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Abstract 17 

 18 

Hollow fiber nanocomposite membranes were fabricated from casting mixtures that 19 

included polysulfone (PSf), N-methyl-2-pyrrolidone (NMP), polyethylene glycol (PEG) as 20 

well as metallic (Pd) or bimetallic (Pd-Au) nanocatalysts supported on exfoliated 21 

graphite nanoplatelets (xGnPs). Morphological, structural, and separation properties of 22 

these membranes were characterized and compared with catalyst-free PSf and 23 

xGnP/PSf membranes.  For all three fillers tested (xGnP, Pd/xGnP, Pd-Au/xGnP), 24 

nanocomposite hollow fiber membranes spun with 2.5 cm gap width were significantly 25 

(𝛼 = 0.1) more permeable than membranes of the same composition but spun with zero 26 

gap width. The normalized reactive fluxes of Pd-Au/xGnP/PSf membranes (7.2  1.1 27 

and 6.5  1.2 (m/s)(MH2)-1(gPd/ gPSf) -1) spun with 0 cm and 2.5 cm gap widths were 28 

significantly higher than those of Pd/xGnP/PSf membranes (2.0  1.1 and 2.5  0.6 29 

(m/s)(MH2)-1(gPd/ gPSf) -1). The study demonstrates that fabrication of hollow fibers filled 30 

with xGnP-supported catalysts is feasible and allows for high throughput 31 

dehalogenation of TCE in a flow-through regime.  In addition to higher catalytic activity 32 

in the TCE dehalogenation reaction, xGnP-supported Pd-Au catalysts demonstrate 33 

moderate resistance to poisoning by sulfide. 34 

 35 

Keywords: hollow fiber membranes; catalytic membrane reactors; polymer 36 

nanocomposites; palladium; graphene 37 

  38 
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1.  Introduction 39 

 40 

Reductive catalysis is a promising strategy for removing drinking water contaminants 41 

that are difficult or expensive to treat by conventional methods such as adsorption, ion 42 

exchange or air-stripping.  In particular nitrogen, bromine, and chlorine oxyanions as 43 

well as a number of halogenated organic compounds can be transformed using Pd-44 

based reductive catalysis.  A major advantage of reactive separations is that the target 45 

contaminant is chemically transformed instead of merely transferred from one phase to 46 

another. 47 

 48 

Compared to batch systems, in membrane reactors the rate of mass transfer to the 49 

catalyst surface can be controlled by the permeate flux to mitigate the diffusional 50 

limitation.  Additionally, the membrane matrix serves as a catalyst support removing the 51 

need for catalyst recovery.  In comparison with fluidized beds, catalytic membrane 52 

reactors feature orders of magnitude smaller pores helping to further limit the impact of 53 

mass transfer on the catalytic reaction kinetics [1].  Moreover, ultrafiltration membranes 54 

can remove dissolved organic matter that otherwise could foul the catalyst surface. 55 

 56 

Ultrafiltration membranes are commercially produced in various configurations including 57 

flat sheet, tubular and hollow fiber.  Hollow fiber membranes afford high packing density 58 

and thus are suitable for high-throughput separations. Recent research has focused on 59 

the preparation of nanocomposite hollow fiber membranes to enhance membrane 60 

properties such as permeability and resistance to fouling. A range of nanoscale fillers 61 
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(nanoAg [2, 3], TiO2 [4, 5], SiO2 [6, 7], multiwalled carbon nanotubes (MWCNT) [8-12], 62 

gold [13], zirconia [14], zeolite [15, 16], alumina [17]) have been employed as 63 

components of the hollow fiber membrane casting mixture.  Turken et al. [3] have 64 

reported that addition to nanoAg improved membrane permeability. Sengur et al. [8] 65 

have studied the effects of different multi-walled carbon nanotube (MWCNT) 66 

functionalities on membrane permeability and mechanical characteristics. The results 67 

showed that adding low concentrations of MWCNTs renders membranes more resistant 68 

to applied stress without inelastic deformation.  At higher MWCNT concentrations, 69 

membrane permeability increased.  To our knowledge, there has been only one study 70 

where graphene and graphene-based fillers were employed as components of the 71 

casting mixture to manufacture nanocomposite hollow-fiber membranes [18].  Prince et 72 

al. [18] have used carboxyl-, hydroxyl- and amine-modified graphene attached 73 

polyacrylonitrile-co-maleimide (G-PANCMI) to increase hydrophilicity of 74 

polyethersulfone ultrafiltration membranes for oil-water separations.  Results indicated 75 

that G-PANCMI enhanced membrane hydrophilicity (64.5% reduction in water contact 76 

angle value), permeability (43% increment) and selectivity (>99 % selective).  Graphene 77 

oxide has been used to dip-coat hollow fiber membranes to form a selective barrier with 78 

NF separation properties [19]; the performance of the membranes depended on the 79 

crosslinking of PAI and PEI with graphene oxide. 80 

 81 

The Pd catalyzed reduction of TCE is well studied [20-24] and has been shown to be a 82 

promising alternative technology for reactive removal of TCE from water.  Catalytic 83 

dehalogenation, however, is hampered in the presence of catalyst poisons such as 84 
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sulfide, a constituent often present in groundwaters.  Given that halogenated solvents 85 

are of especial concerns as groundwater pollutants, the issue of catalyst poisoning is a 86 

significant roadblock for the application of catalytic treatment in groundwater 87 

remediation.  Catalyst poisoning by sulfide, in either gas [25] or aqueous [26] phase, 88 

results from the dissociative adsorption of H2S or HS- onto the Pd surface with the 89 

concomitant formation of surface hydrogen and sulfur species (i.e. Pd*S). Low 90 

S:Pdsurface concentration ratios resulted in unordered Pd*S structures.  At the higher 91 

S:Pdsurface ratio of 1:4 the Pd*S structure became ordered. The S:Pdsurface ratio of 2:3 92 

rendered Pd*S complex Pd*S structures such that their ordering could not be 93 

determined [25-28].  The structural differences can be expected to translate into 94 

differences in the extent of deactivation of Pd catalysts by sulphur.  The Pd catalyst can 95 

be regenerated through sulfide oxidation to sulfate using dissolved oxygen, 96 

hypochlorite, or hydrogen peroxide [27, 29].  By using bimetallic Pd-Au catalysts as an 97 

alternative to metallic Pd catalysts for TCE dehalogenation in catalytic membrane 98 

reactors, the catalyst should completely resist poisoning by Cl-, and should slow the rate 99 

of deactivation by sulfide [20]. The Pd-Au catalysts which are resistant to deactivation 100 

would thus increase the lifetime of the catalysts, and decrease the frequency of catalyst 101 

regeneration. 102 

 103 

Current methods for sulfide treatment in water are adsorption onto activated carbon (for 104 

concentrations between 50 and 300 𝜇g/L), aeration or oxidation via dissolved oxygen 105 

(for concentrations < 2 mg/L), oxidation using manganese filtration (for concentrations 106 

up to 10 mg/L), and chlorination (for concentrations up to 75 mg/L) [30].  In the 107 
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chlorination of sulfide, the chlorine dosage should be nearly 2 times the concentration of 108 

sulfide with a contact time of 20 min.  During treatment, H2S and SH- are the accepted 109 

sulfur species dominant in water, since the typical pH for water during treatment is 110 

between 6 and 8. Under basic conditions (i.e. high pH), sulfate is indicated as the 111 

favored byproduct of sulfide oxidation in chlorination [31] and in the presence of Ca2+, 112 

gypsum (CaSO4) forms and precipitates. 113 

 114 

The concurrent separation and reaction in catalytic membrane reactors can produce 115 

synergistic benefits in drinking water treatment applications [32, 33].  Specifically, by 116 

removing catalyst poisons and foulants at the feed side of the membrane, membrane 117 

reactors can prevent deactivation or fouling of the catalyst.  Employing a bimetallic 118 

catalyst can further improve the efficiency of membrane reactors in treating complex 119 

feed waters.  Bimetallic Pd-Au catalyst was shown to resist deactivation by sulfide at 120 

residual molar concentrations less than 80% of the Pdsurface concentration, and Pd-Au 121 

resisted chlorine concentrations of up to 30 mM [20].  To implement catalytic reduction 122 

of TCE, the concerns about catalyst deactivation must be addressed. 123 

 124 

In a previous study, flat-sheet ultrafiltration membranes with embedded Pd-Au/xGnP 125 

and Pd/xGnP nanocatalysts were synthesized and tested in flow-through TCE catalytic 126 

dechlorination tests and > 90% TCE removal was demonstrated [34].  The present 127 

study builds on this work to explore the following four questions: 1) Is hollow fiber 128 

spinning feasible with casting mixtures that contain exfoliate graphite? 2) How do 129 

membrane properties are affected by the presence of exfoliated graphite? 3) How do 130 
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spinning parameters affect reactivity of the resulting membranes? 4) How is TCE 131 

dechlorination by nanocomposite membranes affected by sulfide, a common poison for 132 

Pd-based catalytic reactions?  Sulfide was used as a model “poison” in the deactivation 133 

of Pd catalyst during TCE dechlorination.  The catalytic reduction of TCE was 134 

characterized in batch reactors using Pd/xGnP and Pd-Au/xGnP catalysts in the 135 

presence of residual sulfide after oxidation by hypochlorite. 136 

 137 

2.  Experimental 138 

 139 

2.1. Reagents  140 

 141 

Ultrapure water (> 18 MΩ∙cm) was used for membrane storage, nanoparticle synthesis, 142 

and in dechlorination experiments.  Gold(III) trihydrate (HAuCl4•3H2O) (Sigma-Aldrich, 143 

>99.9%), palladium(II) chloride (PdCl2) (Sigma-Aldrich, >99%), exfoliated graphene 144 

nanoplatelets (xGnP) (xG Sciences, Grade M), ethylene glycol (EG) (Fluka), sodium 145 

hydroxide (NaOH) (ACS, analytical reagent grade), polysulfone (PSf) (Udel, P3500), N-146 

methyl-2-pyrrolidinone (NMP) (Sigma-Aldrich, >99%), polyethylene glycol (PEG 4400) 147 

(Sigma-Aldrich, MW = 4400 Da), and poly(diallyldimethylammonium) chloride 148 

(PDADMAC) (Sigma-Aldrich) were used as received.  TCE (Sigma Aldrich), sodium 149 

sulfide nonahydrate (Sigma Aldrich), and CaCl2 (Sigma Aldrich) were used in solutions 150 

for TCE dechlorination experiments. 151 

 152 

  153 
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2.2. Synthesis and characterization of xGnP-supported nanocatalysts 154 

 155 

The procedures for fabricating xGnP-immobilized fillers have been reported earlier [34]. 156 

Briefly, to make Au/xGnP nanoparticles, a 500 mM aqueous solution of HAuCl4 (gold 157 

salt precursor) was prepared first. Then, 50 mg of xGnP was suspended in a mixture of 158 

1 mL of PDADMAC and 50 mL of ethylene glycol in a round bottom flask and dispersed 159 

for 2 h by sonication (Aquasonic 50T bath sonicator, VWR Scientific). The resulting 160 

suspension was then heated in the oil bath to 195 C.  Next, 50 L of the gold precursor 161 

solution and 150 L of 1 M NaOH were added to the suspension.  The reaction took 162 

place for 30 min under stirring at 195 C.  The prepared Au/xGnP particles were 163 

removed from solution by centrifugation and washed with acetone three times. To make 164 

Pd/xGnP nanoparticles, a 22.5 mM solution of PdCl2 (palladium salt precursor) in 165 

ethylene glycol was prepared first.  Then, 50 mg of xGnP was suspended in 18 mL of 166 

ethylene glycol and dispersed by sonication (Aquasonic 50T bath sonicator, VWR 167 

Scientific) for 12 h.  Next, 2 mL of 22.5 mM PdCl2 solution was added to the suspension 168 

and stirred for 2 min.  After stirring, the solution was heated in a microwave (900 W, 169 

2450 MHz) for 50 s.  The Pd/xGnP catalysts were separated from solution and washed 170 

in the same manner as Au/xGnP. To make bimetallic Pd-Au/xGnP nanoparticles, Au 171 

was deposited on xGnP first using the Au/xGnP protocol described above.  Next, Pd 172 

was deposited using the same procedure as described in the Pd/xGnP protocol except 173 

that Au/xGnP was used in place of neat xGnP.  The Pd-Au/xGnP catalysts were 174 

separated from solution and washed in the same manner as Au/xGnP. 175 

 176 
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The concentration of Au and Pd was measured using atomic absorption (AA) 177 

spectroscopy (Perkin–Elmer 1100).  Au and Pd were stripped off xGnPs by leaching, 178 

and the concentration of Pd and Au was measured in the leachate.  A weighed amount 179 

of Au/xGnP, Pd/xGnP, and Pd-Au/xGnP was heated in aqua regia near its boiling point 180 

(109 C).  After boiling the aqua regia solution for 1 h, the solution was sonicated in a 181 

bath sonicator for 3 h.  The sonicated solution was then filtered through a nitrocellulose 182 

membrane (nominal pore size of 0.2 µm) and was diluted with water.  The diluted filtrate 183 

was analyzed for Pd and Au contents using AA. 184 

 185 

2.3. Preparation of nanocomposite hollow fiber membranes and membrane 186 

modules 187 

 188 

Hollow fiber membranes were fabricated using a pilot-scale hollow fiber machine 189 

(PHILOS) [3, 8, 35].  The dope solution composition for all membranes was 15% PSf, 190 

16% PEG 4400, 69% NMP. NMP was used as the bore solution.  The nanofiller content 191 

of catalyst-filled casting mixtures was 1.25 wt% of the PSf content.  The dope and bore 192 

solution flow rates were adjusted to 6.3 mL/min and 2.7 mL/min, respectively, while no 193 

outside solution was applied.  The temperature of both the first and second coagulation 194 

baths was 30 C with a take up speed set at 0.076 m/s. 195 

 196 

For catalyst-filled membranes, Pd/xGnP or Pd-Au/xGnP was suspended in NMP using 197 

bath sonication.  After dispersing the nanocatalysts in NMP, PSf and PEG 4400 were 198 

added and stirred for 24 h until the solution became homogenous.  Prior to hollow fiber 199 
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spinning, the machine was cleaned with a neat solution of PSf, NMP and PEG 4400 200 

with the same composition as described above.  All spun hollow fibers were rinsed in 201 

water for 24 h, and were stored in water until used in dechlorination tests.  The only 202 

parameter adjusted during spinning was the gap width.  Gap widths of 0 cm and 2.5 cm 203 

(see Supplementary Content (SC), Figure S1).were used to determine the effect of dry 204 

phase inversion on reactivity and permeability of the resulting membranes  205 

 206 

To fabricate dead-end hollow-fiber modules, three spun fibers (diameter = 1.4  0.2 mm, 207 

length = 300  40 mm) were secured end-to-end in a piece of plastic tubing using epoxy 208 

resin (Loctite Quick Set Epoxy).  After drying for 24 h, each module was pressure-tested 209 

for leaks.  The total outer fiber surface area available for permeation for each module 210 

was 40.3  10.9 cm2. 211 

 212 

2.4. Membrane characterization 213 

 214 

2.4.1 Membrane permeability  215 

 216 

Membrane flux was determined by recording the mass of the filtrate collected on a mass 217 

balance interfaced with a computer.  All membranes were compacted at 2.76 bar and 218 

22  2 C until steady state flux was reached.  Following compaction, permeability was 219 

calculated from the linear regression of permeate flux (L·m-2·h-1) versus pressure in the 220 

0.69 to 2.76 bar range. 221 

 222 
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2.4.2 Mechanical properties 223 

 224 

Young’s modulus was determined for hollow fiber membranes using mechanical 225 

analysis with SII DMS 6100 Exstar.  Every 3 s force measurements were performed in 226 

250 N increments for 20 steps.  The cross-sectional surface area of the hollow fiber 227 

sample was used to calculate the Young’s modulus for each of the membranes. 228 

 229 

2.4.3 Pore size measurements 230 

 231 

Pore size distribution of the membranes was quantified using Quantachrome Porometer 232 

3G (Quantachrome Instruments, USA), capable of determining pore sizes in the range 233 

from 13 nm to 500 µm. Prior to the measurement, each hollow fiber membrane was 234 

wetted with Porofil (Quantachrome Instruments, USA). Each hollow fiber was tested 3 235 

times. 236 

 237 

2.4.4 TEM and SEM imaging 238 

 239 

For scanning electron microscopy (SEM) imaging, membrane samples were prepared 240 

by freeze fracturing hollow fibers in liquid nitrogen and coating the exposed cross-241 

sections with gold by sputtering.  The specimens were mounted on aluminum stubs 242 

using carbon tape, and all images were recorded using an FEI Quanta FEG 200 SEM.  243 

Catalytic nanoparticles were characterized by transmission electron microscopy (TEM) 244 

using a JOEL 2200FS microscope.  All samples were prepared by drop casting 245 
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nanoparticles dispersed in acetone (~0.01 wt%) on 300-mesh nickel or copper grids.  246 

The grid was dried for 24 h at 90 C prior to imaging. 247 

 

 

Figure 1. Schematic of the filtration system used in TCE dechlorination 

experiments. 

 248 

2.4.4 Catalytic reactivity 249 

 250 

Dechlorination experiments were conducted in flow-through mode using dead-end 251 

hollow fiber modules with zero headspace in a pressurized hermetic bladder (High 252 

Sierra) placed in a stainless steel pressure vessel (Figure 1).  To monitor H2 253 

concentration a sensor and signal amplifier (Unisense) were used.  There was no loss 254 

of H2 when testing for leakage over a 6 h period.  Before measuring membrane 255 
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reactivity, adsorption capacity was exhausted by filtering 9.25 mg/L of TCE solution in 256 

the absence of reaction.  After exhaustion experiments, the reactivity was determined 257 

using 9.9 mg/L TCE solution saturated with H2 (0.8 mM).  For experiments with sulfide 258 

as a poison, a solution of either 0.7 µM or 2 µM of residual sulfide after oxidative 259 

treatment was used. The catalytic activity of hollow fiber membranes was determined 260 

following the procedure described earlier for flat sheet membranes [34]. Control tests 261 

were performed with the same feed solution and under the same filtration conditions but 262 

with catalyst-free PSf and xGnP/PSf hollow fiber membranes. 263 

 264 

2.4.5 Effect of sulfide as a catalyst poison 265 

 266 

The effect of sulfide was assessed using a batch reactor. The batch system was 267 

selected as it affords a straightforward determination of reaction constants while in the 268 

membrane reactor only the reactive flux (i.e. the product of the observed reaction 269 

constant, 𝑘𝑜𝑏𝑠
𝑚𝑒𝑚, and effective length of the reactor, ℓ𝑒𝑓𝑓) can be determined. In the 270 

reactor length is known the reaction constant can be calculated; however, the reactor 271 

geometry and, therefore, the reactor length, are well defined only for simplest 272 

membrane types (e.g. track-etched membranes).  Phase inversion membranes such as 273 

the hollow fibers synthesized in this study, have complex pore space making an 274 

accurate determination of 𝑘𝑜𝑏𝑠
𝑚𝑒𝑚 impossible. 275 

 276 

The sulfide solution was synthesized to model the process where sulfide-containing 277 

groundwater is pre-treated by chlorination to remove most of the sulfide. This was 278 
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accomplished by oxidizing 0.1 mM sulfide solution using NaOCl to make up 0.2 mM of 279 

free-chlorine in the presence of 0.1 mM CaCl2. The concentration of CaCl2 was chosen 280 

to represent Ca2+ content that may be expected in a groundwater.  After 20 min of 281 

contact time, gypsum formed and was removed by filtering the solution through Pd-free 282 

xGnP nanocomposite membranes. The sulfide concentration of the filtered solution was 283 

determined using an H2S sensor equipped with a picoampere amplifier.  To enable the 284 

measurement, the sulfide solution was buffered first at a pH of 4 to ensure that all 285 

sulfide species were in the form of H2S. After that the solution was spiked with 9.25 286 

mg/L of TCE and used as a feed to test the catalytic activity of the membranes in the 287 

presence of residual sulfide. 288 

 289 

In experiments with sulfide as a catalyst poison, serum vials were completely filled with 290 

either 0.7 µM or 2 µM sulfide solution and the water was purged of dissolved oxygen by 291 

bubbling N2 gas (99.99% purity) through the water with a ceramic frit for 15 min. After 292 

removing dissolved oxygen, 1.25 mg of either Pd/xGnP or Pd-Au/xGnP nanoparticles 293 

were added to the vial with 108 mL of the solution. The resulting suspension was then 294 

saturated (0.8 mM) with H2 gas (99.9% purity) for 15 min at room temperature under 295 

atmospheric pressure and sealed with a Teflon septum and crimp cap.  Injecting 1 mL 296 

of 1000 mg/L aqueous solution of TCE started the reaction. The batch reactor was 297 

magnetically stirred. Each sample withdrawn from the reactor was passed through a 298 

0.22 μm syringe filter to remove the catalyst and terminate the reaction.  The extent of 299 

TCE reduction was measured by gas chromatography with an electron capture detector. 300 

In gas chromatograms only one peak was observed during the run. 301 

302 



© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

15 
 

3.  Results and Discussion 303 

 304 

3.1. Properties of Pd/xGnP and Pd-Au/xGnP nanoparticles 305 

 306 

To decorate xGnPs with Pd and Au nanoparticles, the polyol method was used as 307 

described earlier [34].  This “one-pot” approach to Pd/xGnP and Pd-Au/xGnP synthesis 308 

combines two previously reported protocols [32, 36] based on the modified polyol 309 

method [37].  In this method ethylene glycol acts as both the solvent and the reducing 310 

agent and was used to reduce Pd and Au salts to form metal Pd and Au nanoparticles. 311 

The initial stage of nanoparticle formation is the reduction of metal-salt precursor to 312 

metal ions, after which nucleation of ions occurs at the surface of xGnPs [36].  These 313 

zerovalent metal atoms have a short lifetime in solution and coalesce into clusters 314 

(embryos), which eventually grow to a stable size forming nuclei. Finally, donor-315 

acceptor complexes form between the 𝜋-electron rich regions of xGnP and the metal 316 

ions resulting in nucleation and metal nanoparticle formation.  317 

 318 

The average diameters of Pd and Pd-Au nanoparticles that formed on xGnPs were 15 319 

nm and 30 nm, respectively (Figure 2).  Pd-Au nanoparticles had a “core-shell” type 320 

morphology with Pd shell and Au core and were dispersed over xGnP supports with 321 

more clusters observed closer to xGnP edges [34].  The concentration of Pd on xGnPs 322 

for Pd/xGnP and Pd-Au/xGnPs with respect to the nanofiller was 10.3 wt% and 12.4 323 

wt%, correspondingly.  The 2.1% difference can be attributed to experimental error (e.g. 324 

the exact reaction temperature and amount of reagents) during the fabrication of the two 325 

distinctly different batches of nanocatalysts and to experimental error (e.g. the amount 326 



© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

16 
 

of Pd and Au leached from xGnP supports) during the analytical determination of the 327 

catalysts concentrations using AA spectroscopy. 328 

 329 

A B 

  

  C D 

  

Figure 2. TEM images of Pd (A, B) and Pd-Au (C, D) nanoparticles on xGnP 

“carrier mats”. Both xGnP-supported catalysts were used as nanofillers 
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in the preparation of nanocomposite hollow fiber membranes. 

3.2. Morphology and permeability of nanocomposite membranes 330 

 331 

The cross-sectional morphology of all hollow fiber membranes was similar featuring a 332 

thin “dense layer” on top of a support layer that included large macrovoids (Figure 3).   333 

The cross-sectional morphologies of xGnP-free (Figure 3 A-C) and xGnP-filled (Figure 3 334 

D-F) membranes were not noticeably different.  For all nanocomposite and neat PSf 335 

membranes, there was a significant (𝛼 = 0.1) difference in permeability between 336 

membranes prepared with 0 cm gap width and 2.5 cm gap width.   337 

 338 

The permeability of filler-free, xGnP-filled, Pd/xGnP-filled, and Pd-Au/xGnP-filled 339 

membranes increased from 34.3 to 56.7, from 18.1 to 37.0, from 26.7 to 66.7, and from 340 

31.2 to 53.4 (L·m-2·h-1·bar-1), respectively, with an increase of gap width from 0 cm to 341 

2.5 cm (Figure 4). 342 

 343 

The largest increase (40.0 L·m-2·h-1·bar-1, ~ 150%) was observed for Pd-Au/xGnP-filled 344 

membranes. The increase can be attributed to a thinner dense layer resulting from the 345 

delayed onset of demixing in the presence of an air gap.   With demixing delayed, skin 346 

formation occurs slower leading to a thinner dense layer than under the conditions of 347 

instantaneous demixing. Mean pore size data (Figure 5) showed that addition of xGnP 348 

also improved reproducibility of membrane fabrication. 349 

 350 
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A B C 

   

D E F 

   

 

Figure 3. SEM images of cross-sections of xGnP-free hollow fiber membranes (A, B, C) and hollow fiber membranes 

filled with xGnPs (D, E, F). 
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 351 

 

 352 

Figure 4. Permeability of nanocomposite hollow fiber membranes with embedded 

Pd-Au/xGnP, Pd/xGnP, neat xGnP nanofillers compared with filler-free 

PSf hollow fibers.  xGnP-free membranes serve as a comparative basis.  

Each measurement was performed in triplicate.  Error bars correspond to 

a 90% confidence interval. 
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 354 

  

Figure 5. Mean pore size of hollow fiber membranes with embedded Pd-Au/xGnP, 

Pd/xGnP, and neat xGnP particles.  xGnP-free membranes serve as a 

comparative basis.  Each measurement was performed in triplicate.  Error 

bars correspond to a 90% confidence interval. 

 355 

Dynamic mechanical analysis showed that there was no significant difference between 356 

the Young’s modulus for membranes spun with no air gap and with 2.5 cm air gap.  The 357 

Young’s moduli were 100  22 MPa and 122  14 MPa for 0 cm and 2.5 cm gap widths, 358 

respectively.  Young’s modulus stress-strain curves are shown in Figure S3. 359 
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3.3. Catalytic reactivity of nanocomposite membranes 362 

 363 

The expected pathway for the reductive catalytic dehalogenation of TCE is more 364 

complex than the overall reaction C2HCl3 + 4H2 → CH3CH3 + 3HCl. First, H2 and TCE 365 

adsorb to catalytically active sites on the Pd or Pd-Au nanoparticles, where H2 366 

adsorption is dissociative. The catalytic reaction can proceed so that surface hydrogen 367 

and TCE react producing dichloroethylene (DCE) and HCl as byproducts. Similarly, 368 

DCE and H2 adsorb to a catalytically active site where DCE is catalytically 369 

dehalogenated to vinyl chloride and HCl. The final dehalogenation step is the reduction 370 

of vinyl chloride to ethane. The rate limiting step in this reductive pathway is the catalytic 371 

dehalogenation of TCE to DCE. These steps are schematically illustrated in Figure 6. 372 

 373 

Figure 6. Proposed pathway for catalytic dehalogenation of trichloroethylene using 

Pd-Au or Pd nanocatalysts supported on exfoliated graphite 

nanoplatelets. 

 374 
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The catalytic activity of nanocomposite membranes was quantified by conducting 375 

ultrafiltration tests where TCE was reduced by H2 using membrane-embedded Pd or 376 

Pd-Au as the catalyst.  The membrane reactor was modeled as a plug-flow reactor with 377 

a pseudo-2nd order reaction (eq. (1)):  378 

 379 

𝑙𝑛
[𝑇𝐶𝐸]

[𝑇𝐶𝐸]0
= −𝑘𝑜𝑏𝑠

𝑚𝑒𝑚ℓ𝑒𝑓𝑓
[𝐻2]0

𝜘𝑚𝑒𝑚ℓ𝑒𝑓𝑓
{1 − 𝑒𝑥𝑝(−𝜘𝑚𝑒𝑚ℓ𝑒𝑓𝑓/𝑣)} (1) 

where 𝑣 (m/s) is the superficial velocity, 𝑘𝑜𝑏𝑠
𝑚𝑒𝑚ℓ𝑒𝑓𝑓 ((m/s)(MH2)-1) is the reactive flux of 380 

TCE in the membrane, 𝜘𝑚𝑒𝑚 is the 1st order reaction constant for the decomposition of 381 

H2, and 𝜘𝑚𝑒𝑚ℓ𝑒𝑓𝑓 (m/s) is the reactive flux of H2 in the membrane. 382 

 383 

While the pseudo-1st order decay model for Pd catalyzed TCE reduction is most 384 

commonly used for modelling, we used a 2nd order reaction model, which fit the data 385 

better.  The choice of the 2nd order reaction was required due to a significant (>40%) 386 

decrease in the concentration of the reducing agent (H2) in the course of the reaction. 387 

[34].  Equation (1) was derived by integrating eq. (2) where the decomposition of H2 is 388 

described by eq. (3). 389 

0 = −𝑣
𝑑[𝑇𝐶𝐸]

𝑑𝑥
−𝑘𝑜𝑏𝑠

𝑚𝑒𝑚[𝑇𝐶𝐸][𝐻2] (2) 

 390 

[𝐻
2
] = [𝐻

2
]
0
exp(−𝜘𝑚𝑒𝑚ℓ𝑒𝑓𝑓/𝑣) (3) 

 391 

By plotting −𝑙𝑛
[𝑇𝐶𝐸]

[𝑇𝐶𝐸]0
 against 

[𝐻2]0

𝜘𝑚𝑒𝑚ℓ𝑒𝑓𝑓
{1 − 𝑒𝑥𝑝(−𝜘𝑚𝑒𝑚ℓ𝑒𝑓𝑓/𝑣)} and approximating the 392 

dependence as a linear relationship, 𝑘𝑜𝑏𝑠
𝑚𝑒𝑚ℓ𝑒𝑓𝑓 values were determined (Figure 7).  The 393 
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complex structure of the porous membrane (with location-dependent porosity and 394 

tortuosity) made it impossible to determine 𝑘𝑜𝑏𝑠
𝑚𝑒𝑚 and ℓ𝑒𝑓𝑓 separately.  However, the 395 

extent of the reaction can be described by the reactive flux, 𝑘𝑜𝑏𝑠
𝑚𝑒𝑚ℓ𝑒𝑓𝑓. 396 

 397 

Figure 7. Example fits of experimental data for Pd-Au/xGnP and Pd/xGnP to 

determine the 2nd order reactive flux, 𝑘𝑜𝑏𝑠
𝑚𝑒𝑚ℓ𝑒𝑓𝑓.  Confidence intervals for 

each of the reactive flux determined from regression such as shown in 

this Figure are provided in the text (see section 3.3). 

 398 

In tests with Pd/xGnP/PSf and Pd-Au xGnP/PSf membranes cast with 0 cm width, the 399 

average reactive flux was 2.0  1.1 and 7.2  1.1 (m/s)(MH2)-1(gPd/ gPSf) -1, respectively.  400 

In tests with Pd/xGnP/PSf and Pd-Au xGnP/PSf membranes cast with 2.5 cm gap width, 401 

the average reactive flux was 2.5  0.6 and 6.5  1.2 (m/s)(MH2)-1(gPd/ gPSf) -1, 402 
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respectively. No reduction of TCE was observed in control tests with catalyst-free PSf 403 

and xGnP/PSf hollow fiber membranes. 404 

 405 

 

 406 

Figure 8. Reactive flux for Pd-Au/xGnP and Pd/xGnP hollow fiber membranes. 

Error bars correspond to a 90% confidence interval. The reactive flux 

value for flat sheet nanocomposite membranes characterized in a 

previous study [34] is included for comparison. 

 

Thus, the reactive flux was significantly greater for Pd-Au/xGnP membranes than for 407 

Pd/xGnP membranes.  However, there was no statistically significant difference 408 

between different gap widths for the same type of membrane-embedded catalyst 409 

(Figure 8). The comparison of reactive flux values recorded for hollow fiber membranes 410 

filled with Pd-Au/xGnP catalysts (this study) and flat sheet membranes containing the 411 
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same catalysts [34] shows that the hollow fiber membranes (especially with embedded 412 

Pd-Au/xGnP catalysts)  appear to give more reproducible results. The better 413 

reproducibility may result from ability to control more casting parameters during pilot-414 

scale hollow fiber membrane fabrication when compared to hand casting of flat sheet 415 

membranes. Another possible contributing factor is that hollow fiber membranes were 416 

cast from one membrane casting solution, whereas each membrane fabricated in the 417 

flat sheet geometry was prepared from a separate batch of the casting solution. 418 

 419 

Figure 9. TCE dehalogenation performance of xGnP-supported Pd and Pd–Au 

catalyst in in flow-through membrane reactor: example data on TCE 

reduction in membrane filtration tests. The gap width employed during 

hollow fiber spinning is shown in the legend. The four points in each data 

set correspond to transmembrane pressure values of 10, 20, 30, 40 psi. 
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 420 

When the permeate flux is high, the detention time of a pollutant is small limiting how 421 

much of it can be removed by within the membrane reactor. Yet the higher reactivity of 422 

the Pd-Au/xGnP catalyst enabled reduction of > 94% TCE even at fluxes of  423 

>180 L∙m-2∙h-1 (Figure 9) opening the possibility of high throughput treatment of TCE 424 

polluted waters. 425 

 

Figure 10. Comparison of batch 2nd order reaction rate constants recorded for TCE 

dehalogenation in a batch reactor in with Pd/xGnP and Pd-Au/xGnP 

catalysts in solution with no sulfide and with 0.7 µM and 2 µM sulfide. 

No TCE degradation was observed with Pd/xGnP catalyst in the 

presence of sulfide. 
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The amount of the catalyst in the membrane pre- and post-gelation was not measured 427 

directly.  However, that catalytic nanoparticles were present in the hollow fiber 428 

membrane post-gelation was confirmed by the fact that the membrane-based reaction 429 

was possible.  Indeed, immobilizing Pd and Pd-Au on the graphene-like support was 430 

motivated in part by the need to retain these particles within the matrix. Individual 431 

nanoparticles can be expected to be much more mobile while the “catalyst mat” with 432 

dimensions far exceeding the typical pore size of the host matrix should both be itself 433 

reliably embedded in the matrix and serve to maintain nanoparticles within the matrix. 434 

 435 

The reactivity of the fabricated membranes over long term was not tested. New 436 

membranes were used for each dechlorination experiment, but in each dechlorination 437 

test at least 10 mL of solution was filtered. Therefore, each membrane demonstrated a 438 

capacity of treating at least 7.5 L of TCE-containing feed water per 1 m2 of membrane 439 

area. 440 

 441 

3.4. Catalytic reactivity of catalysts in the presence of sulfide  442 

 443 

The Pd/xGnP catalyst was deactivated completely in the presence of sulfide, while the 444 

Pd-Au/xGnP catalyst was deactivated significantly, but not fully (Figure 10). The 445 

observed 2nd-order reaction rate constants for Pd-Au/xGnP in the presence of 0.7 µM 446 

and 2 µM sulfide were 469 ± 35 and 192 ± 38 (MH2∙s)-1(gPd/L) -1, respectively.  447 

Compared to the reactivity of Pd/xGnP and Pd-Au/xGnP in dechlorination experiments 448 

with no sulfide, while the reaction rate constants for the Pd-Au/xGnP catalyst decreased 449 

56 and 137 times, respectively.  Although lowered by more than two orders of 450 
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magnitude in the presence of sulfide, the observed reaction rate constants were 451 

commensurate with the value (321 ± 77 (MH2∙s)-1(gPd/L) -1) obtained in the absence of 452 

poisons in an identical experimental system with commercial Pd/Al2O3 catalyst [34]. 453 

 454 

4. Conclusions 455 

 456 

Metallic (Pd) and bimetallic (Pd-Au) nanoparticles supported on exfoliated graphite are 457 

employed as components of nanocomposite hollow fiber membranes for high 458 

throughput dehalogenation of TCE.  The study builds on an earlier proof-of-concept 459 

work to test the feasibility of catalytic removal of TCE by hollow fiber membranes and to 460 

evaluate the potential of the proposed technology for industrial and municipal scale 461 

dehalogenation.  Regardless of the hollow fiber spinning conditions, the bimetallic Pd-462 

Au/xGnP catalyst embedded in the membranes enables significantly higher reactive 463 

fluxes than the embedded monometallic Pd/xGnP catalyst.  The hydraulic permeability 464 

of Pd/xGnP/PSf and Pd-Au/xGnP/PSf hollow fiber membranes does depend on the 465 

spinning conditions and is significantly higher at 2.5 cm gap width than at zero gap. In 466 

addition, the catalytic activity of the Pd/xGnP and Pd-Au/xGnP catalysts in the TCE 467 

dehalogenation reaction is tested in the presence of sulfide, a known Pd catalyst 468 

poison.  Batch reactions with Pd/xGnP showed complete catalyst deactivation in the 469 

presence of sulfide at 0.7 µM and 2 µM.  The bimetallic Pd-Au/xGnP catalyst was 470 

poisoned significantly (~ two orders of magnitude decrease in the reaction rate) in the 471 

presence of sulfide but maintained residual catalytic activity comparable with that of a 472 

commercial Pd/Al2O3 catalyst. 473 
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Supplementary Material 596 

 597 

 598 

 599 

 600 

Figure S1. Schematic of the hollow fiber spinneret where the bore solution and dope 

solution were pure NMP and the nanocomposite polymer solution (69% NMP,  

15% PSf, 16% PEG 4400), respectively. The extrusion speed of the bore and 

dope solutions was set using the control panel of PHILOS (see section 2.3) 

 601 
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 602 

Figure S2. An SEM image of an xGnP particle embedded within the polysulfone matrix of 

the hollow fiber membrane. The image shows a segment of Figure 3F in high 

magnification.  

 603 

 604 

 605 

 606 

 607 

 608 
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Figure S3. Examples of Young’s modulus stress-strain dependencies recorded for 

neat xGnP and nanocomposite Pd/xGnP membranes spun with 0 cm gap 

width and 2.5 cm gap width. 
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