (40 bar). Further hydrogenation to BDO 
has also been reported in few literature examples using 
promoted Ru and Pd catalysts.7,8,79 Minh et al. recently 
reported an Re-promoted Pd/C catalyst (4%Re-2%Pd/C) 
which was able to achieve a maximum 66% selectivity to 
BDO aft er 77 h reaction at 160oC and 150 bar H2. Th is 
example highlights the diffi  culty of BDO production from 
SA hydrogenation. Interestingly, bio-SA from a fermen-
tation process could be effi  ciently hydrogenated on the 
 promoted catalyst without a signifi cant loss in selectivity 
(59% BDO).79 

Apart from these, a range of metals, supports, and metal 
deposition protocols has been examined for these particular 
processes. Nonetheless, no systematic testing procedure has 
been reported to date which makes very diffi  cult to infer the 
impact and contribution of the diff erent metals and supports 
in the hydrogenation reaction.7,8 

Transformations of succinic acid in fermentation 

enriched media

Th e one-pot integration of SA transformations and down-
stream processing is a novel concept developed for the fi rst 
time by our group. In this regard, we have been able to 
achieve the direct conversion of SA to valuable chemicals, 
avoiding any downstream separation/isolation/precipitation 
steps for SA in the fermentation broth. Th ere are no reports 
to date on integrative processes dealing with transforma-
tions of SA-enriched fermentation broths, mostly due to the 
complexity of the systems. Despite the dilute aqueous media 
to work, which requires a water-tolerant and highly stable 
catalyst, the fermentation broth also contains a plethora 
of salts and impurities which easily deactivate/poison 
catalysts. 

In fact, we have recently reported some contradictory results 
on the activity of biomass-derived mesoporous carbonaceous 
solid acids in both amidations and esterifi cations of diff er-
ent fermentation broths containing SA.30 Th ese two reactions 
were selected as particularly interesting from a mechanistic 
and kinetic viewpoint. Both processes are reversible equilibria 
in which water is critically involved and in principle needs to 
be removed from the system (e.g. via dean stark or capturing 
by molecular sieves and/or dessecants) to obtain good yields 
to products. Th e water-compatibility of some of the systems 

Scheme 3. Amidation of SA with benzylamine catalyzed by 

carbonaceous solid acid catalysts in a fermentation broth. 
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 magnesium hydroxide (Mg(OH)2) and NaOH mixture to 
substitute the expensive substrates (glucose, yeast extract, 
and MgCO3).27

In terms of valuable products that can be produced from 
SA, the list is extensive and includes some of the target 

along with SA had a truly remarkable eff ect on activi-
ties for these two selected processes when seawater was 
utilized in the biotransformation of the feedstock to SA. 
Impurities, trace elements, and related compounds unex-
pectedly improved the rates of reaction in the amidation of 
SA-enriched seawater broth compared to results obtained in 
plain water, reaching a maximum of 60% selectivity at 85% 
conversion of SA (Fig. 7(a)). 

However, the opposed eff ect was observed for the esterifi -
cation reaction in which a signifi cant reduction in activity 
accompanied by obvious catalyst deactivation was found 
in the esterifi cations of SA using Starbon® acids as cata-
lysts (Fig. 7(b)). Th e presence of metals (e.g. Mg2+, K+) and 
carbonates were found to play a key role in providing a 
balanced medium for the amidation reaction while these 
compounds had a detrimental eff ect on the solid acids in 
the esterifi cation of SA.30 In any case, this pioneer work can 
be potentially extended to other chemical transformations 
of SA (e.g. reductive aminations, etherifi cations) which will 
surely be the subject of future research eff orts. 

Economic and environmental benefi ts 
evaluation

Jain et al.80 fi rst identifi ed the economic potential of SA. SA 
can be produced by fermentation for about US$0.55–1.10 
per kg.41Lin presented a preliminary assessment of the eco-
nomic and environmental benefi ts of the fermentative SA 
production process from wheat-derived media.81 Analysis 
indicated that the usage of generic feedstock provided by the 
wheat-based biorefi nery would lead to substrate cost reduc-
tion by 5.6- and 1.7-fold as compared to the processes using 
maleic anhydride and glucose, respectively. It is expected 
that this process could lead to lower carbon emission and an 
energy saving of 30–40% as compared to a typical chemical 
process. Moreover, the integration of SA production into 
a bioethanol production process will reduce further the 
processing cost and will benefi t both products. SA produc-
tion cost of US$0.08/kg could be achieved if this chemi-
cal is co-produced within bioethanol based on advanced 
technology.82

Similarly, Li et al. reported a signifi cant reduction in 
raw material cost (by 55.9%) can be achieved using corn 
stover hydrolyzate, biotin-supplemented yeast hydrolyzate, 

Figure 7. Activity comparison of Starbon acids in the esterifi cation 

of SA with aqueous ethanol (a) and SA amidation with benzylamine 

(b) under comparable conditions using commercially pure SA, 

recovered SA from fermentation broths (FB) and SA-enriched water, 

and seawater fermentation broths, respectively. Reaction conditions: 

1 mmol SA (3 ml SA-FB), 30 mmol EtOH or 2 ml benzylamine, 50 

mmol water (no water added in the case of FB experiments), 0.1 

g Starbon-SO3H, 80°C for 4 h (for esterifi cations) or 120°C for 8 h 

(for amidations). Reproduced by permission of the Royal Society of 

Chemistry.
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such communities are shared to further advance in the fi eld. 
In these days of effi  ciency and economic competitiveness, we 
must redouble our eff orts to expand current technologies and 
approaches, learning from experience with simple starting 
materials, and aim to apply them to complex renewable and 
waste feedstocks to pave the way for the widespread imple-
mentation of analogue biorefi neries to the integrated concept 
shown in this work. We envisage this contribution can have a 
potentially strong infl uence in the chemical and energy indus-
tries. It could also have a positive eff ect in agriculture which 
will see another market for its products which do not meet 
the requirements of the food industry. Last but not least, the 
incorporation of these chemical processes for the production 
of value-added products and fuels is likely to be an important 
contribution towards the world’s highest priority target of sus-
tainable development.
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