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Abstract: Succinic acid has recently received a great deal of attention in various publications and presentations 

when discussing the potential of renewable resources for the production of chemical building blocks. As a starting 

material for a number of conversions, it leads to important derivatives for various industrial branches. In this review, 

many suggested/published processes are analyzed and the feasibility of the processes toward industrial use in 

comparison with actual production routes has been evaluated.

Derivatives that have a high probability of being successfully produced from succinic acid are tetrahydrofuran, 

γ-butyrolactone and butanediol, as well as various pyrrolidones. Other nitrogen-containing succinic acid derivatives, 

as well as its esters and salts, have various uses and can be used for further conversions. Succinate-based 

surfactants and polymers are produced in large quantities.

This review also contains a short overview of chemicals that might be produced from succinic acid, but the routes 

are still not economically feasible at this point and are only of academic interest at the moment. © 2008 Society of 

Chemical Industry and John Wiley & Sons, Ltd
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Introduction

R
enewable resources are getting more and more public 

attention as well as attention in the current scientifi c 

literature, and most of the actual research programs 

have specifi c action plans toward the development of 

bioenergy or biobased building blocks. 

Because of this revival, the number of publications is 

growing exponentially and terms such as ‘green’, ‘sustain-

able’, ‘effi  cient’, ‘durable’ and ‘carbon-neutral’ are used 
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 abundantly. In many cases the dichotomy between 

 renewable resources technology and the chemical tech-

nology based on fossil resources is emphasized and authors 

are oft en biased. In this overview, it is illustrated that both 

methodologies go hand in hand and need to be integrated to 

move to a more biobased society.

In the multitude of published conversions, it is certainly 

not always clear which methods are really industrially 

feasible in terms of the availability of resources, the techno-

logical feasibility, the realistic isolation and purifi cation of 

the end products, and the overall costs of the process. 

A more critical view on these processes would be of great 

importance in estimating the viability of possible processes. 

In this review, we want to present literature methods that 

we tried to screen on the basis of the industrial relevance 

of the method and the possibility to scale-up the procedure 

toward an industrial scale. In too many introductions of 

papers, methods are presented to be industrially relevant, 

but are actually not when considering the complete process. 

Th erefore, we believe there is an urgent need to fi lter the 

literature and to prepare overviews emphasizing the indus-

trial relevance of the methods. It is, however, an extremely 

diffi  cult task to make clear-cut judgements on the industrial 

feasibility of processes, certainly because many important 

aspects used to judge the sustainability of a process are not 

mentioned in the literature or patents. 

Succinic acid has been postulated as a potentially large 

volume commodity that will be produced by white biotech-

nology and that could replace a large number of intermediates 

and specialty chemicals derived from benzene or other petro-

chemicals. It is seen as a biobased replacement for maleic acid 

in a number of applications because of the similar chemical 

behavior. Th ere is a number of review articles and reports that 

discuss the potential of succinic acid as a new commodity 

chemical1–8 and new articles are appearing regularly. Th ey are 

covering both production and derivatization of succinic acid 

and mainly deal with further conversions in a rather general 

way or, on the contrary, are referring to suggested conversion 

routes. In this review, we analyze chemical conversions in 

more detail and try to present a number of processes that can 

be applied to succinic acid. Our aim is to make a reasonable 

estimation of the actual viability of the suggested replacement 

in view of the actual situation on the market.

Production of chemicals: no petrochemical – 

renewable resources dichotomy

Succinic acid is being produced in worldwide quantities of 

20 000 to 30 000 t/year.9 On an industrial scale, it is being 

produced by catalytic hydrogenation of petrochemically 

derived maleic acid or maleic anhydride. Currently, succinic 

acid produced from carbohydrates by bacterial fermentation 

is mostly used for the food industry. 

A lot of research has been performed in the past decade, 

focusing on the fermentative production of succinic acid 

and on the improvements of the overall process. MBI Inter-

national, a US-based company, is an important producer of 

succinic acid on an industrial scale with several patents on 

the topic; it publishes its improvements regularly.4,10–14 Very 

recently, a strategic alliance has been created between the 

French group Roquette and DSM (enzymatic technology) 

in an eff ort to produce succinic acid in an economical way 

from renewable resources. It is estimated that there will be 

a saving of 30–40% of energy and an important amount of 

carbon dioxide will be used in the process.9,15 Th e anaerobic 

production of succinic acid can be combined with the 

bioethanol production delivering CO2 from the fermentation 

of glucose to ethanol.16

Th eoretically, succinate fermentations consume one mole 

of carbon dioxide per mole of succinate produced: one mole 

of glucose and two moles of CO2 are transformed into two 

moles of succinate. In practice, side products of the fermen-

tation (acetate, formate etc.) lead to a distortion of the 

balance. Genetic manipulations and process improvements 

are aiming at suppressing the side-product formation. Too 

high CO2 levels negatively infl uence the cell growth, and 

therefore the CO2 supply has to be carefully determined.17 

Nevertheless, succinate-producing pathways have a major 

advantage in biorefi nery development: CO2 fi xation in 

combination with bacterial and fungal fermentations, recy-

cling and re-use of waste streams really stimulate the use of 

renewable feedstocks.1,2,18 

Fermentative production of succinic acid

Fermentative production of chemicals is blooming nowa-

days, because of the overall concern for the environment and 

the search for ‘greener’ production processes, for example, 

via white biotechnology. One of the obvious advantages of 
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fermentations, in comparison to chemical conversions, is 

the much milder conditions. On the other hand, fermenta-

tion procedures require large capacities (due mostly to high 

dilution of substrates and products) and mostly much longer 

reaction times. Th ey also imply large amounts of aqueous 

solutions of salts, which pose an ecological and economical 

problem (Table 1).

Further conversions of succinic acid to its derivatives 

mostly rely on chemical transformations. In that way, the 

combination of the two technologies off ers a promising and 

mostly preferred way to sustainable products. 

Succinic acid is oft en described as the substitute for petro-

chemically produced maleic acid for various conversions to 

produce industrially important molecules. Until recently, 

the main problem for the actual use of fermentatively 

produced succinic acid was its price, which was several 

times higher than the price of petrochemicals that would, in 

theory, be replaced by succinic acid. Price considerations of 

succinic-acid derivatives compared to the same derived from 

petrochemical sources is given in a DOE-EERE report;19 

however resource prices are volatile and comparisons are 

almost immediately out of date. 

Th e actual increase in the price of petrochemical feedstock 

is gradually changing the balance between petrochemical 

and carbohydrate feedstocks. Basic feedstocks, however, are 

not the only constituents required for the fermentations. 

Th e cost of the fermentative production route and the fi nal 

product is increased by the required nutrients, but mostly 

by the product recovery costs. Th e price of nutrients, such 

as yeast extract or peptone – the nitrogen sources needed 

for the  fermentations –  is substantially higher than the price 

of carbohydrate nutrients, so it has to be part of economic 

considerations. Eff orts have been made to lower the price 

of succinic acid by making the production processes more 

effi  cient in terms of yields, productivities, concentrations 

and product recovery, as well as through an effi  cient use 

of cheaper feedstocks. On the other hand, the maleic acid 

price rose seriously in the past couple of years; the diff erence 

between the two is therefore slowly diminishing, creating 

opportunities for succinic acid as substitute for maleic acid, 

especially since the industrial demand for the latter is still 

increasing.2,6,20,21

As mentioned before, a major contributor to the fi nal price 

of the product consists of the recovery and purifi cation 

costs, which remain a major issue for the practical use of 

succinic acid. For the use of succinic acid as a starting mate-

rial for further conversions, one of the solutions would be to 

eliminate the need for product isolation by performing the 

conversions in the fermentation mixture. A lot of research is 

actually performed in that direction.22–25

Succinic acid is produced via fermentations by natural 

producers or by genetically modifi ed organisms. Th e major 

fermentation feedstock is glucose; lately, eff orts have been 

made to introduce cheaper, less-processed feedstocks. 

Diff erent fermentation and recovery approaches have been 

employed and evaluated. 

Succinic acid is an intermediate in the normal meta-

bolic pathway of several anaerobic and facultative micro-

 organisms, mainly natural inhabitants of bovine rumen 

belonging to the bacterial geni Ruminococcus, Bacter-

oides, Prevotella, Succinimonas, Succinivibrio, Wolinella, 

Cytophaga, Propionibacterium and Pectinatus.1,26–31

Table 1. A general comparison between fermentative and chemical routes.

Chemical routes Fermentative routes
Origin Non-renewable feedstocks – petrochemicals Biobased feedstock – carbohydrates

Price considerations
Still cheaper than the renewable sources. Avail-
ability expected to decrease in time.

Feedstocks themselves do not contribute to the price as 
much as downstream processing

Routes Developed routes, established technologies Routes under constant improvement, young  technologies

Yields and productivities Generally high
Sometimes a large number of side products, diluted media, 
long reaction times

Major disadvantages
High energy demands (pressure and temperature). 
Catalysts disposal issues

Sensitivity of microorganisms, nutrient  requirements, compli-
cated product recovery, large amounts of waste

Public awareness Decreasing popularity
Increased interest in improving currently applied routes and 
innovations
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Current research is mainly focused on more productive 

species, such as Actinobacillus succinogenes 130Z,10–12,14,16 

Anaerobiospirillum succiniciproducens (producing up to 93% 

yield and 1.35 gl−1h−1)17,27,32–36 and Mannheimia succinicipro-

ducens MBEL55E (up to 71% and 3.9 gl−1h−1).37–41

Natural succinate producers are sensitive to the pH of the 

environment and atmospheric conditions. Escherichia coli, 

on the other hand, is extensively used in industry as a host 

for many products because of its susceptibility to various 

manipulations, fast growth rate, standardized cultivation 

techniques and cheap media. Diff erent genetic manipula-

tions of E. coli in order to direct its metabolism toward 

succinate production have been tested and reported. E. coli 

AFP111 and AFP184 strains have the highest  production 

rates and yields, substantially higher than the ones of 

natural producers.42–51 High productivities (up to 3 gl−1h−1) 

are obtained by dual-phase fermentations of sugar in high 

concentrations by E. coli AFP184.21 E. coli DH5 α/pGC1002 

effi  ciently produces succinic acid from fumaric acid and 

glucose with complete fumarate conversions.52

A novel effi  cient succinate producer is Corynebacterium 

glutamicum.53–55 Altering the fermentation conditions 

and several genetic manipulations have brought prom-

ising productivities and yields (3.8 gl−1h−1 and 23 gl−1) in 

 comparison to other succinate producers. Th e product 

recovery is an issue that still needs to be improved in order 

to judge the overall process effi  ciency.53 

Production of succinic acid by Lactobacillus strains was 

also explored.56 Specifi c fermentation media have interesting 

applications for food purposes, but are limited to it because 

of the specifi c conditions and low productivities. 

Enterococcus fl avescens produces succinate from sucrose.57 

Enterococcus faecalis RKY1 metabolizes fumarate in the pres-

ence of glycerol and was also suggested as a suitable succinate 

producer, with very high productivities of up to 17.1 gl−1h−1 

starting from 80 g/l fumarate in a continuous process.58–61

Continuous fermentation can be applied instead of the 

conventional batch processes, and usually gives better results 

in terms of yield and productivity.38,39,62 

Purifi ed fermentation feedstocks (glucose, yeast, and 

peptone) bring a negative connotation to fermentative 

processes, increasing the economical demands and the 

carbon footprint of the process. In order to reduce these 

two  drawbacks, the focus in the fermentation developments 

is on less-processed fermentation feedstocks. In a notable 

number of published data, cane molasses and whey, glycerol 

and lignocellulosic hydrolyzates have proven to be adequate 

 feedstocks for fermentations. 

Cane molasses is a byproduct of the sugar industry, 

consisting of water and carbohydrates, but also heavy 

metals, suspended colloids, vitamins and nitrogenous 

compounds.63 It is already used for the production of 

ethanol and other substances,63,64 and it has also been shown 

to be suitable for succinate production.45,63

Whey is a side-stream from the milk industry; it is used with 

success in various fermentations. Several studies showed the 

possibility of succinate-producing processes as well.33,35,38,62

Lignocellulosic material presents the most abundant 

renewable resource on Earth. Since xylose has the potential 

to serve as a carbon source and replacement for glucose,37 

lignocellulosic hydrolysates were successfully utilized as 

carbon sources for these fermentations.36,39 Untreated 

hydrolysates can be used, but they give approximately half 

of the productivity in comparison to the alkaline-treated 

material, due to the presence of inhibitory elements, such as 

furfural, hydroxymethylfurfural, vanillin and p-hydroxy-

benzaldehyde.39 

Glycerol production is increasing considerably due to a 

boost in biodiesel production. It is reported as a very suitable 

carbon source for succinate production by A. succinicipro-

ducens, giving high yields of succinate and lower amounts of 

side products.34,59,65

As required nitrogen sources (partial or complete replace-

ments of yeast or peptone), steep liquors (predominately 

corn step liquor) are successfully implemented in the 

fermentation mixtures.10,16,21,30,32–34,36,38,42,45,63,66

A novel biorefi ning concept using cereals (e.g., wheat, 

corn) as a feedstock for microbial succinate production was 

 introduced.4,18

Th e largest part of the total cost of the fermentation process 

is actually comprised in the purifi cation and downstream 

processing of the succinic acid aft er fermentation.67 Purifi ca-

tion consists of the removal of cell byproducts and contami-

nating proteins, and of the conversion of succinic salts into 

acid (since the pH value needs to be maintained neutral 

for the benefi t of the producing micro- organisms). Various 
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methods of purifi cation and recovery have been reported. 

Classical liquid/liquid extraction has been explored in the 

past, but only a citric acid extraction from the fermentation 

broth has actually been carried out on an industrial scale.67 

A simultaneous fermentation and crystallization of the salt 

(calcium or ammonium succinate) has been suggested.27,32,68 

Crystallization is a suitable way of separation; however, large 

amounts of waste are only partly avoided in combination 

with electrodialysis. An environmentally friendly process 

with a high potential for commercialization consists of 

electrodialysis combined with ion-exchange columns for 

succinic-acid separation.69–71 Adsorption on resins is the 

‘cleanest’ way of separating succinic acid from the fermenta-

tion medium, but it still leaves a lot of problems, such as the 

price of the adsorbents, the pH of the fermentation broth 

which is not ideal for adsorption materials, and the co-

adsorption of other molecules present in the fermentation 

media.72 Th e prices of the ion-exchange and the adsorption 

resins are, however, the main limiting factors. 

To summarize, obvious advantages of fermentation 

 processes in comparison to chemical conversions are the 

mild reaction conditions that require less energy input, as 

well as the ‘green’ label given to the processes. Th e general 

shortcomings are comprised in the feedstock price, the 

sensitivity of micro-organisms (natural producers), the pH, 

long reaction times, and most important the diluted reaction 

media requiring large volume equipment and quite compli-

cated recovery and purifi cation systems. Th ose drawbacks 

that still limit the fermentative succinic-acid production 

have to be overcome in order to make the processes more 

attractive. A part of the solution could be the immediate 

conversion, without complete purifi cation of succinic acid, 

to high-value-added products. Some of these possibilities are 

described in the following sections. 

Alternative production from levulinic acid

Succinic acid can be obtained in a diff erent approach from 

another renewable feedstock: levulinic acid. Oxidative 

cleavage of levulinic acid in the vapor phase in a stream of 

oxygen at 375 °C gives high yields of succinic acid over an 

immobilized ammonium metavanadate catalyst.73 Levulinic 

acid is obtained from lignocellulosic material by dehydration 

of carbohydrates in high yields: up to 92%.74,75 Th is way of 

production has not received a lot of attention in comparison 

to fermentation. Nonetheless, it is an interesting alternative, 

especially for areas with an abundance of lignocellulosic 

feedstock. 

Succinic acid applications

Succinic acid is an important building block and the world 

market of its derivatives has a potential that is estimated to 

be 270 kt/year.76 Taking into account the current improve-

ments in the microbiological succinic-acid production, 

which will lead to a decrease in the price, the production 

routes from succinic acid will become economically more 

viable and more important. Th rough chemical conversion, 

several major building blocks of the chemical industry can 

be produced. Industrially feasible chemical routes from 

succinic acid to its derivatives are presented in Fig. 1. Th e 

routes presented are already in use or tested on laboratory or 

pilot scale, realizing high yields and using viable procedures. 

Details concerning the processes in terms of reaction yields 

and conditions are provided hereunder.

Derivatives obtained by hydrogenation routes

A major group of possible succinic-acid derivatives consists 

of molecules obtained via hydrogenation: butanediol, 

tetrahydrofuran and gamma-butyrolactone. Th ey all fi nd 

an expansive use in the chemical, pharmaceutical, food, 

 agricultural and textile industries.

γ-Butyrolactone (GBL) is used as a solvent for polymers 

and alcohols, as a chemical intermediate, a raw material for 

pharmaceuticals, and as a component of herbicides, pharma-

ceuticals and rubber additives.77,78

1,4-butanediol (BDO) is a raw material for a number of 

chemical syntheses, including polybutylene terephthalate 

(PBT) and polybutylene succinate (PBS) resins, used for the 

synthesis of fi lms, fi bers, engineering plastics and adhesives. 

Its major application is in the production of THF: approxi-

mately 40% of the total BDO production volume.79–81 It is 

also suggested as a feedstock for an alternative of the adipic 

acid production via carbonylation, but this route is not 

competitive with the current route for the moment.82

Tetrahydrofuran (THF) is a widely used, high-

performance solvent and a precursor for a range of 



510 © 2008 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 2:505–529 (2008); DOI: 10.1002/bbb

A Cukalovic, CV Stevens Review: Feasibility of production methods for succinic acid derivatives

chemical syntheses – for example, the production of 

 polytetramethylene ether glycol (PTMEG), used in the 

production of polyurethane polymers.1,7,79,83

At this moment, the production of all of these compounds 

is petrochemically based. One of the fi rst technologies for 

BDO production and its further conversion is the Reppe 

process from acetylene and formaldehyde. Over a copper-

bismuth catalyst, they are converted to butynediol, which is 

then hydrogenated over Raney metal, traditionally nickel and 

lately palladium (Fig. 2). Th e largest share of the world BDO 

production (by BASF, ISP and DuPont) still relies on this 

process.81,84–87

Various authors refer to the disadvantages of Reppe 

 processes related to safety and toxicity issues (both  acetylene 

and formaldehyde being toxic, acetylene explosive and 

formaldehyde demanding harsh reaction conditions), thus 

requiring safe and reliable technologies.87,88 On the other 

hand, routes involving acetylene are well developed and 

the technology is mature, posing a real challenge to new 

 technologies to compete with these. 

Figure 1. Overview of products obtained from succinic acid.
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Some of the alternative processes include: the propylene 

oxide isomerization process, patented by Lyondell 

(ARCO),87,89 as well as the butadiene acetoxylation 

(Mitsubishi-Kasei)90 and epoxidation (Dow and BASF).91

Hydrogenations of maleic acid, maleic anhydride and 

maleic esters derived from butane/benzene also rely on 

petrochemical feedstocks.87,92 Th ere are several industrially 

applied processes for these conversions: the BP Amoco/

Lurgi process of n-butane to BDO via maleic anhydride or 

the DuPont process, in which aqueous solutions of maleic 

acid are hydrogenated to THF.93 Th e Davy McKee process 

includes esterifi cation of maleic acid and subsequent 

hydrogenation (Fig. 3).94

Current research trends in renewable resources propose a 

diff erent point of view and strive to replace petrochemicals 

by renewable resources: succinic acid could be a successful 

replacement for maleic acid in further conversions.6–8,95 

Hydrogenations of maleic acid can also be applied to succinic 

acid, and that is especially stressed in patents; however, the 

actual examples do not always include succinic acid, but gener-

ally C4 diacids. Only in some of the examples is the process 

tested on succinic acid. Diff erences in yields and overall 

 effi  ciency of the processes can be noted when comparing 

succinic acid to maleic acid. A general statement cannot, 

however, be made to all the processes, since diff erences are 

connected to diff erent catalysts and process conditions. 

Routes involving maleic acid as starting material are 

mainly presented in Table 2. Th ese examples are illustra-

tive, because similar routes can be applied to succinic acid 

(Fig. 4). In the text, however, we have focused on the produc-

tion routes that have succinic acid as actual feedstock. 

Th e screening of the literature based on succinic acid was 

performed on the basis of the fact that the yield of relevant 

processes should be higher than 80% (although yields are 

 Figure 2. Reppe process for butanediol and pyrrolidones production, applied by major producers nowadays.

Figure 3. A schematic overview of currently applied processes of 

maleate reduction to obtain BDO and THF.

Figure 4. A simplifi ed overview of BDO, THF and GBL 

production from succinic acid or maleic anhydride.
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Table 2. Overview of the most successful reaction conditions for reduction products from succinic acid and 
other C4 diac ids (yield > 80%).

Final
product

Feedstock Catalyst Pressure Temperature Time Yield Source

GBL

succinic acid
Ru/Co 100 bar 250°C 1 h 90%

119
+ − + + + + + + + +

succinic 
anhydride

Ni + siliotung-
stic acid

70 bar 250°C 3.5 h ~100%
112

+ + + + + + + + + +

Ni/ Zr 100 bar 210°C continuous 98%
113,114

+ − + + + + + + + + +

maleic 
anhydride

Cu/Pd or Pt 1-10 bar 260°C continuous 95%
72

+ − + + + + + + + +

Ni/Cu 98 bar 250°C 4 h 96%
229

+ + + + + + + + + +

Cu/Zn 10 bar 245°C continuous 95%
99

+ + + + + + + + + + +

Cu/Al autogenous 265°C continuous 98%
95

+ + + + + + + + + +

Cu/Cr 5 bar 250°C 8 h 93%
73

+ − + + + + + − + +

maleic acid

Ni/Al
1. 25 bar
2. 250 bar

1. 150°C
2. 180°C

continuous 93%
100

+ + + + + + + + + +

Cu/Zn/Ti atmospheric 250°C continuous 99%
93

+ − + + + + + + + + +

BDO

succinic 
anhydride

Cu/Zn 75 bar 240°C 2−5 h 80%
74

+ + + + + + + + −

maleic acid

Re/Cu/Zn 40 bar 200°C continuous 95%
96

+ − + + + + + + +

Pd/Ag/Re 170 bar 160°C >14 h 90%
123

− + + + + + − + +

noble metals 
+ Re, W or 

Mo
170 bar 180°C continuous 93%

125

− + + + + + + +

not the only parameter in the evaluation). Th erefore, we 

did not take into account the processes that would yield 

less than 80% for each step, since it would lead to a serious 

decrease of the industrial relevance. 

Th e reduction of a C4-diacid is conducted using typical 

reduction catalysts – traditional copper-,96–102 nickel-,103,104 

zinc-96,99,100,102 and aluminum-based 97,98 or precious and 

rare earth metals (rhenium, rhodium, platinum, ruthenium, 

palladium etc.77,105,106). Chromium catalysts have been used 

in a number of suggested processes,78,107,108 but are lately 

avoided because of environmental issues. 

In a signifi cant number of patents, the reductions are not 

very selective and give mixtures of two or three hydrogena-

tion products. Th ere are also a number of patents focusing 

on the type of catalysts and the prediction of the outcome of 

the reduction depending on the type of catalyst. 
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Conversions of succinic acid and acids with a similar 

structure are complete in most of the cases, but in a number 

of examples the selectivity is a problematic issue. 

Initial hydrogenation to GBL is easier to control, but further 

hydrogenation to BDO and THF oft en leads to a mixture that 

needs a fractional distillation in a number of examples. Also, 

BDO can be converted back to GBL, but THF cannot. 

Th e feeds are applied without solvent or as solutions in inert 

organic solvents or water. In a number of cases, the solvents 

are THF or GBL. Some of the published data  recommend a 

two- or three-step process when starting from maleic acid, 

because at higher temperatures maleic acid tends to reduce 

the catalyst performance due to adsorption on the catalyst 

surface, provoking corrosion. Th is is avoided by intermediate 

separation of succinic acid and/or GBL (produced at lower 

temperature) and conduction of the further steps at higher 

temperatures, which is permitted by diff erent behavior of 

succinic acid/GBL toward the catalysts. Another attempt to 

reduce this adverse eff ect would be the use of water solutions 

of maleic/succinic acid instead of inert solvents or pure feeds. 

Most of the older processes are conducted in liquid phase, 

in the last 15–20 years the vapor-phase reactions started 

to appear more oft en in the literature. Also, continuous 

 processes replaced batch processes, since they are generally 

more effi  cient, but require larger investments. 

Reductions over copper-based catalysts

Dimethyl succinate was reduced in a two-step process, under 

15–25 bar and 200–250 °C.109 Th e fi nal product comprises a 

mixture of GBL and THF, with BDO as the major coproduct; 

the product mixture has to be fractionally distilled to obtain 

the fi nal products.110 In another study, it was concluded that 

addition of zinc and noble metal catalysts (palladium, rhenium 

and ruthenium) to copper catalysts leads to the formation of 

BDO from succinic anhydride or dimethyl ester, but has no 

impact on BDO formation from GBL.79 On the other hand, a 

lower conversion of succinic in comparison to maleic anhydride 

was noticed. In continuously operated experiments, the conver-

sion of maleic anhydride led to the fi nal GBL or BDO without 

intermediate succinate. Conversions are conducted at some-

what high pressures of 50 and 75 bar. Noble metal catalysts and 

maleic anhydride as feedstock demand milder conditions. 

Copper chromite catalysts were used for hydrogenation 

of succinic anhydride and esters to THF.111-114 However, 

chromite-based catalysts are getting very unpopular due to 

environmental and health issues. 

Nickel-based catalysts

Nickel-based catalysts generally demand higher pressure 

conditions than the ones based on copper. A nickel catalyst 

in the presence of silicotungstic acid was used in a patent 

issued in 1967.115 Succinic anhydride is converted to GBL in 

99.8% yield, in a liquid-phase reaction without solvents with 

a pressure in the range of 35–138 bar and a temperature of 

200–300 °C.103

Nickel- and cobalt-based catalysts were used for the 

conversion of succinic anhydride to GBL in 85% yield.104 

Zirconium or cerium added to nickel catalysts lead to yields 

Table 2. Continued

THF

succinic 
anhydride

Cu/Zn/Al/Cr 14.5 bar 250°C continuous >99%
108

+ − + + + + + + + +

succinic acid
Ru/Re autogenous 250°C 8h 82%

118
− + + + + + + −

maleic 
anhydride

Cu/Cr/Mn 15 210°C continuous 95%
105

+ − + + + + + + +

Ru/Ni/Co/Zn 1- 50 bar 100-200°C continuous 82%
230

+ − + + + + + + + + + −

maleic acid

Pd/Re 20-350 bar 285°C continuous 90%
120

− − + − + + + +

Cu/Al 5 bar 260°C continuous 95%
98

+ + + + + + + + + + +

Note: Reaction times and conditions stated in the table do not involve catalyst preparation.
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close to 100% of GBL from succinic anhydride in the gas 

phase at 210 °C and 100 bar.116,117 Th e use of milder condi-

tions over similar catalysts gave lower yields of GBL.118,119 

Rare earth and noble metals

Ruthenium catalysts show less activity than the conventional 

copper- or nickel-based catalysts, and in addition tend to 

lose their activity over time. Iron was added to ruthenium 

catalysts in order to improve the performance in hydro-

genations toward GBL, but the maximum yield reached 

only 80%.105 Organic phosphines with a transition metal 

or element belonging to the IIIa group of the periodic table 

were added to ruthenium and indeed contributed to higher 

selectivity under milder conditions: at 200 °C and 10 bars 

over a ruthenium/phosphines/borate catalyst, the yield of 

GBL was 92% in 4 hours.120

A ruthenium/rhenium catalyst was used to catalyze the 

hydrogenation of succinic acid in a water solution to THF in 

up to 82% yield.121

One of the better analyses of the infl uence of catalyst 

compositions on the selectivity of succinic-acid hydrogena-

tion investigated the addition of ruthenium to cobalt on a 

carbon support.122 Th e conclusion was that the addition of 

ruthenium enhances the rate of hydrogenation to GBL and 

further to THF, but has no infl uence on BDO production. 

Unfortunately, it was found that ruthenium also promotes 

hydrogenation of BDO to butanol and propanol, which 

reduces the fi nal yield of the desired product. 

Combinations of palladium, rhenium and silver catalysts 

were used for the conversion of maleic and succinic acid to 

BDO and THF.123,124 Th e conversions of substrates were high 

if not complete, but the selectivities turned out to be rather 

poor, and the derivatives had to be further purifi ed by frac-

tional distillation. Hydrogenations over palladium-based cata-

lysts with better selectivities toward BDO were also performed 

with rather long reaction times of 16 and 14 hours.125,126 

Hydrogenation procedures involving more than one 

step

Dimethyl succinate was reduced in a two-step process, 

under 15–25 bar and 200–250 °C.109 Th e fi nal product 

comprises a mixture of GBL and THF, with BDO as the 

major coproduct; the product mixture has to be fraction-

ally distilled to the fi nal products.110 A similar catalyst 

composition was used in a fl uid bed process in which maleic 

and related derivatives were converted to THF in better 

 selectivity and 95% yield.101

Hydrogenations in aqueous solutions

Aqueous solutions of maleic acid are successfully used as 

feedstock for the hydrogenation to GBL or BDO in high 

yields.127,128

Succinic acid in an aqueous solution was hydrogenated to 

THF in up to 82% yield (the main side products being propyl 

and butyl alcohol) over ruthenium/rhenium catalysts at 

250 °C and autogenous pressure in a 8 h reaction.121 

Water may lead to diffi  culties in fi nal product separation;102 

however, it opens up the possibility to perform hydrogena-

tion reactions in fermentation media, which could lead to 

important savings to obtain succinic-acid derivatives. 

Considering the large number of published data on this 

group of molecules, an overview in the form of a table is 

given to evaluate and compare the processes. Processes are 

compared on pressure and temperature and are qualitatively 

judged from the average overall values. On the basis of such 

comparisons, the specifi c parameters of the processes are 

graded. Catalysts are evaluated by their availability and price, 

quantity used in the specifi c process, ease of recovery and 

repetitive use as given in specifi c examples, as well as on envi-

ronmental issues. For example, rhodium-based catalysts are 

assumed to be more expensive than the copper-based ones 

and therefore judged with a (+), 15% on weight of starting 

material is judged as a high content, and chromium catalysts 

are negatively graded (–), because of environmental issues. 

If not given as such in a specifi c embodiment, yields are 

calculated from the provided conversion and selectivity 

values; maximum yields from specifi c sources are taken into 

account when compiling the table. 

Considering that processes are compared to each other, the 

experimental conditions are graded as specifi ed in the Table 3. 

Reaction times of continuous processes are diffi  cult to 

compare to batch processes since not all the disclosures 

mention clearly the contact time of the feedstock and 

catalyst or the speed of the reaction mixture. Continuous 

 processes were evaluated with (++) since in general they 

require larger capital and maintenance investments but are 

mostly energetically less demanding than batch processes. 
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Pyrrolidones

Pyrrolidones are an important group of chemicals that can 

be derived from succinic acid. Pyrrolidones are excellent 

solvents, liquid at low temperatures, and used in numerous 

applications that involve purifi cations and extractions. Th ey 

are also used as starting materials for numerous chemical 

conversions, in the pharmaceutical and food industries. 

2-Pyrrolidone is an important solvent, extractant and 

starting material for the production of pharmaceuticals  

(e.g., dopaminergics and antibiotics) and of N-vinylpyrro-

lidone (NVP).131

NVP itself is a known carcinogen and its production 

requires serious health and safety measures, but its deriva-

tives are harmless and rather precious in today’s numerous 

applications. NVP is used as a monomer for polyvinylpyrro-

lidones (polyvinylpyrrolidone PVP, cross-polymerized PVP 

– polyvinylpolypyrrolidone PVPP), vinylpyrrolidone-vinyl 

ester copolymers, and other important polymers. Th e most 

relevant applications of PVP, being safe and biocompatible, 

are in the pharmaceutical, food and cosmetic industries, as 

blood expander and drug carrier, stabilizer and beverage 

clarifi cation agent, and as a constituent of diff erent personal 

care products (Fig. 5).132,133

N-Methylpyrrolidone (NMP) is a powerful aprotic solvent 

that is applied in polymer syntheses, in the manufacture of 

diff erent resins and fi bers, as well as in numerous organic 

syntheses. It is important for acetylene and butadiene 

recovery, dehydration of gas streams, and sulfur removal from 

refi nery gases.134,135 NMP has been recommended as a less-

toxic replacement for halogenated hydrocarbons such as meth-

ylene chloride, because of the lower volatility which enables 

its recovery.136 Next to its importance as a building block 

for various syntheses, NMP is used in the  pharmaceutical 

industry as a permeation enhancer and co-surfactant in 

microemulsions, due to its amphiphilic properties.137

Some other important pyrrolidones are N-ethyl-, 

N-hydroxyethyl-, N-dodecyl-, N-octyl- and N-cyclohexyl-

2-pyrrolidone. Th ey are, again, mostly used as solvents in 

various applications and various combinations, depending on 

the properties. N-Hydroxyethylpyrrolidone (HEP®) is used as 

an alternative feedstock for NVP production, as disclosed later. 

N-Ethylpyrrolidone (NEP®) is used as a low-temperature reac-

tion solvent in pharmacy (freezing point lower than −70 °C). 

Pyrrolidones are recently being rediscovered because of 

the possibility of their production from renewable resources, 

and therefore a renewed interest has arisen for new poten-

tial uses. Antimicrobial activity is shown by brominated 

 derivatives of pyrrolidone, as well as by hydrogels made via 

cross-linking of PVP.138,139 Interesting polymers are made 

from NVP and itaconic acid, used in water purifi cation,140 or 

NVP and maleimide, showing good thermal properties and 

with possible use as functional materials in diff erent areas.141 

PVP/PVA copolymers are used in detergent formulations to 

capture migrating dyes from textiles,142 and also in deicing 

fl uids.143 NEP is suggested as a substitute for NMP, chlorin-

ated hydrocarbons and/or ether,144 and is also incorporated 

in novel water-soluble biodegradable polyphosphazenes 

(used as drug carriers and/or immunoadjuvants) to increase 

water solubility and biodegradability.142 

Pyrrolidones are generally produced from GBL and 

 appropriate amines. 

2-Pyrrolidone

2-Pyrrolidone is obtained from GBL and ammonia. 

Th e process requires elevated temperature and pressure Figure 5. Polyvinylpyrrolidone building unit.

Table 3. Evaluation of the conditions and yields of reactions for succinic/maleic acid hydrogenation.

Evaluation + + + + + + + − −

Pressure (bar) 1–50
50–100 

autogenous
100–200 200–300 >300

Temperature (°C) <180 180–220 220–260 260–300 >300

Time <1 1–5 5–10 10–15 >15

Yield (%) 95–100 90–95 85–90 80–85 <80
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 conditions of 200–300 °C and 50–160 bar.131,145 Use of cata-

lysts is optional; however, it lowers the pressure demands 

(Fig. 6).63,146,147

N-Vinylpyrrolidone

Industrially, NVP is mostly produced from 2-pyrrolidone 

and acetylene (also a Reppe process), at around 170 °C and 

in the presence of basic catalysts (hydroxides and alkoxides). 

Th e world’s biggest producers (BASF and GAF) still use such 

a modifi ed process.148,149

Besides its petrochemical origin and a rather expensive 

feedstock, acetylene is explosive and presents safety hazards. 

For decades, evaluations have been performed to avoid its 

use.134,150 Formaldehyde, the other feed for the industrial 

GBL production, also poses a health and safety hazard. 

In the production of NVP, acetylene is avoided via dehy-

dration of N-hydroxyethylpyrrolidone (HEP®). HEP itself is 

used as a solvent and co-solvent, as well as an intermediate 

for alkoxylated derivatives used in gasoline additives. It is 

also produced from GBL, by reaction with ethanolamine 

(Fig. 7). 

Side products of this dehydration are 2-Pyrrolidone and 

N-ethylpyrrolidone (NEP). 2-Pyrrolidone is easily  separated 

from NVP or converted back to HEP; NEP, on the other 

hand, is not easily removed or converted, and therefore, 

eff orts have been made to modify the processes in order to 

avoid NEP formation in this particular process.133,151

Th ere are a number of patents on NVP production via 

hydroxyethylpyrrolidone. Th e fi rst step (the hydroxyethyl-

pyrrolidone synthesis) is conducted without catalysts, at 

elevated temperature (in the range of approx. 100–300 °C), 

under atmospheric or subatmospheric pressure. Th e second 

step is conducted over various catalysts, optionally under 

pressure (up to 100 bar) and at elevated temperatures (in 

the range of 200–300 °C, generally lower than the fi rst step). 

Details of the most characteristic processes are compiled 

in Table 4. 

N-Alkylpyrrolidones

Production of NMP and other alkylpyrrolidones faces 

similar feedstock problems, in health, safety and price 

aspects. Moreover, multiple-step reaction pathways give 

rather low yields.134,149,150 

NMP is commercially produced from GBL and meth-

ylamine. GBL and methylamine reactions are conducted 

without catalysts at high temperature and pressure (e.g., 

320 °C and 90 bar).152 As disclosed in the previous section, 

GBL is mostly produced petrochemically, from acety-

lene and formaldehyde in a Reppe process, from buta-

diene and acetic acid (Mitsubishi-Kasei process), or by 

 hydroformylation of allyl alcohol.136

An alternative way for the alkylpyrrolidones production 

is based on the reductive amination of C4 diacids, without 

previous reduction to GBL. Th ere is a substantial number 

of patents and scientifi c literature on these processes. If the 

actual feedstock is maleic acid or its derivative, it is generally 

observed that the fi rst step is the hydrogenation to succinic 

acid with high yields.75,134 Succinic acid or its derivative is 

converted to succinimide, which is then dehydrated to pyrro-

lidone. Slight variations in the actual reagents, catalysts and 

reaction conditions give diff erent fi nal results, and the most 

characteristic examples are disclosed further. An overview is 

also presented in Table 4. In general, the yields are lower than 

the processes using GBL as feedstock, which can be expected, 

considering the losses in the intermediate steps. On the other 

hand, there is a much larger number of actual processes with 

succinic acid as a feedstock, in comparison to the data on 

Figure 7. Production of N-vinylpyrrolidone by dehydration of 

hydroxyethylpyrrolidone.133

Figure 6. Scheme of a two-step modifi cation of the Reppe process, 

the current industrial way of NVP production.
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Table 4. Overview of the most characteristic processes for pyrrolidones production from succinic acid and 
derivatives including a qualitative evaluation.

Product Feedstock Catalyst Pressure Temperature Time Yield Source

2-Py GBL

boric acid
13 bar up to 
autogenous 

200 bar
250°C 1 h 92%

141

+ + + − + − + + + + + +

Mg silicate
140 bar 300°C 1 h 90%

142
+ + + − + + + + + +

+ +
5 bar 270°C continuous 93%

+ + + + − + + + + +

None

autogenous 325°C 0.5-1 h 93%

140
+ + − + + + + + +

100 bar 310°C continuous 98%

+ + +

+ − + + + + +

160 bar 285°C 30-45min >94%
126

+ + − + + + + + +

NVP HEP

None
1. subatmos-

pheric
2. high vacuum

1. 150-220°C
2. room

1. 20 h
2. 5 h

1. 88%
2. 55% 146

+ + + − + + −− + −

alkali /alkali 
earth metal

30 bar 250 −360°C 3 h 87%
231

+ + + + + − + + + +

transition metals

atmospheric

300-450°C 1-2.5 h >90%
147

− + − + + + + +

group IV modi-
fi ed by group 

I/II el.
360°C 2-2.5 h 91%

232

+ + − + + + + +

Cs on silica

+ + +

320-380°C 3 h 88%
128

+ − + + + +

Mg/Zn or Ca/Zn 300-450°C 1 h 88%
233

+ + − + + + + +

(continued overleaf)

the reduction products (GBL, BDO, THF), which are in the 

majority of cases based on maleic acid. 

Succinimide is converted to N-methylpyrrolidone in a 

yield of 92%, and similar results were claimed with a 50/50 

mol ratio of succinimide and its anhydride.153 Th e catalyst 

used was nickel-based, with a low percentage of alkaline 

earth oxides, iron oxide and/or chromium oxide. Reaction 

takes place at 250 °C and 300 bar. Th e patent is applicable to 

C1-C6 N-alkylpyrrolidones. 

NMP is produced from succinic acid, succinic anhydride or 

its diester (C1 to C4 alcohols), with ammonia and optionally a 

C1 to C4 alkanol (in case of the use of the anhydride or the free 

acid) under elevated pressure and temperature (110 bar and 

300 °C) over palladium/nickel/cobalt catalysts supported on 

carbon, alumina or silica. Reported yields are around 75%.134

A one-pot reductive amination of the C4 anhydride (in the 

presence of ammonia and a primary alcohol, and over Mn, 

Cu, P, Mo and/or Na catalysts) yields 90% of the fi nal pyrro-

lidone in a continuous or batch-wise process.154 A slightly 

diff erent approach consists of the reductive  amination in 

the presence of a primary amine and a reduction catalyst 

from a similar selection.155 At a pressure of 200 bar and 
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250 °C, NMP is obtained from maleic anhydride in 90% 

yield. High-boiling distillation residues (consisting mainly 

of oligomeric succinic diamides), were further hydrogenated 

in a  subsequent process,156 which additionally improves the 

yields of this hydrogenation. 

Th e Battelle Center, USA, has developed an effi  cient 

production of pyrrolidones from succinates. In a series 

of patents,24,157-159 diammonium succinate (20% aqueous 

 solution) is hydrogenated in aqueous methanol at 265 °C 

Table 4. Continued

N-alkyl Py

maleic 
anhydride

1.CuO
2. none

1. 6 bar
2. autogenous

1. 300°C
2. 290°C

4h 92%
94

+ + + + + − + + + + +

GBL

None
30-90 bar 150-310°C 1.5-5.5h 80%

234
+ + + + + +

+ + +
90 bar 360°C 15-30min >99%

145
+ − + + + + + +

succinic acid, 
anhydride or 
dimethylester

1. optional: Br/I
2. Ni,Cu,Co,Pd

1. 60 bar
2. 110 bar

1. 300°C
2. 230°C

1. 5h
2. 10h

1. 90%
2. 70% 129

+ − + + − + − + −

diammonium 
maleate

Co/Cu based
autogenous 230°C 42h 89%

149
+ + + − −−− + +

+ +
200 bar 250°C continuous 89%

+ − + − + + + +

diammonium 
succinate

1. none
2. Rh/Zr/Re/C

130 bar
1. 300°C
2. 200°C

1. <1h
2. 8h

1. 83%
2. 67%

153+ − + − + − + + −

Rh/Zr/Re/C 130 bar 265°C 5-8h 90%

−+ + − + − + + + +

1. none
2. Rh based

1. atmospheric
2. 100 bar

1. 280°C
2. 220°C

1. 8h
2. 4h

1. 65%
2. 87%

19

+ + + + − + − + −

succinic acid
Co based 150 bar 250°C 11h 80%

235
+ + + + − + − +

N-alkyl 
succinimides

Ni based 300 bar 250°C 4-8h 92%
148

+ + − + − + + + +

GBL
None 70 bar 270°C

1.5h

2.3h
91%

236

+ + + + + − + + + +

maleic 
anhydride

Mn/Cu/P/Mo/Na 200 bar 250°C 9h >90%
150

+ + + + − + + + +

N-methyl 
succinimide

diammonium 
succinate

none
1. vacuum

2. atmospheric
1. 270°C
2. 300°C

1. 0.5h
2. 5h

75%
19

+ + + + + − + + +

Note: Reaction times and conditions stated in the table do not involve catalyst preparation.

and 130 bar to give 2-pyrrolidone and N-methylpyrrolidone 

in 90% yield (in a 1:2 ratio, respectively). Lower tempera-

tures and longer reaction times gave a higher 2-pyrrolidone 

content. Alternatively, the same feed is reacted in two steps, 

fi rst to N-methylsuccinimide, which is hydrogenated in the 

second step to obtain NMP. Th e fi rst step is performed at 

280–320 °C and yields maximum 83% of N-methyl succin-

imide, and the second-step hydrogenation is performed at 

190–210 °C and 70–95 bar, over a ruthenium/zirconium/
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rhenium  catalyst, and yields maximum 66% N-methylpyr-

rolidone (Fig. 8). 

In a more recent patent,24 the conversion of a succinate salt 

to succinimide can be performed directly from the reaction 

mixture, with or without basic purifi cation of the product 

(e.g., fi ltering); apparently, components of the  fermentation 

mixture do not interfere with the initial  formation of 

 succinimide from the succinate salt. Th e conversion is 

conducted in two steps. Th e fi rst step – the conversion of 

diammonium succinate (the salt obtained in the fermenta-

tion mixture, converted to succinimide) – is conducted 

in the presence of an alcohol in the course of 8 hours at a 

temperature of 280 °C, with a yield of about 65%. Th e second 

step –  conversion of succinimide to N-methyl pyrrolidones 

– is most successfully conducted over a rhodium-based, 

carbon-supported catalyst at 200 °C under ~110 bar hydrogen 

 pressure, with a pyrrolidone yield of 87%.

In Table 4 we have evaluated the most successful proc-

esses in view of the product yield, process conditions (time, 

temperature and pressure), utilized catalyst (some of the 

processes do not require catalysts), reaction media (organic 

solvents, water, no solvent) etc. Th e qualitative evalua-

tion is based on the comparison of processes and is graded 

according to Table 5. 

A general evaluation of the continuous processes was 

 elaborated above and is presented in Table 4. 

Other derivatives

Succinic esters and salts 

Succinic acid itself, as well as its salts, esters and imides, has 

a broad range of uses. In the pharmaceutical industry, active 

principles of drugs are oft en formulated as  succinate salts: 

succinates of tocopherole, chloramphenicole,  hydrocortisone 

and metoprolole are some of the  examples.166 Aerosol 

OT – sodium dioctyl succinate – is another example of a 

 solubilizer extensively used in the pharmaceutical industry. 

Succinic-acid derivatives themselves are also applied as 

active ingredients of pharmaceuticals: polyol esters are 

used for the treatment of several metabolic diseases,167 the 

monoethyl ester of succinic acid is used in  treatment of 

diabetes,137,168 and heavy metal salts of succinic hyaluronic 

semiesters have anti-infl ammatory,  antibacterial and 

 disinfecting properties.169 2,3-Dimercaptosuccinic acid 

(DMSA) is used in toxicology as a chelating agent for 

the treatment of metal poisoning. Tartrate mono- and 

 disuccinate are used in dental practice as anticalculus 

agents.170 Cellulose monoesters of succinic acid have a great 

capability to absorb water and the biocompatible fi bers 

prepared thereof can be used for medical purposes.171 

Succinic acid and its salts and esters (sodium and lysine 

succinate) are widely used in the food industry as pH modi-

fi ers, fl avoring and antimicrobial agents. 1,172 Starch succi-

nates exhibit a strong thickening activity and are therefore 

Table 5. Evaluation of conditions and yields of reactions for pyrrolidones production.

Evaluation + + + + + + + − −

Pressure (bar) 1–10
autogenous 

10–50
50–100 100–200

>200 
<<1

Temperature
 (°C) room-100 100–150 150–200 200–300 >300

Time <1 1–5 5–10 10–20 >20

Yield (%) >90 80–90 70–80 <70

Figure 8. A schematic overview of N-methylpyrrolidone production.153



520 © 2008 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. 2:505–529 (2008); DOI: 10.1002/bbb

A Cukalovic, CV Stevens Review: Feasibility of production methods for succinic acid derivatives

used as thickening and stabilizing agents.173 Succinic salts 

are used as coolants and deicing compounds, feed additives 

and plant-growth promoters.174 Lower succinate esters are 

also used as powerful solvents with favorable environmental 

properties. Dimethyl succinate is one of the solvents in the 

commercial dibasic esters mixture, along with dimethyl 

adipate and dimethyl glutarate.175 Diethyl succinate is also 

a widely used solvent, employed in fuel oxygenate mixtures 

as well.176,177 Because of the economic issues, succinic acid 

esters are currently mostly obtained from maleic acid via 

hydrogenation of dialkyl maleates.178

Esterifi cation of succinic acid is a more popular alternative 

due to the current interest in renewables-based chemistry, 

and a number of interesting esterifi cation processes are 

reported lately that employ rather mild conditions and novel, 

greener catalysts. Metal montmorillonite clay catalysts 

were used for succinic acid esterifi cation under  relatively 

mild conditions by simple refl ux during several hours, 

using toluene as solvent. Th e best results were reported with 

higher branched alcohols.179 Succinic-acid esterifi cation 

over ion-exchange resins was improved by pervaporation.180 

Th e yields of the reactions were quite satisfactory and the 

 conditions were relatively mild (80 °C), but the reaction 

times employed were up to 200 hours.181

Lately, esterifi cations of succinic acid were performed 

directly on the fermentation mixture.22,25 In that way, the 

separation step of the free acid is avoided, resulting in an 

environmentally more benign character. 

Succinate-based polymers

Polymerization of succinate esters gives new biodegradable 

polymers with a lot of formulation possibilities. Polyester 

polyols (e.g., polybutylene succinate polyol) are building 

blocks for biodegradable polyurethanes.182 Th e polybutylene, 

succinate-based polymer, Bionolle®, has similar properties 

as PET; however, it is still used in combination with other 

polymers due to its price.183,184

Succinate-based surfactants

Sulfosuccinates and sulfosuccinamates are valuable 

anionic surfactants. Alkenyl or alkyl and epoxy derivates 

of succinic acid are used in detergent formulations.185-188 

Th ey are currently industrially produced from maleic acid 

because of the actual economical situation.189,190 Some novel 

surfactants with favorable properties were prepared from 

succinic anhydride.191

Succinate amines, amides, imines and imides

Alkenylsuccinimides are used in compositions for lubri-

cating oils192 and as fuel additives.193 N-methyl succinimide 

(NMS) is used in the treatment of renal lithiasis.194

Ethylenediamine disuccinate (EDDS) is a replacement for 

EDTA in a number of applications, as well as iminodisuc-

cinate sodium (IDS-Na).195 Besides the chemical production, 

EDDS can be produced fermentatively from carbohydrate 

feedstocks.196 For the moment it is being produced from 

maleates.197,198

Imides are produced from succinic acid or its 

 derivatives.134,194 Dimethyl succinate and succinic acid have 

proven to be more suitable feedstocks for such conversions 

than succinic anhydride.134 Succinimides were also obtained 

from ammonium salts of succinic acid.23 Th e reaction was 

performed in an aqueous mixture (also  applicable to a 

fermentation broth) with additional ammonia (if needed) and 

methanol for 8 hours at 280 °C to obtain N-methyl succin-

imide (NMS) in about 65% yield. Th is procedure is impor-

tant because it shows that succinic acid can be transformed 

directly from a fermentation mixture into  succinimides and 

further derivatives which reduces the overall costs of the 

process.199

Succinimides are further converted to pyrrolidones. Th e 

most common pyrrolidones are 2-pyrrolidone, vinylpyr-

rolidone, N-methyl- and other alkylpyrrolidones. Th eir 

production and applications are described in detail in the 

previous section. 

Potential derivatives
Several other derivatives can be produced from succinic 

acid, and are usually mentioned in various publications that 

promote succinic acid as a very important building block 

for the future. Th eir production by existing routes generally 

shows more economical and practical value than the possible 

route via succinic acid. We tried, however, to evaluate these 

possibilities as well. 

Maleic acid 

Maleic acid ((Z)-butenedioic acid) and maleic anhydride 

are already mentioned as important chemicals with a large 

production volume and as important building blocks in the 
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Figure 9. Overview of routes from succinic to maleic, fumaric and 

malic acid.

pharmaceutical, food and agriculture industries. Th e most 

abundant derivatives are unsaturated polyester resins, surface 

coatings, lubricants and plasticizers, as well as fi ne chemicals. 

Maleic anhydride is a precious building block for a number 

of useful conversions in the chemical,  pharmaceutical and 

food industries. As mentioned above, the demand for maleic 

 anhydride is still rising. 

Maleic acid and its anhydride are currently being produced 

petrochemically from benzene or n-butane. Th e benzene-

based process is more effi  cient; however, nowadays, because 

of the availability, price and environmental reasons, about 

70% of the maleic acid and its anhydride produced in the 

world is obtained from butane.87,92,200

Some of the attempts to produce maleic acid from succinic 

acid involve a patented route from 1941,201 as well as some 

later work.202 In the fi rst example, succinic acid is dehydro-

genated to maleic acid in rather high yields over vanadium 

and molybdenum catalysts at temperatures up to 450 °C with 

short reaction times. In the second example, the authors tried 

to prove the effi  ciency of novel catalysts based on molyb-

denum and iron for the conversion of succinic to maleic acid, 

but did not obtain yields higher than 40%, which brings 

certain doubts in the process rationale. In both examples, the 

unconverted succinic acid can be  recycled. Anyway, it is not 

likely that this process will be able to compete with the petro-

chemical route of maleic-acid production in the near future.

Kates and Schauble203 have suggested a conversion of 

succinic- to maleic-type derivatives: anhydrides and imides. 

Although more effi  cient and straightforward, this route is 

only of academic interest due to the demanding product 

purifi cation. It might, however, open routes for further 

improvements. 

Fumaric acid

Fumaric acid ((E)-butenedioic acid) fi nds application in the 

food and pharmaceutical industries as an acidulant and for 

psoriasis treatment.204 It is also used as a building block for 

further conversions and for the production of diff erent resins. 

Fumaric acid can also be transformed in a similar way as 

succinic acid leading to the corresponding derivatives.6

Fumaric acid is obtained by maleic acid isomerization. On 

an industrial scale, the process starts from maleic anhydride, 

at a temperature between 140 and 230 °C in the presence 

of catalysts such as mineral acids, peroxycompounds with 

bromides and bromates, sulfur compounds (thiourea and its 

derivatives), or cyanates.92 A diff erent route involves isomer-

ization in the presence of phosphoric acid under reasonably 

mild conditions of 160 °C during 2–5 hours, with yields up 

to 92% and the possibility of recycling the catalyst and the 

reaction liquor (Fig. 9).205

Maleic acid is also isomerized biochemically by micro-

organisms containing maleate isomerize activity, such as 

Pseudomonas and Dipodascus.206–208 Fumarate has also 

been produced from glucose, via fermentation by Rhizopus 

geni209–212 or glucose-containing materials.213

To our knowledge, a route starting from succinic acid has 

not been reported in the literature; normally the overall 

process effi  ciency will depend on the conversion rate of 

succinic to maleic acid. 

Malic acid 

Malic acid (hydroxybutanedioic acid) is also used in the 

food and pharmaceutical industries as a buff er  material, 

a complexing agent, an acidulant, a feed additive or a 

surfactant.214-216 Both D- and L- isomers are used as building 

blocks for further conversion and polymers. Malic acid poly-

mers fi nd applications similar to PLA uses, such as biomedical 

and pharmaceutical application, bioplastic and fi bers.217,218

Malic acid is industrially being produced from maleic 

and fumaric acid via enzymatic or catalytic  hydratation. 
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Biotransformations are conducted on fumarates by Saccha-

romyces 219,220 Dipodascus,221 Aspergillus,175,212 Brevibac-

terium,222 Lactobacillus223 or by immobilized fumarase. 

D-malic acid was produced from maleic acid via Pimelo-

bacter,224 Alcaligenes sp.,225 Erwinia, Mycoplana and 

others,181 or by immobilized enzymes.226

Chemical routes include maleic anhydride hydration 

over titanium, zirconium or tantalum catalysts (the Allied 

process). Patent literature covers both maleic and fumaric 

acid; about 95% of the unsaturated acids are converted 

to malic acid at 220 °C and 18 bar.227 Another process 

involves a hydration under somewhat milder conditions 

– temperatures around 200 °C and autogenous pressure, 

in the presence of calcium and sodium salts in reactions 

of 2 to 4 hours.228 Th e main side product in the reaction is 

fumaric acid; however, these two are easily separated by 

 crystallization of the salt. 

Itaconic acid 

Itaconic acid (2-methylidenebutanedioic acid) is a structural 

analogue of acrylic acid, also leading to polymers, which can 

be used as substitutes for petrochemically obtained acrylic 

and metacrylic acid polymers.229 Itaconic-acid-based poly-

mers are used in a variety of industrial applications.229 Some 

new markets for itaconic acid polymers include the artifi cial 

glass production, the detergents industry, agriculture, phar-

macy, and as substrate for various enzymatic transforma-

tions (Fig. 10).230

Itaconic acid can be reduced to BDO/THF/GBL analogues 

with similar applications (Fig. 11).230

Itaconic acid is currently produced fermentatively from 

carbohydrate sources by fungal fermentations with yields up 

to 60% of the theoretical yield.212,229,231-233

Th e major obstacle for a wider use of itaconic acid is its 

rather high price. With future improvements of succinic acid 

fermentation processes, however, it is likely that the chem-

ical conversion to itaconic acid starting from succinic acid 

will become economically feasible (Fig. 12).234 

Itaconic acid is produced from succinic acid and trioxane/

formaldehyde.235 Miller et al. recently published similar 

work234,236,237 followed by a very encouraging economical 

analysis.234 Th e possibility of performing these reactions 

in aqueous media might be a promising route to further 

decrease the production costs by avoiding the recovery of 

starting material from the fermentation broth. 

Other uses of succinic acid

Succinic acid is successfully used as a ligand for a peroxy-

tungstate catalyst in a novel route to adipic acid from 

cyclohexene, signifi cantly increasing the selectivity and 

avoiding nitrous oxide emissions, which are normally 

formed in a conventional adipic acid synthesis.238,239

Summary

Succinic acid has received a lot of attention lately, 

as a possible substitute for a number of important 

 petrochemically derived molecules. Its fermentative 

 production is being constantly improved and a lot of data 

are published on the topic. Th e main fermentation problems 

are being carefully studied in order to make succinic acid 

economically competitive. Th e major feedstock that can be 

replaced by succinic acid is maleic acid; both the demand 

for maleic acid and its price are constantly increasing. It is 

Figure 12. Route to itaconic from succinic acid.234

Figure 10. Structural similarity of acrylic and itaconic acid.
Figure 11. Possible derivatives of itaconic acid – mostly similar to 

succinic/maleic derivatives.
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expected that the growing awareness of the limitation of 

sources will lead to even greater attention for succinic acid.

In this review, we have tried to provide information on the 

derivatives that are usually mentioned as possible outlets 

for succinic acid, and to evaluate the overall feasibility of 

the conversion processes. Our focus was set on existing 

chemicals, important in the chemical, pharmaceutical and 

food industries. Th e review tries to provide a practical and 

realistic overview of the technological processes, useful 

to  evaluate the possibilities of succinic acid as one of the 

important renewable building blocks. 
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