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Abstract 20 

We report a novel approach to economically fabricate dual-layer composite nanoparticle-21 

containing carbon molecular sieve (CMS) hollow fiber membranes having excellent gas 22 

separation performance. The economically favored process comprises dip coating engineered 23 

support layer fibers to form a dense skin layer in a CMS precursor. The coated fibers are then 24 

pyrolyzed to form a high-performance CMS hollow fiber membrane. The nano-particle 25 

containing composite carbon molecular sieve hollow fiber membranes showed very attractive 26 

selectivities and productivities. This work shows how to produce high performance CMS hollow 27 

fiber membrane by coating, which exceeds that achieved with the standard sol-gel support 28 

stabilization technique. 29 

Keywords: Carbon molecular sieve; Hollow fiber membranes; Dip coating; Nanoparticle; 30 

Natural gas purification 31 

1. Introduction 32 

Carbon molecular sieve (CMS) membranes in a dense film configuration have shown separation 33 

performance surpassing the polymeric upper bound for a variety of gas pairs such as O2/N2 [1], 34 

CO2/CH4 [2], CO2/CH4 [3], C2H4/C2H6 [4], C3H6/C3H8 [5] etc. However, CMS hollow fiber 35 

membranes are preferred for large scale applications due to their ability to be formed into 36 

compact modules with high surface area-to-module volume ratios. Unfortunately, since the 37 

pyrolysis occurs above the polymer glass transition temperature (Tg), partial or even total 38 

collapse of the porous core layer can occur. This collapse creates a thick separation layer with 39 

low permeance, and is therefore, much less productive than would be expected if the collapse 40 

could be avoided.  41 

Several approaches were attempted to mitigate the substructure collapse problem. Chemical 42 

crosslinking was attempted to restrict the bulk polymer flow throughout pyrolysis. One approach 43 

that had been applied to crosslink polyimides was the use of diamine linkers, where the diamine 44 

reacts with imides to open the ring and form an amide bond. Diamine crosslinking did not work 45 

for restricting collapse due to the instability of the amide (-CONH) bond at higher temperatures 46 

[6]. Xu et al. [7] observed that the 6FDA based polymer precursors exhibited a lower degree of 47 

substructure collapse compared to Matrimid® precursor because of the rigid structure and higher 48 

Tg. CMS hollow fibers from 6FDA:BPDA-DAM exhibited a lower degree of collapse, but still a 49 

significant amount of densification in membrane skin thickness was observed. This densification 50 

leads to CMS with poor permeances and significantly thicker separation layer (at least one order 51 

of magnitude) [8]. Bhuwania and co-workers [9] made a breakthrough in fabricating thin-52 

skinned CMS hollow fiber membranes by using in situ sol-gel reaction. vinyltrimethoxysilane 53 

(VTMS) was introduced to the precursor fiber by soaking, followed by a moisture-induced 54 

hydrolysis and condensation. A cross-linked silica network was formed, and it can effectively 55 

suppress the support densification. However, the VTMS on the fiber skin layer can add 56 

nonselective mass transfer resistance to permeation.  57 

Alternative stabilization can be achieved by making nanoparticle-filler-containing support layer 58 

fibers [8]. The nanoparticle-filler containing support layers showed attractive features. The silica 59 
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particles with low bulk density were dispersed in the support layer of polymer precursor hollow 60 

fibers and spun in a sheath-core format using the same (Matrimid®) sheath and nanoparticle core 61 

precursor polymer. The resultant composite CMS membrane showed higher performance than 62 

those of monolithic asymmetric CMS membranes formed by the standard sol-gel support 63 

stabilization technique [8]. However, defect-free precursor fiber membranes need to be spun 64 

prior to the CMS formation. Other approaches to form composite CMS membranes rely upon 65 

robust but expensive ceramic or metal porous support layer [10, 11]. During the fabrication 66 

process, a thin skin layer of polymer can be formed by coating prior to pyrolysis to obtain both 67 

high selectivity and permeance of resultant CMS fibers. However, fabricating such support 68 

membranes is relatively more complicated and costly than spinning hollow fiber. 69 

In this work, we demonstrate the dip-coating approach to fabricate the nanoparticle-containing 70 

composite CMS membrane with a different sheath and nanoparticle containing core. There is no 71 

need to spin defect-free precursor fiber—which greatly decreases the spinning difficulty. 72 

Compared with the monolithic CMS, the CMS via coating showed excellent CO2/CH4 73 

performance in terms of selectivity and permeance. For instance, a 10 % v-treated monolithic 74 

6FDA: BPDA-DAM at 675 °C gives 100 GPU CO2 permeance with CO2/CH4 selectivity of 70, 75 

which is less than the CMS-800 in this article, which also has higher selectivity). 76 

 The approach in the current workshows a costly high performance polymer (e.g. 6FDA: BPDA-77 

DAM, 6FDA-DAM: DABA (3:2) polymer) and a low cost support precursor polymer (e.g. P84
®

) 78 

can be used to fabricate the support and minimize cost of the composite membrane. Carefully 79 

selected commercially available silica particles were dispersed in the precursor hollow fiber’s 80 

porous support layer and shown suitable to maintain high permeance without using VTMS 81 

treatment of precursor fibers [12]. 82 

2. Materials and methods 83 

2.1 Materials 84 

The coating copolyimide polymer 6FDA:BPDA-DAM (1:1) was synthesized via condensation 85 

reaction between 4,4'-(Hexafluoroisopropylidene) diphthalic  anhydride (6FDA) and 3,3'-4,4'-86 

biphenyl tetracarboxylic dianhydride (BPDA) with 2,4,6-trimethyl-1,3-phenylene diamine 87 

(DAM). First we form a high molecular weight polyamic acid at low temperatures and then 88 

perform a chemical imidization step, the specifics of which are described elsewhere [13]. A 89 

commercial thermoset copolyimide, P84
® 

(BTDA-TDI/MDI, copolyimide of 3,3′4,4′-90 

benzophenone tetracarboxylic dianhydride and 80% methylphenylene-diamine + 20% methylene 91 

diamine; HP Polymer GmbH, Austria)
 
was chosen as a precursor in this work. The 6FDA-DAM: 92 

DABA (3:2) polymer (repeating unit shown in Fig. 1) used in this study was purchased from 93 

Akron Polymer Systems. The structures of the precursor material are shown in Fig. 1 [14]. 94 

Commercial silicon dioxide nanoparticles (Product # US3448, US Research Nanomatertials, Inc.) 95 

were utilized to make the support layer hollow fiber. The silane-treated silicon dioxide 96 

nanoparticles have a bulk density of 0.056 g/cm
3
 with 15 nm average particle size. The particles 97 

were fluffy, and a large portion of the total amount of NMP solvent used was needed to disperse 98 

the dried nanoparticles initially. Then a NMP solution containing about 10 wt.% of the total 99 
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polymer was firstly added into the silicon dioxide dispersion. The remaining solvent and the 100 

dried polymer solids were then added to make dopes of the desired composition. The 101 

nanoparticle dispersion step was critical and the amount of the nanoparticle was limited by the 102 

NMP solvent availability. We need to make sure there was no visible agglomerates. The 6.7 wt.% 103 

was decided by observations during the dope preparation. We assume the higher concentration 104 

might need more effects to prepare a dope with nanoparticle dispersed evenly and could be 105 

considered in future studies. 106 

 Sure-seal bottles of hexane, 1-methyl-2-pyrrolidine (NMP), ethanol, tetrahydrofuran (THF) and 107 

acetone were purchased from Sigma-Aldrich (St Louis, MO). Methanol (20 L) and hexane (20 L) 108 

were purchased from BDH Chemicals Co. Pure-component CO2 and CH4 gases (Research Grade 109 

Quality) were purchased from Airgas (Radnor Township, PA), while 50:50 CO2:CH4 mixed gas 110 

(± 1% blend accuracy) was purchased from Nexair (Memphis, TN). All fittings used for module 111 

making were purchased from Swagelok® Georgia. 112 

 113 
Fig. 1. Chemical structure of the repeat units of 6FDA: BPDA-DAM, P84

®
 (BTDA-TDI/MDI), 114 

and 6FDA-DAM:DABA(3:2)
 [14, 15]

. 115 

2.2. Spinning of precursor hollow fiber supports comprising silica nanoparticles 116 

Silicon dioxide nanoparticles were first dried in a vacuum oven at 180 °C overnight to remove 117 

moisture prior to being dispersed in NMP. A sonication bath was used to assist the nanoparticle 118 

dispersion, and sonication was stopped when no visible agglomerates could be observed. NMP 119 

 

 
6FDA-DAM:DABA(3:2) 

6FDA: 4,4'-(Hexafluoroisopropylidene) diphthalic anhydride 

DAM: 2,4,6-trimethyl-1,3-phenylene diamine 

DABA: 3,5-diaminobenzoic acid  

  

6FDA: BPDA-DAM (X=1; Y=1) 

6FDA: 4,4'-(Hexafluoroisopropylidene) diphthalic anhydride 

                             BPDA: 3,3'-4,4'-biphenyl tetracarboxylic dianhydride 

                             DAM: 2,4,6-trimethyl-1,3-phenylene diamine 

 

  

BTDA-TDI/MDI  

BTDA: 3,3′4,4′-benzophenone tetracarboxylic dianhydride 

                               TDI: toluene diisocyanate (methylphenylene-diamine) 

                               MDI: methylene diamine 
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solution containing 10 wt% of the total P84
®
 polymer was slowly added to the silicon dioxide 120 

dispersion. The remaining solvent and dried polymer solids were then added to provide the core 121 

spinning dope. The core spinning dope was co-extruded with a sheath spinning solution (P84
®
 122 

dissolved in NMP) and a bore fluid by a composite spinneret in a dry-jet/wet-quench spinning 123 

apparatus (Fig. 2A) to provide dual-layer composite hollow fibers [14]. The dual-layer composite 124 

hollow fibers comprise a P84
®
 sheath layer on top of a porous P84

®
 core layer comprising SiO2 125 

nanoparticles. Table 1 and 2 show the spinning dope compositions and spinning parameters, 126 

respectively.  127 

 128 

Table 1. Dope composition of core spinning dope and sheath spinning dope to spin P84®/(SiO2 + 129 
P84®) dual-layer fiber membranes. 130 

Dope composition of core spinning dope and sheath spinning 

dope to spin P84
®
/(SiO2 + P84

®
) dual-layer fiber membranes. 

Dope composition 

  Core (SiO2 + P84
®
) sheath(P84

®
) 

Component wt.% wt.% 

polymer 25.9 32.2 

NMP 67.4 50.5 

SiO2 6.7 0 

THF 0 17.3 

 131 
Table 2. Spinning parameters for hollow fiber membranes. 132 

Spinning conditions for P84
®
/(SiO2 + P84

®
) dual-layer fiber 

membranes. 

Spinning parameter Value 

Sheath dope flow rate 30 mL/h 

Core dope flow rate 600 mL/h 

Bore fluid flow rate  200 mL/h 

Bore fluid composition 90 wt.%/10 wt.% NMP/H2O 

Take-up rate 5 m/min 

Quench bath temperature 50 °C 

Spinneret temperature 65 °C 

Air gap height 18 cm 

After spinning, the fibers were soaked in water baths for 3 days to remove the residual solvents. 133 

The fibers were then solvent exchanged in glass containers with three separate 20 min methanol 134 

baths followed by three separate 20 min hexane baths and dried under vacuum at 75 °C for 3 h. 135 

Prior to coating, the CO2 permeance was 1079.6 GPU and the CO2/CH4 selectivity was 0.7. 136 

when tested with 50:50 CO2:CH4 mixed gas at 35 °C using 100 psi.  137 

 138 

 139 

 140 
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 141 

A 

 

B 

 

Fig. 2. (A) Dry-jet/wet-quench process for producing precursor hollow fiber membranes; (B) 142 

dip-coating of hollow fiber membrane in the chamber [14]. 143 

2.3 Coating of the precursor hollow fiber membrane 144 

Polymer solutions were prepared comprising of 2-5 wt. % polymer (6FDA:BPDA-DAM or 145 

6FDA-DAM:DABA (3:2)) dissolved in tetrahydrofuran (THF, Sigma-Aldrich Inc., 99.5%). A 146 

homogeneous coating solution without bubbles was formed after one day. A dip-coating method 147 

was applied to coat the polymer solutions onto the outer surface of the hollow fibers, which 148 

followed the protocol we developed previously [14]. As is shown in Fig. 2B, one end of the fiber 149 

was sealed by epoxy to prevent the solution from entering the lumen side. Coating of polymer on 150 

the precursor hollow fiber membrane was carried out by dipping the precursor in the polymer 151 
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solution for 30s. The fiber was taped onto a stainless steel rod to move the fiber in and out of the 152 

coating solution and evaporation zone. The dip-coated hollow fibers were dried under vacuum at 153 

75 ⁰ C for 2 hours. The dip-coating was carried out at high relative humidity (RH)  of  60% (in 154 

atmosphere)  or low RH of 10% (in a coating chamber purged by dry nitrogen, Fig. 2B).  155 

2.4 Formation of CMS hollow fiber membranes by pyrolysis  156 

CMS hollow fiber membranes were formed in a three-zone furnace (Thermcraft, Inc., model 157 

XST-3-0-24-3C) connected to a multichannel temperature controller (Model # CN1507TC, 158 

Omega Engineering Inc. Stanford, CT), which can achieve a uniform pyrolysis zone [7, 14]. The 159 

fibers were placed on a stainless-steel wire mesh (McMaster Carr, Robbinsville, NJ) and loaded 160 

into a quartz Tube (National Scientific Co. Quakertown, PA). Both ends of the quartz tube were 161 

sealed by an assembly of a metal flange with Silicon O-rings (Model # EQ-FI-60, MTI 162 

Corporation, Richmond, CA). The entire system was purged with ultrahigh purity (UHP) argon 163 

for at least 12 h to achieve reduce O2 level in the system to below 1 ppm. Pyrolysis was 164 

performed using the heating protocol below under continuous purge of UHP argon (200 cc/min) 165 

[14], 166 

 167 

1) 50 → 250 °C at a ramp rate of 13.3 °C/min 168 

2) 250 °C → (Tmax−15) °C at a ramp rate of 3.85 °C/min 169 
3) (Tmax−15) °C → Tmax °C at a ramp rate of 0.25 °C/min 170 
4) Soak for 2 h at Tmax °C 171 

5) Cool naturally to room temperature under UHP argon 172 
 173 

where, Tmax, is final pyrolysis temperature (550 °C, 675°C, and 800 °C). To achieve higher 174 

performance, a “thermal soak” process was added into the pyrolysis protocol for the 6FDA-175 

DAM:DABA (3:2) coated precursor membranes as follows [16, 17], 176 

1) 50 – 250 °C at a ramp rate of 13.33 °C/min 177 

2) 250 – 370 °C at a ramp rate of 3.85 °C/min 178 
3) 60 min thermal soak for cross-linking reaction at 370 °C 179 
4) 370 – 675 °C at a ramp rate of 3.85 °C/min 180 
5) 120 min thermal soak at 675 °C 181 
6) Cool naturally to room temperature under UHP argon 182 

 183 

After the pyrolysis, the resultant CMS fibers were removed from the furnace and used for 184 

subsequent characterization. Membrane modules were constructed using Scotch-Weld DP-100 185 

epoxy resin (3 M Corporation) using procedures described elsewhere [18]. 186 

2.5 Gas Permeation Measurements  187 

Mixed gas permeation tests were performed using a constant-pressure system in a temperature-188 

controlled enclosure at 35 °C [14]. A 50 mol% CO2 and 50 mol% CH4 binary mixture with a 189 

constant pressure of 200 psi was introduced to the shell-side of the hollow fiber membranes with 190 

the bore-side presser of 1 atm. The permeate flow was measured by a bubble meter, and 191 
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composition was analyzed by a gas chromatograph (Varian 450-GC) after achieving the steady 192 

state to calculate the selectivity. The retentate flow rate was 100 times higher than the permeate 193 

flow rate to achieve 1% stage cut and to eliminate any effects of concentration polarization. 194 

Replicates were tested for all conditions described in the subsequent sections to ensure data 195 

reproducibility. The permeance (P/L) can be calculated using the following equation 1: 196 

𝑃

𝐿
= 10−6 ∙

𝑄𝑃∙273.15

𝐴∙𝑇∙∆𝑝∙5.17
     (1) 197 

where P is permeability (give unit), L is membrane thickness (give unit), Qp is the permeate flow 198 

rate in mL/sec, A is the active membrane area in cm
2
, T is the room temperature in Kelvin, Δp is 199 

the transmembrane pressure difference in psia. The calculated permeance is in “Gas Permeation 200 

Units” (GPU) defined as: 201 

1 GPU = 1 × 10−6 𝑐𝑚3(𝑠𝑡𝑝)

𝑐𝑚2∙𝑠∙𝑐𝑚𝐻𝑔
   (2) 202 

To characterize the separation performance of a hollow fiber membrane, two key factors, termed 203 

as permeance and selectivity, can be considered. The permeance, Pi/L, represents the separation 204 

productivity of a hollow fiber membrane and is defined as the flux of penetrant i normalized by 205 

the partial pressure or fugacity difference across the membrane, as shown in Equation 3, 206 

𝑃𝑖

𝐿
=

𝑛𝑖

∆𝑝𝑖
   (3) 207 

In equation 3, Pi represents the permeability of penetrant i; L describes the effective membrane 208 

thickness; ni represents the flux of penetrant i through the membrane; Δpi refers to the partial 209 

pressure or fugacity difference of each penetrant across the membrane. The selectivity, αij, 210 

measures the membrane separation efficacy for a gas pair under conditions where the upstream 211 

pressure is much greater than the downstream. It is defined by the ratio of the fast gas (i) 212 

permeance to the slow gas (j) permeance, as shown in Equation 4, 213 

𝛼𝑖𝑗 =
𝑃𝑖/𝐿

𝑃𝑗/𝐿
  (4) 214 

2.6. Membrane morphology characterizations 215 

Zeiss Ultra60 Fe-SEM was used to characterize the morphologies of polymer precursor hollow 216 

fibers and CMS hollow fibers. Polymer precursor samples were prepared by immersion in 217 

hexane followed by fracturing in Liquid Nitrogen. CMS samples were prepared by simply 218 

fracturing them by hands. All samples were put on a carbon tape and attached on suitable SEM 219 

stubs. The polymer samples were sputter coated with gold using Hummer 6 Gold/Palladium 220 

Sputterer for 5 min to avoid sample charging. CMS samples did not require any sputter coating. 221 

3. Results and discussion 222 

3.1 Formation of precursor hollow fiber supports comprising silica nanoparticles 223 

To facilitate coating on the precursor, a precursor with only small pores on the top of the sheath 224 

layer is required. As is shown in Fig. 3, the nanoparticle containing composite polymer precursor 225 
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is composed of a porous nanoparticle containing polymer support core layer and an outer thin 226 

sheath layer. The polymer coating solution must not easily penetrate the precursor substrate, 227 

otherwise the mass transfer resistance increases after CMS formation. To resist the support 228 

densification, nanoparticles were dispersed in the precursor hollow fiber’s porous support layer, 229 

which forms a porous support layer after the pyrolysis [8]. Fig. 4 shows the as-spun nanoparticle 230 

containing precursor hollow fiber membrane, the fiber displayed desirable properties: uniform 231 

wall thickness, core layer with open pore structure, and sheath layer with a nanoscopically 232 

porous top layer. The thickness of the sheath is around 1.1 µm, which is beneficial to form CMS 233 

membrane via pyrolysis to avoid a thick carbon layer with excessive mass transfer resistance. Fig. 234 

4D shows the magnified SEM image of the cross section, a 100 nm thin nanoscopically porous 235 

layer at the top of the sheath layer. This layer can effectively suppress the polymer solution 236 

penetrating inside the fiber during dip-coating. 237 

 238 

Fig. 3. A schematic illustrating the fabrication of dual-layer composite CMS hollow fiber 239 

membranes using dip-coated precursor hollow fibers comprising nanoparticles. 240 
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 241 

Fig. 4. Cross-sectional scanning electron microscopy of hollow fiber support comprising silica 242 

nanoparticles : (A) overall cross-section of a hollow fiber; (B) morphology of the fiber wall; (C 243 

and D) the side view of precursor fiber sheath layer. 244 

3.2 Coating 6FDA:BPDA-DAM at high RH 245 

The as spun nanoparticle containing precursor fiber was coated with 4% 6FDA:BPDA-DAM at 246 

high RH of 60%. As is shown in Fig. 5A, the coated layer is partially porous. This structure was 247 

formed due to the phase separation caused by high RH. CMS membranes were prepared via 248 

pyrolyzing the coated precursor at 675 °C and 800 °C, which we name as CMS-4-HRH-675 and 249 

CMS-4-HRH-800, respectively. Table 3 shows the permeation results for these CMS membranes. 250 

Compared with CMS membranes derived from monolithic 6FDA/BPDA-DAM precursor hollow 251 

fibers pyrolyzed at 675 °C (CO2/CH4 selectivity of 70), CMS-4-HRH-675 showed lower 252 

selectivity (26) possibly due to defects in the separation layer. The defects can be attributed to 253 

the partially porous dip coating layer. CO2/CH4 selectivity increased from 26.0 to 33.0 while 254 

CO2 permeance dropped from 547.9 GPU to 336.5 GPU when the pyrolysis temperature 255 

increased from 675 °C to 800 °C. The results indicate that higher pyrolysis temperature reduces 256 

defects in the CMS membrane separation layer by tightenning the carbon membrane matrix 257 

during the pyrolysis. Some defects still exist for the CMS membranes generated from coating at 258 

high RH. Fig. 5D shows the morphology of the CMS-4-HRH-675 CMS membrane, with some 259 

isolated pores (highlighted by yellow circles) apparent in the separation layer, which are 260 

eliminated when the pyrolysis temperature was increased to 800 °C. Phase separation induced 261 

pore structure appear to cause imperfect separation layer. Such features are not visible for CMS-262 
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4-HRH-800; however, the carbon structure has not tightened enough to give the desired high 263 

selectivity. White features in Fig. 5B, Fig. 5C, Fig. 5D and Fig. 5E are silica nanoparticles, 264 

which support the carbon matrix in the core layer. Many factors can affect the complex skin 265 

layer formation, and understanding the details of such factors is beyond the scope of the current 266 

study.  We prefer not to speculate  on this issue at this point. 267 

 268 

 269 

Fig. 5. SEM images of 4% 6FDA:BPDA-DAM coated hollow fiber membranes (at RH 60%): (A) 270 

coated precursor fiber membrane; (B and D) CMS membrane prepared from 675 °C pyrolysis; 271 

(C and E) CMS membrane prepared from 800 °C pyrolysis. 272 
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Table 3. Permeation results of CMS membranes from 4% 6FDA:BPDA-DAM coating at RH 273 

60%. 274 

Sample name 
Concentration of the coating 

polymer solution (wt.%) 

Pyrolysis 

temperature 

(° C) 

CO2 

Permeance 

(GPU) 

Selectivity 

αCO2/CH4 

CMS-4-HRH-675 4 675 547.9±86.5 26.0±10.1 

CMS-4-HRH-800 4 800 336.5±21.5 33.0±3.0 
 275 

3.3 Coating 6FDA:BPDA-DAM at low RH 276 

To suppress phase separation during the dip-coating, we investigated dip-coating at low RH. We 277 

used three different concentrations of 6FDA:BPDA-DAM polymer solution for the dip-coating 278 

at low RH (10%). The SEM images of these coated precursor fiber membranes are shown in Fig. 279 

6. The estimated thickness of the coated layer increased from 120 nm to 200 nm when the 280 

6FDA:BPDA-DAM increased from 2% to 4%. No obvious phase separation was noticed from 281 

the coated precursor fiber with different 6FDA:BPDA-DAM concentration. 282 

 283 

 284 

Fig. 6. SEM images of coated hollow fiber membranes with different 6FDA:BPDA-DAM 285 

concentration (at RH 10%): (A) 0%; (B) 2%; (C) 3%; (D) 4%. 286 

To investigate effects of polymer concentration on the CMS membrane, 2%, 3% and 4% 287 

6FDA:BPDA-DAM coated precursor at low RH hollow fiber membranes were pyrolyzed at 288 

675 °C. As shown in Table 2, CO2/CH4 selectivity increased from 18.1 to 55.7 when polymer 289 

solution concentration increased from 2% to 4%, showing a thicker coated layer leads to high 290 



13 
 

selectivity with defect-free CMS layer.  SEM images (Fig. 7) show that higher coating solution 291 

concentration gives CMS membranes with thicker separation layers. While the thicker separation 292 

layer increased CO2/CH4 selectivity, it decreased CO2 permeance from 606.5 GPU to 199.1 GPU. 293 

Pyrolysis temperature also plays an important role in permeance and selectivity [14]. Different 294 

pyrolysis temperatures were employed to investigate the 6FDA:BPDA-DAM coated precursors. 295 

As can be seen in Table 2, lower pyrolysis temperature gives lower CO2/CH4 selectivity. The 296 

permeance of CO2 is in the order of CMS-4-LRH-550> CMS-4-LRH-675> CMS-4-LRH-800. 297 

The highest CO2/CH4 selectivity of 80.9 is obtained from CMS-4-LRH-800, with a CO2 298 

permeance of 189.1 GPU. CMS membranes derived from monolithic 6FDA:BPDA-DAM 299 

precursors at 550 °C gives 30-35 for CO2/CH4 selectivity with 350 GPU for CO2 permeance [14]. 300 

The CO2/CH4 selectivity of CMS-4-LRH-550 is similar to the monolithic derived CMS, while 301 

the CO2 permeance (455.2 GPU) is higher. The support layer of the CMS-4-LRH-550 remains 302 

highly open during pyrolysis without densification, as is shown in Fig. 8 A-B. With pyrolysis 303 

temperature increasing from 550 °C to 800 °C, the CO2/CH4 selectivities increased remarkably 304 

to 80.9. This is because the CMS skin structure becomes more tightly packed at high final 305 

pyrolysis temperature, resulting in the ultramicropore size distribution shifting to the lower size 306 

end[19, 20]. Nevertheless, the supporting layer is still highly open, as is shown in Fig. 8 C-F. 307 

This result indicates the nanoparticle supported core layer avoids support densification, which 308 

reduced  mass transfer resistance compared with traditional monolithic CMS membranes.  309 

Comparison to the earlier reported 6FDA:BPDA-DAM composite on a P84 support without 310 

nanoparticles, but with a sol-gel treatment to prevent collapse is also useful.  Specifically, such a 311 

precursor coated at 10% RH with 2% 6FDA:BPDA-DAM and pyrolyzed at 675 C gave 312 

75.5±2.5 GPU CO2 and CO2/CH4 selectivity of 72.2±0.1 [14].  The previous lower productivity 313 

CMS without nanoparticles was not studied at 800C, like CMS-4-LRH-800, however, it would 314 

clearly be less productive but may have higher selectivity, suggesting that optimization and 315 

analysis of both types CMS will be valuable. 316 

Table 4. Permeation results of CMS membranes from 6FDA:BPDA-DAM coating at RH 10%. 317 

Membrane name 
Concentration of the coating 

polymer solution (wt.%) 

Pyrolysis 

temperature 

(°C) 

CO2 

Permeance 

(GPU) 

Selectivity 

αCO2/CH4 

CMS-2-LRH-675 2 675 606.5±4.5 18.1±0.2 

CMS-3-LRH-675 3 675 266.7±59.7 31.2±4.4 

CMS-4-LRH-550 4 550 455.2±2.3 33.6±1.8 

CMS-4-LRH-675 4 675 199.1±29.1 55.7±11.6 

CMS-4-LRH-800 4 800 189.1±27.2 80.9±5.5 

 318 
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 319 

Fig. 7. SEM images of CMS membranes at 675 °C with different 6FDA:BPDA-DAM 320 

concentration (at RH 10%): (A) 2%; (B) 3%; (C) 4%. 321 

 322 
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 323 

Fig. 8. SEM images of CMS membranes with 4% 6FDA:BPDA-DAM coating at different 324 

pyrolysis temperature: 550 °C (A and B); 675 °C (C and D); 800 °C (E and F). 325 

3.4 Coating 6FDA-DAM:DABA (3:2) at low RH 326 

To further demonstrate the versatility of the novel dip-coating approach, a more hydrophilic 327 

polymer, 6FDA-DAM:DABA (3:2) was used as the coating polymer. As shown in the Fig. S1, 328 

the coated layer has a porous internal structure at high RH using 4% polymer solution, which is 329 

similar to the structure we obtained by using 6FDA:BPDA-DAM coating on precursor fiber 330 

membranes with and without nanoparticles. However, it is surprising that as-coated precursor 331 

membrane derived CMS membrane at 675 °C has a low CO2/CH4 selectivity (13.6, shown in 332 

Table S1) compared with the 6FDA:BPDA-DAM coated precursor fiber membrane (CO2/CH4 333 

selectivity of 26.0). Similar trends have been observed when coating at low RH in Table 3.  The 334 

4% 6FDA-DAM:DABA (3:2) coating gave CO2/CH4 selectivity of 16.1, which is significantly 335 

lower than the CMS CO2/CH4 selectivity = 55.7 for 6FDA:BPDA-DAM when coating with the 336 

same fabrication. 337 
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Table 5. Permeation results of CMS membranes for 6FDA-DAM:DABA (3:2) coating at RH 338 

10%. 339 

Sample name 

Concentration of 

the coating 

polymer solution 

(wt.%) 

Pyrolysis 

temperature 

(°C) 

CO2 

Permeance 

(GPU) 

Selectivity 

αCO2/CH4 

CMS-DABA-4-LRH-675 4 675 321.6±10 16.1±1.0 

CMS-DABA-4-LRH-675-SOAK 4 675 311.2±1.3 21.7 ± 3.6 

CMS-DABA-5-LRH-675 5 675 227.6± 20.4 31.8± 2.7 

CMS-DABA-5-LRH-675-SOAK 5 675 184.8±1.8 58.9±4.6 

 340 

conditions. As is shown in Fig. 9A and B, the coating layer is dense with some minor phase 341 

separation at low RH. We assume these differences are due to the -COOH groups on the DABA 342 

moieties, with  higher moisture affinity compared to the 6FDA:BPDA-DAM polymer functional 343 

groups. Therefore, the chance of defect formation during the pyrolysis is higher than the 344 

6FDA:BPDA-DAM polymer coating derived CMS membranes. Nevertheless, the higher (5%) 345 

coating concentration appears to tighten the nanoscopically porous top layer better than the low 346 

coating concentration (4%) at 10% RH. The higher CO2/CH4 selectivity for higher coating 347 

concentration with the same pyrolysis condition (either with soaking or without soaking at 348 

370 °C) appears adequate, and the dense layer of the resultant CMS membrane is thicker in this 349 

case as seen in Fig. 9C, D, E, and F 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

Fig. 9. SEM images of fiber membranes (at RH 10%) coated with 4% 6FDA-DAM:DABA: A) 363 

before pyrolysis; C) pyrolyzed with 675℃-no soaking at 370 ℃; E) pyrolyzed with 675℃- 364 
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soaking at 370 ℃. Coated with 5% 6FDA-DAM:DABA: B) before pyrolysis; D) pyrolyzed with 365 

675℃-no soaking at 370 ℃; F) pyrolyzed with 675℃- soaking at 370 ℃.  366 

We also hypothesize another reason for the lower CO2/CH4 selectivity at the same coating 367 

polymer concentration at 675 °C, since the DABA based polyimide can be crosslinked by 368 

thermal heating. The suggested mechanism is illustrated in Fig. 10 [15], the decarboxylation-369 

induced crosslinking involves two -COOH groups in DABA moieties reacting to form an 370 

anhydride and one water molecule was released [21]. Two phenyl radicals created by 371 

decarboxylation of the anhydride  can potentially be form the bulky crosslinked structure. The 372 

resultant structure can strongly inhibit chain packing, theoretically, having higher permeance 373 

compared with the uncross linked precursor derived CMS membrane [1]. However, coated 374 

precursor (both 4% and 5%) soaked at 370 ℃ gave CMS with lower permeance and higher 375 

CO2/CH4 selectivity seen for the 6FDA-DAM:DABA (3:2) at low RH without thermal soaking. 376 

It may be that the P84® support layer is a factor in this unusual behavior. The soaking 377 

temperature was higher than the Tg of P84®
 pristine membrane, which is around 320 ℃ [22, 23] 378 

and thermal soaking may densify the substructure of the P84
®
 support fiber membrane [23]. 379 

Therefore, the defects from the coating layer and sheath layer of the P84
®
 support fiber 380 

membrane can be healed better by densification, causing the resultant CMS membranes to have 381 

lower permeance and higher CO2/CH4 selectivity compared with the CMS membranes without 382 

soaking.  383 

 384 

Fig. 10. Decarboxylation-induced cross-linking mechanism and possible cross-linking sites of 385 

DABA-based polyimide [15].   386 

As discussed in our previous work [14], CMS membrane preparation by economical coating and 387 
pyrolysis of porous polymer hollow fibers in a composite structure can lead to a 25X reduction in 388 

expensive precursor polymer material cost.  389 

The two-step process of spinning + dip-coating, has tradeoffs of this technique compared to dual-390 
layer spinning technique, as elaborated below: 391 

1. There is no need to spin defect-free precursor fiber—which greatly decreases the 392 

spinning difficulty. 393 

2. The P84 support fiber, when spun independently, provides a versatile platform for dip-394 
coating with various types of high-performance polymers under varied dip-coating 395 
conditions (solution concentration, humidity etc.). Essentially, the composite polymer 396 

fiber can be tailored as per the application. Fibers spun by the dual-layer technique 397 
cannot be tuned in such precise ways prior to pyrolysis.  398 
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4. Conclusion 399 

To obtain both high selectivity and permeance of CMS composite fiber, coating a dense skin 400 

layer of polymer on the porous support layer fiber was achieved at low RH. The dense skin layer 401 

after coating can provide the resultant CMS fiber with high selectivity, while the porous support 402 

layer allows high permeance. In the support layer, the low bulk density silicon dioxide occupies 403 

a large portion of the volume and maintains the porous structure during pyrolysis, without 404 

comprising a large mass fraction of the fiber. SiO2 nanoparticles are good fillers to make support 405 

layer fibers to restrict substructure collapse during pyrolysis. The CMS membrane performance 406 

is also highly related to the coating polymer and thermal soaking needs to be applied when 407 

6FDA-DAM:DABA (3:2) was employed to coat the precursor fiber membrane. 408 
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