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a b s t r a c t

Immobilization of metal nanoparticles in hollow fiber membranes via alternating adsorption of poly

electrolytes and negatively charged Au nanoparticles yields catalytic reactors with high surface areas.

SEM images show that this technique deposits a high density of unaggregated metal nanoparticles both

on the surfaces and in the pores of the hollow fibers. Catalytic reduction of 4nitrophenol with NaBH4,

which can be easily monitored by UV–vis spectrophotometry, demonstrates that the nanoparticles in the

hollow fiber membrane are highly catalytically active. In a single pass through the membrane, >99% of

the 4nitrophenol is reduced to 4aminophenol, but this conversion decreases over time. The conversion

decline may stem from catalyst fouling caused by byproducts of 4aminophenol oxidation.

1. Introduction

Hollow fiber membrane reactors, which initially appeared in the

1980s [1–4], are attractive because their geometry provides a high

surface area to volume ratio [5–7] and should facilitate gas–liquid

reactions [8–10]. Moreover, the hollow fiber module is the mem

brane configuration with the highest packing density. Remarkably,

the ratio of membrane surface area to module volume can reach val

ues as high as 30,000 m2/m3 [11]. Thus, a number of recent studies

examine hollow fibers as catalyst supports in membrane reactors

[8,12–15].

Metal nanoparticles are especially effective catalysts because of

their relatively large percentage of surface atoms [16,17]. Addition

ally, these materials often possess unusual electronic properties

due to their unique size, which is between the bulk and molecular

regimes [16–18]. For most practical catalytic applications, however,

the nanoparticles must be immobilized on solid supports to prevent

aggregation and facilitate catalyst recovery [16,19–25]. Common

methods for making supported noble metal catalysts include

impregnation, coprecipitation (CP) and depositionprecipitation

(DP) [26]. In impregnation, the support is typically immersed into

a metal salt solution and heated in air, and the adsorbed metal

species are reduced in hydrogen [27–29]. For the CP [30,31] or DP

methods [30,32], the noble metal precursor is either coprecipitated

with support precursor or directly deposited on the support sur
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face prior to precipitation with another reagent. These methods

usually yield metal particles of nonuniform size and shape, and

the degree of catalyst dispersion depends on various factors such

as the type of support, the deposition pH and the concentration

of precursors in the solutions [26,27,33]. To make heterogeneous

catalysts with more control over particle size and shape, metal

nanoparticles can be synthesized in solution and then loaded on the

support [20,34].

Layerbylayer (LBL) deposition of polycations and polyanions

provides a particularly simple way to deposit a high den

sity of welldefined metal nanoparticles on a wide range of

substrates [35–40]. Alternating adsorption of charged nanopar

ticles and an oppositely charged polyelectrolyte affords control

over the amount of nanoparticles deposited through variation

of the number of adsorbed layers, and a wide range of par

ticle sizes and compositions are available through tuning of

the nanoparticle synthesis [41–45]. The LBL technique is effec

tive for membrane modification because it can occur on a

wide variety of substrate geometries [46], including flat sur

faces, cylindrical particles, and the pores of flat sheet membranes

[35,41,42,45].

This paper describes modification of hollow fiber microfiltration

(MF) membranes through LBL adsorption of polyelectrolytes and

citratestabilized metal nanoparticles (NPs) to create reactors that

catalyze the reduction of 4nitrophenol with NaBH4 (Fig. 1). An

article by Macanás et al. (in this issue) focuses mostly on coating the

surfaces of fibers with nanoparticles [47], whereas this study aims

to modify the interior and exterior of the membrane to increase

nanoparticle loading.



Fig. 1. Schematic diagram of a porous hollow fiber membrane modified with a polyelectrolyte/AuNP film. The fibers serve as catalytic reactors for the reduction of 4

nitrophenol by NaBH4 .

2. Experimental

2.1. Materials

Poly(sodium 4styrenesulfonate) (PSS, Mw = 70,000 Da), poly

(allylamine hydrochloride) (PAH, Mw = 56,000 Da), HAuCl4·3H2O,

sodium citrate, NaBH4 and 4nitrophenol were used as received

from Sigma–Aldrich. Deionized water (MilliQ purification system,

18.2 M� cm) was employed for membrane rinsing and prepara

tion of polyelectrolyte or reaction solutions, and the pH of the PAH

solutions was adjusted with dilute HCl or NaOH.

Polyethersulfone (PES) MF hollow fiber membranes (MicroPES

Capillary membrane Type TF10) were manufactured by MEM

BRANA (Wuppertal, Germany). These membranes have a specified

maximum pore size in the membrane skin of 0.5 ± 0.1 mm, an inner

diameter of 300 ± 40 mm and a wall thickness of 100 ± 25 mm.

A module containing MF polysulfone (PS) hollow fiber mem

branes was purchased from GE Healthcare (Model #: CFP6D6A),

and individual fibers were removed from the module and repotted.

The fibers have an average skin pore size of 0.65 mm, an inner diam

eter of 750 mm and a wall thickness of 225 mm. The supplementary

material contains SEM images of these fibers (Supplementary data,

Fig. S1).

2.2. Preparation of citratestabilized Au nanoparticles

Au nanoparticles were prepared by the citrate reduction method

[18,48,49], where citrate serves as both the reducing agent and the

nanoparticle stabilizer. In a 250 mL roundbottom flask equipped

with a condenser, 100 mL of 1 mM HAuCl4 solution was heated to a

rolling boil while stirring. Ten mL of 38.8 mM sodium citrate solu

tion was also heated to a rolling boil and then rapidly added to

the Au solution. After about 15 s, the solution changed from col

orless to blue and then burgundy. The mixture was subsequently

stirred with heating for another 10 min, and then without heating

for 15 min. The nanoparticle solution was kept in an amber glass

bottle and stored in a refrigerator until use. Prior to particle depo

sition, the nanoparticle solution was diluted 9:1 with deionized

water. TEM images show that the particle diameter is 12 ± 1 nm

[42].

2.3. Modification of hollow fiber membranes

Following a literature procedure, the hollow fibers were potted

in a PVC tube with epoxy glue purchased from Axson Technologies

(Cat. Number: Adekit A 130) [50]. All the modules in this study con

tained one fiber, with an effective fiber length (distance between

the potting glue on the two ends) of about 22 cm for PES fibers

and 15 cm for PS fibers. Prior to modification, the potted PES fiber

was rinsed with water at 0.7 bar for 30 min. In the modification

steps, all the solutions were passed through the membrane in the

lumen to shell flow configuration with crossflow (see Fig. 2) using

a pressure of 0.7 bar. Crossflow was used during modification in

an effort to minimize any pore blockage caused by the polyelec

trolytes. A prefilter (2.5 mm Ahlstrom qualitative filter paper) was

used to remove small particles that can potentially block the fiber,

and this filter paper was replaced after deposition of each layer.

Polyelectrolyte adsorption solutions contained 2 mM PSS or PAH

and 50 mM NaCl (polyelectrolyte concentrations are always given

with respect to the repeating unit). The pH of the PAH solution was

adjusted to 4.5. The modification started with passage of 100 mL of

PSS solution through the fiber (volume includes both transmem

brane and crossflow). This initial adsorption of PSS is likely driven

by hydrophobic interactions between PSS and the PES fiber [51,52].

The fiber was then rinsed with 300 mL of water to remove any

extra polyelectrolytes. Subsequently, 100 mL of PAH solution was

passed through the hollow fiber membrane followed by another

300 mL water rinse. Nanoparticles were loaded by passing 100 mL

of citratestabilized Au colloid solution (∼0.1 mM in Au atoms)

through the membrane prior to rinsing with 300 mL of water. The

permeate of the nanoparticle solution was initially colorless and

then became light pink when the fiber was nearly saturated with

Au nanoparticles. Modification of the PS fiber occurred in a similar

Fig. 2. Schematic diagram of the flow configuration for modifying a hollow fiber

membrane with a PSS/PAH/AuNP film. Flow occurs both axially along the membrane

and from the inside to the outside of the fiber.



Fig. 3. SEM images of a bare PES hollow fiber membrane. (a) Crosssection of the entire hollow fiber, (b) shell surface, (c) lumen surface and (d) the interior of the membrane.

fashion with slight modifications, and the supplementary material

contains the detailed procedure.

2.4. Membrane characterization

SEM images of bare and coated hollow fiber membranes were

taken using a Hitachi S4700 II fieldemission scanning electron

microscope (FESEM). For shell and lumen surface characterization,

5 nm of Au was sputtercoated (Pelco SC7 auto sputter coater) on

the surface before imaging. For crosssectional images, the fiber

was dipped in ethanol for 2 min, fractured in liquid nitrogen, and

the crosssection was sputtercoated with 5 nm of Au.

To determine the amount of Au loaded in the fiber, the mem

brane was immersed in aqua regia (3 parts HCl and 1 part HNO3)

for 5 min, and this solution was then diluted and analyzed for Au

by atomic absorption spectroscopy (AAS) (Varian Spectra Atomic

Absorption200 Spectrometer).

The water permeability of the PES fiber was tested in a shell

to lumen flow configuration (no crossflow in the shell) at room

temperature with pressures ranging from 0.7 to 2.1 bars. All fluxes

reported in this work are calculated with respect to the surface area

of the outside of the fiber. Hydraulic permeability values, which

were obtained from the slopes of plots of flux versus pressure,

were determined before and after each modification step. For the

PS fiber, water permeability was determined only at 0.7 bar because

the membrane manufacturer does not recommend using the fibers

under pressures higher than 1 bar.

2.5. Catalytic reactions and leaching studies

Reduction of aqueous 4nitrophenol with NaBH4 served as a

model reaction for examining the catalytic activity of the modi

fied membranes. A feed tank was filled with 0.5–1 L of a freshly

prepared solution containing 0.5 mM 4nitrophenol and 25 mM

NaBH4, and this solution was forced through the hollow fiber mem

brane under pressure. Permeate samples were collected every 5

or 10 min, and the concentration of 4nitrophenol in the feed and

permeate was determined from the solution absorbance at 400 nm

[42,53] (UV–vis spectra were acquired with a PerkinElmer Lambda

40 spectrophotomer.) To examine the extent of catalyst leaching

during the reaction, the amount of Au in the feed and perme

ate samples was determined using inductively coupled plasma

optical emission spectroscopy (ICPOES) (Varian 710ES ICP Opti

cal Emission Spectrometer). Residence time is calculated with an

assumption of 30% porosity.

3. Results and discussion

3.1. Membrane characterization

The first sign of successful modification of the hollow fiber mem

branes with Au nanoparticles is a change in the fiber color from

white to red. SEM images, elemental analysis by AAS, and water

permeability measurements afford a more quantitative picture of

the fiber modification.

3.2. SEM characterization of immobilized nanoparticles

Fig. 3 shows SEM images of bare PES hollow fiber membranes.

These fibers have a layered, porous structure on both lumen and

shell sides, but pore sizes are smallest at the shell surface and

largest in the interior of the fiber. The extensive internal surface

area of the membrane pores should allow a high loading of Au

nanoparticles, and the relatively large pores (maximum pore size

around 2 mm) facilitates film adsorption without pore blockage.

However, pore blockage sometimes occurs, especially in fiber sec

tions that contain somewhat smaller pores (see below). Fig. 4 shows

SEM images of the shell, lumen and wall surfaces of PES hollow

fiber membranes modified with PSS/PAH/AuNP films. Adsorption

of the films occurs by flowing solution along the lumen side of the

fiber and also through the fiber wall as described in Section 2.3.

Consequently, nanoparticles appear on all surfaces of the mem

branes. The nanoparticles are well separated with no apparent

aggregation, and the particle size is about 12 nm, which is consis

tent with TEM images of the asprepared particles [41,42]. Fig. 5 and

Supplementary data, Fig. S2 show that modification of PS fibers with

PSS/PAH/AuNP films results in a similar, uniform Au nanoparticle

distribution.



Fig. 4. SEM images of PES hollow fiber membranes coated with PSS/PAH/AuNP films.

(a) Shell surface, (b) lumen surface and (c) the interior of the membrane.

3.3. Catalyst loading

SEM provides information on nanoparticle deposition in small

spots with image areas of about 10 mm2, but such images may not

provide a good indication of Au loading on a macroscopic scale.

To determine the overall Au content and whether the nanopar

ticles are evenly distributed along the length of the fiber, coated

PES fibers were cut into several pieces, and the nanoparticles in

each piece were dissolved in aqua regia for subsequent Au analysis

by AAS. Table 1 summarizes these analyses and shows that the Au

deposition in the PES fiber is very uniform. Remarkably, the amount

of Au in each piece of the fiber differs by less than 8% from the aver

age loading. The average amount of Au in a 5 cmlong PES fiber is

350 nmol, which corresponds to 0.3 mg of Au in a fiber with a length

of 22 cm. Gold loading in a PS fiber is 1.2 mmol in a 5 cm segment

Fig. 5. SEM images of the interior surfaces of (a) a bare PS hollow fiber membrane

and (b) a similar membrane coated with a PSS/PAH/AuNP film.

or about 1 mg in a fiber with a length of 22 cm. The higher load

ing in the PS membranes likely occurs because the crosssectional

area of the walls of these fibers is 5.5 times that in PES fibers. The

loading in both types of membranes is comparable to the loading

in a chitosan catalytic fiber that was modified by the in situ reduc

tion method. In that case, palladium chloride was absorbed on the

chitosan and subsequently reduced by hydrogen gas to give a Pd

loading of 0.25–2.5 mg in a 50 cm fiber [13].

Adsorption of additional PAH/Au nanoparticle bilayers should

further increase the Au loading in the film [42]. However, due

to challenges with blocking of some membranes by the polyelec

trolyte films (see below), the catalytic studies described here focus

on modification with only one PAH/AuNP layer.

3.4. Water permeability

Although a previous study showed no detectable plugging of

membrane pores during deposition of poly(acrylic acid)/PAH/AuNP

films in porous alumina (pore size of 0.2 mm) [42], the hollow

fiber flow configuration and the spongy membrane structure in the

present case may lead to pore blockage. Fig. 6 shows the water

permeabilities of PES fibers after each step in the deposition of

PSS/PAH/AuNP films. (Permeabilities are determined by measur

ing the pressure dependence of pure water flux in the shell to

lumen flow mode). The bare PES fiber exhibits a water perme

ability of 41 m3/(m2 day bar), which is in the high range of fluxes

through MF membranes [11]. After PSS deposition, water perme

ability decreases by less than 10%, but adsorption of one bilayer of

PSS/PAH reduces permeability by 30% compared to a bare fiber.

Moreover, adsorption of Au nanoparticles on the PSS/PAH film

results in a water permeability of only 22 m3/(m2 day bar), about



Table 1

Au loading along PES fibers coated with PSS/PAH/AuNP. The length of each segment is approximately 5 cm.

Segment A (nmol) Segment B (nmol) Segment C (nmol) Segment D (nmol) Average (nmol)

Fiber 1a 357 371 347 375 363 ± 13

Fiber 2a 345 339 326 370 345 ± 18

a The reported values are normalized to a fiber length of 5 cm.

half of the value for the bare fiber. This decrease in water perme

ability is somewhat surprising because typical PSS/PAH films are

only 1 nm thick [54,55], and the pores sizes in these membranes

are in the range of several hundred nanometers. Comparison of

Figs. 4(b) and 3(c) suggests that film deposition partially occludes

the lumen surface, which may account for the 50% drop in perme

ability after deposition of the PSS/PAH/AuNP film.

We should note that in some cases adsorption of PSS/PAH/AuNP

films in PES fibers decreases flow to around 7% of that before

modification. SEM images of different bare fibers indicate that

the pore size varies greatly from roll to roll or perhaps with

time (see Supplementary data, Fig. S3). As expected, smaller pores

are more prone to plugging during film adsorption. To overcome

this problem, we employ PS fibers, which have a permeability of

360 m3/(m2 day bar). Adsorption of PSS/PAH/AuNP films in these

fibers decreases permeability by less than 10%.

3.5. Examination of the catalytic activity of nanoparticlecoated

fibers

The reduction of 4nitrophenol with NaBH4 (Fig. 1) serves as a

test reaction for examining the catalytic activity of hollow fibers

loaded with Au nanoparticles. This reaction is attractive because

it does not proceed in the absence of catalyst, and yet it rapidly

occurs in the presence of Au nanoparticles and can be easily mon

itored by UV–vis spectrophotometry [53,56,57]. Some previous

studies examined nitrophenol degradation with chitosan hollow

fibers [13,15,58]. In a typical reaction, the feed solution contains

0.5 mM 4nitrophenol and 25 mM NaBH4 so the amount of the

reducing agent is in large excess throughout the reaction.

3.5.1. Catalytic reduction using PES fibers modified with

PSS/PAH/AuNP films

We first reduced 4nitrophenol in the lumen–shell flow con

figuration with the lumen outlet plugged. These reactions initially

result in more than 99% reduction of 4nitrophenol during flow

Fig. 6. Water permeability of PES hollow fiber membranes before (bare) and after

adsorption of different polyelectrolyte films.

through PES membranes modified with PSS/PAH/AuNP films [47].

Control experiments with fibers coated with PSS/PAH show less

than 1% reduction of 4nitrophenol under similar conditions. How

ever, in this flow mode the accumulation of H2 in the fiber can

potentially cause variations in flux and effective membrane area.

(Periodic opening of the fiber outlet causes increases in the trans

membrane flux). Thus, all further reactions employ the shell to

lumen configuration without crossflow (Fig. 7). The fiber is per

pendicular to the ground, and any trapped hydrogen should pass

through the lumen outlet along with the permeate. The red plug

on the shell (Fig. 7) can be removed periodically to release H2 that

accumulates in the shell. With this flow mode, the permeate flux

is 0.7 ± 0.1 mL/(cm2 min) at an applied pressure of 1.4 bar, and the

residence time in the membrane is 210 ± 30 ms.

Fig. 8 shows the extent of 4nitrophenol reduction during flow

(shell to lumen) through a hollow fiber membrane modified with

a PSS/PAH/AuNP film. The 4nitrophenol reduction is more than

99% for 30 min and then decreases to 83% after 1 h. One possible

reason for the decline in conversion is that the amount of reduc

ing agent in the feed tank decreases with time due to continuous

NaBH4 degradation. A previous study reports that NaBH4 decom

poses completely to NaBO2 and hydrogen gas in 20 min at 75 ◦C

[59]. Although the membrane reactions occur at room temperature,

an equation developed by Kreevoy suggests that 50% of the NaBH4

should decompose at this temperature in approximately 1 h [60].

Fig. 7. Schematic diagram of the shell to lumen solution flow configuration used

in most catalytic reactions in this study. (The two red cylinders represent plugged

outlets.)



Fig. 8. Percent reduction of 4nitrophenol during passage of a 0.5 mM 4

nitrophenol, 25 mM NaBH4 aqueous solution through a PES hollow fiber membrane

coated with a PSS/PAH/AuNP film. Flow through the membrane occurs in the

shell–lumen configuration without crossflow. The effective fiber length is 22 cm,

the fiber shell surface area is 3.45 cm2 , the Au loading is 0.3 mg, the volume passed

through the module is about 500 mL, the residence time in the membrane is

210 ± 30 ms and the permeate flux is 0.7 ± 0.1 mL/(cm2 min). The dashed, vertical

lines represent the addition of a fresh 4nitrophenol/NaBH4 solution.

To minimize the effect of NaBH4 degradation on conversion, the

feed solution is replaced every 60 min. Upon replacing the feed

solution after 1 h of reaction, 4nitrophenol conversion recovers

from 83% to values as high as 96%, but then begins decreasing again,

so conversion is only 70% after 2 h (Fig. 8). When the feed is replaced

a second time (after 2 h), the conversion only recovers to 77% and

finally drops to 60% after 3 h. The incomplete recovery of conver

sion after replacing the feed shows that degradation of NaBH4 is

not the sole cause for the conversion decline.

A second possible reason for the conversion decline is that reac

tion byproducts [58] block the catalytic sites of the nanoparticles.

Comparison of SEM images of the lumen surfaces of modified PES

fibers before (Fig. 4(b)) and after the NaBH4/4nitrophenol reaction

(Fig. 9) indicates that deposits form during the reaction. Interest

ingly, no deposits appear in the fiber wall where most of the catalyst

is located. Another possible cause of the conversion decline, catalyst

leaching, is discussed in more detail below.

3.5.2. Catalytic reduction using PS fibers modified with

PSS/PAH/AuNP films

Reduction of 4nitrophenol also occurs rapidly when using

PSS/PAH/AuNPmodified PS hollow fiber membranes. Fig. 10 shows

4nitrophenol conversion over a 4 h period in which the feed is

replaced after 80 and 180 min. Because of the high permeability

of these membranes, the permeate flux is 1.4 ± 0.2 mL/(cm2 min)

under a pressure <0.2 bar. (This flux corresponds to a membrane

Fig. 9. SEM image of the lumen surface of a catalytic hollow fiber that was employed

for reduction of 4nitrophenol for 3 h. This is the same membrane that was used to

obtain the data in Fig. 8.

Fig. 10. Percent reduction of 4nitrophenol during passage of a 0.5 mM 4

nitrophenol, 25 mM NaBH4 aqueous solution through a PS hollow fiber membrane

coated with a PSS/PAH/AuNP film. The reaction takes place in the shell–lumen

flow configuration without crossflow using an effective fiber length of 15.5 cm.

The fiber shell surface area is 5.84 cm2 , the Au loading is 0.7 mg, the volume

passed through the module is about 2000 mL, and the flux through the mem

brane is 1.4 ± 0.2 mL/(cm2 min), which corresponds to a membrane residence time

of 240 ± 30 ms. The dashed, vertical lines represent the addition of a fresh 4

nitrophenol/NaBH4 solution.

residence time of 240 ± 30 ms.) Conversion is more than 99.9% for

the first 30 min and decreases to 92% after 80 min. Once the feed

solution is replaced, however, conversion recovers to around 99.9%

and remains more than 99% for another 40 min. Conversion drops

to 90% after 180 min, and replacing the feed solution a second time

does not result in recovery of the catalytic activity.

To determine whether the conversion decline stems from cat

alyst leaching, the Au concentration in the permeate samples was

analyzed by ICPOES. The permeate contains less than 5 ppb Au

throughout the reaction period, which corresponds to <3% cumu

lative leaching of the Au in the membrane. Hence, Au leaching is

not a likely cause for conversion decline in this experiment.

To minimize the effect of NaBH4 degradation on conversion

decline, another 4 h 4nitrophenol reduction was performed where

the feed solution (500 mL of 0.5 mM 4nitrophenol and 25 mM

NaBH4) was replaced every 30 min. Fig. 11 shows the plot of conver

sion vs. reaction time at a flux of 1.4 mL/(cm2 min). 4Nitrophenol

conversion is at least 99.9% for 90 min and >99.7% for another

65 min. Even after 3 h, more than 99% of the 4nitrophenol is

reduced. However, during the 4 h of reaction, conversion drops to

between 95 and 98%. The Au concentration in the permeate sam

ples is again <5 ppb, showing that conversion declines are not due to

leaching of Au. The maximum 5% conversion decline is significantly

Fig. 11. Percent reduction of 4nitrophenol during passage of a 0.5 mM 4

nitrophenol, 25 mM NaBH4 aqueous solution through a PS hollow fiber membrane

coated with a PSS/PAH/AuNP film. The reaction takes place in the shell–lumen

flow configuration without crossflow using an effective fiber length of 15.5 cm.

The fiber shell surface area is 5.84 cm2 , the Au loading is 0.7 mg, the volume

passed through the module is about 2000 mL, and the flux through the mem

brane is 1.4 ± 0.2 mL/(cm2 min), which corresponds to a membrane residence time

of 240 ± 30 ms. The dashed, vertical lines represent the addition of a fresh 4

nitrophenol/NaBH4 solution.



less than the conversion drop of 12% in the experiment where the

feed solution is only replaced every 80–100 min (Fig. 10). Conver

sion declines are less severe when the feed is replaced more often,

and when the feed is not replaced, the NaBH4 solution becomes

less reducing. Thus, the fouling mechanism may include oxidation

of aminophenol [58] in the less reducing solution and formation of

polymer products that foul the catalyst.

4. Conclusions

Layerbylayer adsorption of polyelectrolytes and Au nanopar

ticles provides a simple and effective way to modify the pores of

hollow fibers and prepare catalytic membrane reactors. This pro

cedure results in a dense layer of unaggregated nanoparticles in

the membrane pores. Catalytic reduction of 4nitrophenol with

NaBH4 shows that the immobilized nanoparticles are highly active,

but their activity declines over time, presumably because of cata

lyst fouling. The shell–lumen flow configuration is probably better

suited for this type of reaction than lumen–shell flow because in the

former case gas is less likely to build up in the fiber. Current work

focuses on improving catalyst stability, understanding the reaction

kinetics, and exploring other catalytic reactions.
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