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Studies on the Optimization of the Process
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Clostridium Butyricum and Electrodialysis
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Abstract

1,3-Propanediol (1,3-PD) is an important chemical compound with wide range of
applications. It is mainly used as a monomer for the synthesis of PTT. Nowadays,
the main methods of producing 1,3-PD are chemical synthesis and microbial
fermentation. Microbial production of 1,3-PD has attracted wide attentions as it
uses renewable resources and dose not generate pollutants.

In this paper, industrial raw glycerol was used as the substrate to produce 1,3-PD
by Clostridium butyricum, in order to reduce the cost of 1,3-PD production. The
contents of paper include fed-batch cultures progress optimization, metabolic
evolution, scale-up fermentation and electrodialysis desalting.

1. Fed-batch cultures were carried out by controlling the glycerol concentration
under 20 g/L. The effects of inoculum rates, stirring speed, initial glycerol
concentration and sterilization operation on fed-batch cultures were investigated.
Results are as follows:

(1) Increasing inoculum rates didn’t affect the final concentration, yield and
productivity of 1,3-PD;

(2) Though increase the stirring speed could increase the biomass, it didn’t affect
the final concentration, yield and productivity of 1,3-PD. While the time of fed-
batch cultures grew longer and reduced the productivity of 1,3-PD when without
stirring. The productivity of 1,3-PD was 0.36 g/L/h merely. Therefore, the stirring
speed of 100-150 rpm was the most suitable to fed-batch cultures.

(3) Experiments showed that too high initial glycerol concentration was
disadvantage to the biomass, or the generation of 1,3-PD. The results of initial
glycerol concentration of about 45 g/L were the best.The final concentration and
yield of 1,3-PD was 32.8 g/L and 0.44 g/g. What’'s more,sterilization or not had not
obvious influence on Clostridium butyricum anaerobic fermentation system under

stirring and nitrogen.



2. Firstly, we obtained the stain Clostridium butyricum M80 through the metabolic
evolution, which could tolerate up to 100 g/L of raw glycerol. As a result, the
tolerance and growth efficiency of strains improved significantly. The fermentation
time of M80 was shortened from 60 h to 43 h. And the biomass was enhanced
from 2.4 g/L to 2.9 g/L. The concentration of 1,3-PD was enhanced from 32.8 g/L
to 41.5 g/L. The productivity were improved from 0.55 g/L/h to 0.97 g/L/h.
Secondly, the effects of increase glycerol concentration in feeding broth and
temperature on fed-batch cultures were investigated. As a result, increase
glycerol concentration in feeding broth could enhance 1,3-PD concentration from
41.5 g/L to 46.64 g/L. The results of fed-batch cultures indicated that reducing
temperature could improve the 1,3-PD concentration a little, but the fermentation
time of fed-batch culture grew longer and the productivity of 1,3-PD was reduced
from 1.09 g/L/h to 0.88 g/L/h.

3. Through investigate scale-up fermentation in 50 L fermentator basic on the
fermentation progress of 5 L fermentator, we drew the conclusion that the results
of 50 L fermentator were better than 5 L fermentator. Then, 50 g/L of glycerol was
used as the substrate to produce 1,3-PD by C. butyricum M80. The results of fed-
batch cultures were that the concentration, yield and productivity of 1,3-PD were
59.36 g/L, 0.53 g/g and 2.52 g/L/h, respectively. And the fermentation time was
only 23.5 h.

4. Firstly, the rates of cell and protein removing respectively were 99% 98.1% by
ceramic membrane and ultrafiltration. Secondly, the equipment of electrodialysis
desalting was operated to test the performance of the salt removing effect in the
ferment with different factors. The results indicated that the best operation voltage
was 10 V and the best ratio of conductivity in dilute and concentrated
compartment was 1:1. The results of electrodialysis indicated that the desalination
rate of fermentation broth was above 99% and loss rate of 1,3-PD was 3.90%

under these operating conditions.



Key words: 1,3-propanediol; raw glycerol; Clostridium butyricum; metabolic

evolution; electrodialysis

Keywords: 1,3-propanediol; raw glycerol; Clostridium butyricum; metabolic

evolution; electrodialysis.



SE5H

[1] HR. B. Biomass Refining[J]. Science, 1982(4573):643-646.

[2] Ragauskas A J, Williams C K, Davison B H, et al. The Path Forward for Biofuels and Biomaterials[J]. Science,
2006, 311(5760):484-489.

[3] Chen Z, Liu D. Toward glycerol biorefinery: metabolic engineering for the production of biofuels and
chemicals from glycerol[J]. Biotechnology for Biofuels, 2016, 9: 205.

[4] TrivediJ, Aila M, Bangwal D P, et al. Algae based biorefinery - how to make sense?[J]. Renewable and
Sustainable Energy Reviews, 2015, 47:295-307.

[5] Kamm B, Gruber P R, Kamm M. Biorefineries— industrial processes and products[J]. Ullmann's
Encyclopedia of Industrial Chemistry, 2007.

[6] Silva G P D, Mack M, Contiero J. Glycerol: A promising and abundant carbon source for industrial
microbiology[J]. Biotechnology Advances, 2009, 27(1):30-39.

[7] Basha S A, Gopal KR, Jebaraj S. A review on biodiesel production, combustion, emissions and
performance[J]. Renewable and Sustainable Energy Reviews, 2009, 13:1628— 1634.

[8] Lin L, Cunshan Z, Vittayapadung S, et al. Opportunities and challenges for biodiesel fuel[J]. Applied Energy,
2011, 88:1020— 1031.

[9] Thompson J, He B. Characterization of crude glycerol from biodiesel production from multiple
feedstocks[J]. Applied Engineering in Agriculture, 2006, 22(2):261.

[10] Ayoub M, Abdullah A Z. Critical review on the current scenario and significance of crude glycerol resulting
from biodiesel industry towards more sustainable renewable energy industry[J]. Renewable and Sustainable
Energy Reviews, 2012, 16(5):2671-2686.

[11] Yazdani S S, Gonzalez R. Anaerobic fermentation of glycerol: a path to economic viability for the biofuels
industry[J]. Current opinion in biotechnology, 2007, 18(3):213-219.

[12] Almeida J R, F& varo L C, Quirino B F. Biodiesel biorefinery: opportunities and challenges for microbial
production of fuels and chemicals from glycerol waste[J]. Biotechnol Biofuels, 2012, 5(48).

[13] Zhou C-H C, BeltraminiJ N, Fan Y-X, et al. Chemoselective catalytic conversion of glycerol as a
biorenewable source to valuable commodity chemicals[J]. Chemical Society Reviews, 2008, 37(3):527-549.
[14] Dobson R, Gray V, Rumbold K. Microbial utilization of crude glycerol for the production of value-added
products[J]. Journal of industrial microbiology and biotechnology, 2012, 39(2):217-226.

[15] Da Silva G P, Mack M, Contiero J. Glycerol: a promising and abundant carbon source for industrial
microbiology[J]. Biotechnology advances, 2009, 27(1):30-39.

[16] Posada J A, Rincé n L E, Cardona C A. Design and analysis of biorefineries based on crue glycerol:
addressing the glycerol problem[J]. Bioresource technology, 2012, 111:282-293.

[17] Kaur G, Srivastava A, Chand S. Advances in biotechnological produ

ction of 1,3-propanediol[J]. Biochemical Engineering Journal, 2012, 64:106-118.

[18] Deckwer W D. Microbial conversion of glycerol to 1,3-propanediol[J]. FEMS Microbiology Reviews, 1995,
16(2- 3):143-149.

[19] Saxena R, Anand P, Saran S, et al. Microbial production of 1,3-propanediol: recent developments and
emerging opportunities[J]. Biotechnology advances, 2009, 27(6):895-913.

[20] Witt U, MU ller R J, Augusta J, et al. Synthesis, properties and biodegradability of polyesters based on 1,3-
propanediol[J]. Macromolecular Chemistry and Physics, 1994, 195(2):793-802.

[2]1000.0000 13-0000000000000O[D;,CcO000d,?2006.

[22] Haas T, Deusser L, Hahm T, et al. Process for the preparation of 3-hydroxypropanal[M]. Google Patents.
2001.

[23] Murphy M A, Smith B L, Tau K D. Process for making 1,3-diols from epoxides[M]. Google Patents. 1989.
[24] Arntz D, Wiegand N. Method of preparing 1,3-propanediol[M]. Google Patents. 1991.



[25] Unruh J D, Nicolau I, Ryan D A. Method for the manufacture of 1,3-propanediol[P]. EP, 524713, 1993.
[26] Lawrence F R, Sullivan R H. Process for making a dioxane[M]. US Patent 3,687,981. 1972,

[27] ArhancetJ P, Slaugh L H. Process for making 3-hydroxypropanal and 1,3-propanediol[M]. Google
Patents. 1994,

[28] Slaugh L H, Weider P R. Process for making 3-hydroxypropanal and 1,3-propanediol[M]. Google Patents.
1993.

[29] Malshe V C, Mandlecha M V K. Production of Butane 1-3 diol, propane 1-3 diol and other diols and
polyls[P]. WO, 0056688, 2000.

[30] Kurosaka T, Maruyama H, Naribayashi I, et al. Production of 1,3-propanediol by hydrogenolysis of
glycerol catalyzed by Pt/WO 3 /ZrO 2[J]. Catalysis Communications, 2008, 9(6):1360-1363.

[31] Laffend L A, Nagarajan V, Nakamura C E. Bioconversion of a fermentable carbon source to 1,3-
propanediol by a single microorganism[J]. Patent NumberUS Patent 5686276, 1997.

[32] GU nzel B, Yonsel S, Deckwer W-D. Fermentative production of 1,3-propanediol from glycerol by
Clostridium butyricum up to a scale of 2m3[J]. Applied microbiology and biotechnology, 1991, 36(3):289-294.
[33] Barbirato F, Himmi E H, Conte T, et al. 1,3-Propanediol production by fermentation: an interesting way to
valorize glycerin from the ester and ethanol industries[J]. Industrial Crops and Products, 1998, 7(2):281-289.
[34] Biebl H, Menzel K, Zeng A P, et al. Microbial production of 1,3-propanediol.[J]. Applied Microbiology
and Biotechnology, 1999, 52(3):289.

[35] Papanikolaou S, Ruiz-Sanchez P, Pariset B, et al. High production of 1,3-propanediol from industrial
glycerol by a newly isolated Clostridium butyricum strain[J]. Journal of Biotechnology, 2000, 77(2):191-208.
[36] Hartlep M, Hussmann W, Prayitno N, et al. Study of two-stage processes for the microbial production of
1,3-propanediol from glucose[J]. Applied microbiology and biotechnology, 2002, 60(1-2):60-66.

[37] Nemeth A, Sevella B. Development of a new bioprocess for production of 1,3-propanediol I.: Modeling of
glycerol bioconversion to 1,3-propanediol with Klebsiella pneumoniae enzymes[J]. Appl Biochem Biotechnol,
2008, 144(1):47-58.

[38] Zhu C, Fang B, Wang S. Effects of culture conditions on the kinetic behavior of 1, 3-propanediol
fermentation by Clostridium butyricum with a kinetic model[J]. Bioresource technology, 2016, 212: 130-137.
[39] Zhu C, Chen B, Fang B. Pretreatment of raw glycerol with activated carbon for 1,3- propanediol
production by Clostridium butyricum[J]. Engineering in Life Sciences, 2013, 13(4): 376-384.

[40] Zhu C, Fang B. Application of a two-stage temperature control strategy to enhance 1,3-propanediol
productivity by Clostridium butyricum[J]. Journal of Chemical Technology and Biotechnology, 2013,
88(5):853— 857.

[41] LiuHJ, Zhang D J, Xu Y H, et al. Microbial production of 1,3-propanediol from glycerol by Klebsiella
pneumoniae under micro-aerobic conditions up to a pilot scale[J]. Biotechnology Letters, 2007, 29(8):1281-
1285.
[42]00,000,000,0.000000000000013-000000Q[).0000, 2002.
[431000,00,000,0.000000013-000000000].cCO0000000, 2010,
18:32-35.

[44] Biebl H, Marten S, Hippe H, et al. Glycerol conversion to 1,3-propanediol by newly isolated clostridia[J].
Applied microbiology and biotechnology, 1992, 36(5):592-597.

[45] Heyndrickx M, VVos P D, Vancanneyt M, et al. The fermentation of glycerol by Clostridium butyricum
LMG 1212t2 and 1213t1 and C. pasteurianum LMG 3285[J]. Applied Microbiology and Biotechnology, 1991,
34: 637-642.

[46] Homann T, Tag C, Biebl H, et al. Fermentation of glycerol to 1,3-propanediol by Klebsiella and Citrobacter
strains[J]. Applied microbiology and biotechnology, 1990, 33(2):121-126.

[47] Zhang G, Ma B, Xu X, et al. Fast conversion of glycerol to 1,3-propanediol by a new strain of Klebsiella
pneumoniae[J]. Biochemical Engineering Journal, 2007, 37: 256-260.

[48] Hao J, Lin R, Zheng Z, et al. Isolation and characterization of microorganisms able to produce 1,3-



propanediol under aerobic conditions[J]. World journal of Microbiology and Biotechnology, 2008, 24: 1731-
1740.

[49] Heyndrickx M, VVos P D, Vancanneyt M, et al. The fermentation of glycerol by Clostridium butyricum
LMG 1212t2 and 1213t1 and C. pasteurianum LMG 3285[J]. Applied Microbiology and Biotechnology, 1991,
34(5):637-642.

[50] Biebl H. Fermentation of glycerol by Clostridium pasteurianum — batch and continuous culture studies[J].
Journal of Industrial Microbiology and Biotechnology, 2001, 27: 18-26.

[51] Barbirato F, Camarasa-Claret C, Grivet ] P, et al. Glycerol fermentation by a new 1,3-propanediol-
producing microorganism: Enterobacter agglomerans[J]. Applied Microbiology and Biotechnology, 1995,
43(5):786-793.

[52] Barbirato F, Himmi E H, Conte T, et al. 1,3-propanediol production by fermentation: An interesting way to
valorize glycerin from the ester and ethanol industries[J]. Industrial Crops and Products, 1998, 7: 281-289.

[53] Kivist&ouml; A, Santala V, Karp M. 1,3-Propanediol production and tolerance of a halophilic fermentative
bacterium Halanaerobium saccharolyticum subsp. Saccharolyticum[J]. Journal of Biotechnology, 2012,158:
242-247.

[54] Gelder AH V, Aydin R, Alves M M, et al. 1,3-Propanediol production from glycerol by a newly isolated
Trichococcus strain[J]. Microbial Biotechnology, 2012, 5: 573-578.

[55] Myszka K, Leja K, Olejnik-Schmidt A K, et al. Isolation process of industrially useful Clostridium
bifermentans from nature samples[J]. Journal of Bioscience and Bioengineering, 2012, 113: 631-633.

[56] Maervoet V E T, Beauprez J, Maeseneire D, et al. Citrobacter werkmanii, a new candidate for the
production of 1,3-propanediol: strain selection and carbon source optimization[J]. Green Chemistry, 2012, 14:
2168-2178.

[57] Khan N H, Kang T S, Grahame D A S, et al. Isolation and characterization of novel 1,3-propanediol-
producing Lactobacillus panis PM1 from bioethanol thin stillage[J]. Applied Microbiology and Biotechnology,
2013, 97: 417-428.

[58] Daiana W, Zhang J Z, Cheng C, et al. Production of 1,3-propanediol by Clostridium beijerinckii DSM 791
from crude glycerol and corn steep liquor: Process optimization and metabolic engineering[J]. Bioresource
Technology, 2016, 212; 100-110.

[59] Zeng A P, Biebl H, Schlieker H, et al. Pathway analysis of glycerol fermentation by Klebsiella pneumoniae:
Regulation of reducing equivalent balance and product formation[J]. Enzyme and Microbial Technology, 1993,
15: 770-779.

[0O]O00O,000,00,0.3-0000KIlebsiellapneumoniaed 00 1,3-0000000000[H]. O
000, 2005:47-49.

[61] Barbirato F, Grivet J P, Soucaille P, et al. 3-Hydroxypropionaldehyde, an inhibitory metabolite of glycerol
fermentation to 1,3-propanediol by enterobacterial species[J]. Applied and environmental microbiology, 1996,
62(4):1448-1451.

[62] Vollenweider S, Lacroix C. 3-Hydroxypropionaldehyde: applications and perspectives of biotechnological
production[J]. Applied microbiology and biotechnology, 2004, 64(1):16-27.

[63] Hao J, Lin R H, Zheng Z M, et al. 3-Hydroxypropionaldehyde guided glycerol feeding strategy in aerobic
1,3-propanediol production by Klebsiella pneumoniae[J]. Journal of Industrial Microbiology and
Biotechnology, 2008, 35: 1615-1624.

[64] Zeng A P. Pathway and kinetic analysis of 1,3-propanediol production from glycerol fermentation by
Clostridium butyricum[J]. Bioprocess Engineering, 1996, 14(4):169-175.

[65] Biebl H. Glycerol fermentation of 1,3-propanediol by Clostridium butyricum. Measurement of product
inhibition by use of a pH-auxostat. Applied Microbiology and Biotechnology, 1991, 35: 701-705.

[66] Chatzifragkou A, Aggelis G, Gardeli C, et al. Adaption dynamics of Clostridium butyricum in high 1,3-
propanediol media[J]. Applied Microbiology and Biotechnology, 2012, 95: 1541-1552.

[67] Colin T, Bories A, Moulin G. Inhibition of Clostridium butyricum by 1,3-propanediol and diols during



glycerol fermentation[J]. Applied Microbiology and Biotechnology, 2000, 54: 201-205.

[68] Cheng K K, Liu H J, Liu D H. Multiple growth inhibition of Klebsiella pneumonia in 1,3-propanediol
fermentation[J]. Biotechnology Letters, 2005, 27: 19-22.
[69]000,000,00,0.00000000000000000R].00000000, 2005, 13:
22-24.

[70] Colin T, Bories A, Lavigne C, et al. Effects of acetate and butyrate during glycerol fermentation by
Clostridium butyricum[J]. Current Microbiology, 2001, 2001, 43: 238-243.

[71] Dong XY, Xiu Z L, Li S, et al. Dielectric barrier discharge plasma as a novel approach for improving 1,3-
propanediol production in Klebsiella pneumoniae[J]. Biotechnology Letters, 2010, 32: 1245-1250.

[72] Ringel A K, Wilkens E, Hortig D, et al. An improved screening method for microorganisms able to convert
crude glycerol to 1,3-propanediol and to tolerate high product concentrations[J]. Applied Microbiology and
Biotechnology, 2012, 93: 1049-1056.

[73] Otte B, Grunwaldt E, Mahmoud O, et al. Genome shuffling in Clostridium diolis DSM 15410 for improved
1,3-propanediol production[J]. Applied and Environmental Microbiology, 2009, 75: 7610-7615.

[74] Abbad-Andaloussi S, Manginto-Du rr C, Amine J, et al. Isolation and characterization of Clostridium
butyricum DSM 5431 mutants with increased resistance to 1,3-Propanediol and altered production of acid[J].
Applied and Environmental Microbiology, 1995, 61: 4413-4417.
[(51000,00,000,0.013-00000000000Q].00000000,2006:59-65.

[76] Anand P, Saxena R K. A novel thin-layer chromatography method to screen 1,3-propanediol producers[J].
Journal of industrial microbiology and biotechnology, 2012, 39(11):1713-1718.

[77] Kaur G, Srivastava A K, Chand S. Simple strategy of repeated batch cultivation for enhanced production of
1,3-propanediol using Clostridium diolis[J]. Applied Biochemistry and Biotechnology, 2012, 167: 1061-1068.
[78] Menzel K, Zeng A P, Deckwer W D. High concentration and productivity of 1,3-propanediol from
continuous fermentation of glycerol by Klebsiella pneumoniae[J]. Enzyme and Microbial Technology, 1997, 20:
82-86.

[79] Gonza le-Pajuelo M, Andrade J C, VVasconcelos I. Production of 1,3-Propanediol by Clostridium
butyricum VPI 3266 in continuous cultures with high yield and productivity[J]. Journal of Industrial
Microbiology and Biotechnology, 2005, 32: 391-396.

[80] Papanikolaou S, Ruiz-Sanchez P, Pariset, B, et al. High production of 1,3-propanediol from industrial
glycerol by a newly isolated Clostridium butyricum strain[J]. Journal of biotechnology, 2000, 77: 191-208.

[81] Ji XJ, Huang H, Zhu J G, et al. Efficient 1, 3-propanediol production by fed-batch culture of Klebsiella
pneumoniae: The role of pH fluctuation[J]. Applied biochemistry and biotechnology, 2009, 159(3): 605.

[82] Hiremath A, Kannabiran M, Rangaswamy V. 1,3-Propanediol production from crude glycerol from
jatropha biodiesel process[J]. New Biotechnology, 2011, 28:; 19-23.

[83] Gonza lez-Pajuelo M, Andrade J C, Vasconcelos I. Production of 1,3-propanediol by Clostridium
butyricum VPI 3266 using a synthetic medium and raw glycerol[J]. Journal of Industrial Microbiology and
Biotechnology, 2004, 31(9):442-446.

[84] Mu Y, Xiu Z L, Zhang D J. A combined bioprosess of biodiesel production by lipase with microbial
production of 1,3-propanediol by Klebsiella pneumonia[J]. Biochemical Engineering Journal, 2008, 40: 537-541.
[85] Suratago T, Nootong K. Production of 1, 3-propanediol by Clostridium butyricum DSM 5431 in an
Anaerobic Moving-Bed Bioreactor[J]. Macedonian Journal of Chemistry and Chemical Engineering, 2012,
31(2): 245-253.

[86] Wang M, Wang G, Zhang T, et al. Multi-modular engineering of 1, 3-propanediol biosynthesis system in
Klebsiella pneumoniae from co-substrate[J]. Applied Microbiology and Biotechnology, 2017, 101(2): 647-657.
[87] Wul X, Wang F H, Wang Z, et al. 1,3-Propanediol Production from Crude Glycerol by Klebsiella
pneumoniae[J]. Chiang Mai Journal Of Science, 2016, 43(4): 718-725.

[88] Chatzifragkou A, Dietz D, Komaitis M, et al. Effect of Biodiesel-derived waste glycerol impurities on
biomass and 1,3-propanediol production of Clostridium butyricum VPI 1718[J]. Biotechnology and



Bioengineering, 2010, 107: 76-84.

[89] Asad-ur-Rehman, Wijesekara S R G, Nomura N, et al. Pre-treatment and utilization of raw glycerol from
sunflower oil biodiesel for growth and 1,3-propanediol production by Clostridium butyricum[J]. Journal of
Chemical Technology and Biotechnology, 2008, 83: 1072-1080.

[90] GU nzel B, Yonsel S, Deckwer W D. Fermentative production of 1,3-propanediol from glycerol by
Clostridium butyricum up to a scale of 2 m3[J]. Applied Microbiology and Biotechnology, 1991, 36: 289-294.
[91] Wilkens E, Ringel A K, Hortig D, et al. High-level production of 1, 3-propanediol from crude glycerol by
Clostridium butyricum AKR102a[J]. Applied microbiology and biotechnology, 2012, 93(3): 1057-1063.

[92] Zheng Z M, Guo N N, Hao J, et al. Scale-up of micro-aerobic 1,3-propanediol production with Klebsiella
pneumoniae CGMCC 1.6366[J]. Process Biochemistry, 2009, 44: 944-948.

[93] Cheng K K, Zhang J A, Liu D H, et al. Pilot-scale production of 1,3-propanediol using Klebsiella
pneumoniae[J]. Process biochemistry, 2007, 42(4):740-744.

[94] Szymanowska-Powa&#322;0wska D, Bia&#322;as W. Scale-up of anaerobic 1,3-propanediol production
by Clostridium butyricum DSP1 from crude glycerol[J]. BMC microbiology, 2014, 14(1): 45.
[5]000,000,000.13-00000000000000000000[L0000000,
2006, 32(9): 10-13.

[96] Hao J, Xu F, Liu H, et al. Downstream processing of 1,3-propanediol fermentation broth[J]. Journal of
Chemical Technology and Biotechnology, 2006, 81(1): 102-108.

[o71000,000,000,0. 0000 13-0000000000000[J]. 000000, 2010,
30(1): 96-99.
[8]000,000,000,0.000000000000000[J) 000000000
,2014,39(10):729-733.
[91000,000,000.13-000000000000000[J].00000d,2010,27(3):
493&#8722;501.

[100] Gong Y, Tong Y, Wang X L, et al. The possibility of the desalination of actual 1,3-propanediol
fermentation broth by electrodialysis[J]. Desalination, 2004, 161(2): 169-178.

[101]WURC, XuY Z,Song Y Q, et al. A novel strategy for salts recovery from 1,3-propanediol fermentation
broth by bipolar membrane electrodialysis[J]. Separation and Purification Technology, 2011, 83(22):9-14.
[1021000,00,00,0.13-0000000000000000000000[J1.000~0,
2014, 31(3): 337-341.

[103] Hermann B G, Patel M. Today’ sand tomorrow’ s bio-based bulk chemicals from white
biotechnology[J]. Applied biochemistry and biotechnology, 2007, 136(3): 361-388.

[104] Cho M H, SUN I M J, Pyo S H, et al. A novel separation and purification process for 1,3-propanediol[J].
Process Biochemistry, 2006, 41(3): 739-744.

[105] Baniel A M, Jansen R P, Vitner A, et al. Process for producing 1,3-propanediol [P]. US, 7056439, 2006.
[106] Broekhuis R R, Lynn S, King C J. Recovery of propylene glycol from dilute aqueous solutions via reversible
reaction with aldehydes[J]. Industrial and Engineering Chemistry Research, 1994, 33(12): 3230-3237.

[107] Broekhuis R R, Lynn S, King C J. Recovery of propylene glycol from dilute aqueous solutions by
complexation with organoboronates in ion-pair extractants[J]. Industrial and Engineering Chemistry Research,
1996, 35(4):1206-1214.

[108] Malinowski J J. Reactive Extraction for Downstream Separation of 1,3- Propanediol[J]. Biotechnology
progress, 2000, 16(1): 76-79.

[109]000,000,000.0000 13-00000000[J].000000d,2001,41(12):53-55.
[110] Hilaly A K, Binder T P. Method of recoveringl,3-propanediol from fermentationbroth[P]. US, 6479716,
2002.

[111] Wang S, Qiu L, Dai H, et al. Highly pure 1,3- propanediol: Separation and purification from crude
glycerol- based fermentation[J]. Engineering in Life Sciences, 2015, 15(8): 788-796.
[112]00,000.000000000000000QR].0000,2004.



[113]000,000.000000000000000Q[.0000, 2009, 3:40-42.
[114]00,000.13-000000000000CQ1.OD0C0O0O0O,2005,5(1): 36-39.



Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways:

1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.



http://etd.xmu.edu.cn/
http://etd.calis.edu.cn/
mailto:etd@xmu.edu.cn

