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ABSTRACT: Catalytic wet air oxidation (CWAO) using membrane contactors is attractive
for remediation of aqueous pollutants, but previous studies of even simple reactions such as
formic acid oxidation required multiple passes through tubular ceramic membrane con-
tactors to achieve high conversion. This work aims to increase single-pass CWAO con-
versions by using polysulfone (PS) hollow fibers as contactors to reduce diffusion distances
in the fiber lumen. Alternating adsorption of polycations and citrate-stabilized platinum
colloids in fiber walls provides catalytically active PS hollow fibers. Using a single PS fiber,
50% oxidation of a S0 mM formic acid feed solution results from a single pass through the

fiber lumen (15 cm length) with a solution residence time of 40 s. Increasing the number of

PS fibers to five while maintaining the same volumetric flow rate leads to over 90% oxidation, suggesting that further scale up in
the number of fibers will facilitate high single pass conversions at increased flow rates. The high conversion compared to prior
studies with ceramic fibers stems from shorter diffusion distances in the fiber lumen. However, the activity of the Pt catalyst is
20-fold lower than in previous ceramic fibers. Focusing the Pt deposition near the fiber lumen and limiting pore wetting to this

region might increase the activity of the catalyst.

KEYWORDS: layer-by-layer (LBL), Pt nanoparticles, wet air oxidation, hollow fiber membranes, catalytic membrane reactors,

formic acid oxidation, gas-liquid contactor

1. INTRODUCTION

Catalytic wet air oxidation (CWAO) is potentially attractive for
remediating aqueous streams containing organic pollutants that
are too dilute for efficient incineration and too concentrated for
biological processing."> Because of the low solubility of O, in
water, however, CWAO requires high air pressures to achieve
appreciable oxidation. Gas-liquid membrane contactors control
the introduction of multiple reactants to a fixed catalyst surface®*
and can potentially overcome O,-solubility limitations to pro-
vide higher CWAO conversions than conventional batch reac-
tors operating under similar gas pressures.” Such contactors
utilize membrane pores to create an interface between liquid
and gas streams (Figure 1), and management of the gas over-
pressure in these systems can sometimes control the degree of
pore wetting to position the gas—liquid interface near an area
rich in catalyst.® In specific cases, the increased availability of
gaseous reactant at the catalyst surface gives conversion rates
three to six times higher in membrane contactors than in trickle
bed reactors.”> Hollow fiber membranes provide an attractive
choice for contactor systems because of their large surface-area-
to-volume ratio and high packing clensity,4’7_10 and several
recent studies employed catalytic hollow fibers as membrane
reactors."'~'7 This work examines whether immobilization of
nanoparticle catalysts in polymeric hollow fibers enhances the
oxidation of a model pollutant compared to oxidation in
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Figure 1. Schematic drawing of a cylindrical membrane contactor for
CWAO with liquid feed passing through the lumen and gas supplied to
the shell side."®

ceramic fibers with much larger diameters. The small lumen
diameter in the polymeric fibers should greatly reduce diffusion
distances to increase pollutant conversion relative to typical
ceramic fibers with much larger inner diameters.

Metal nanoparticles are promising catalysts for hollow fiber
membrane contactors because of their high surface area to mass
ratio."””*” Additionally, nanoparticles often possess unusual
electronic and catalytic properties that stem from their unique
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size between the bulk and molecular regimes.'”**** Entrap-

ment of such nanoparticles in a hollow fiber both prevents
catalyst aggregation and allows for continuous reactions. Although
several methods exist for formin§ nanoparticles by reduction of
metal ions in membranes,'®**>" synthesis of nanoparticles in
solution prior to loading onto supports typically gfields more
uniform particle shapes and diameters.”>*>*'™* However,
loading of preformed nanoparticles in membranes requires strong
adhesion between the nanoparticle and the support.

We employ layer-by-layer (LBL) adsorption of nanoparticles
and oppositely charged polyelectrolytes to immobilize pre-
formed catalytic nanoparticles in membrane pores.**~* LBL
deposition occurs on many substrate materials with geometries
that include flat surfaces, membrane pores, cylindrical particles,
and carbon nanotubes.'#3%3¢3839437 Thyg this technique is
amenable to hollow-fiber modification. Moreover, the amount of
immobilized particles increases with the number of adsorbed layers.

Miachon and coworkers examined tubular ceramic membranes
as interfacial contactors for CWAO and found increased activity
compared to a stirred tank reactor because of control over the
position of the gas-liquid interface within the membrane.>**~>*
Notably, LBL deposition of polyelectrolyte multilayers and Pt
nanoparticles yielded a membrane reactor with the highest Pt
activity among those tested.'® However, the pollutant conversion
was relatively low, and the price of the ceramic membranes might
limit their potential application.>® Polymeric hollow fibers may
provide a much less expensive option for CWAO of organic
pollutants if these membranes are sufficiently stable.

This paper describes LBL deposition of polyelectrolytes and
citrate-stabilized Pt nanoparticles in polysulfone (PS) hollow
fibers to create membrane reactors for CWAO of aqueous
formic acid. We compare catalytic activities and conversions to
previous work with ceramic hollow fiber membranes and model
concentration profiles in membrane reactors to assess the
potential benefits of the polymeric hollow fibers. The small
diameters of these fibers give rise to higher single-pass con-
versions compared to previous, larger ceramic membranes, but
catalyst activity is more modest in the polymeric hollow fibers.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(sodium 4-styrenesulfonate) (PSS, M,
70 000 Da), branched polyethyleneimine (PEI, M,, = 25000 Da),
hexachloroplatinic acid hexahydrate, sodium chloride, and sodium
citrate were used as received from Sigma-Aldrich. Formic acid from
Mallinckrodt Baker and compressed O, (industrial purity, 99.5%) from
Airgas were also used as received. Deionized water (Milli-Q
purification system, 18.2 MQ cm) was used for rinsing the membranes
and preparation of the polyelectrolyte and formic acid solutions. The
pH values of the polyelectrolyte solutions were adjusted with dilute
solutions of HCl and NaOH.

A PS microfiltration hollow fiber membrane module containing
270 fibers was obtained from GE Lifesciences (model CFP-6-D-6A).
Individual fibers were removed from the module and repotted in 15 cm
lengths. Membranes have a stated maximum pore size of 650 nm, an
inner diameter of 750 um, and a wall thickness of 225 ym.

2.2. Synthesis of Citrate-Stabilized Pt Nanoparticles. Syn-
thesis of Pt nanoparticles followed a literature procedure that uses
citrate to both reduce the Pt and prevent particle aggregation through
charge repulsion.>* Forty mg of platinic acid dissolved in 255 mL water
was stirred and heated to reflux in a 500 mL round bottom flask before
addition of 30 mL of a 1% (w/w) sodium citrate solution. The Pt
solution slowly darkened from amber to brown and eventually to black
during 4 h of reflux. After cooling to room temperature, the Pt colloid
solution was stored in an amber glass bottle in a refrigerator. Im-
mediately prior to deposition, the Pt colloids were diluted 12.5:1 with

1441

deionized water. Our previous transmission electron microscopy
images of Pt nanoparticles prepared using this method showed a size
distribution centered around 3 nm."®

2.3. Modification of Hollow Fiber Membranes. Following a
literature procedure, a 1.3 cm diameter PVC tube housed the hollow
fibers potted in epoxy resin (Loctite E-OONS Hysol Epoxy
Adhesive).>® Modules contained either one centered fiber or five
fibers arranged in an X geometry with fiber lengths of 15 cm between
the epoxy resin at each end. Immediately prior to introduction into the
module, all deposition solutions passed through a fresh filter
(Ahlstrom 2.5 pm qualitative filter paper) to remove any particles
that might block fiber pores. The polyelectrolyte solutions contained
either 0.8 mM PSS or 0.8 mM PEI along with 20 mM NaCl. (Polymer
concentrations are with respect to the repeating unit.) Initially, the PS
hollow fibers were rinsed with distilled water for 30 min in a dead end
setup with water flowing from shell to lumen. During polyelectrolyte
and nanoparticle adsorption, solutions passed from the lumen to the
shell side using lumen cross-flow under an applied pressure of 0.34 bar.
A partially closed valve at the lumen exit forced most of the flow
through the membrane pores (Figure 2). Modification began by
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Figure 2. Apparatus for fiber modification with polyelectrolyte
multilayers. Deposition solutions enter the fiber lumen before exiting
under cross-flow. A valve located at the lumen exit creates
backpressure to force most solution through the high surface area
pores to the shell. Rinsing after depositions proceeds through passage
of water from the shell side through the lumen in a dead-end setup.

passage of 250 mL of PSS solution through the fiber to adsorb PSS via
hydrophobic interactions with PS.***” A deionized water rinse from
shell through lumen (until the conductivity of the permeate was less
than 10 uS, 100—800 mL of rinsing) removed excess polyelectrolyte
from the membrane. Next, passage of 250 mL of PEI solution through
the membrane followed by rinsing completed deposition of the first
polyelectrolyte bilayer. Pt nanoparticles were subsequently adsorbed to
the PEI layer during passage of 250 mL of the colloid solution (~0.02 mM
in Pt atoms) prior to another rinse. Repetition of the PEI and Pt depo-
sition process yielded additional bilayers. During the colloid adsorp-
tion, the fiber changed color from white to gray, indicating entrapment
of Pt nanoparticles within the membrane.

2.4. Membrane Characterization. SEM images of hollow fibers
before and after modification were obtained using a Hitachi S-4700 II
field-emission scanning electron microscope (FESEM). Deposition of
8 nm of sputtered gold rendered the samples conductive for imaging.
To prepare membrane cross sections, the fiber segments were soaked
in ethanol for 2 min to completely wet the fiber before fracturing in
liquid nitrogen and mounting for imaging. Because the Pt nanoparticle
size is below the resolution of the FESEM, the Pt loading onto fibers
was determined through analysis by inductively coupled plasma optical
emission spectrometry (ICP-OES). Fibers were cut into several pieces,
sonicated in aqua regia for 10 min, and these solutions were diluted
prior to analysis with a Varian 710-ES ICP-OES at 214.424 nm.

2.5. Catalytic Reactions. Wet air oxidation of formic acid served
as a model reaction for assessing the catalytic activity of PS hollow
fibers. Initially, 250 mL of formic acid feed solution was pushed
through the membrane in cross-flow at 0.34 bar to wet all pores. Again,
a partially closed valve at the membrane outlet forced most of the flow
from the lumen to the shell. Subsequently, a peristaltic pump pulled
the formic acid solution through the fiber lumen at 0.1 mL/min while
an O, or N, overpressure was applied to the shell side to prevent
transmembrane flux. Four initial feed samples along with permeate
samples at specified intervals were diluted and analyzed for formic acid
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Figure 3. Modeled fiber system dimensions and boundary conditions for inlet and outlet formic acid concentrations showing only half of the lumen

and a single wall.

using ion chromatography with a Dionex LC20 instrument equipped
with an Ionpac AS16 column.

2.6. Modeling. The membrane reactor consists of a tubular fiber
with solution introduced through the lumen, and the incoming formic
acid reacts only in the fixed porous catalyst bed within the fiber walls.
An overpressure on the shell side prevents transmembrane flow but is
not sufficient to de-wet the pores. The model used for calculation
couples the free fluid and porous media flow through the Navier-
Stokes equations and Brinkman’s extension of Darcy’s law. Because of
the symmetry of the system, only half of the fiber needs to be modeled
using a 2D axisymmetric geometry. The Navier—Stokes equation
describes the fluid flow in the lumen according to eq 1, where Vu = 0.

—p(uV)u

T
V(=n(Vu + (V)T + p1)) W
Within the porous wall, the Brinkman equation describes the flow
according to eq 2, where Vu = 0. In these equations, # denotes the
viscosity of

\% —l(Vu + (Vu)T +pl)| = -A,
% ¢ @)

the fluid (Ns/m?), €, is the dimensionless porosity, u is the velocity
(m/s), p is the density (kg/m’), p is the pressure (Pa), k is the
permeability (m?*), and I is the identity matrix.

A Fickian approach is suitable for formic acid diffusion, and eq 3

provides the mole balance for formic acid mass transport and reaction.

®3)

In eq 3, ¢, denotes the concentration of formic acid (mol/m®), D, is the
diffusivity (m?/s), and R, is the reaction rate for formic acid oxidation
[mol/(m® s)]. We estimated D, as 1.516 X 10 m?/s.*® The reaction
only takes place in the porous walls, so the reaction term is zero in the
lumen, and formic acid oxidation in the pores occurs according to eq 4.

V(—DAVCA + cAu) = Rp

1

— —
HCOOH + —0; = COp + Hy0 @
Because the reaction rate did not vary significantly with external O,
pressure within the range tested, we assumed a first-order reaction rate,
R, = —kc,, where k is the reaction rate constant.

Upon the solution’s entry into the lumen, a fully developed laminar

flow is assumed and eq S gives the velocities

"o "m"[l ) (%)2] (s)

where 7 is the boundary normal vector and r is the distance from
thecenter of the circular cross-section with a total radius R. At the fiber
outlet, the boundary conditions for the Navier-Stokes equations are
tu = 0 and p = 0 where t is any tangential vector to the boundary. The
formic acid concentration at the inlet was fixed as c4(0) = c,,. At the
outlet, convection dominates the formic acid mass transport yielding
n(—DpVcy + cau) = ncyu. This implies the gradient of ¢, in the
direction perpendicular to the outlet boundary is negligible, a common
assumption for tubular reactors with a high degree of transport by
convection in the direction of the main reactor axis (Figure 3). Thus,

this condition eliminates the need for specifying a concentration or a
fixed value for the flux at the outlet boundary. At all other boundaries,
insulation conditions apply as given by eq 6.

n(—DpAVep + cpu) =0

(6)

Equation 7 describes the formic acid conversion where c, is the mixing
cup concentration at the outlet determined from eq 8. All calculations
were performed in the chemical engineering module of COMSOL
Multiphysics 3.5a.

_ (CAO - CA]
Xy =|—
cA0 ™)
R
/0 2mrepu,dr
A= 71{
/0 2mu,dr (8)

3. RESULTS AND DISCUSSION

3.1. Membrane Modification with Pt Nanoparticles.
Alternating adsorption of polyelectrolytes and Pt nanoparticles
yields coated hollow fiber membranes with open pores.
Adsorption occurs during permeation of polyelectrolyte or
nanoparticle solutions from the lumen to the shell, so films
deposit throughout the membrane wall, and the membrane
turns gray after nanoparticle deposition. SEM images A and B
in Figure 4 show no obvious changes in the membrane lumen

Figure 4. Representative SEM images of the (A, B) lumen and (C, D)
shell surfaces of PS hollow fibers (A, C) before and (B, D) after
adsorption of a PSS/(PEI/Pt nanoparticle), film.

pore sizes after deposition of a PSS/[PEI/Pt], film, presumably
because the thickness of the polyelectrolyte/nanoparticle films
is less than 10 nm.**>° Meanwhile, the images of the smaller
pores on the shell side (Figure 4C, D) show some changes in
the surface morphology after film deposition, but pores remain
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Table 1. Pt Loading Per Length of Fiber after LBL Modification of a Single-Fiber Module and a Five-Fiber Module with PSS/

[PEI/Pt], Films“

loading (ug Pt/cm)

fiber

segment 1 segment 2 segment 3 segment 4 average
single 787 £ 3.5 76.8 +£ 3.2 79 + 2.0 80.9 + 0.6 789 + 2.6
Five Fiber Module
Fiber 1 388 £ 1.0 534 + 0.8 446 + 12 n/a 456 + 09
Fiber 2 41.8 + 0.6 569 + 2.5 483 + 0.7 n/a 490 £ 1.3
Fiber 3 369 + 0.5 513 + 0.5 31.1 + 0.4 n/a 39.8 + 04
Fiber 4 535+ 1.1 587 + 1.4 54.6 + 0.6 n/a 55.6 + 0.9
Fiber S 474 £ 1.0 583 £ 0.8 479 £ 19 n/a 512 +£1.2

“Loadings were determined by dissolution of the Pt in aqua regia and analysis by ICP-OES. The segments were approximately 3.75 cm long for the

single fiber and 5 cm long for the S-fiber module.

open. The absence of a cross-flow rinse on the shell side and
solution dripping from this surface during modification likely
leads to additional deposition on the shell compared to the
lumen. When a cross-flow rinse was incorporated on the shell
side during modification, no significant pore size reductions
were visible in SEM images on either the lumen or shell sur-
faces. Overall, pore size reduction when depositing without
crossflow decreased O, permeability <20% at 0.2 bar, so the
open pores on the shell surface will afford the gaseous reactant
access to the catalyst-solution interface.

To examine the uniformity of Pt loading along the length of a
PS fiber modified with a PSS[PEI/Pt], film, we cut a 15 cm
long fiber into 3.75 c¢m long sections, dissolved the Pt in aqua
regia, and analyzed the aqua regia solutions by ICP-OES. The
relative standard deviation (RSD) in the Pt loading for the four
segments (Table 1, row 1) was less than 10%. The uniform
loading of Pt nanoparticles should ensure similar catalyst avail-
ability over the entire length of the fiber. We also simulta-
neously modified five fibers in a single module, cut each fiber
into three S cm-long sections and determined the amount of Pt
in each segment. In this case the relative standard deviation in
the Pt content of the 15 segments was 17 % (Table 1, rows 2—6).
Opverall, the loading in the five-fiber module is about 60% of
that in a single fiber. The lower deposition solution cross-flow
rate during adsorption in the five-fiber module might lead to
lower loadings.

3.2.1. Catalytic Performance of PS Hollow Fiber
Modules. CWAO of Formic Acid Using a Membrane
Contactor. Oxidation of formic acid is an ideal model reaction
to test the catalytic activity of immobilized Pt nanoparticles be-
cause the only products are CO, and water, and Pt is a com-
mon catalyst for this reaction.”*"®* In a control experiment, we
bubbled a 50 mM formic acid solution with O, and then passed
this solution through the fiber lumen while applying a N, over-
pressure (0.69 bar) to the shell side of the membrane. One
pass of the solution through a single Pt-modified PS hollow
fiber at 0.1 mL/min (membrane residence time of 40 s)
resulted in oxidation of only 6 + 3 % of the formic acid (Figure S,
triangles). The low conversion stems from the limited O,
solubility in the feed solution. The room-temperature solubility
of O, in water is ~1.25 mM at 1 atm of O,,"*** and one mol-
ecule of O, can oxidize two molecules of formic acid. Thus, the
0, in solution can oxidize a maximum of ~2.5 mM formic acid,
which is similar to the observed reaction of 6 + 3 % of the
50 mM formic acid during passage through the membrane.

In contrast, application of an O, overpressure (0.69 bar) to
the shell side of the hollow fiber resulted in steady-state oxi-
dation of 63 + 3 % of the formic acid in a 50 mM feed solution
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Figure S. Ratio of the outlet to inlet concentrations of formic acid
during CWAO in three different fiber modules coated with PSS/[PEI/Pt],
films. Triangles represent an O,-saturated solution as the lone source
of O, using a single Pt-coated PS fiber with N, (0.69 bar overpressure)
on the shell side. Diamonds and squares represent a single and 5-fiber
contactor reactor, respectively, where an O, overpressure (0.69 bar)
was applied on the shell side at 0 min and subsequently replaced with a
N, overpressure (0.69 bar) at 360 min. The solution flow rate was
0.1 mL/min in all cases.

during a single pass through the membrane lumen with a resi-
dence time of 40 s. (In this case, the solution was not saturated
with O, prior to passing through the membrane.) As Figure 5
shows, after changing the gas in the module from 0.69 bar N,
overpressure to 0.69 bar O, overpressure with no prior O, sat-
uration of the feed, the concentration of formic acid exiting the
membrane decreased to the steady state value of 37% of the
feed concentration after displacing the dead volume (~4 mL)
at the exit of the hollow fiber module, demonstrating the O, de-
pendence of the reaction. After 360 min of oxidation, we
changed the shell gas from 0.69 bar O, to 0.69 bar N, (over-
pressure), and conversion declined again confirming the
importance of the membrane contactor for delivering O, to
enhance conversion.

To increase the fraction of formic acid oxidized without
decreasing the overall volumetric flow rate, we increased the
number of fibers in the module. Notably, with modules con-
taining S fibers, formic acid oxidation reaches 94 + 3 % in a
single pass (Figure S, squares) without saturating the solution
with O, prior to passing it through the membrane. The increase
in conversion results from the higher residence times (198 s) in
modules with more fibers. Further increases in the number of
fibers will allow even higher conversions or similar conversions
at higher flow rates through the module.

3.2.2. Fiber Longevity. The stability of modified fibers is a
major concern because both oxidation of the polymer and shear
stress may leach nanoparticles from the membrane. However,
ten 8-hour replicates of CWAO (50 mM formic acid) with the

dx.doi.org/10.1021/am201693e | ACS Appl. Mater. Interfaces 2012, 4, 1440—1448
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same fiber show a RSD in formic acid oxidation of less than
20%, suggesting no continuous leaching of Pt from the system
(Figure 6). While there is some spread in the net conversions in
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Figure 6. Ratio of the outlet to inlet concentrations of formic acid
during CWAO for 10 trials of 8 h using a single PS fiber module
modified with a PSS/[PEI/Pt], film. An O, overpressure of 0.69 bar
was applied at 0 min on the shell side and replaced with N, at 360 min.

different experiments, the general trends remain the same in
every trial. More importantly, after the first three trials, no clear
trend of decreasing conversion with each subsequent trial
occurred. The conversion decline after the first three trials does
not appear to result from Pt leaching because the conversion
did not decrease significantly during the trials. Instead, an in-
activation of some catalyst sites may occur during drying of the
fiber between experiments. The outlying data points from trial
six are probably the result of IC instrument error rather than in-
creased performance. Therefore, the fiber remained relatively
stable during the 80 hours of testing in this experiment.

3.2.3. Dependence of Oxidation Rates on Formic Acid
Concentration and O, Overpressure. To explore the factors
that limit the rate of CWAO in hollow fiber membranes, we
varied both the formic acid concentration and the O, overpressure
during reactions. Figure 7 shows the average concentration

N WA O
o o ©o o

Conc. Oxidized (mM)
S

0

0 25 50 75 100 125 150

Feed Concentration (mM)
Figure 7. Concentration of formic acid oxidized (inlet—outlet
concentration) in CWAO with a single-fiber module and an O, over-
pressure of 0.69 bar on the shell side of the membrane. The line
represents a linear fit (forced through the origin, slope of 0.55) to the

first three data points. Data are an average of multiple experiments
with a single fiber.

of formic acid oxidized (the difference between feed and
outlet concentrations) as a function of the formic acid con-
centration in the feed solution passed through a single-fiber
module. Error bars represent the standard deviation of the
average oxidized formic acid concentration over a period of S h.
At feed concentrations from 10 to 50 mM, the change in formic
acid concentration upon passing through the membrane varies
approximately linearly with the feed concentration. In contrast,
the concentration of formic acid oxidized in a single pass through
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the membrane plateaus at 40 mM for feed concentrations from
80 to 150 mM. These data suggest that formic acid concen-
tration limits the reaction rate at low feed concentrations (due
to either diffusion or kinetic limitations), whereas either the
availability of O, in the catalyst layer or the amount of catalyst
limit the reaction at high formic acid feed concentrations.
Figure 8 shows the average concentration of formic acid
oxidized when using a 50 mM formic acid feed and various O,

N N W
o U0 O
M M )

§§§}§{§

Conc. Oxidized (mM)
S o

5
0

0.00 025 050 0.75 1.00

0, Overpressure (bar)

Figure 8. Concentration of formic acid oxidized during CWAO with
single fiber modules at varying overpressures. Membranes were
modified with PSS/[PEI/Pt], films and the feed solution contained
50 mM formic acid. Data are an average of three replicate experiments
with two different fibers.

overpressures on the shell side of single fiber modules. Within
experimental error, the amount of formic acid oxidized is
independent of the O, overpressure tested. The highest over-
pressure of ~1 bar represents the maximum recommended
operating pressure from the manufacturer of this PS fiber. One
concern in these experiments, however, is whether changing the
overpressure alters the wetting of the pores. The Young—
Laplace equation (eq 9),

_ 2ycos(0)
r )

provides an estimate for the critical pressure, Ap, required to
prevent pore wetting, where 0 is the solution contact angle with
the material, y is the surface tension of the liquid, and r is the
pore radius. On the basis of a contact angle of 67° on
polysulfone,* and a pore radius of 325 nm, this equation sug-
gests that the pressure required to overcome capillary wetting
would be around 1.7 bar for aqueous solutions. This is con-
sistent with the fact that we observed no gas bubbles breaking
through the membranes. If the pores are indeed wetted at all
the pressures in these experiments, we would expect that in-
creased O, solubility in water might enhance oxidation rates.
The constant reaction rate at various O, pressures may stem
from the narrow range of total pressures (1.1—2 bar absolute
pressure) and the fairly complicated kinetics of the formic acid
oxidation. Harmsen et al. suggest that an expression similar to
eq 10 describes the rate of formic acid oxidation, R.%®

Ap

K[0,]"/2[HCOO0™]
(1 + K'[0,]'/? + K’'[HCOO™])?

R =
(10)

In this expression, K, K, and K" represent products of different
equilibrium constants and surface site densities. At most, the
reaction rate would show a square root dependence on the
concentration of O, in solution.

3.2.4. Effect of Pt Loading on Conversion. Pt loading will
limit the rate of formic acid oxidation when the catalyst is satu-
rated with reactants. To examine the effect of catalyst loading

dx.doi.org/10.1021/am201693e | ACS Appl. Mater. Interfaces 2012, 4, 1440—1448
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on oxidation rate, we compared single-fiber membrane reactors
modified with one and three PEI/Pt bilayers atop a base layer
of PSS. Analysis of Pt loading in these fibers using ICP-OES
shows that adsorption of each PEI/Pt bilayer adds approx-
imately 500 pg of Pt to the membrane. Figure 9 demonstrates

50 A
240 - é
T
g 30 - ‘I ﬁ
2 B
X -
o] 20 l AFiber1-1Layer
3 AFiber 2 -3 Layers
S 10 1 OFiber 3-1 Layer
O 0 IF|ber4 3Layers

0 25 50 75 1 00
Feed Concentration (mM)

Figure 9. Concentration of formic acid oxidized (inlet—outlet
concentration) in CWAO with a single-fiber module and various
formic acid concentrations in the inlet solutions. Fibers 1 and 3 were
replicate fibers modified with PSS/PEI/Pt (one-layer) films, whereas
fibers 2 and 4 were modified with PSS[PEI/Pt]; (three-layer) films.
The error bars in the figure represent standard deviations with an n
value of more than 40.

that the amounts of formic acid oxidized in fibers containing 1
PEI/Pt bilayer (replicate fibers 1 and 3) are significantly less
than in fibers containing 3 bilayers (replicate fibers 2 and 4)
(p = 0.99) for feed solutions containing SO and 100 mM formic
acid. At feed concentrations of 25 mM, the two types of mem-
branes show similar conversions, presumably because the
catalyst is not saturated with reactant. As in Figure S, the concen-
tration oxidized increases with the feed (inlet) concentration.
The average ratios of the concentrations oxidized in mem-
branes modified with 3 and 1 PEI/Pt bilayers were 1.14, 1.28,
and 1.31 at feed concentrations of 25, 50, and 100 mM, re-
spectively. Thus, although higher Pt loading enhances formic
acid oxidation, the increase of ~1.30 in the amount oxidized is
significantly less than the 3-fold increase in Pt loading. Perhaps
Pt in the inner layers of the coating is not effective in oxidation
because of slow formic acid diffusion into the coating,

3.3. Calculated Formic Acid Concentration Profiles.
We first calculated the diffusion-limited formic acid conversion.
In this calculation, we assumed laminar flow throughout the
fiber lumen and that formic acid oxidation occurs instanta-
neously upon encountering the fiber wall, i.e, the concentration
of formic acid at the lumen wall is zero. Figure 10 shows the
resulting concentration profile. For a 15 cm long fiber and a
flow rate of 0.1 mL/min, the mixing cup concentration exiting
the fiber is only ~4% of the feed concentration (>96% oxida-
tion of formic acid). Thus the reaction we observe in the fibers
(40—60% oxidation) is significantly slower than the diffusion-
limited case where reaction occurs instantaneously at the lumen
wall. The diffusion-limited oxidation in the five-fiber module is
even higher (>99.9%) because of the longer residence time,
and this conversion is again much greater than the 94% we
observed.

To more reasonably model the system, we allowed for dif-
fusion to reaction sites within the membrane walls and varied
the first-order rate constant for formic acid oxidation. We
assumed fully developed laminar flow in the interior of the fiber
and no convective flow in the membrane walls. Figure 11 shows
the concentration profile in a single-fiber membrane reactor,
assuming a rate constant within the fiber walls of 0.01 s~'. The
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Figure 10. Diffusion-limited formic acid concentration profile in a
single-fiber reactor as a function of the distances from the inlet (z, Y-
axis) and the center of the fiber (r, X-axis). The fiber inner radius was
375 pm, and reaction was assumed to occur instantaneously at the
fiber wall, where r = 375 pm. The results predict 96 % oxidation of the
50 mM formic acid by the time the solution reaches the outlet. The
flow rate was 0.1 mL/min.
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Figure 11. Calculated formic acid concentration profile during
oxidation in a single-fiber reactor. The plot shows the concentration
by color at any point along the length of the reactor (z, Y-axis) and at
any radial distance between the center of the fiber to the outer wall
(r, X-axis). The results predict ~52 % oxidation of the formic acid by
the time the solution reaches the outlet. The assumed first-order rate
constant was 0.01 s,

vertical line indicates the lumen wall. In this case, a rate
constant of 0.01 s leads to a formic acid concentration profile
very different from that in the diffusion-limited case. Reaction
occurs throughout the wall, but is more prevalent near the
lumen. The mixing cup outlet concentration is about half that
of the feed concentration, which agrees well with the observed
conversion. Note that we assumed a first order rate constant
because the O, pressure outside the fiber did not affect con-
version, see Figure 7. In modeling the reaction in the five fiber
module using the same rate constant, we also see agreement
between experimental and observed conversion (94 + 3 % ex-
perimental versus 97% in the simulation). Additionally, we
modeled O, concentration profiles for the polymeric fiber mod-
ule at overpressures of 0.1, 0.69, and 1 bar, see Figure S1 in the
Supporting Information. As expected, the oxygen concentration
decreases from the shell to the lumen, so a first-order reaction
is an oversimplification. Near the lumen reaction rates will like-
ly be lower than simulated, whereas near the shell wall they will
be higher than simulated.

Figure 12 shows the predicted conversions for a single fiber
module at a range of first-order rate constants from 0.001 to
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Figure 12. Calculated mixed cup conversion of formic acid for a single
fiber reactor assuming first-order rate constants for formic acid wet air
oxidation from .001 to 1000 s~

1000 s™. At values above 1 s, the reaction becomes limited by
diffusion of formic acid to the walls of the fiber, and the con-
centration near the lumen wall is nearly zero. Rate constants
below 0.01 s give much lower reaction than we observed. Con-
version of the pseudo-homogeneous rate constant (k, 0.01 s™)
to a heterogenous rate constant, k', requires normalization to
the amount of Pt surface area, A, per solution volume, V,
according to eq 11.

_w
A

¢ (1)
Given the total Pt loading of 1 mg in a single fiber and assum-
ing 3 nm diameter particles, the value of k' is 8 X 1077 cm/s.

Figure 13 shows the predicted effect of membrane wall thick-
ness (over a range of 100-300 #m) on the extent of formic acid
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Figure 13. Calculated formic acid conversion in a single-fiber module

with membranes having different wall thicknesses. The inner radius of

the fiber was 375 um, and the rate constant was 0.01 s™".

oxidation. We should note again that this calculation neglects
any effect the wall thickness may have on the availability of O,
for the reaction. The results suggest that the thickness of the
wall plays a modest role in the oxidation process, as the extent
of formic acid oxidation only increases from 32 to 57% on in-
creasing the wall thickness from 100 gm to 300 pm. Most of
the reaction takes place within the first 100 gm of the lumen
surface. The model assumes that the pores of the membrane are
completely wetted, which as mentioned above is likely given the
size of the pores and the contact angle of the membrane.

3.4. Comparison to Previous Work. The best tubular
ceramic membranes for CWAO in Miachon’s work catalyzed
oxidation of about 10% of a 100 mM formic acid solution dur-
ing a single pass at a flow rate between 7 and 10 mL/min
(linear velocity of 0.43 cm/s, residence time of S8 s, membrane
length of 25 cm).* Those membranes had a lumen diameter of
7 mm, and our simulation of diffusion-limited oxidation in such
large membranes gives a conversion of 13%, similar to the
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measured value (see Figure S2 in the Supporting Information).
The innermost 3 um layer of the lumen wall in the ceramic
membranes contained 20 nm pores which likely allow a high Pt
loading near this wall, as determined by SEM-EDS mapping.”
The high catalyst loading at the lumen wall may lead to a rate
that is closer to the diffusion limit than in the case of the hollow
fiber membranes.

Nevertheless, at similar residence times, the polymer single
fiber modules in this study give a higher single-pass conversion
of formic acid than the previous ceramic hollow fibers, presum-
ably because of the smaller average diffusion distances between
the molecules in solution and the polymer fiber. (For the large
fiber, the depletion layer around the lumen never reaches the
center of the fiber, see Figure S2 in the Supporting Information.)
Use of ceramic membranes with smaller lumen diameters (3 mm)
should also reduce formic acid diffusion distances and lead to
somewhat lower single-pass conversions. However, the cost
of the ceramic membranes may still limit their practicality.
Additionally, although smaller ceramic fibers still contain larger
pores on the shell surface than the lumen, they may lack the
distinct multilayered wall composition that afforded high cata-
lyst density near the lumen surface in the work of Miachon.*®

Remarkably, the five-fiber PS modules in this study catalyzed
oxidation of 94% of the formic acid in a 50 mM feed solution in
a single pass at a flow rate of 0.1 mL/min (linear velocity of
0.08 cm/s, residence time of 198 s, 15 cm fiber). Assuming per-
formance remains the same with further scale up and the same
linear velocity, a module containing 500 PS fibers would oxidize
94% of the formic acid in a single pass, whereas a single 7 mm
(inside diameter) ceramic fiber would oxidize only about 10%
of the formic acid at the same total flow rate. (The cost of a
500-fiber module is about the same as that of a ceramic fiber.)

One major disadvantage of the polymeric fibers, however, is
the relatively low activity of the immobilized platinum. With a
feed solution containing 100 mM formic acid, the modified PS
fibers exhibited a normalized activity of 0.07 mmol formic acid/
(s g Pt), whereas the best ceramic membranes showed an
activity of 1.5 mmol formic acid/s g Pt). The higher activity in
the ceramic membranes likely stems from the 3 layer geometry
of the fibers, and the high concentration of catalyst near the
lumen. Moreover, because outer pores do not wet, nearly all
of the catalyst resides near the liquid—air interface to provide
readily accessible O, for oxidation. In contrast, for the poly-
meric membrane Pt deposition and wetting occur throughout
the fiber wall, so oxygen availability may significantly limit the
reaction. Further refinement of catalyst deposition and wetting
properties, probably using membranes with small pores at the
lumen interface, should lead to increased activity in polymeric
fiber reactors.

4. CONCLUSIONS

CWAO in single polymeric hollow fibers at room tempera-
ture leads to ~50% oxidation of the formic acid in 50 mM
feed solutions during a single pass through a hollow fiber.
Additionally, 94% oxidation occurs for a single pass through five
parallel fibers at the same volumetric flow rate but lower linear
velocity. The PS hollow fibers show significantly higher con-
versions than previous ceramic membranes because the small
diameter of the hollow fibers decreases radial diffusion dis-
tances. Modeling the diffusion of formic acid within the lumen
indicates the oxidation is significantly below the diffusion-limited
rate. A simple first-order model of the reaction suggests an
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apparent rate constant of 0.01 s™' and shows that reaction
occurs throughout the fiber wall.

One major challenge to the use of the catalytic PS hollow
fibers is the low catalyst activity caused by a disperse loading of
Pt nanoparticles throughout the wall of the fibers instead of in a
tightly concentrated region near the lumen surface. With in-
creased nanoparticle deposition localized near the lumen walls
and more controlled pore wetting, the activity might improve
without decreasing conversion.
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Modeled formic acid concentration profile for a ceramic mem-
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