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Abstract:
Succinic acid has been the object of intense study over the past decade as a possible fermentation derived platform molecule.  The conversion of succinic acid to maleic acid and fumaric acid open up a larger range of chemical derivatives beyond those of succinic acid alone.  To assess the technical feasibility of the conversion, oxydehydrogenation of succinic acid to maleic acid with an iron-phosphate catalyst was studied in the temperature range between 300 and 475(C at atmospheric pressure.  The succinic acid was fed as an aqueous solution in ranging in concentration from 40 to 60 grams of succinic acid per liter of distilled water.  The catalysts were calcined prior to use at temperatures from 450 to 720(C from 6.5 to 8 hours.  This oxydehydrogenation step was combined with a subsequent isomerization step of maleic acid to fumaric acid. The isomerization was performed in dimethyl succinate or diethyl succinate at temperatures ranging from 135(C up to 190(C.  The conversion of succinic acid to maleic acid was typically in excess of 90% while the selectivity was nearly stoichiometric in a single pass of the reactor.  The isomerization reaction reached conversion of over 90% in the 150-160°C temperature range.  The relative ease of the oxydehydrogenation and isomerization reactions indicate that commercial feasibility primarily resides in the cost of the feedstock, succinic acid.
Keywords: 

Catalysis, iron-phosphate catalyst, oxydehydrogenation, succinic acid, maleic acid, fumaric acid, diethyl succinate, dimethyl succinate, isomerization, fermentation








1. Introduction


Maleic anhydride is an unsaturated dibasic acid anhydride that is used widely in the chemical industry. The anhydride and its corresponding acid are industrially important raw material in the production of alkyl and polyester resins, surface coatings, lubricant additives, plasticizers, copolymers, and agricultural chemicals.  The primary end use of maleic anhydride is as unsaturated polyester resins.  Maleic anhydride has been commercially produced since the early 1930’s when it was made through vapor phase oxidation of benzene[1]. Subsequently, several different processes have been used for the production of maleic anhydride from benzene.  Although benzene is easily oxidized to maleic anhydride with high selectivity, it is an inherently inefficient feedstock because two excess carbons are present in the raw material.  Various C4 compounds have been evaluated as raw material substitutes for benzene in the production of maleic anhydride.  Also rapid increases in the prices of benzene and the recognition of benzene as a hazardous material have intensified the search for alternative process technology.  Monsanto was the first company to produce maleic anhydride from butane in 1974[1]. The trend spread and soon production of maleic anhydride used butane as feedstock instead of benzene.  The interest in shifting from nonrenewable feedstocks, coupled with the expansion in the market, presents the opportunity for a fermentation-derived feedstock to compete with existing processes.  This paper describes the development of a simple, efficient catalytic process for production of maleic acid and fumaric acid from a succinic acid feedstock produced by fermentation.

Yedur et al.[2] previously studied catalytic oxydehydrogenation of succinic acid with iron-phosphate and molybdate-phosphate catalysts, with different promoters for each catalyst. . While this previous study demonstrated the potential of oxydehydrogenation for conversion of succinic acid to maleic acid, neither longer 
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Figure 1. Conversion of succinic acid to maleic anhydride.

term catalyst stability studies or possible conversion of maleic acid to fumaric acid without separation after the catalysis were considered.  Several patents have been issued that describe different processes for the fermentation production of succinic acid[3,4,5,6].  The feedstock for this fermentation may be derived from corn or other agricultural materials that represent an abundant, renewable, low-cost feedstock. The conversion to succinic acid utilizes an anaerobic fermentation process with an approximate product yield of 90% based on carbohydrate feedstock. The separation and purification processes involved are also of relatively low cost, making it a viable technology.


The reaction from succinic acid to maleic anhydride utilized in this work is depicted in Figure 1.  The reaction proceeds in two steps commencing with the dehydration of succinic acid to succinic anhydride, which is a stiochiometric reaction achieved by heating, followed by the dehydrogenation of succinic anhydride to maleic anhydride.  This second reaction occurs only in the presence of a catalyst, which has been previously shown to be very efficient and selective[2].  The melting and boiling points of succinic acid, succinic anhydride, and maleic anhydride are appropriate for performing the reaction in the vapor phase.  The melting point of succinic acid is 185-187(C and the boiling point is 235(C; the corresponding values for succinic anhydride are 119.6 and 261(C, respectively. Maleic anhydride melts at 52.8(C and boils at 202(C[7,8].

Fumaric acid is, as maleic acid and maleic anhydride, a multifunctional chemical intermediate that has applications in nearly every field of industrial chemistry[1].  Fumaric acid occurs naturally in many plants and is named after Fumeria officinalis, a climbing annual plant from which it was first isolated.  Fumaric acid is used as a food acidulant and as a raw material in the manufacture of unsaturated polyester resins, quick-setting inks, furniture lacquers, paper sizing chemicals and aspartic acid. 

Previous production of fumaric acid has required use of undesirable compounds like bromine, sulfur and hydrochloric acid through the years.  Fumaric acid has been produced through acid-catalyzed isomerization of maleic acid since 1932, giving a very high yield of high purity fumaric acid crystals.  A negative feature of this process is working with hot concentrated hydrochloric acid; which is highly corrosive and dangerous.  US patent 3,025,321[9] claims a reaction in which a water solution of maleic acid is mixed with a catalyst, such as hydrogen chloride, hydrogen bromide, iodine or hydrogen sulfide sulfur dioxide mixtures.  The catalyst is introduced into the reactor where the maleic anhydride is first mixed with water, forming maleic acid.  The maleic acid and maleic anhydride present in the reactor are fully soluble in the water present in the reactor, while the fumaric acid is not.  Fumaric acid has very low solubility in water and thus it crystallizes, resulting in a slurry consisting of water, unreacted maleic acid and fumaric acid in the reactor. The slurry is then removed from the reactor and placed in a settling chamber where the solid fumaric acid is allowed to settle, the remaining liquid is then recycled to the isomerization chamber.  In US Patent 3,702,342[10], production of fumaric acid was described by heating a water solution of maleic acid in the [image: image10.wmf]O
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Figure 2. The conversion of maleic acid to fumaric acid.

containing compound and an oxidizing agent, preferably ammonium bromide and ammonium persulfate) and air.  This work emphasized creation of larger average crystals of the fumaric acid and a small fines content to prevent problems such as caking and powdering during storage and handling.  The larger crystals are obtained by a very slow cool-down of the product solution while the maleic acid converts into fumaric acid, and agitation sufficient to keep the fumaric acid crystals that are forming from settling on the bottom. US Patent 2,955,136 [11] presents a process that accomlishes the isomerization by adding a catalyst containing a bromide ion to an aqueous solution of maleic acid.  The bromide ion source can be bromic acid, potassium bromate or any other suitable bromide salt.  A perborate source enhances the activity of the bromide ion and lowers the temperature required for the reaction to take place. The quality of the fumaric acid produced with inversion catalysts was improved substantially by having nitric acid present in the reaction mixture during the catalytic inversion. This was particularly true when hydrochloric acid was used as the inversion catalyst. 

In the present work, it is proposed to combine conversion of maleic acid to fumaric acid with the production of maleic acid from succinic acid to create an efficient process for fumaric acid from renewable energy sources.  The isomerization process does not involve catalysts or hazardous materials because the solvents used are esters with boiling points around 200(C and the isomerization is facile at temperatures above 135°C.  The esters proposed are dimethyl succinate (DMS), boiling point of 200(C, and diethyl succinate (DES), boiling point of 215(C.  The isomerization of maleic acid into fumaric acid is shown in Figure 2. 


2. Experimental Methods

2.1 Catalyst preparation


The oxydehydrogenation catalyst was a commerciallyavailable iron phosphate obtained from Aldrich and was used without any chemical modification.  No promoter or any other additives were used when preparing the catalyst.  The powder was calcined in air to activate it in a muffle furnace (Thermolyne, Type 1400 Furnace, Model number FB1415M).  The temperature used was between 450°C and 720 for five to seven hours. 
No catalysts were used in the production of fumaric acid.  The isomerization was performed using a solvent with a high enough boiling point for the isomerization to take place.  The solvents used were dimethyl succinate (DMS) and diethyl succinate (DES). Their boiling points are as previously stated 200(C and 215(C, respectively.
2.2 Oxydehydroneation catalyst testing



The experimental reactor has been described previously[2] .  The catalyst was placed in a one-meter long quartz reactor tube.  The reactor tube was made with a glass frit half way down the reactor tube, so that the catalyst and the glass beads could rest in the desired location.  The reactor tube temperature was controlled with a three-zone furnace (Applied Test Systems Inc., Series 3210) with a maximum temperature of 900°C.  Each segment of the furnace is independently controlled using Digi-Sense temperature controllers (Model 89000-10, marketed by Barnant Company, Barrington, IL).  A syringe pump was used to feed the succinic acid solution into the top of the reactor tube (Cole-Parmer Instruments Series no 74900).  To prevent contamination on the glass frit, glass wool was placed below the catalyst in the reactor tube. Glass beads were used to create a uniform flow of the feed onto the catalyst.  The beads were placed on top of the catalyst, loosely packed with a height of about one to two inches.  Nitrogen gas was used as an inert carrier of the succinic acid solution through the reactor tube.  Air was added to the nitrogen flow, and the airflow was controlled by a Cole-Parmer flow meter (Model no 33116-00, serial no 3298).  The vapor leaving the reactor condensed at room temperature and were further cooled and collected in a cold finger. Since the feed was an aqueous solution, the maleic anhydride that was formed converted to maleic acid when condensed in the presence of condensing water vapor. 

2.3 Isomerization of maleic acid
The conversion of maleic acid to fumaric acid was performed in a round-bottomed flask of 50-100 ml volume.  The product solution from the reactor (containing maleic acid) was added to the flask together with the ester, DMS or DES.  The mixture was heated by immersing the flask in a silicon oil bath at around 100-110°C where it remains for between one and two hours to evaporate the water that was present in the solution.  The amount of ester used in the experiments was 5-10 ml with 10-40 ml of product solution, depending on the initial succinic acid concentration that was run through the reactor.  When most of the water was evaporated a reflux column was placed on the round-bottom flask and the temperature was increased to 135-190°C.  The isomerization takes place at temperatures above 135°C.  The conversion was completed between 45 minutes to three and a half hours.
2.4 Product Analysis 
Analysis of the product was performed with a Varian VXNMR 300.  H1-NMR provided a simple means to determine the products and their composition.  Samples were taken from the product solution and the water was removed by using a rotatory evaporator.  The solid product was then dissolved in D2O for the analysis. An example spectrum can be seen in Figure 5.
For the isomerization reaction, product was collected by filtration.  Since a precipitate formed while the reaction vessel was cooled-down, the crystal slurry was filtered and washed.  The crystals werer dissolved in D2O for analysis by NMR.  An example of an NMR spectrum containing maleic acid and fumaric acid is shown in Figure 6.

3. Results and Discussion

3.1  Oxydehydrogenatin Results

The catalysts tested were iron-phosphate made from an iron-phosphate powder purchased from Aldrich.  Temperatures ranged from 300(C to 475(C, more specifically they were 300, 350, 375, 400 and 475(C.  Other variables were airflow, succinic acid feed concentration, and succinic acid solution feed rate.  The airflow was varied between 0.02 and 0.05 liters of air per minute, the lower limit of the flow meter employed.  The succinic acid feed concedntration was varied between 40 and 60 grams of succinic acid per liter of distilled water.  Succinic acid had a tendency to solidify at the entrance of the reactor tube for the higher concentrations considered.  The succinic acid feed flow rate was varied from 3.0 ml to 7.5 ml per hour.  The oressure and flow rate of nitrogen gas was kept constant.  The catalysts were pretreated with calcination temperatures of 450-720(C for up to seven hours prior to use.

The results of shorter on-line times as a function of temperature are shown in  Conversion of up to 98.3% was achieved, as evidenced by the relative peaks of the NMR spectra. The selectivity to maleic acid was 100%, thus the only compounds present in the product was unreacted succinic acid and maleic acid. 

The catalyst was tested for the conversion obtained and the selectivity towards maleic acid. Temperatures that were examined were 300, 350, 375, 400 and 475 with airflow 0.02-0.05 liters per minute, succinic acid concentration of the solution 40-70 grams per liter of water and flow rate of 3.0-7.5 ml per hour. The iron phosphate works very well as a catalyst for the proposed reaction. Considering the different conversions that were achieved with the same conditions the long runs can be seen as more reliable, they have been run for many hours with the same conditions and the conversion is an average for the total conversion over the whole experiment. For the 300(C runs conversions of 69.5, 79.7 and 80.8% were achieved, and the reactions went on for 130, 30 and 131 hours respectively. For the runs at 350(C, more runs were made because it seemed possible that this was the best temperature to run the reaction at. Conversions of 61 to 86.2% were accomplished with the length of the experiments ranging from 48 hours up to 404 hours, most of them being in the 125 hours and up range. The experiments made at 400(C showed good conversion, but the catalyst did not last as long at the higher temperature. It appeared the catalyst was poisoned. Results from conversion of succinic acid to maleic acid are shown in Figure 7, and 8, Tables 1 and 2. 

The catalyst was examined with (X-ray Photoelectron Spectroscopy) from different stages of the process, iron phosphate that had not been calcinated, iron phosphate that was calcinated and several different catalysts that had been used in different experiments. According to the XPS-spectra no conclusions or relations could be determined between the conversion of succinic acid to maleic acid and the surface content. The color of the catalyst changes as the reaction goes on. The less the color changes the better, because it seems like a darker color corresponds to a lower conversion of succinic acid to maleic acid. 

3.2  Isomerization
In isomerizing maleic acid to fumaric acid the solution has to reach a temperature of at least 135(C. This cannot be achieved in regular water solution, other options had to be explored. In these experiments DMS and DES were used to study the isomerization. DMS has a boiling point of 200(C and the value for DES is 215(C. Thus they can get well over the temperature necessary for the conversion. The experiments were ran at temperatures ranging from 135-190(C. Experiments with maleic acid as a solid and maleic acid in water solution were tried. But since the maleic acid coming from the reactor tube is in a water solution, experiments were concentrated on that.

One aspect to consider using maleic acid in water solution is that a lot of the maleic acid solution needs to be added, especially if it has a low concentration of maleic acid. There has to be enough maleic acid in the mixture to convert to fumaric acid so that the [image: image13.wmf]Conversion of succinic acid to maleic acid 
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concentration is higher then fumaric acid’s solubility in the liquid. Results obtained from maleic acid to fumaric acid conversion are shown in Table 3. 
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Figure 3.  The H NMR spectrum of the products resulting from the vapor phase, iron phosphate catalyzed, oxydehydrogen reaction of succinic acid to maleic acid.  The solvent used was D2O.
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Figure 4. NMR spectrum of conversion of maleic acid to fumaric acid.  MA is maleic acid.

Figure 5. Experimental results for oxydehydrogenation of succinic acid to maleic acid in the presence of an iron phosphate catalyst at different temperatures.
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Figure 6. Long run conversions of succinic acid to maleic acid.

	Temperature [C]
	Sa concentration [g/l]
	Conversion [%]
	Selectivity [%]

	375
	40
	86.7
	100%

	400
	60
	98
	100%

	425
	70
	88.6
	100%

	475
	60
	98.3
	100%


Table 1.  Results from short reactor runs (less than 24 hours) with succinic acid.

	Temperature [C]
	Conversion [%]
	Hours of use

	300
	80.8
	30

	300
	79.7
	121

	300
	69.5
	130

	350
	67.1
	125.5

	350
	55.7
	205

	350
	86.2
	250

	350
	61
	404

	400
	60.4
	102.3


Table 2. Conversions of succinic acid to maleic acid in long on-line times.
	Conversion [%]
	Temperature [C]
	Impurities

	84.6
	150-160
	no

	79.2
	130-140
	no

	91.7
	150-160
	no

	78.2
	150-160
	yes

	87.5
	175
	small amount

	60.8
	190
	small amount


Table 3. Maleic acid to fumaric acid conversions in DES.

4. Conclusions
The experiments performed showed that iron-phosphate works very well as a catalyst for the conversion between succinic acid and maleic acid. High conversions and selectivities are seen in all experiments. Optimum temperature is between 300(C and 350(C. In this temperature region the catalyst lasts for a hundreds of hours and give good conversions and selectivities throughout the whole experiment. The airflow and succinic acid concentration does not seem to have a significant impact on the conversion result. The succinic acid concentration does have an impact in that succinic acid might precipitate before reaching the catalyst, but it does not effect the conversion process itself. At higher temperatures the catalyst gets poisoned and good conversion and selectivity is not achieved in longer runs. A relation between the flowrate of the succinic acid solution and the conversion towards maleic acid can not be determined. The flowrates used in the experiments were between 3.0 and 7.5 ml per hour. 

The isomerization of maleic acid to fumaric acid works very well in both DMS and DES. In experiments with DMS the product acquires a yellow color, which is not seen in the usage of DES. Preferably there should be no color change, if possible white crystals is more desirable. Therefore DES is to be considered the best solvent to use for the isomerization. At temperatures higher then 160(C byproducts seem to form more often, so optimum temperatures is between 135 and 160(C. 
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		Succinic Acid to Maleic Acid conversion						Short Runs

		Sample		Conversion [%]		Temperature [C]		Airflow [dm3/min]		Conc Succinic Acid [g/l H2O]

		990727-1		66		375		0.05		60

		990810-1		75.7		375		0.05		40

		990813-2		86.7		375		0.02		40		Solutionfeed=7.5 ml/hour

		990816		51.7		375		0.02		60

		990817-2		75.9		475		0.02		60

		990819-2		98.3		475		0.05		60

		990830		88.6		425		0.05		70

		990901-1		88.1		375		0.05		60

		990901-2		45.9		475		0.05		70

		990914-1		67.3		425		0.05		60

		990915-1		39.8		375		0.02		60

		990917-1		37.9		425		0.05		60

		990917-2		58.6		425		0.02		60

		990920-1		26.7		375		0.02		60

		990920-2		26		375		0.02		40

		990921-1		29.5		425		0.02		40

		990921-2		37.9		425		0.05		40

		990921-3		26.4		375		0.05		40

		990924-1		52.3		375		0.02		40

		990927-1		46		375		0.02		60

		990927-2		27.8		425		0.02		60

		000201-1		46		400		0.05		60

		000201-2		49.7		"		"		"		Catalyst calcinated in 720C for 7h

		000202-1		52.2		"		"		"

		000202-2		26.5		"		"		"

		000203-1		21.3		"		"		"

		000203-2+3		26.6		"		"		"

		000207		85.6		400		0.05		60

		000208-1		86.4

		000208-2		97.9		"		"		"

		000209-1		81.2		"		"		"		Catalyst calcinated in 450C for 7h

		000209-2		97.2		"		"		"

		000210-2		98		"		"		"

		000211-1		96.9		"		"		"

		000211-2		97.6		"		"		"

		000214		91.4		"		"		"

		000221		51.4		475

		000222-1		46.8

		000222-2		47.7

		000223-1		56.2

		000223-2		83.1

		000224		76.6

		000403		35.5

		000404		26.8

		375		66

		375		75.7

		375		86.7

		375		51.7

		375		88.1

		375		39.8

		375		26.7

		375		26

		375		26.4

		375		52.3

		400		46

		400		46

		400		49.7

		400		52.2

		400		26.5

		400		21.3

		400		26.6

		400		85.6

		400		86.4

		400		97.9

		400		81.2

		400		97.2

		400		98

		400		96.9

		400		97.6

		400		91.4

		400		88.6

		425		67.3

		425		37.9

		425		58.6

		425		29.5

		425		37.9

		425		27.8

		425		75.9

		425		98.3

		425		45.9

		425		51.4

		425		46.8

		425		47.7

		425		56.2

		475		83.1

		475		76.6

		475		35.5

		475		26.8

		475		75.9

		475		98.3

		475		45.9
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Sheet2

						Succinic Acid to Maleic Acid Conversion										Long Runs		Flowrate = 3.0-3.5 ml/hour

						Run		Conversion [%]		Temperature [C]		Airflow [dm3/min]		Conc Succinic Acid [g/l H2O]		Amount of Hours		Total amount of hours on catalyst

						000512		(71.3+49.4) average= 60.4		400		0.02		60		102.3		102.3

						000522-000601		65.9

						000601		67.1		350		0.02		40		125.5		125.5

						000601-2		55.7		350		0.02		40		85		205

						000714		80.8		300		0.02		40		30		30

						000720		79.7		300		0.02		40				121

						000811		69.5		300		0.02		40		130		130

						001004		75.2		300		0.02		60		173		173

						001018		81.9		350		0.02		60		48		48

						001023		86.2		350		0.02		40		202		250

						001115		61		350		0.02		40		154		404

						350 C

						Conversion vs time run

						Conversion		Hours

						81.9		48

						67.1		125.5

						55.7		205

						86.2		250

						61		404

						300 C + 400 C

						Conversion vs time

		Temperature		Time		Conversion

		300		30		80.8

				121		79.7

				130		69.5

				173		75.2

		350		48		81.9

				125.5		67.1

				205		55.7

				250		86.2

				404		61

		400		102.3		60.4
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				Succinic Acid to Maleic Acid Conversion										Long Runs		Flowrate = 3.0-3.5 ml/hour
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