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21 Abstract:

22 Acetone, butanol and ethanol (ABE) mixture separation from dilute aqueous fermentation 

23 products is an important process for the biofuel industry.  Here, we present a novel approach for 

24 ABE recovery using microwave induced membrane distillation (MD). Carbon nanotube (CNTs) 

25 and octadecyl amide (ODA) functionalized CNTs were immobilized on membrane surfaces and 

26 were used in sweep gas MD separation of ABE. The ABE flux, separation factor and mass 

27 transfer coefficient obtained with CNT and CNT-ODA immobilized membranes were 

28 remarkably higher than the commercial pristine membrane at various experimental 

29 conditions.  The ABE flux enhancement reached as high as 105, 100 and 375% for CNIM and 

30 63, 62 and 175% for CNIM-ODA respectively. ABE flux obtained was nearly ten times higher 

31 than that reported previously for pervaporation. The mass transfer coefficient also increased 

32 significantly along with a lower activation energy for the modified membranes. Mechanistically 

33 speaking, the immobilization of the carbon nanotubes on the active membrane layer led to 

34 preferential sorption of ABE leading to enhanced separation. This phenomenon has been 

35 validated by the reduction of contact angles for the aqueous ABE mixtures on the CNT and 

36 CNT-ODA immobilized membranes indicating enhanced interaction of the ABE on the 

37 membrane surface. 

38 Keywords: ABE recovery; Sweep Gas Membrane distillation; Microwave heating; Carbon 

39 nanotubes; Mass transfer coefficient

40

41

42

Page 2 of 36Sustainable Energy & Fuels



3

43 1. Introduction

44 The cost�efficient production of biofuels from biomass has the potential to address global 

45 problems such as energy security and climate change. An important process in the biofuel 

46 industry is the generation of acetone-butanol-ethanol (ABE) mixture as fermentation products 

47 which has garnered huge attention in recent times 1. There is significant interest in the efficient 

48 ethanol recovery from fermentation broths for clean fuel and chemical feed stock production 2-3; 

49 acetone and butanol are important solvents  that also have many other industrial applications4-5. 

50 As a biofuel, butanol has high energy content, is compatible with prevailing gasoline supply 

51 channels and has low vapor pressure 6. In a typical ABE fermentation system, the produced 

52 acetone, butanol and ethanol maintain a fixed ratio of 3:6:1. Maximum amount of total solvents 

53 usually varies between 16-20 g/L with concentration of butanol at 10-12 g/L being a limiting 

54 factor due to end production inhibition resulting from its toxicity. This leads to high energy cost 

55 for ABE recovery from the low concentration fermentation broth via thermal distillation 7. 

56 Currently an equivalent of 50% of the heat of combustion of butanol is used up in the ABE 

57 distillation process itself, therefore the development of cost effective separation technologies that 

58 can perform a substantial role in increasing productivity and improve the economics of ABE 

59 production is of great importance 7-9.

60                 Alternate ABE separation approaches such as  adsorption 10, gas stripping 11, liquid�

61 liquid extraction12, perstraction 13, pervaporation 14, membrane distillation15 and reverse 

62 osmosis16 have been explored. Membrane distillation (MD) is a thermally driven process where 

63 separation of two phases (a hot feed side phase and a colder receiving phase) occurs through a 

64 hydrophobic microporous membrane. The difference in temperature between the feed and 

65 permeate side of the membrane creates the vapor pressure gradient, triggering the transport of the 
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66 vapor across the membrane. Some of the major advantages of MD are comparatively low energy 

67 requirement, capital cost and operation temperatures compared to distillation 17, and significantly 

68 higher flux than pervaporation .  While modelling studies showed that MD has much potential in 

69 ABE separation18-19, to the best of our knowledge, only limited experimental studies have been 

70 published in this field 15, 20.

71 A range of separation applications such as pervaporation, extraction, protein separation, 

72 breaking oil-water emulsion, nanofiltration and membrane distillation have been carried out on 

73 carbon nanotubes based membranes 21-28.  We have demonstrated that on immobilizing CNTs on 

74 the membrane surface, the physicochemical interaction between the solutes and the membrane 

75 can be significantly altered 24, 29-30. A rapid progress in MD has been achieved with the 

76 incorporation of carbon nanotube immobilized membrane (CNIM) for desalination where the 

77 CNTs enhance the preferential passage of the water vapor molecules while repelling the liquid 

78 salt-water feed mixture resulting in a remarkable increase in pure water flux. Super-hydrophobic 

79 CNT loaded PVDF membrane synthesized by one-step electrospinning technique has shown 

80 improved desalination performance31. CNIM has been successfully implemented in membrane 

81 distillation using sweep gas to carry out the permeated species (SGMD) for enhanced organic 

82 solvent recovery 30. Another study investigated the performance of vertically aligned (VA) and 

83 open-ended CNT arrays filled polydimethylsiloxane (PDMS) composite membrane for 

84 pervaporative recovery of butanol from ABE fermentation broth32. 

85 Microwave induced heating has been employed in several methods including drying, 

86 chemical synthesis and in home kitchens. Microwave processes are associated with nonthermal 

87 effects such as localized super heating, activation energy reduction, break down of hydrogen 

88 bonded structures in aqueous medium, and the generation of nano-bubbles33-34. Recently, a MD 

Page 4 of 36Sustainable Energy & Fuels



5

89 process induced by a microwave has been reported by our group for desalination where 

90 microwave heating led to the breakdown of hydrogen bonded salt water clusters leading to high 

91 flux35. Comparison of MD by conventional and microwave heating has been published before 

92 with ethanol-water system. Microwave induced membrane distillation has shown significant 

93 advantages including higher flux, selectivity and lower energy consumption36. Since ABE 

94 consists of polar molecules, it is anticipated that they will absorb microwave energy and their 

95 interactions will lead to the breakdown of water-organic clusters to enhance the removal of 

96 ABE37-38. The aim of this project was to incorporate CNIM along with microwave heating to 

97 enhance ABE separation via SGMD. 

98

99 2. Experimental

100

101 2.1. Chemicals and materials

102

103 The solvents (acetone (AR H 99.5%), butanol (anhydrous, 99.8%) and ethanol 

104 (anhydrous, H 99.5%)) used in this experiment were procured from Sigma Aldrich (St. Louis, 

105 MO). Cheap Tubes Inc. (Brattleboro, VT) has supplied the MWCNTs (�30 nm dia, 15 I� long). 

106 Octadecyl amide (-CO-NH-C18H37 ) functionalization (CNT-ODA) was performed in our 

107 laboratory following a method published before 39. In all experiments, deionized water 

108 (Barnstead 5023, Dubuque, Iowa) has been used.

109 2.2.  CNIM and CNIM-ODA Fabrication

110

111 Proper dispersion of CNTs and CNT-ODA in organic solvent and the fabrication of 

112 uniformly distributed CNTs throughout the membrane surface was the main concern. A 
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113 commercial PTFE membrane (Advantec, 0.2 I� pore size, 74% porosity, polypropylene 

114 supported) was used as base membrane and the CNIMs were prepared on it. The CNTs as well as 

115 CNT-ODA dispersion were carried out using a procedure described in our previous paper 23. Our 

116 previous studies have indicated that functionalization of CNTs enhanced its dispersibility in the 

117 solvent phase, which eventually helped in film-formation 39. Scanning electron microscopy 

118 (SEM) (JEOL; model JSM-7900F) was utilized to characterize the CNIM and CNIM-ODA. The 

119 hydrophobic nature of the membranes used was measured via contact angle and liquid entry 

120 pressure (LEP) measurements with DI water and ABE mixture. Drops of a fixed ABE 

121 concentration were placed on the membrane with the help of a micro syringe (Hamilton, 0�100 

122 IC14 The contact angles of the drops on the membrane surface were measured using a digital 

123 video camera placed at the top of a stage. 

124 2.3. Experimental Set Up

125

126 Figure 1 illustrates the experimental setup. The MIMD in sweep gas mode was used in all 

127 experiments where dried air at room temperature was passed through the permeate side of the 

128 membrane module that assisted in removal of the permeated vapor. A module made of 

129 polytetrafluoroethylene (PTFE) was used in the SGMD test cell. Details have been described 

130 elsewhere 23. The inner diameter of the module was 4.3 cm with an operational contact area of 

131 12.5 cm2. The ABE-water feed mixture was pumped (Cole Parmer, model 77200-52) through the 

132 SGMD module and was recirculated. The ABE-water feed temperature was controlled using a 

133 microwave oven and the power level of the microwave was adjusted as needed to get the desired 

134 temperature. The feed reservoir temperature was maintained by regulating the temperature of a 

135 constant temperature bath. A flowmeter (model no EW-03217-02, Cole Parmer) was used to 

136 monitor the sweep gas flow rate. Two thermistor thermocouples (K-type, Cole Parmer) were 
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150 at the membrane pore entrance and the permeated species vaporizes through it. The LEP was 

151 measured using a method described before23. A stainless steel chamber (Alloy Products Corp, 

152 185 Psi Mawp) was filled with the ABE-water feed solution (1.5, 3, 0.5 vol% ABE, 

153 respectively). The membrane held in a test cell was connected to the liquid chamber. A gas 

154 cylinder was used to increase the pressure above the liquid, which was increased till the liquid 

155 started to enter through the membrane pores. 

156 A graduated measuring cylinder was used to measure the volume of the feed solution 

157 before and after experiments. After each experiment, the recycled feed mixture was cooled down 

158 to room temperature and the final volume was measured. An airtight feed solution chamber was 

159 used to confirm that sample was not lost due to evaporation of volatile components. The flux and 

160 separation factor were calculated by analyzing the initial and final feed mixture compositions 

161 using a Gas Chromatography (HP-5890) equipped with an FID detector. The gas chromatograph 

162 was operating with injection port temperature of 200°C, column temperature of 150°C and 

163 detector temperature of 250 °C. Analyses were carried out on an EzChrom Elite Chromatography 

164 data system used for GC control, data acquisition and processing. 

165

166 3. Results and discussion

167 The SEM images of the PTFE, CNIM, and CNIM-ODA are shown in Figure 2a, b and c. 

168 The porous structure of the pristine PTFE membrane and presence of CNT and CNT-ODA on 

169 the CNIM and CNIM-ODA surfaces are clearly visible. Uniform distribution of CNTs over the 

170 entire membrane surface was also observed. In our previous studies, gas permeation test showed 
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171 no significant change in effective porosity over pore length of the membrane as very small 

172 amount of CNTs had been used to fabricate the membrane24. 

173 Thermogravimetric analysis (TGA) (10 0C/ min heating rate in air) was used to analyze 

174 the stability of the PTFE membrane, CNIM and CNIM-ODA at higher temperature. The TGA 

175 and differential TGA curves are shown in Figure 3a and b, respectively. It is observed that the 

176 initial thermal decomposition of the membrane began at ~260 0C (degradation of PP support 

177 layer), followed by the degradation of PTFE active layer at 500 °C. From the figure, it is evident 

178 that CNIM and CNIM-ODA were thermally stable within the operating temperature ranges.  

179

(a) (b)

(c)
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180 Figure 2. Scanning Electron Micrograph of (a) PTFE; (b) CNIM (c) CNIM-ODA
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184 Figure 3. (a) Thermogravimetric analysis of PTFE, CNIM & CNIM-ODA; (b) differential TGA 

185 curves of the corresponding membranes.

186 The contact angle measurements provide a measure of wettability of the membrane 

187 surface. The contact angle depends upon the intermolecular interactions between the membrane 

188 surface and the liquid placed on it. Table 1 demonstrates the contact angle values for pure water 

189 and ABE mixtures on different membrane surfaces. As can be seen from the table, the contact 

190 angles for pure water were much higher on CNIM and CNIM-ODA due to their higher 

191 hydrophobicity which were similar to what has been reported previously 23, 29, 40. The contact 

192 angles on the PTFE, CNIM and CNIM-ODA membranes at 0.6, 1.2 and 0.2 vol % of ABE and 

193 97.8 % water are shown in Figure 4a, b and c. The presence of CNTs dramatically altered the 

194 contact angle for CNIM. The presence of organic molecules in aqueous solution reduced the 

195 contact angle for all membranes. However, since the alcohols and other organic solvents possess 

196 an affinity for CNTs, the contact angles of the ABE mixtures decreased significantly in CNIM 

197 and CNIM-ODA (Table 1). The contact angles for ABE mixture decreased in the following 

198 order: PTFE> CNIM-ODA> CNIM. For instance, the droplet of ABE-water mixture on CNIM 

199 indicated a contact angle of 84° vs a contact angle of 103 0 for PTFE and 1080 indicating strong 

200 interactions with the CNTs and relatively less with CNT-ODA.  The increasing ABE affinity to 

201 CNIM and CNIM-ODA over PTFE are potential means to increase the removal efficiency and 

202 reduce concentration polarization41. 

203  

204

205
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206      

207                                                                          

208 Figure 4. Picture of ABE- water solution (0.6, 1.2 and 0.2 vol % respectively) droplet on (a) 

209 CNIM-ODA; (b) PTFE; (c) CNIM 

210

211 Table 1. Contact Angles of pure water & ABE mixture

Contact angle (o)Solvent

PTFE CNIM CNIM-ODA

Pure water 105 109 116

ABE mixture 103 84 110

212

213

214 The LEP of pure water for PTFE, CNIM and CNIM-ODA were found to be similar, 

215 ~455.1 kPa, for all membranes, which further decreased to 220.7, 144.8 and 179.3 kPa, 

216 respectively for ABE mixture (1.5, 3 and 0.5 vol% of ABE in water). The high LEP values 

217 indicate the low wettability of the membranes as also evident from the contact angle 

218 measurement described above.

219

a b

c

a
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220 Figures 5a, b and c show the AFM images of pristine PTFE membrane, CNIM and 

221 CNIM-ODA, respectively. The average surface roughness (Ra) values was measured over an 

222 area of (&I� × 10 I� of the corresponding membrane samples and was found to be 127 nm, 142 

223 nm and 138 nm, respectively. It is clear from the figure that the incorporation of small amount of 

224 CNTs change the surface topography significantly and alters the characteristics of the fabricated 

225 membrane surface.  

226

227 Figure 5. AFM images featuring the topography of the (a) unmodified membrane surface 

228 (PTFE); (b) CNIM and (c) CNIM-ODA
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229

230 3.1. MIMD separation performance study of CNIM, CNIM-ODA and PTFE membrane 

231 The separation performances of various membranes were characterized with respect to 

232 ABE permeation rate and selectivity. The fabricated membranes� performance were compared 

233 with the pristine membrane. The individual flux of �i' component (Jwi), was described as:

234          (2)                                                                 ��� =
	
�

� � 

235 Where, Wpi was the amount of permeated mass of species �i� within a period of time �t� through a 

236 membrane of area �A�. The measure of separation efficiency was denoted by separation factor 

237 0Ti-j), and is calculated from the following relation: 

238 �� � ����� =

��
������

��
������

                         (3)

239 where yi and xi represent the permeate and feed side weight fraction of �i� component. 

240 Apparent activation energy (Eapp) of solvent transport in the membrane processes can be 

241 expressed as 42

242 � =  �0  ��
( �
��



���)                          (4)

243 Where J and J0 are fluxes (mol mU) hU(), R is gas constant (J molU( KU(), Tf  denotes feed 

244 temperature (K).

245 The Figures 6a, b and c display the effect of feed concentration on acetone, butanol and 

246 ethanol flux and separation factor. The ratio of ABE in the aqueous feed mixtures was kept 
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247 constant at 3:6:1 (vol %). Three different feed concentrations namely 0.6, 1.2, and 1.5 (vol %) of 

248 acetone were tested and the butanol and ethanol in the feed solutions were adjusted accordingly. 

249 The feed temperature and feed flow rate was maintained at 400C and 112 mL/min, respectively. 

250 It can be observed from the figures that with increase in acetone, butanol and ethanol 

251 concentration in feed, the ABE flux increased for all membranes.  The CNIM and CNIM-ODA 

252 showed improved flux compared to the PTFE membrane, which was due to the enhanced solvent 

253 affinity with the nanotubes. Total solvent flux were in the order of CNIM> CNIM-ODA> PTFE. 

254 The highest total solvent flux for CNIM may be attributed to the higher solvent sorption 

255 capacity, as also supported by the contact angle values. The presence of bulky ODA groups on 

256 CNT-ODA may have limited the direct sorption and fast transport of the organic compounds on 

257 the CNT framework. 

258 The solvent flux reached as high as 0.82, 1.36 and 0.19 L/m2.h for acetone, butanol and 

259 ethanol, respectively, at 40 0C and 1.5, 3 and 0.5 vol % of ABE in the feed. The CNTs influenced 

260 the acetone, butanol and ethanol partition coefficient, and its effects were more pronounced at 

261 higher concentrations. The enhancement in acetone flux reached as high as 130.3 % for CNIM 

262 and 60.6 % for CNIM-ODA over PTFE membrane at 1.2 volume % of acetone. Enhancement in 

263 butanol and ethanol flux followed similar pattern with enhancement reaching up to 127% and 

264 375% respectively for CNIM. Figures 6 d, e, and f show plots of separation factor of ABE with 

265 respect to feed concentration. As can be seen from the plots, the separation factor was inversely 

266 proportional to the concentration for all the membranes.  However, a higher separation factor for 

267 CNIM than CNIM-ODA and PTFE membrane was observed at all feed concentrations tested 

268 here. Enhancement over PTFE membrane for acetone reached as high as 79.92% for CNIM and 

269 41.5% for CNIM-ODA. Similar trends were observed for ethanol and butanol separation factor.
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276 Figure 6. Effect of feed concentration on flux for (a) acetone, (b) butanol and (c) ethanol, and on 

277 separation factor for (d) acetone, (e) butanol and (f) ethanol

278

279 The acetone, butanol and ethanol flux and separation factor on the CNIM, CNIM-ODA 

280 and the PTFE membrane as a function of feed temperatures are demonstrated in Figures 7 a, b, c, 

281 d, e and f . A feed concentration of 1.5, 3 and 0.5 vol % of acetone, butanol and ethanol, 

282 respectively, was maintained and the feed flow rate was kept constant at 112 mL/min. The 

283 permeate fluxes for all membranes showed a direct relationship with feed temperature. At 60 0C, 

e

 f
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284 the CNIM flux reached up to 1.15 L/m2.h, 1.54 L/m2.h and 0.58 L/m2.h for acetone, butanol and 

285 ethanol, respectively, which were considerably (around ten times) higher than previously 

286 reported data for pervaporation43-44. In general, higher fluxes at all temperatures for CNIM were 

287 observed followed by CNIM-ODA, although the enhancement was distinct at reduced 

288 temperature. At 40oC the improvement in acetone, butanol and ethanol flux reached to 105, 100 

289 and 375%, respectively, in comparison with pristine PTFE membrane. Hence, it is possible to 

290 perform the experiments at a relatively lower temperature thereby making it a less energy 

291 intensive process. It is well known that the vapor pressure increases exponentially with 

292 temperature and the sharp increase in vapor pressure from 40 to 60°C was reflected in the 

293 corresponding increase in ABE flux. From Figures 7 d, e and f, it can be observed that at all the 

294 operating temperatures; CNIM�s separation performance was significantly better compared to the 

295 commercial PTFE membrane. The separation factor enhancement of CNIM compared to PTFE 

296 membrane reached to 103, 129 and 324% at 50oC for ABE. As a result of negative effects of 

297 viscosity, a decline in ABE separation factor was observed with increase in operating 

298 temperatures for all membranes 45. The water flux is presented in Figure 7g which showed an 

299 increase with feed temperature due to higher vapor pressure at elevated temperatures. 
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308 Figure 7. Effect of feed temperature on flux for (a) acetone, (b) butanol, (c) ethanol, and on 

309 separation factor for (d) acetone, (e) butanol, (f) ethanol, (g) effect of feed temperature on water 

310 flux

311

312     Apparent activation energy (Eapp) for organic solvent transport through porous membranes in 

313 SGMD mode was calculated from Eq. (4). The concentration of the acetone, butanol and ethanol 

 f

 g
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314 mixture was kept constant (1.5, 3, 0.5 vol %, respectively). The Eapp values for PTFE, CNIM & 

315 CNIM-ODA are shown in Table 2. 

316 Table 2. Apparent activation energy (Eapp) values for acetone (1.5 vol%), butanol (3 vol%), 

317 ethanol (0.5 vol%) and water (95 vol %) in feed.

Apparent activation energy (kJ/mol)Membranes

Acetone Butanol Ethanol Water

PTFE 16.9 17.5 57.4 37.6

CNIM 11.2 5.4 48.5 59.5

CNIM-ODA 8.5 4.8 43.6 50.9

318

319 It is clear from the table that the presence of CNTs significantly reduced the apparent activation 

320 energy for all ABE components. Among three solvents, butanol exhibited the lowest Eapp value 

321 followed by acetone and ethanol with all membranes. However, the activation energy of water 

322 was much higher which may be due to the exponential increment of water vapor pressure at 

323 elevated temperatures in case of modified membranes. This also results in reduction of 

324 separation factor with increase in feed temperature. 

325 It was important to investigate if separation of each ABE component was affected by the 

326 presence of the other solvents. Therefore, binary mixture of each compound with water was also 

327 studied using PTFE and CNIM. The data related to the binary mixtures is presented in Figures 

328 8a, b and c, where the flux of each component and separation factor are presented as a function 

329 of solvent concentration. The feed flow rate and the operating temperature was maintained at 

330 (()V�CB��� and A&VL�� respectively. It is clear from the figure that with increase in feed 

331 concentration, the flux increased for each compound in both membranes. Butanol which had 

332 limited miscibility with water showed higher flux than ethanol that was significantly more 

333 miscible. As expected, higher flux was obtained for all solvents when CNIM was used. It was 

334 observed that the individual solvent flux in the binary mixtures were higher compared to the 
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335 ABE mixture under similar condition. For example, the acetone flux was obtained to be 1.36 

336 L/m2.hr for CNIM at 40 0C and 1.5 vol % of acetone in water, which was 65.8% higher than the 

337 corresponding ABE mixture. Similar trend was also observed for butanol and ethanol mixture. 

338 The flux decline in the case of a mixture may be attributed to the mutual interaction and 

339 competition between the different compounds that reduced partitioning as well as permeability46. 

340
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350 Figure 8. Effect of feed concentration on flux and separation factor for (a) acetone, (b) butanol, 

351 (c) ethanol
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352 4. Mass transfer coefficient 

353

354 The mass transfer coefficient (k) can be calculated from the following equation: 

355 ��� = �(���� �
�)                        (5)

356                                                                � =  
���

���
                                     (6)                     

357 Where, Jwi is the flux of species �i� and the feed side and permeate side partial vapor pressure is 

358 denoted as Pfi and Ppi, respectively. The vapor pressure of the different feed components at a 

359 particular temperature was attained from other sources 47 and the Ppi, was considered to be 

360 almost zero as the sweep air was dried completely prior to entering the permeate side of the 

361 membrane.

362 The �ki� values of different components in ABE mixture at varied operating temperatures 

363 and a constant feed flowrate of 112 mL/min are presented in Table 3. The mass transfer 

364 coefficients decreased or remained almost constant with increase in operating temperature for 

365 CNIM, CNIM-ODA and PTFE membranes. At all feed temperatures, the CNIM exhibited higher 

366 �ki� than the pristine PTFE membrane and CNIM-ODA. The enhancement of mass transfer 

367 coefficient over PTFE reached as high as 105% for CNIM and 62.5% for CNIM-ODA for 

368 acetone, 100 % and 61.8% for butanol and 375% & 175% for ethanol at 40 0C. For Butanol, the 

369 mass transfer coefficient follows an inverse relationship with temperature for all membranes. 

370 Also it is known that at higher temperatures the temperature polarization increases significantly, 

371 resulting in a lower membrane mass transfer coefficient 48.

372
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373 Table 3. Mass transfer coefficient of ABE at different temperature and 1.5, 3 & 0.5 vol % ABE 

374 feed at 112 mL/min. 

                          Mass transfer coefficient (x 10-3 L/m2.h.mm-Hg)

              PTFE                  CNIM           CNIM-ODA

Temp 

(oC)

Acetone Butanol Ethanol Acetone Butanol Ethanol Acetone Butanol Ethanol

40 0.95 35.9 0.30 1.94 71.9 1.42 1.54 58.1 0.82

50 0.97 20.2 0.41 1.57 42.7 1.77 1.18 33.5 0.95

60 0.68 13.4 0.43 1.23 25.4 1.65 0.73 20.3 0.86

375

376

377 5. Membrane stability and proposed mechanism 

378

379 To explore the stability of the membranes in presence of these strong organic solvents, 

380 SGMD experiments were performed for 8 h a day for 60 days with 1.5, 3 and 0.5 vol % of ABE 

381 concentration, respectively. The temperature was maintained at 60oC. The ABE flux was 

382 measured periodically. No substantial alteration in flux and membrane wetting were detected 

383 even during extended use for all membranes. It can be assumed that there was no significant 

384 CNTs loss from the membrane surface as it was not detected in the recycled feed solutions. 

385 Comparable stability checks in the past had been implemented where CNIM was used in high 

386 temperature aqueous solutions for extended periods and then examined for CNT loss 24. 

387 Figure 9b demonstrates the enhanced ABE transport mechanism with CNIM. Earlier 

388 research published with CNTs have validated that CNTs are exceptional sorbents that increase 

389 solute partition coefficient generating higher permeation rate through the membranes 49-52. The 

390 CNTs are also known to facilitate fast mass transport in both separation processes including 

391 chromatography, sorbents and membranes 53-55. The higher vapor pressure of acetone, butanol 

392 and ethanol compared to water helped in selective sorption and penetration of ABE mixture 

393 through the porous membrane at low temperature. Apart from vapor-liquid equilibrium, the 

394 separation performance of CNTs incorporated membranes are due to improved sorption and 
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423 to the ABE components. Improved partitioning and activated diffusion via CNT surface were 

424 factors that played important role in performance enhancement of the CNIM and CNIM-ODA. 

425 While modeling studies have shown some interesting results, this study for the first time 

426 demonstrates the viability of this technology in ABE recovery. As compared to the plain PTFE 

427 membrane, significant enhancement in ABE flux and separation factor were obtained with 

428 CNIM and CNIM-ODA membranes. The ABE flux obtained here is about ten times higher than 

429 that reported before for pervaporation, which is the only other reported membrane based 

430 technology for ABE recovery. Fermentation product recovery from the fermentation broth can be 

431 an important application for the modified CNT membranes.

432
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