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Abstract: In semiconductor industries, dissolved oxygen is one of the most undesirable contaminants of ultrapure water.
A method for dissolved oxygen removal (DOR) consists in the use of polymeric hollow fibres, loaded with a catalyst and
fed with a reducing agent such as hydrogen. In this work, PVDF hollow fibres loaded with Pd were characterized by
means of perporometry, scanning electron microscopy (SEM), energy dispersive X-ray (EDX). The hollow fibre analyzed
shows a five-layer structure with remarkable morphological differences. An estimation of pore diameters and their
distribution was performed giving a mean pore diameter of 100 nm. The permeance and selectivity of the fibres were
measured using Hz, N, O, as single gases, at different operating conditions. An H, permeance of 37 mmol/m’s was
measured and H,/O; and H»/N, selectivities of ca. 3 were obtained. H, permeance was 1/3 when a water stream flows in
the shell side. Catalytic fibrebehaviour was simulated using a mathematical model for a loop membrane reactor, considering
only O; and H; diffusive transport inside the membrane and their catalytic reaction. Dimensionless parameters such as the
Thiele modulus are employed to describe the system behaviour. The model agrees well with the experimental reaction data.

Keywords: dissolved oxygen removal, PVDF hollow fibre, catalytic membrane modelling

1. Introduction have inherent drawbacks in terms of both operating

costs and bulky construction. Also, with these physical

Ultrapure water production is one of the key support methods, the reduction of dissolved oxygen concen-

services for the semiconductor, pharmaceutical, bio-
technology, power and specialized chemical industries.
Removal of dissolved oxygen (DOR) from water is an
important step in this production process and can be
achieved by either physical or chemical methods[1]
Conventional physical methods such as thermal degass-

ing, vacuum degassing or nitrogen bubble de-aeration
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tration from a high ppm level down to a few ppm,
[2,3] often required in the semiconductor industries for
water cleaning, is difficult. Conventional chemical
methods such as the addition of hydrazine or sodium
sulphite, despite providing an alternative to physical
methods are undesirable, owing to the toxicity or to
the increase of the solid content, respectively. Reaction
with a reducing agent such as hydrogen in the pres-
ence of a catalyst to form water is an attractive meth-
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od since it produces no by-product to contaminate the
water. Kasama ef al., (1990)[2] have conducted a com-
prehensive study on DOR from water. Four different
systems were considered in their study, namely nitro-
gen gas bubbling de-aeration, catalytic reaction and hy-
brid systems of both these methods where a hollow fi-
bre membrane module with oxygen selective mem-
branes was utilized as a degassing pre-treatment prior
to the nitrogen gas bubbling de-aeration system and the
catalytic reduction reaction, respectively. Their ex-
perimental results indicatethat the second hybrid system
gave the best de-oxygenation results and DO levels be-
tween 3 and 5 ppb were achieved.

Tai ef al. (1994){4] also studied the removal of dis-
solved oxygen from water using membrane modules.
Unlike the modules used by Kasama et al. (1990)
where the membrane is a non-porous selective type,
that used by Tai e al. (1994) containsa hydrophobic
microporous membrane. Water containing saturated
oxygen was fed into the fibre lumen, while the puri-
fied nitrogen acting as purge gas was introduced into
the shell side. Therefore the removal of dissolved oxy-
gen from water is achieved by fast mass transfer rather
than selective permeation. The experimental hydro-
phobic membrane modules were capable of reducing
the dissolved oxygen content in water to a level of
around § ppm.

Different simulation works on DOR in both mem-
brane and traditional reactors are present in the
literature. Tan and Li[5] proposed a comparison be-
tween a hollow fibre membrane reactor and a tubular
membrane reactor using H, as reducing agent. In the
first case the Pd catalyst was packed in the void space
of the shell reactor, whereas for the tubular membrane
reactor, the catalyst was packed within the membrane
tube. The 1-D models consider the H> permeation from
gas phase toward the catalyst packed bed where a
pseudo-homogeneous reaction takes place. Li et al.[6]
proposed the simulation of a novel glass reactor for
DOR from water. In this study, the hydrogen per-
meation from the shell side through the micro-porous
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Table 1. Operating Conditions of the Permeation Tests

Temperature, °C Room Temperature

Retentate pressure 101~200 kPa
Permeate pressure 100 kPa
Pure gases Hz, Nz, O2

Feed flow rate 1~20 cm’ (STP)/min

Water feed flow rate on

10 mL/mi
the shell side (“Wet” mode) min

glass tube has been employed for ultraviolet light cata-
lysed reduction reaction.

The objective of this work is the study of a Pd dop-
ed PVDF hollow fibre for the DOR. The Pd clusters
on the PVDF surface act as catalyst for the reaction
using hydrogen as reducing agent. Morphological and
chemical characterizations were carried out in order to
study the fibre structure. Gas permeation tests were al-
so performed to identify thepermeation properties of
the membrane such as permeance and selectivity. A
mathematical model was developed to simulate dis-
solved oxygen removal by reduction reaction using the
Pd-doped PVDF hollow fibre.

2. Materials and Methods

2.1. Experimental Setup

The single fibre was connected in a tubular nylon
module with stainless steel connections. The per-
meation tests were carried out with single gases (H,
Nz, O3) using the pressure drop method. A pressure
controller is used for the feed pressure, and the per-
meate stream was measured by means of a bubble
soap flow meter. Hydrogen permeance was also meas-
ured feeding a water stream in co- and counter-current
mode on the shell side. The operating conditions are
reported in Table 1.

The tests on DOR by means of catalytic reaction
were carried out in the experimental set-up described
in Fig. 1. A flat PVDF porous membrane doped with
different Pt or Pd loads is the core of the system. The

oxygen contained in the water reacts with hydrogen
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Fig. 1. Scheme of the experimental setup for DOR reaction using a catalytic membrane.

fed on the other membrane side. A fixed volume of
water is continuously re-circulated and no input or out-
put in this stream are present. The hydrogen is fed in
largeexcess and at a constant pressure. The system can
be considered as a “loop” reactor, since the O,, being
a limiting reactant, is re-circulated and the hydrogen is

in large excess.

2.2. Mathematical Model

Fig. 2 reports a scheme of the experimental setup of
Fig. 1 considering all the characteristics of the process.
The fixed volume of water can be seen as a liquid
“column” in contact with the catalytic membrane char-
acterised by no gradient or a perfect mixing (owing to
the re-circulation).

The “loop-reactor” must be considered as a batch
system where the oxygen is reduced on the catalyti-
cmembrane by the hydrogen present in a large excess.
Therefore, a 1-D mathematical model for the simula-
tion of the DOR was developed.

O, and H, are fed from the two different membrane
sides (Fig. 3). The reaction slowness allows the ex-
ternal mass transport to be neglected (no water phys-
ical property changes occurs owing to the reaction).
Therefore, the model considers only the diffusive trans-
port inside the membrane of the two species and their

catalytic reaction. The amount of low heat developed

by the reaction (low initial O, concentration) compared
to the high heat capacity of the liquid phase allows the
system to be considered as isothermal and no energy
balance is useful. The reaction has been considered as
pseudo-homogeneous.

A 1-D, 2" order partial differential equations (PDEs)
for the transient species diffusion and reaction inside
the catalytic membrane layer are written. The di-
mensionless form of the mass balance equations is re-
ported in Table 2 with the corresponding initial and
boundary conditions (I.C. and B.C)).

An ordinary differential equation (ODE) expressing
oxygen concentration evolution in the liquid bulk phase
is used as the B.C.1 in the O, mass balance (z=0) for
the membrane phase. This B.C. correlates the O con-
centration in the liquid bulk phase to the diffusive flux
at interface between the liquid and the membrane,
expressing the overall O, mass balance in the system.
B.C.2 expresses the absence of O, flux at the interface
between the membrane and the gas phase side; no
stripping effects by means of H, flow in the gas phase
membrane side was considered.

H, concentration in the liquid bulk phase is null
since the H> solubility constant is one order of magni-
tude lower than that of the O, (B.C. 1) and (B.C. 2)
H, concentration in the water at the interface between

the membrane and gas phase is at equilibrium.

Korean Membrane J. Vol. 8, No. 1, 2006
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Fig. 2. Simplified scheme of the DOR process for the mathematical model.
Table 2. O; and H; transient Mass Balance Equations in- Table 3. Dimensionless Variables
side the Catalytic Layer of PVDF Membrane
. G
Dimensionless concentration Ci= 0
Oxygen mass balance o,
* z
. . Dimensionless catalytic layer thickness zZ =—
aC'o, 0°Co, 20 vt )
i —m - =—0°R
ot oz . . . * t
Dimensionless time t =—
T
IC. Cp =0
o (1)
0 A embrane
Coz - Vbatch Joz z=0 dt
BCAC, (), = -
2 =0 Co2 aqueous gas phase
phase (H)
(H.0 and O,)
F;lo Co=Co2(t)
BC2 =% =0
74

=1

Hydrogen mass balance

a(j*Hz _ aZC H, -2 DOZ,eﬁective (DZR*

al‘* 82*2 DHz,effective
1C. Cy =0
ac;
BCcA1—| -0
Oz
z*=0
. P
BC2C; |, =t
2lz’ = KH2

0.

b =>H,0

Fig. 3. Catalytic layer of PVDF membrane in which the
DOR reaction takes place.
@)

The 1.C.s set to zero the initial concentration of both
species inside the membrane.

Although there is no specific interest regarding the
H; concentration profile inside the membrane, the
Hmass balance equation solution is required; for this
reason the two PDEs must be solved simultaneously as

a set. In fact, the expression of elementary reaction

Korean Membrane J. Vol. 8, No. 1, 2006
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Table 4. Operating Conditions of Simulations

Operating conditions

Temperature, °C 25
Initial O, concentration, ppm 8.3

H; partial pressure, kPa 50:100:200

Membrane characteristics

Catalytic membrane layer thickness, 8, nm 20

Membrane porosity, €, - 0.3
Metmbrane area, 4™ cm’ 70
Volume of liquid phase, V" L 2
Physical parameters

0, diffusivity in water, Do, m”/min 1.446x107
H, diffusivity in water, Dup, m’/min 2.06x107
O, Henry’s constant Ko, atm m’*/mol 7.884x10°
H, Henry’s constant Ky, atm m’/mol 1.273x10°

rete depends also on the H, concentration. The consid-

ered model for the O, reduction reaction rate is:

R=kC,, (CHZ )z ©)

In the mass balance equations @ is the Thiele mod-
Kocy ¥

O, effective
to the diffusion rate (7] inside the porous medium.

ulus (9* = ). It is the ratio of the reaction rate

The definition of dimensionless variables employed

in the simulations are reported in Table 3.

a) Mag. 200x
Fig. 4. SEM images of PVDF hollow fibre cross section.

1

b) Mag 250x

Y TeplapweBriwrnia
‘sijiamntnenniinenns

Table 5. Geometric Characteristics

Outer diameter 0.6 mm
Inner diameter 0.4 mm
Fibre length 150 mm
Separative layer thickness 20 um

Where (o, is the dissolved O, equilibrium value, §
isthe thickness of the membrane catalytic layer and 7
is the characteristic time (r =~§2—).

Table 4 reports the operati%’gjﬁcggnditions and the

parameter values employed in the reaction tests.
3. Results and Discussion

3.1. PVDF Hollow Fibre Characterization

The PVDF hollow fibres loaded with Pd were
characterized in terms of perporometry, morphology by
scanning electron microscopy (SEM), composition pro-
files by energy dispersive X-ray (EDX) analyses. The
instrument (SEM-EDAX) used for the characterization
allows the chemical and morphological analysis to be
performed simultaneously. High vacuum (10'7 mbar)
and low vacuum (0.40 mbar) modes at different prime
energy were used during the characterization.

Table 5 reports the geometric characteristics of the
Pd-doped PVDF hollow fibres.

The fibre cross-section is shown in Fig. 4 for three

different magnitudes of resolution. The analyzed hol-

¢) Mag 2,000x

Korean Membrane J. Vol. 8, No. 1, 2006
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a) Mag 4.000x

a) Mag. 15,000x

b) Mag 13.000x
Fig. 5. PVDF hollow fibre: SEM images of external top layer for different magnitudes.

b) Mag. 8,000x

Fig. 6. PVDF hollow fibre core: SEM images of cross-section (a) and longitudinal section (b).

low fibre shows a five-layer structure with remarkable
morphological differences, specifically concerning the
interfacial layer thicknesses and the Pd-dispersed per-
centage:

1) External Top-layer

2) Connection layer between external layer and core

3) Core

4) Connection layer between core and internal sur-

face

5) Internal layer

Long channels with a length of ca. 25 microns and
10 microns of average diameter, distributed in a
regular way, are present in the connecting layers

between external layers and core (Fig. 4¢). The same

Korean Membrane J. Vol. 8, No. 1, 2006

structure is shown by the connection layer core-internal
surface.

A relevant difference among the morphology of the
five layers can be shown by increasing the photo reso-
lution (Fig. 4a-b). In particular, the external top layer
seem to be almost dense and uniformly deposited on
the connection layer with ca. 20 microns core.

The external top layer (Fig. 5) showed a homoge-
nous and dense morphology, with ca. 18% porosity not
uniformly distributed, with a pore size of ca. 100 nm.
Furthermore, an absence of interconnectivity among the
Pd grains in the form of unconnected clusters with a
medium diameter of 20 nm, was confirmed by SEM

and also conductivity tests which revealed an electric
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a) Mag 5.00x

b) Mag 7.000x

¢) Mag 240.000x

Fig. 7. PVDF hollow fibre: SEM images of internal top layer for different magnitudes.

(b)
Fig. 8. PVDF hollow fibre: SEM images of cross-section
before (a) and after (b) the permeation tests.

Table 6. Pd Doped PVDF Hollow Fibre. Chemical
Composition of External Surface

Zoom Highest Very High High
Mag 240,000x 200,000x 25,000x
7598102 69.02:04 76.37104
F 18.97:0.05 24.63102 15.8520.1
447004 6.09-0.1 7.61:0.1
Pd 0.13:0.004 0.04.9.003 0.02.0.01
S 0.10x0.005
Atomic  Na 0.12:0.01 0.18:002 0.04:002
% Ca 0.07:0.006 0.02:0.003 0.02:001
Cl 0.070.05 0.03:001
K 0.04-:0.006
Si 0.030.005
Al 0.02.0.006. 0.04:0.01 0.04.4.02
Pores Visible Invisible

resistance over 210 Qm[8].

The core structure shows a sponge-like matrix with
many cavities and a high porosity. However, compar-
ing the longitudinal section (Fig. 6a) and the cross-sec-
tion (Fig. 6b) no connection among the pores and
long-distance orientation order are observed. The in-
ternal surface presented a different morphology with
respect to the external surface. It shows a porosity of
ca. 40%, with 100 nm of pore diameter. Furthermore
the separative layer is a few microns thick, thus thin-
ner than the external surface and no Pd clusters were
observed by means of SEM photo also at a high

Korean Membrane J. Vol. 8, No. 1, 2006
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resolution.

A new morphological characterization of the fibre
was carried out in order to evaluate the eventual
changes in the structure owing to the testing after the
permeation tests with pure gases also in the presence
of water. No structural changes were observed in the
fibre morphology (Fig. 8) from the comparison of the
SEM photos obtained beforeand after the permeation
tests. The connecting layer between the core and the
top layers showed the same cylindrical channels,
unchanged both in shape and in dimension.

A chemical analysis along a scan-line was performed
in order to know the spatial distribution of the chemical
elements (in particular Pd) along the crosssection.

Table 6 reports the chemical composition of the hol-
low fibre external surface obtained by means of
EDAX. The presence of Pd is observed at all the im-
age resolutions investigated[9].

An empirical formula was used to quantify the Pd
amount on the external surface of the membrane. It al-
lows the penetration distance of the primary bundle
electrons to be calculated. The mean free path (A¢) of
a electron bundle can be calculated by means of the

following relation:

), =538-d-E;% +0.13(d’ E,,,. )"° )

beam

Where d corresponds to the distance between the
first close atoms and the kinetic energy of the elec-
trons bundle. The relation (4) is based on the hypoth-
esis, supported by the chemical analysis, that the Pd is
present only on the external surface of the fibre. The
mean Pd cluster dimension was estimated around 15
nm, as found in the SEM photo, and the atomic dis-
tribution assumed 0.13% from the EDAX tests.
Therefore the real Pd atomic percentage on the ex-

ternal surface can be calculated as follows:

1000 nm
nm

&—50.13%-

cluster

Pd Y%Atomic — Pd YoAtL =8.7%

)
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Fig. 9. Permeating flux as a function of driving force for
H: (also in a presence of a water stream on permeate
side), Na, O.. at room temperature.

Table 7. Permeance and Selectivitiesof Pd-doped PVDF
Hollow Fibre

2
Permeance, mol/ m’s Pa

H: N> 0O
36.8 11.5 10.6
Selectivity, -

Ha/N; H2/Oy N»/O,
32 3.2 1.1

No relevant amount of Pd was found in the chem-
ical analysis of the internal surface, therefore, the
membrane shows Pd-catalyst presence only on the ex-
ternal surface, with cluster shape and nanometric
dimensions.

3.2. PVDF Hollow Fibre-Permeation Tests

Fig. 9 shows the results of the permeation tests car-
ried out with N, O, and H, as single gases and, for
the latter, also in wet mode, feeding water on the shell
side. Specifically, the permeating fluxes of Nj, O, and
H; show a linear dependence on the driving force in
all the feed pressure ranges considered.

The permeance values obtained with dry tests are
very high for all the gases considered, even if a se-
lectivity of ca. 3 for H, with respect to the other gases
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Fig. 10. Dimensionless oxygen concentration inside the
catalytic layer of the membrane as a function of di-
mensionless catalytic layer thickness for different Thiele
modulus, s

is observed. Furthermore, the Hy permeance value ob-
tained in the wet tests is reduced by 60% with respect
to the permeance in dry mode. No significant differ-
ences have been registered feeding the water in the
shell side in co-current and counter-current config-
uration, in the ranged feed flow rate considered in the

experiments.

3.3. DOR Reaction Simulation

The integration of mass balance equations gives the
0O, and H, profiles insidethe catalytic layer of the
membrane during the time-evolution. In addition, also
the evolution of O, concentration in the liquid bulk of
the batch system can be obtained. Since the only
parameter appearing in the equations is the Thiele
modulus, a parametric solution of mass balances with
respect to Thiele modulus is proposed.

In Fig. 10 the dimensionless O, concentration inside
the membrane as a function of the dimensionless cata-
lytic layer thickness is reported, after 8 hours of re-
action and 100 kPa of H, partial pressure in the gas
phase membrane side. The O: concentration profile is
flat for all the different investigated Thiele modulus
owing to the higher diffusion rate with respect to the

1
DOZ,eﬁective=2'6E'6 m2/h 10,000
[0,]°=8.3 ppm
' Py.=1 bar /J
= §=20 nm Prad -
§ T=25°C e <
(@) ”
E 05 //
) P,=2 bar
- Pid
~ vd
© ©=1,000
0.5 bar-
______ 100 -2
O - = "
0 4 8
time, h

Fig. 11. Dissolved oxygen conversion in aqueous phase as
a function of reaction time for different Thiele modulus,
® and 100 kPa of H, partial pressure (continuous lines)
and at a H, partial pressure of 200 kPa for &=1,000
(dashed lines).

1 DOZ,effective=2-6E-6 m2/h
[0,]°=8.3 ppm
! ?2=1,000
= Py,=1 bar AMentrene
T §=20 nm J b
o T=25°C
E 0sr 7.0 m?
g
o~
O 3.5m!
175 m?
0
0 4 8
time, h

Fig. 12. Dissolved oxygen conversion in aqueous phase as
a function of dimensionless reaction time, for different
values of H, pressure in gas phase side, for a @&=1,000.

reaction rate in the thinner membrane catalytic layer.
In particular it is lower at a higher Thiele module
value.

The removal of dissolved O, in the liquid bulk
phase is an increasing function of reaction time (Fig.
11). The O, removal was evaluated by means of the

Korean Membrane J. Vol. 8, No. 1, 2006
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relationship:

*

O, Removal=1- *02
Co,0 Q)

At a higher Thiele modulus a higher O, removal is
reached. In the same figure the effect of different H,
partial pressures in the gas phase side on the O
removal are reported, for a Thiele modulus equal to
1,000. A higher H; partial pressure (200 kPa) produces
a faster reaction and, consequently, a greater O
removal.

Fig. 12 reports the O, removal as a function of
reaction time for different ratios of the membrane area
andbatch system volume, for o’ equal to 1,000.
Increasing this parameter a greater O, removal is
achieved owing to the fact that a large catalytic
membrane area promotes a greater O, flux inside the
membrane and, consequently, a greater O, removal.

Fig. 13 reports a comparison between the simulation
results and some experimental data. The O, removal
measured for three different catalyst loads in the
membrane and calculated by means of simulation for
P’ equal to 1,000 is reported as a function of reaction
time. A good agreement is observed for the lower

catalyst load.
4. Conclusions

The analyzed hollow fibre shows a five-layer struc-
ture with remarkable morphological differences specifi-
cally regarding interfacial layer thicknesses and Pd-
dispersion. An external selective layer 20 microns thick
with catalytic function was observed. An absence of
interconnectivity among the Pd grains in the form of
unconnected clusters with a medium diameter of 20
nm was confirmed by SEM and also conductivity tests
which revealed an electric resistance over 210 Qm. dif-
ferent porosities (18% and 40%) and thicknesses (20
and | microns) for the external and internal surfaces,

respectively, having the same pore diameter of 100

Korean Membrane J. Vol. 8, No. 1, 2006
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Fig. 13. Dissolved oxygen conversion in aqueous phase as
a function of reaction time: comparison with experimental
data (K. H. Lee et al.), at different % of catalyst load.

pm. Two layers 25 microns long and 10 microns wide
connect the PVDF core and the internal and external
surfaces. EDAX analysis shows the Pd only on the ex-
ternal surface.

An Hjpermeance of 37 mmol/m’s was measured and
Hy/O; and Hy/N; selectivities of ca. 3 were obtained
The H, permeance was 1/3 when a water stream flows
in the shell side. However no fibreperformance de-
pendence on the water flow rate and the water feed
mode was observed.

The loop membrane reactor for the DOR reaction
was simulated as a batch system with a catalytic mem-
brane. A 1-D dimensionless mathematical model, con-
sisting of O, and H, transient mass balances, allowed
the DOR reaction to be simulated in the catalytic
membrane. The species profile inside the membrane
and the O; concentration evolution in the liquid phase
are obtained in a wide range of operating conditions.
Different Thiele modulus values and different H, parti-
al pressures were investigated. A good agreement with
experimental results in terms of O, removal was ob-

tained for the lowest Thiele modulus value.
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Membrane Reactor
Polyvinildiflorure

Standard temperature (25°C) and
pressure (100 kPa)

Permeation driving force, Pa

Dimensionless number

¢/

1. K. Li, L

Thiele Modulus, -
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