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NOx (NO and NO,) are air toxins that endanger life and represent a hazard to the environment, such as photochemical smog,
global warming, acid rain, ozone depletion, and the occurrence of respiratory infections. Some technological strategies to diminish
NOx emissions to meet regulations depend on two techniques: the dry process and the wet process. This study applies poly-
vinylidene fluoride (PVDF) hollow fiber membrane modules as a medium to remove NOx from solutions containing several
absorbents such as hydrogen peroxide and nitric acid (H,O,-HNOj3) solutions, sodium chlorite and sodium hydroxide (NaClO,-
NaOH) solutions, and sodium chlorate and sodium hydroxide (NaClO3;-NaOH) solutions. The experimental results showed that
the oxidant’s strength influences NOx removal efficiency, where the absorbent solutions containing hydrogen peroxide had the
highest removal efficiency as hydrogen peroxide is the most potent oxidant, followed by sodium chlorite and sodium chlorate. The
three pairs of absorbents also gave a high NOx removal efficiency (above 90%), which means that all the absorbents used in the
study are very potential to be used to diminish NOx via the wet process. NOx removal efficiency at the same feed gas flow rate
increased as the number of fiber and absorbent concentrations is increased. However, NOx removal efficiency is reduced as the

feed gas flow rate is increased at the same membrane module and absorbent concentration.

1. Introduction

Nitrogen oxides, which are also called NOx (NO and NO2),
are generally released from petroleum derivatives, especially
in their utilization in power generation and industrial
manufacture, hazard life, and threaten the environment
[1-5]. Over recent decades, NOx has been viewed as a
significant air pollutant, which harms the human body and
causes a progression of serious environmental issues, such as
photochemical smog, global warming, acid rain, ozone
depletion, and the rate of respirational infections [6-12].
Hence, several strategies to lessen NOx emissions have been
examined, particularly for diesel and lean-burn gasoline
engines whose exhaust fumes contain excess O, [13-17].
A few innovative strategies have been created to lessen
NOx emissions to fulfill the guidelines and are

fundamentally dependent on two techniques: the dry pro-
cess and wet process [18]. The dry process incorporates
selective catalytic reduction (SCR) [19, 20] and NOx storage
and reduction (NSR), which is otherwise called lean-NOx
trap (LNT) [21]. SCR employs ammonia as a reducing agent
on a catalyst based on vanadium pentoxide-tungsten tri-
oxide/titanium dioxide or copper- and iron-zeolites [22, 23].
Meanwhile, NSR is the most popular lean-NOx reduction
technology and the catalysis technology of choice, which is
also recognized as LNT or NAC (NOx absorber catalysts)
[21].

The wet process gives a few preferences over the dry
process, such as adaptation to flue gas, low working
temperature, and no catalyst deactivation and degradation
over the long run [24]. Nonetheless, NOx removal is still
dealing with the issue as insoluble NO possesses an
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enormous extent of the gas [25]. One technique is the
oxidation of NO to NO,, which has a lot higher solubility
[26]. The wet process utilizes a strong oxidant to convert
insoluble NOx species by oxidation into more soluble
species. Several strong oxidants solutions include sodium
chlorate (NaClO;) [27], sodium chlorite (NaClO,)/so-
dium hydroxide (NaOH) [28], hydrogen peroxide
(H,0,)/nitric acid (HNO3), and potassium permanganate
[5]. The wet process utilizes a bubble reactor to remove
NOx by the oxidant solutions [27].

This study applies the PVDF (polyvinylidene fluo-
ride) hollow fiber membrane module as a bubble reactor
for NOx absorption into solutions containing several
absorbents such as a mixture of nitric acid and hydrogen
peroxide solutions, sodium chlorate and sodium hy-
droxide solutions, and sodium chlorite and sodium
hydroxide solutions. PVDF is widely known to have
several advantages, such as excellent mechanical
strength, high thermal stability, high hydrophobicity,
and good chemical resistance [29-31]. In a conventional
bubble reactor, bubbles are generated from a feed gas
stream containing NOx through the tubing, directly fed
into the reactor containing the absorbent solution [27].
In this study, the shell side of the membrane module
containing absorbent solutions act as a reactor, and the
membrane fibers act to distribute feed gas containing
NOx through the membrane pores into the shell side of
the membrane module, where the reactions occur be-
tween NOx and absorbent solutions. In addition, the
hollow fiber membrane module is expected to provide a
large contact area between gas and absorbent to enhance
the reaction between NOx and absorbent, which leads to
an increase in the NOx removal process.

The NOx removal reactions through a mixture of H,0,
and HNOj; are as follows [32]:

2NO + O, — 2NO, (1)
2NO,«—N,0, (2)

NO + NO,«—N, 0, (3)

NO + NO, + H,0 — 2HNO, (4)
2NO, + H,0 — HNO; + HNO, (5)
N,0; + H,0 — 2HNO, (6)
N,0, + H,0 — HNO; + HNO, (7)
HNO, + H,0, — HNO; + H,0 (8)

The addition of nitric acid, which acts as an autocatalytic
reaction, increases the reaction (8) rate and increases the
absorption rate of NOx for trivalent species (HNO, and
N,O;) [33].

The NOx removal reactions through a mixture of
NaClO; and NaOH are as follows [27]:
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NaClO;«—Na" + ClO; 9)

13NO+6CIO; + 5H,0 — 6Cl~ + 3NO, + 10HNO,

(10)
3NO, + H,0 — 2HNO; + NO (11)
2NO + H,0 + HCIO; — HCl + 2HNO; (12)
2NO + H,0 + NaClO; + H" — Na" + HCI + 2HNO,
(13)

NaClO; + 2NO + 2NaOH — 2NaNO; + NaCl + H,0
(14)

Meanwhile, the NOx removal reactions through a
mixture of NaClO, and NaOH are as follows [34]:

NaClO, — Na® + Clo, (15)
2NO + ClO, — 2NO, + CI” (16)
NO + ClO, — NO, + ClO™ (17)

4NO, + ClO; +40H™ — 4NO; +Cl” +2H,0  (18)
2NO, + ClO; + 20H™ — 2NO; + ClO™ +H,0  (19)

4ClO, +2H" — 2ClO, + ClO; + CL™ + H,0
(20)

2. Materials and Methods

2.1. PVDF Hollow Fiber Membrane Preparation. The doped
solution was prepared by dissolving polymeric pellets in-
solvent in the presence of an additive. At first, 5 g of PVP K40
was added into 77 g of NMP; both are provided by Sigma
Aldrich, Malaysia, under vigorous stirring. After the additive
was completely dissolved, 18 g of PVDF pellets (Kynar 760)
were slowly added into the mixture to avoid agglomeration.
The mixing was continuously stirred overnight to ensure a
homogenous solution could be produced. The solution is
composed of 18 wt.% PVDF, 5 wt.% PVP K40, and 77 wt%
NMP which was then subjected to an ultrasonication process
to remove any air bubbles before it could be used for the
spinning process.

A self-customized hollow fiber spinning machine was
employed to synthesize the hollow fiber membranes using
the dope solution prepared. The fabrication process was
based on the dry-jet wet spinning method in which an air
gap of 5cm was applied between a spinneret and a water
coagulation bath. The hollow fiber membrane was pro-
duced using a spinneret with an OD/ID of 1.15mm/
0.55 mm. The dope extrusion rate and bore fluid flow rate
(pure water) remained at 5mL/min, respectively,
throughout the process. The as-spun fiber was then
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collected using a wind-up drum at a speed of 10 m/min.
After that, the fiber was immersed 24 h in a pure water
bath to remove any solvent before being posttreated with
10 wt.% glycerol solution. Finally, it was air-dried at room
conditions. FESEM and FEI inspected F50 was used to
investigate the membrane morphology.

2.2. NOx Removal Experiment. The experimental scheme
for the NOx removal process through the hollow fiber
membrane module is shown in Figure 1. The membrane
module contains 40, 50, and 59 PVDF-based fibers with
sizes of 0.5mm, 1.5mm, and 40cm in diameter, outer
diameter, and length, respectively. The chemicals used,
such as H,0,, NaClO,, NaClO3;, HNOs3, and NaOH, are
analytical grade bought from Merck, Indonesia. Mean-
while, the feed gas, provided by Energi Indogas Nusan-
tara, Indonesia, utilized contains around 600 ppm NOx in
the air. The flow rate of the NOx-containing gas to the
membrane module through the fiber’s lumen is regulated
by the mass flow controller, CX Series, Shanghai In-
strument. For the experiment purpose, one end of the tube
and shell sides of the membrane module is closed so that
in the tubing section, only have one input for the feed gas
stream and, in the shell side of the membrane module, one
output serves the gas outlet is present. Prior to the NOx
removal experiment, the absorbent liquid was first in-
troduced into the shell side of the hollow fiber membrane
module. During the experiment, the feed gas enters the
lumen fibers and then diffuses through the membrane
pores and exits the fiber to the shell side of the membrane
module, where the reaction occurs between NOx and the
absorbent solutions. Finally, the lean-NOx gas concen-
tration exited from the membrane module is measured
using the Ecom-D Gas Analyzer. The observed parameters
of the experiments are the NOx removal efficiency, %R,
the overall mass transfer coefficient, K¢, flux, J, absorbed
NOx, and the NOx loading, and they are calculated as
follows [5, 35, 36]:

C. -C
%R = 100 =% - o, (21)
NOx 1,
J=— (22)
NOx b
NO . A 23
x-loading ™ 1) bl oxidant (23)
P
Noxabs = (Cin - Cout)QGﬁ- (24)

Ci, and C,,; are NOx concentrations in the feed gas and
lean-NOx exit from the membrane module, respectively; Qg,
A,,, and NOx,p are the feed gas flow rate, fiber surface area,
and mole NOx absorbed by the absorbents, respectively. The
mole oxidant is the number of moles of H,0,, NaClO,, or
NaClO; in absorbent solutions. Meanwhile, P, R, and T are
the pressure, ideal gas constant, and temperature,
respectively.

><]

1

FIGURE 1: Schematic diagram of NOx removal experiment: 1. feed
gas tank; 2. valve regulator; 3. mass flow controller; 4. hollow fiber
membrane module; 5. gas analyzer.

3. Results and Discussion

3.1. Membrane Morphology. The SEM analysis results in
Figure 2 indicate that the hollow fiber membrane structure is
asymmetric [37, 38]. In the cross section, it can be seen that
the outer surface of the membrane looks denser, while the
inside of the membrane shows a layer of macro voids that
was formed with a sponge-like structure. The top surface
image also confirmed the asymmetric structure, where the
pore size appears nonuniform. The smaller pore sizes were
distributed and appeared at a magnification of 10000 times,
while some of the larger pores were nonuniformly distrib-
uted. Based on the porosity measurements, the membrane
porosity was obtained at 71.04+6.04 and the thickness
around 115 ym. The porosity value is in line with the SEM
results obtained, where the pores of the membrane appear to
be well distributed even though the pore size is nonuniform
[39].

3.2. Effect of Feed Gas Flow Rate. To see the impact of the feed
gas flow rate on the NOx removal efficiency and the NOx
absorbed, the NOx removal experiment were conducted
using volume and concentration of the H,0,-HNO;,
NaClO,-NaOH, and NaClO;-NaOH absorbent pairs
200 m1/200 ml and 0.1 M/0.5 M, respectively. Meanwhile, the
flow rate of the feed gas was varied from 0.1 to 0.2 L/minina
membrane module containing 40 fibers. The feed gas entered
the lumen fiber and then passed through the fiber toward the
membrane module’s shell side, causing bubbles to appear.
The bubbles generated by the feed gas in the membrane
module are shown in Figure 3. The NOx removal process
occurs due to its reaction with the absorbents, as in equa-
tions (1)-(20), in the gas-liquid interface on the outside of
the fibers, and the bulk of absorbent solutions in the
membrane module [5].

As demonstrated in Figure 4, the NOx removal efficiency
declines as the feed gas flow rate into the membrane module
increases. The amount of NOx that can be absorbed, as
shown in Figure 4, increases with the feed gas flow rate, and
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FIGURE 2: SEM micrograph of (a) cross section and (b) top surface of PVDF hollow fiber membrane.

FIGURE 3: Bubbles appeared during the NOx removal experiment.
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FIGURE 4: The feed gas flow rate, Qg, effects on the NOx removal
efficiency, R, and the amount of NOx absorbed NOxAbs in a 40
fiber membrane module using 400 mL of absorbent pairs of H,O,
(0.05M) - HNO; (0.25 M), NaClO, (0.05 M) - NaOH (0.25 M), and
NaClO; (0.05M) - NaOH (0.25 M).

based on equation (21), it increases the removal efficiency.
However, based on equation (21), increasing the feed gas
flow rate can reduce NOx removal efficiency. The decrease in

NOx removal efficiency indicates that the feed gas flow rate
increment is superior to the absorbed NOx. In other words,
the residence time of the gas in the membrane module
decreases as the feed gas flow rate is increased, which leads to
decreasing the contact time between the NOx and the ab-
sorbents, and finally reduces NOx removal efficiency [5].
Figure 4 also shows that all adsorbent solutions used have a
higher efficiency than 90%, which indicates that all adsor-
bent solutions used have a good ability to remove NOx from
the feed gas stream. The NOx removal efficiency for the
absorbent pairs of H,0,/HNO;, NaClO,/NaOH, and
NaClO3/NaOH was slightly decreased from 99.8 to 98.8%,
99.4 to 98.6%, and 99.3 to 98.3%, or decreased by approx-
imately 1.00, 0.80 and 1.01%, respectively, when the feed gas
flow rate, containing 600 ppm of NOx, increase from 0.1 to
0.2 L/min. Absorbent containing H,O, has the highest ef-
ficiency because it has the highest oxidizing strength, fol-
lowed by NaClO, and NaClO;. The potential reduction
standards of H,0,, NaClO,, and NaClO; are 1.77, 0.76, and
0.62 V, respectively [40]. Meanwhile, the increase in the NOx
absorbed by the three pairs of absorbents was almost the
same, from about 4.0 x 10> to 7.9 x 10~> mmol/s as the three
pairs’ removal efficiency only differed slightly. Similar results
were shown in previous studies where the NOx removal
efficiency slightly decreased from 99.6% to 98.9% or de-
creased by 0.7% when the feed gas flow rate increased from
0.1 to 0.2L/min on a polysulfone hollow fiber membrane
module having a mixture of 75mL 0.5 wt.% of H,O, and
75mL 0.5M of HNOs3, and the amount of fiber 100. Wang
and Yu also reported a decrease in NOx removal efficiency in
a polypropylene membrane module using an absorbent
solution containing 5 wt.% and 0.2 wt.% of NaCl and H,0,,
and a concentration of NO in the feed gas of about 185 ppm,
where the NO removal efficiency decreased from 91% to 29%
as the feed gas flow rate increased from 0.05 to 0.25L/min
[41].

Figure 5(a) presents that the flux, J, increases with the
feed gas flow rate in a membrane module containing 40
fibers. The thickness of the gas-liquid boundary layer
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FiGure 5: Effect of feed gas flow rate, Qg, on (a) the flux, J; (b) the NOx loading in a membrane module containing 40 fibers using 400 mL of
absorbent pairs of H,O, (0.05M) - HNOj; (0.25 M), NaClO, (0.05 M) - NaOH (0.25 M), and NaClO; (0.05M) - NaOH (0.25 M).

decreases with the feed gas flow rate increment, thereby
increasing the NOx transfer driving force, the gas diffusion
rate, and the absorbed NOx [42]. Furthermore, according to
equations (22)-(24), the flux increase as the absorbed NOx is
increased in the same membrane surface area. The flux for
the three pairs of absorbents was relatively the same as the
amount of NOx absorbed for the three pairs of absorbents
only differed slightly. The three pairs of absorbents had
almost the same increase in flux from about 5.4x107® to
1.1 x 107" mmol/cm®s as the feed gas flow rate is doubled
from 0.1 to 0.2L/min. Previous studies have also shown
similar results where the absorbed NOx flux increases from
about 0.0026 to 0.0051 mol/m*h as the feed gas flow rate,
containing 600 ppm NOX, is increased from 0.1 to 0.2 L/min
in a membrane module containing 32 polysulfone-based
fibers and a mixture of 0.5 wt.% H,O, and 0.5 M HNOj; each
of 25mL as an absorbent solution [5].

NOx loading, the ratio between the rate of moles of NOx
absorbed (mmol/s) and the moles of oxidants used (H,O,,
NaClO,, and NaClO3) in the absorbent solution, is shown in
Figure 5(b). As with the absorbed NOx, the NOx loading for
the three absorbent pairs (H,0,-HNO3;, NaClO,-NaOH, and
NaClO;-NaOH) increased as the feed gas flow rate was in-
creased, and had almost the same value due to the same moles
of oxidants in the absorbent solutions. As demonstrated in
Figure 5(b), the NOx loading increases linearly from about
0.002 to 0.004 mmol/mol.s with increasing the feed gas flow
rate from 0.1 to 0.2 L/min due to increasing NOx absorbed.

3.3. Effect of the Number of Fibers in the Membrane Module.
The increase in the number of fibers in the membrane
module increases the gas-liquid contact surface area, and
bubbles are formed. These two factors enhance the mass

transfer process to increase the amount of NOx absorbed,
which leads to an increase in NOx removal efficiency and
NOx loading because it uses the same feed gas flow rate and
absorbent concentration, as shown in Figure 6(a). The ab-
sorbent pair containing H,0,-HNO; gave the highest re-
moval efficiency and NOx loading compared to the other
two absorbent pairs (NaClO,-NaOH and NaClO;-NaOH)
due to the strongest oxidation properties compared to the
other two oxidants [37]. On the other hand, the flux and
mass transfer coefficient decrease with the number of fibers
in the membrane module, as presented in Figure 6(b). The
fiber number increment in the membrane module certainly
increases the absorbed NOx and enhances the mass transfer
process. However, the fiber number increment leads to an
increase in the membrane’s gas-liquid contact and reduces
the mass transfer performance as expressed in equation (24)
[42]. The mass transfer coefficient of the H,O,-HNO; ab-
sorbent pair has the highest value compared to the other two
pairs (NaClO,-NaOH and NaClO;-NaOH) due to the
strongest oxidation properties [40]. In comparison, the flux
for the three pairs of absorbents was relatively the same as
the amount of NOx absorbed for the three pairs of absor-
bents only differed slightly. In this study, the NOx removal
efficiency slightly increased from about 99.5 to 99.8%, 99.2 to
99.6%, and 99.0 to 99.3%, or increased by approximately
0.63%, 0.39%, and 0.30% for the absorbent pairs of H,0,-
HNO;, NaClO,-NaOH, and NaClO;-NaOH, respectively,
with the increment of fiber number in the membrane
module from 40 to 59, at 0.125 L/min feed gas rate. A similar
result was also reported in previous studies that the NOx
removal efficiency increased from about 86 to 97% with the
increment of fiber number from 50 to 150, at 0.2 L/min feed
gas rate containing 560 ppm of NOx using a mixture of 0.5
wt.% H,0, and 0.5 M HNOj; each of 75 mL as an absorbent
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- NaOH (0.25 M) at the feed gas flow rate of 125 mL/min.

solution [5]. Another study also reported that NOx ab-
sorption efficiency slightly increased by approximately 0.4%
from 94.2% to 94.6% with the increment of fiber number in
the polysulfone membrane module from 16 to 48, using the
absorbent consisting of HNO; 0.5 M and H,0, 0.5% w/t at
1:1, and at 0.1 L/min feed gas rate [42].

The flux for the three absorbent pairs in this study de-
creased from about 6.7 to 4.5x10 ®mmol/cm®s or

approximately 32% decreased with the increment of fiber
number in the membrane module from 40 to 59 at 0.125 L/min
feed gas rate. The flux decreased was similar to the previous
study where the NOx transfer flux declined from 0.0030 to
0.0011 mol/m>h or 62% reduced with the fiber number in-
crement in the polysulfone membrane module from 50 to 150,

at 0.2 L/min feed gas rate applying a mixture of 0.5 wt.% H,0,
and 0.5 M HNOj; each of 75 ml as absorbents [5].
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3.4. Effect of the Oxidant Concentration. The increase in the
oxidant concentration (H,O,, NaClO,, or NaClOs) increases
the number of moles of oxidants, as expressed in equations
(2), (8), and (14) in the absorbent solution, which, in turn,
enhances the mass transfer process to increase the amount of
NOx absorbed. It leads to an increase in the NOx removal
efficiency and flux, as presented in Figure 7(a), due to the
same feed gas rate and the membrane module used in the
experiment. On the other hand, an increase in oxidant
concentration (H,0,, NaClO,, or NaClO;) reduces NOx
loading because the increase in the amount of NOx absorbed
is not proportional to the increase in the concentration of
oxidant. According to equation (23), increasing the con-
centration of oxidant is more dominant than the increase in
NOx absorbed, which causes a decrease in NOx loading. The
NOx removal efficiency for absorbents containing H,O,,
NaClO,, and NaClOj; oxidants increased from 98.9 to 99.7%,
98.7 to 99.2%, and 99.0 to 99.3% when the oxidant con-
centration increased from 0.015 to 0.075M, 0.01 to 0.05 M,
and 0.05 to 0.25M, respectively, in a 40 fibers membrane
module and the flow rate of the feed gas of around 0.125L/
min. The absorbent volume in the membrane module is
400 mL consisting of 200 ml of the oxidant and 200 ml of
0.5M HNO; for H,O, or 0.5 M NaOH for NaClOs.
Meanwhile, for the same operating conditions, NOx
loading decreased because the increase in the amount of
NOx absorbed is not proportional to the increase in oxi-
dants’ concentration in the absorbent solution, as presented
in Figure 7(b). Figure 7(b) also shows that the three pairs of
absorbents have almost the same NOx loading because the
amount of NOx absorbed by the three absorbents is also only
slightly different. Previous studies gave similar results where
the NOx removal efficiency increased from 93% to 95% with
an increase in the concentration of H,O, from 0.25 to 2.5
wt.% in the absorbent solution containing H,O, and 0.5M
HNO; each of 25mL in a 32 fiber polysulfone membrane
module and the flow rate of the feed gas of around 0.15L/
min [5]. A similar result was also reported by Shi et al. [27]
using a bubble column reactor where an increase in the
concentration of NaClO; from 0.005M to 0.1 M led to an
increase in NOx removal efficiency from 35.48% to 91.65%.

4. Conclusion

The three pairs of absorbents, H,O,-HNO3, NaClO,-NaOH,
and NaClO;-NaOH, provided a high NOx removal effi-
ciency (above 90%), which indicated that all the absorbents
applied in the study are very potential to be used for NOx
removal in the wet process. The hollow fiber membrane
module could be utilized as the bubble reactor to diminish
NOx from the gas stream using three pairs of absorbents.
The oxidant’s strength affects the NOx removal efficiency,
where the absorbent containing H,O, provided the best
removal efficiency because of its most potent oxidation
properties compared to NaClO, and NaClO;. The experi-
ments also showed that the NOx removal efficiency in-
creased with the fiber number in the membrane module and
absorbent concentration. However, the NOx removal effi-
ciency decreased with the feed gas flow rate. In the actual

condition, the flue gas from fossil fuel combustion contains
not only NOx but also SO,. Therefore, a future study is also
necessary to reduce both NOx and SO, simultaneously in the
membrane module, which functions as a bubble reactor.
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