158 M. Guate et al. / Journal of Membrane Science and Research 5 (2019) 157-164

step where one (or more) reactant or product species is removed and
separated, selectively. CMRs are intensified reactors that allow for easier
catalyst optimization, smaller reactor sizes and lower energy consumption and
especially suitable for industrial processes in which the performance is
limited by the reaction equilibrium [23]. CMRs have been proposed as an
alternative to overcome previous drawbacks and to enhance the performance
of the catalytic reduction of nitrites. In this way, the membrane acts as a
support for the metal catalyst and as a gas-liquid-solid contactor, promoting
the contact between reactants and catalyst.

Nitrite hydrogenation has been mainly studied with the catalyst supported
on commercial ceramic and carbon based membranes. The unique surface
properties characteristic of carbon based supports, make them particularly
useful with metals (e.g., high loading, good dispersion and easy recovery of
metals) as well as the ability to control the porosity and good stability at low
pH; being a better choice against traditional metaloxides supports. The use of
carbon materials as catalyst supports for nitrite reduction has been mainly
studied in the literature with active carbon (AC) or carbon nanofibers (CNFs)
[13—16, 24-29].

Table 1 shows a summary of the results of different supports for nitrite
reduction. Although the good properties of polymeric materials, only few
references to polymeric supports with Pd have been reported due the poor
stability of the metallic particles on polymeric supports. Volkov et al. [30]
reported a good deposition of Pd on polypropylene hollow fibers. Other
authors [31, 32] employed PEI and polyamide supports, for nitrates reduction;
they reported good stability of Pd and nitrogen selectivity close to 80%.

In this work, a new catalytic membrane reactor based on catalytic
polymeric hollow fibers (PHFs), hydrophobic polypropylene (PP) and
hydrophilic polyethersulfone (PES), has been designed to achieve a high
selectivity reduction of aqueous nitrites to nitrogen. Membrane stability,
distribution of the palladium catalyst on the polymer pores, the influence of
different operation variables (P, Pco, and flowrate) and the selectivity
towards nitrogen have been experimentally studied.

2. Experimental
2.1. Materials and methods

2.1.1. Chemicals

PdCl, was purchased from Sigma-Aldrich with a purity of 99.999 %.
KNO,, Ethanol 96 % v/v, HCL 37 % and NaOH were supplied by Panreac.
Epoxy resin Loctite EA 9455 was provided by Loctite. Polypropylene,
Celgard X-20, hollow fibers membranes were purchased by CELANESE and
polyethersulfone, MicroPES 0.3/2, hollow fibers were supplied by
MEMBRANA (3M). The properties of the polymeric hollow fibers are shown
in Table 2.

2.1.2. Catalytic hollow fibers preparation

PdCl, was dissolved in MeOH solution with 0.2 M HCI at 50 °C for 2 h.
MeOH was used to improve the deposition of the catalyst on the polymeric
hollow fibers (PHFs) and HCI to solubilize the PdCl,. To also improve the
adhesion between the metallic particles and the hollow fibers surface a
pretreatment of the PHFs with ethanol and NaOH (12.5 %) was carried out
[30]. The palladium was deposited on the hollow fibers by direct
impregnation. The solution was poured homogeneously over the pores of each
fiber with a micropipette (1-10 pL). The first half of the solution was
supported on one face of the fibers. Afterwards, the fibers were turn upside
down, and the other half of the solution was added. Once the fibers were
impregnated, they were dried at room temperature in order to have them ready
to reduce the metal of the catalyst. Finally, the palladium was reduced under
hydrogen atmosphere for 1 hour.

2.1.3. Experimental setup

Fig. 1. depicts the scheme of the experimental set-up where the fibers
already impregnated with the catalysts have been assembled in a stainless
steel tubular reactor and sealed with an epoxy resin. The reactor, detail in Fig.
2., has two inlets and two outlets, the uprights for the fluid and the flat ones
for the gas. Aqueous nitrite solution was fed to the reactor through the shell
side whereas a gas stream, composed of hydrogen, carbon dioxide (to control
pH) and the carrier gas (N,) was fed to the lumen side. The gas and liquid
flow counter-currently developing a controlled interphase on the surface of
the hollow fibers. Moreover, Table 3 collects the experimental conditions.

Table 1
Different supports for nitrite reduction.

Support Catalyst Mode (%) () Ref.
ALO3 Pd, Pt, Pd-Cu, batch, >90 >95 [2,12,14,15,33—
Ir, Ru, Rh flow- 47]
through
TiO: Pd Batch >90 >90 [48]
CeO: Pd Semi-batch ~ >90 >90 [49]
Pumice Pd, Pd-Cu Batch >90 >95 [50]
Silica Pd, Pt, Pd-Cu,  Flow- >90 >95 [2,14,15]
Ir, Ru, Rh through,
batch
AC Pd Batch, >90 >80 [13-15,24,25]
semi-
batch,
flow-
through
CNF Pd Batch, >90 >20 [14-16,26-29]
flow-
through
Graphite Pd Flow- >90 >10 [14,15]
through
Lignocelulose Pd Batch >90 - [51]
fiber
Table 2
Properties of PES and PP PHF.
Membrane . Pf)re .Inner W 2l Membrane
— Supplier size diamete thickness I——
(pm) r (um) (um)
Celgard X-20 CELANESE 0.115 400 50 Hydrophobic
MicroPES 0.3/2 MEMBRANA 0.2 300 100 Hydrophilic

Table 3
Range of experimental conditions.

Reaction temperature, °C Room temperature

Hydrogen partial pressure, bar 0.075-1
Carbon dioxide partial pressure, bar 0.3-0.4
Catalyst loading, mg 35.83

Reactor volume, mL 30

Gas flowrate, mL/min 20-200

Initial nitrite concentration, mg/L 150

Number of hollow fibers 25

Liquid flowrate, mL/min 200-400
Liquid volume, mL 150

Flow current Countercurrent

Before the reaction started, the reactor was purged with nitrogen and then
washed with water. A concentrated solution of nitrites, prepared with KNO,,
was poured into the stirred water feed tank and then recirculated to the hollow
fiber contactor, where the H, reduces the nitrites on the catalyst surface.
Nitrite hydrogenation over Pd catalyst can be represented by the following
reactions:

3 1
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Fig. 1. Experimental set up of the system to reduce nitrites.
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Fig. 2. Scheme of a membrane contactor and zoom in of a hollow fiber (1- lumen side of the PHFs; 2- wall of the PHFs; 3- Pd supported on the surface

of the PHFs).

During hydrogenation of nitrites OH" are released, inhibiting the reaction.
In order to control the concentration of OH', the pH value of the aqueous
phase was kept in the range between 4.86 and 5.72 by flowing CO, and
provoking the following reactions [12]:

20H+C0,32C05 +H,0 3)
CO5™+C0;—H, O+2HCO; @

To monitor the progress of the reaction under consideration,
representative samples were withdrawn periodically and the pH was
measured.

2.2. Analytical techniques

Temperature degradation of the polymeric hollow fibers was studied
using thermogravimetric analysis (TG-DTA 60H Shimadzu). The degradation
was studied in the presence and absence of palladium in order to determine
the influence of this catalyst in the hollow fiber temperature resistance.

Scanning electron microscope (SEM) (Carl Zeiss, EVO MAL1S5) was used
to determine the catalyst distribution in the cross-section of the Pd-PHF.

For further knowledge of the membrane structure, EDX analysis was
carried out. EDX makes use of x-ray spectrum emitted by the solid sample
bombarded with a focused beam of electrons to obtain a localized chemical
analysis. When the sample is hit by the electron beam, electrons are ejected
from the atoms of the sample surface. The resulting electron vacancies are
filled by electrons from a higher energy state, and an x-ray is emitted to
balance the energy difference between the two electrons' states. The x-ray
energy is characteristic of the element from which it was emitted.






