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Abstract—Carbon capture efficiency of membrane gas absorption was improved using a nearly superhydrophobic
membrane. This membrane, polyvinylidene fluoride (PVDF) membrane, was blended with TiO, nanoparticles and
post-modified with octadecyltrichloro silane to reduce wetting. Wetting reduction is important to minimize mass
transfer resistance in membrane pores during carbon capture. The hydrophilic TiO, nanoparticles reduced membrane
pore size and hydrophobicity in dual bath coagulation, but they offered active sites for silane modification as proven by
Fourier-transform infrared spectra to achieve a water contact angle up to 148.8°. A non-wetting surface near to Cassie-
Baxter state was formed due to the nano-roughness of TiO, nanoparticles and hydrophobic functional groups of silane.
The modified membrane showed higher CO, absorption flux in comparison to the neat PVDF membrane, as much as
114% improvement. The modified membrane also achieved faster carbon capture into water. Furthermore, PVDF and
PVDF/TiO, membranes modified with octadecyltrichloro silane in ethanol (volume ratio of 5: 50) were less affected by
NaOH absorbent, displaying great potential for carbon capture and storage using alkaline waste.
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INTRODUCTION

Carbon dioxide (CO,) emission from energy generation activi-
ties is one the major causes of global warming and climate change.
Global CO, emissions reached 33.1 Gt gigatons in 2018, as reported
by the International Energy Agency [1]. Several carbon capture and
storage (CCS) projects commenced in the past few years after the
success of the first commercial CCS project, Sleipner in Norway.
Sleipner CCS project captured more than 1 million tons of CO,
annually from natural gas using amine technology since 1996 [2].
More CCS projects have commenced in the past few years, includ-
ing Petra Nova CCS facility in Texas, Emirates Steel CCS project at
Abu Dhabi, Tomakomai CCS Demonstration Project in Japan and
Ilinois Industrial CCS project in Decatur [3-6].

In the past two decades, the researchers and technologists have
also proposed more alternatives to elevate CCS mitigation strategies
into carbon capture, utilization and storage (CCUS) initiatives at the
same time. Mineral carbonation has been extensively studied be-
cause CO, can be sequestrated in the form of thermodynamically
stable carbonates using different types of alkaline waste. The major
routes of mineral carbonation are direct gas-solid carbonation, direct
aqueous carbonation and indirect aqueous carbonation [7]. Direct
gas-solid carbonation of fly ash has been widely reported, but the
efficiency is lower than by aqueous carbonation. Direct aqueous
carbonation, which involves dissolution and carbonation in the
aqueous phase, can be further improved using different types of
leaching agents such as acid and ammonium salts [8]. Part et al.
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and Kang et al. [9-11] focused on the indirect aqueous carbonation
using carbon captured by alkanolamine absorbent which is con-
ducted at low pressure and temperature before mixing with differ-
ent types of calcium salts to form calcium carbonate which could
be easily precipitated. More than 80% of calcium chloride and cal-
cium hydroxide was converted into calcium carbonate using mon-
oethanolamine in less than 100 min. On the other hand, seawater
decalcification using CO, was studied [12]. The effects of tempera-
ture, salinities and pH on CO, dissolution into seawater were stud-
ied since the CO, dissolution rate was assumed to govern the pre-
cipitation rate of carbonates. The increment of seawater alkalinity
accelerated the decalcification significantly. However, the decalcifi-
cation rate decreased at pH 9.1 due to the competition between
calcium and magnesium carbonation. Aragonite was precipitated
with the pH range of 7.3-8.5, but monohydrocalcite and nesque-
honite were also collected when the solution pH was increased to
9.1. Magnesium hydroxide was then proposed to replace NaOH
in the decalcification reaction [13]. However, a reaction time of
more than 150 min was required to achieve more than 90% decal-
cification using white clay from a soda ash production plant. Cheng
et al. [14] further studied the formation of MgCO; from carbon-
ation reaction using Mg(OH),. The formation of MgCO, could
follow the dissolution-recrystallization mechanism. Hence, Dindi
etal. [15] further proposed the production of carbonates using CO,
and brine waste. Chlorides ions were removed from brine using
hydrotalcite to form alkaline brine solution, which could be con-
verted into NaHCO; via carbonation reaction. Zhang et al. [16]
recently used nickel nanoparticle catalyst (30 ppm) to promote cal-
cium carbonation efficiency about 10% by accelerating the rate-
limiting step of carbonation reaction, namely; the carbonic acid for-
mation in the alkaline solution.
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Table 1. The composition of membrane dope solution and silane modification

Membrane PVDF NMP H,PO, LiCl Acetone TiO, Volume ratio of
(Wt%) (wt%) (wt%) (wt%) (wt%) (Wt%) silane to ethanol

PO 13 77 3 2 5 - -

POS 13 77 3 2 5 - 5:50

PT 13 74 3 2 5 3 -

PTS/2 13 74 3 2 5 3 1:50

PTS/10 13 74 3 2 5 3 5:50

As proposed by Ji et al. [8] and Salmén et al. [17], indirect aque-
ous carbonation could be integrated with carbon capture technol-
ogy. Carbonates formed at 40 °C with the addition of CaO or fly
ash into the CO, rich monoethanolamine as reported by Ji et al.
[18]. Salmén et al. [17] concluded that CO, removal efficiency of
NaOH in membrane contactor is higher than a packed column.
Membranes are more compact than conventional columns, lead-
ing to a reduction over 70% in size and 66% in weight [19]. Al-
though NaOH is useful in mineral carbonation without regenera-
tion required, the stability of polymeric membrane in alkaline solu-
tion remains questionable. PVDF membrane degraded in NaOH
and KOH solution with concentration as low as 0.01 M and the
degradation was promoted by the elevated temperature [20]. Unlike
alcohol amine absorbent, NaOH has not been extensively studied
in membrane gas absorption research since lower CO, flux was
reported [21]. This works aim was to study the stability of PVDF
membrane in membrane gas absorption using NaOH as the absor-
bent. The membrane was incorporated with inorganic filler, TiO,
nanoparticles and modified with hydrophobic agent, octadecyltri-
chloro silane to create surface hydrophobicity for minimum con-
tact with NaOH absorbent. Unlike our previous work [22] fluoro-
hydrocarbon silanes were not used here due to their environmen-
tal impact. The CO, selectivity could be improved from 3.48 to 29.4
after embedding nanoparticles into PVDF membrane as reported
in our previous work [23].

EXPERIMENTAL

1. Materials

PVDF (Solef® 6010, Solvay Solexis) and N-methyl-2-pyrroli-
done (NMP) (>99.5%, Merck) were used to prepare the membrane
dope solution. The membrane dope solution also contains ortho-
phosphoric acid (H;PO,) (>85%, Merck), lithium chloride (LiCl,
Merck) and acetone (Merck). TiO, nanoparticles (21 nm primary
particle size, >99.5% trace metal basis) from Sigma-Aldrich and
octadecyltrichloro silane from Gelest were used to enhance surface
roughness and energy, respectively. Ethanol (>99.9%, Merck) was
used in coagulation and silanation. NaOH (99%, Merck), HCI (37%,
Merck) and phenolphthalein (>0.98%, Merck) were used in the
titration of absorbent sample from membrane gas absorption.
2. Membrane Synthesis and Characterization
2-1. Membrane Synthesis

PVDF membrane was synthesized using dual bath coagulation
as reported previously [24]. In brief, H;PO, (3 wt%) was dissolved
into NMP before adding the dried PVDF (15 wt%) to form the
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dope solution of PVDF membrane. TiO, nanoparticles (3 wt%)
were first dispersed in NMP followed by non-solvent additives
and polymer in the preparation of PVDF/TiO, membrane dope
solution. All dope solution was stirred at 50 °C for one day and
degassed for one day before casting. The dope solution was cast
into thin film on woven support with a gap of 400 um (Elcometer
4340 automatic). The film was immersed into ethanol for 20 min
followed by distilled water for 24 h to form membrane. The dried
membranes (40 °C for 72h) were immersed into silane solution
prepared at a volumetric ratio of 1 mL silane to 50 mL ethanol or
5 mL silane to 50 mL ethanol for 4 min. The modified membranes
were rinsed with ethanol and dried at 40 °C for 24 h before char-
acterization. Table 1 summarizes the dope and silane compositions
for membranes prepared in this work.

2-2. Membrane Characterization

The morphology of membrane surface and cross-section were
studied using scanning electron microscopy (SEM) (HITACHI S-
3000N, Hitachi Ltd., Japan) with an acceleration voltage range of
0.3-30kV. The membranes were cracked in liquid nitrogen before
cross-sectional scanning.

The surface wetting was quantified in terms of water contact
angle. Deionized (DI) water was dropped on the membrane sur-
face using a syringe to form five water droplets at different posi-
tions for the replicated measurement by a goniometer (Ramé-Hart
Instruments Co., USA). The mean water contact angle was deter-
mined from water contact angles measured at five different loca-
tions on the membrane surface.

Fourier transform infrared (FT-IR) spectroscopy (Nicolet iS10,
Thermo Scientific, USA) was used to record the spectra from 600
cm™ to 3,800 cm™ for the understanding of chemical changes after
silane modification.

3. Membrane Gas Absorption

The CO, absorption fluxes through the membranes were com-
pared using a membrane gas absorption system described in our
previous work [25,26]. The membrane module consists of a gas
chamber and a liquid chamber separated by a membrane sample
with an effective diameter of 3.9 cm. CO, gas (purity >99%) was fed
into the membrane module at 100 mL/min while the distilled water
was counter-currently fed into membrane module at 150 mL/min
to initiate the comparison. The CO, concentration in four absor-
bent samples (50 ml) at outlet was determined using Eq. (2). A
few drops of phenolphthalein were added into sample before titra-
tion using NaOH solution (0.01 M) until the appearance of pink
color. Subsequently; the CO, absorption flux was determined using
Eq. (2)
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where M is NaOH concentration (mol/L), Vy,oy NaOH volume (L),
Viampe i the absorbent sample volume (L), Q, is absorbent flow rate
(L/s) and A is effective membrane surface area (m?). NaOH was
used as absorbent in the subsequent measurement of carbon storage
potential. NaOH absorbent was recirculated back into membrane
gas absorption system until depletion. In the presence of NaOH,
carbonates were formed due to the absorption into NaOH solution.
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After NaOH depletion, bicarbonates could form. The overall reac-
tion between CO, gas and NaOH solution can be stated as follows:

CO,(g)+2NaOH(aq)<>Na,CO,(aq)+H,0() 3)

HCI was used in the titration of absorbent samples as described
earlier to determine the NaOH and the total carbonate and bicar-
bonate concentration.

RESULTS AND DISCUSSION

1. Membrane Characteristics
The surface morphology of the PO, PT, POS and PTS mem-

H D48 x30k 30um

30 um

Fig. 1. SEM images of the surface of (a) PO (b) POS (c) PT, (d) PTS/2 and (e) PTS/10 membranes.
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branes was studied using SEM images in Fig. 1. All the membranes
exhibit spongy structure as reported in our previous work [22].
The non-solvent additive, LiCl encouraged the formation of large
cavities and open structure [27]. LiCl interacts with NMP and
PVDF to form LiCI-NMP and LiCl-PVDF complexes. The forma-
tion of these complexes caused the reduction of solvent strength
(NMP) and dissolution of the polymer (PVDF), resulting in poly-
mer aggregation for the formation of spongy structure [28]. Fur-
thermore, PVDF membranes were fabricated using dual coagulation
baths, ethanol followed by distilled water. Ethanol could delay the
demixing process to promote the formation of porous structure
with large pores and great roughness [26,27]. The porous structure

50um TiO2

Blank H D50 x15k

50 um TiO2 H D48 x15k

Blank H D49 x1.5k
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of membrane was slightly affected once the TiO, was incorporated
into PVDF membranes comparing Fig. 1(a) and (c). This is because
the hydrophilic TiO, nanoparticles promote the penetration of
non-solvent into the nascent membrane during phase inversion.
Hydrophobic membranes with smaller pore size could achieve
higher absorption rate because liquid penetrates less into the small
pores, resulting in less hindrance to CO, transfer [29]. The mean
pore size of PO and PT membranes are 042 pm and 041 pm, respec-
tively as stated in our previous work [22]. Silane modification caused
more significant changes of surface morphology can be seen clearly
by comparing between Fig. 1(a) to (b), and (c) to (d) or (e). The
porous structure was hindered after silane modification. Octadec-

H D51 x1.5k 50 um

50 um

Tio2 H D45 x1.5k  50um

Fig. 2. SEM images of the cross-section of (a) PO (b) P0S (c) PT, (d) PTS/2 and () PTS/10 membranes.
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yltrichlorosilane is commonly used to form self-assembled mono-
layer via the hydrolysis of chlorosilane groups with water and the
condensation of silanol groups with the surface hydroxyl groups
[30]. However, the condensation of adjacent silanols could result
in the formation of cross-linked mat as shown in the SEM images
in Fig. 1(b), (d) and (e). The cross-section of P0, PT, POS and PTS
membranes was studied using SEM images presented in Fig. 2.
The membrane thickness was increased by adding TiO, nanopar-
ticles into PVDF dope solution. The increment could be observed
by comparing PVDF/TiO, membranes (PT, PTS/2 and PTS/10)
with the PVDF membranes (PO and POS) are as shown in Fig. 1(a)
and (c). The increment of membrane thickness could be attributed
by the increment of solution viscosity by nanoparticles reported by
others [31]. The thickness of PO membrane is 22.0 pum, while the
thickness of PT membrane is 39.8 um as measured from SEM
images in Fig. 2.

The changes of surface hydrophobicity due to addition of TiO,
nanoparticles and silane modification were evaluated in termsd of
water contact angle measured using a goniometer. The surface is
categorized as hydrophobic when the contact angle is more than
90°. The surface hydrophobicity is often affected by surface rough-
ness and chemistry. The improvement of membrane hydropho-
bicity is important to reduce membrane wetting in membrane gas
absorption. When the membrane is partially wetted or fully wet-
ted by capillary condensation in the pores, the overall mass trans-
fer coefficient will be reduced [29,32]. Fig. 3(a) shows that PO
membrane possesses a water contact angle of 121.1°. The alcohol
bath induced roughness for the improvement of surface hydro-
phobicity similarly to the results obtained by Munirasu et al. [33].
Polymer crystallization and a liquid-liquid demixing were attributed
to the roughness formation. After modification with silane, P0S
membrane can achieve a water contact angle as high as 135.5° as
shown in Fig. 3(b). Octadecyldimethylchlorosilane with a very low
critical surface tension of 20-24 dynes/cm was expected to form
hydrophobic surface on smooth substrate with a water angle more
than 102°. As reported by [34], the surface hydrophobicity of PVDF
membrane increased about 26%, reaching a water contact angle of

(@) 121.1+27° (b)

92° after blending in octadecyldimethochorosilane modified SiO,
nanoparticles. In this work, PT and PTS membranes were fabri-
cated using TiO, nanoparticles to alter the roughness of PVDF
membranes for the creation of superhydrophobic surface. The sur-
face roughness of neat PVDF membrane could be improved from
041 um to 0.62 um after blending TiO, nanoparticles into the mem-
brane as discussed in our previous work [22]. The water contact
angle of PT membrane was the lowest value recorded as shown in
Fig. 3(c), only 102.6° after blending the hydrophilic TiO, nanopar-
ticles. After modification with silane, PTS/2 membrane could achieve
a higher water contact angle of 115.0° (Fig. 3(d)). The water contact
angle of PVDF membrane could be further increased to 148.8° as
proven in Fig. 3(e) when a higher concentration of silane was used
to modify PTS/10 membrane. Hamzah [22] reported on a PVDF/
TiO, membrane with water contact angle larger than 150° when
fluoroalkylsilane was used to modify PVDF/TiO, membrane. How-
ever, the use of fluoroalkyl group with lower surface energy in the
modification of membrane should not be encouraged as pre and
polyfluoroalkyl substances (PFAs) have been linked to adverse health
effects by the Environmental Protection Agency in the United
States [35]. The ratio of fluoro-free silane used for modification
should be further adjusted in the future work to improve the sur-
face contact angle.

FT-IR spectra of PO, POS, PT and PTS membranes in Fig. 4 show
slight difference in chemical properties although they possess the
same characteristic peaks of PVDE PVDEF characteristic peaks
include the peaks at 2,850 cm " as well as 2,918 cm™! resulted from
the CH, asymmetric and symmetric vibration, respectively [36].
They also showed CH, wagging vibration at 1,401 cm ™' and C-C
bonding at 1,165 cm™". The peak at 839 cm™" is attributed to C-F
stretching vibration, while the peak at 877 cm™ is caused by C-C-C
asymmetrical stretching vibration. After the addition of TiO, nano-
particles, the typical vibrations for Ti-O bonds ranging from 770 to
800cm™" were shown by PT and PTS membranes [37]. The slight
difference was caused by the addition of TiO, via blending shown
in green circle and the introduction of chemical groups via silane
modification shown in blue circle at the range of 1,000-1,100 cm™*

1355+04°

© 102.6+1.1° @

=3 R

115.0+£2.0°

() 148.8+0.8°

Fig. 3. WCA on (a) PO, (b) POS, (c) PT and (d) PTS/2 and (e) PTS/10 membranes.
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Fig. 4. FT-IR spectra of PO, POS, PT and PTS/2 membranes.
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due to the existence of Si-O-Si groups of silanes [38]. The absence
of O-H stretching band at 3,500 cm ™" in FTIR spectra after silane
modification indicated that the membranes are solvent-free after
rising and drying.
2. Membrane Gas Absorption

CO, gas absorption with distilled water as the absorbent was
conducted using a gas-liquid membrane contactor operated at room
temperature and pressure. The liquid flow rate was set at 150 mL/
min, while the gas flow rate was controlled at 100 mL/min. The
absorption flux of CO, increased proportionally with the increas-
ing flow rate of feed gas and absorbent because the higher flow rate
resulted in higher mass transfer coefficient in gas or liquid phase
as reported in our previous work [26]. The CO, absorption flux
through different membranes is summarized in Table 2. Blending
TiO, nanoparticles affected membrane pore size, porosity and wet-
ting as discussed previously. Hence, the CO, absorption flux of PT

Table 2. CO, absorption flux of fabricated membranes using dis-

tilled water as absorbent
Membrane CO, absorption flux (x10 *mol-m s ')
PO 2.88+0.17
POS 5.16+£0.26
PT 2.07+0.08
PTS/2 3.65+0.36
PTS/10 6.18+0.14

membrane is slightly lower than PO membrane. However, the reduc-
tion of surface energy with silane enhanced the CO, absorption
significantly. The CO, absorption flux for POS membrane is 79.2%
higher than PO membrane. From Table 2, the CO, absorption flux
for PTS/10 membrane is the highest compared to PO, POS, PT and
PTS/2 membranes. A great improvement of CO, absorption flux
by as much as 114% was achieved by using PTS/10 membrane in
comparison to the neat PVDF membrane (P0). The improvement
could be related to the improvement of membrane hydrophobic-
ity as discussed earlier. The result obtained in this work was com-
pared with recent works [25,26,39,40] as shown in Table 3. The
absorption flux of PTS/10 membrane is comparable to those hol-
low fiber membranes and mixed matrix membranes with larger
pore size but lower water contact angle.

The prepared membranes were further tested using 0.01 M
NaOH as the CO, absorbent in MGA system. Since the absorbed
CO, forms carbonic acid in aqueous solution, NaOH is expected
to react with carbonic acid. The remaining NaOH in the recycled
absorbent stream was determined from the acid titration at varied
interval time. The formation of carbonates and bicarbonates was
calculated based on the remaining amount of NaOH after react-
ing with carbonic acid. The results obtained in Fig. 5 show that
NaOH concentration decreased with time. More carbonates jons
were expected to form over time, while bicarbonates ions would
only appear when NaOH depleted completely. Similar observa-
tion was reported by Salmoén et al. [17] who used polypropylene
(PP) hollow fibers in MGA to facilitate CO, absorption into NaOH.
However, the complete depletion of NaOH was only observed when
POS and PTS/10 membranes were treated with high concentra-
tion of silane solution used in membrane gas absorption. Although
NaOH causes dehydrofluorination of PVDF membrane as reported
by others [41,42], the silane modified membranes were less affected
even using NaOH absorbent. The water contact angles of P0S and
PTS/10 membranes dropped less than 8% after contact with NaOH
absorbent for 200 min (supplementary document, Fig. S1). The
improvement could be attributed to octadecyltrichloro silane layer
on membrane surface which provides additional resistance towards
dehydrofluorination [43]. More interestingly, POS and PTS/10 mem-
branes with different water contact angles showed similar carbon-
ation potential. In 2D numerical simulation of membrane gas ab-
sorption using NaOH and amines, Nakhyjiri et al. [44] highlighted

Table 3. Comparison the carbon capture performance of PTS/10 membrane to PVDF membranes reported in literature

Membrane Form C?I;ﬁxrf; te Absozi;r;:nfilz;v rate A(lr)rsl(;ﬁzozr.l Sﬂll)lx References
PVDEF HF 100 200 4.1x10* [34]
PVDF/MMT’ HF 150 50 9.7x10 * [35]
PVDEF/20PBI Flat 100 182 4.16x10 * [21]
PVDEF/SAPO-34 Flat 100 204 6.67x10 * [22]
PTS/10 Flat 100 150 6.18x10 * This work

“Hollow fiber

"Montmorillonite

‘Polybenzimidazole

“Silicoaluminophosphate
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Fig. 5. Concentration of hydroxide, carbonate and bicarbonate versus time for (a) PO, (b) P0S, (c) PT (d) PTS/2 and (e¢) PTS/10 membrane.

that 40% of membrane wetting can cause up to 33% reduction of
CO, permeation, but the non-wetted membranes can raise the CO,
permeation more than four times. Although a high temperature is
favorable in the irreversible reaction between CO, and NaOH, high
temperature causes the absorbent vapor to fill the membrane pores
and increase the total mass-transfer resistance [19]. More detailed
study should be conducted to confirm if different mineral carbon-
ation reactions will be affected by membrane wetting as well.

CONCLUSIONS

PVDF and PVDF/TiO, membranes with spongy porous struc-

ture were successfully fabricated. Membrane modification using
octadecyltrichloro silane resulted in the growth of non-wetting layer
on membrane surface. TiO, nanoparticles promoted the formation
of this self-assembled monolayer by providing surface hydroxyl
groups for the condensation of silanol groups after the hydrolysis
of chlorosilane groups with alcohol. Hence, the water contact angle
of PVDF/TiO, membrane could be increased to 148.8° using con-
centrated silane solution, nearly superhydrophobic. FT-IR spectra
showed the difference of chemical properties of membranes after
blending with TiO, nanoparticles and modification with octadec-
yltrichloro silane. The non-wetting surface helped to promote CO,
absorption into water, as much as 114%. More importantly, the

Korean J. Chem. Eng.(Vol. 37, No. 3)



512 W.-L. Tan et al.

silane modified membranes could be used for alkaline carbonation.
The complete depletion of NaOH was achieved with the mini-
mum changes of water contact angle observed. Further studies
should be conducted on the carbonation of alkaline waste using
the developed membrane for achieving simultaneous carbon cap-
ture and utilization.
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