CHAPTER IV
SILVER INCLUSION POLYBENZOXAZINE XEROGEL MEMBRANE
FOR co2/icH4 SEPARATION

4.1 Abstract

The effect of silver ion incorporated with a novel organic polybenzoxazine
xerogel (PBZ) was investigated as a membrane for flue gas separation. The fully
cured interconnected polybenzoxazine xerogel was impregnated with silver nitrate
solution. The exothermic peak of polybenzoxazine disappeared after being fully
polymerized as observed by DSC. FT-IR results indicated the chemical reaction
between the N-Ag. The char yield of Ag*-included in the polybenzoxazine
membrane increased rapidly with the increasing of the metal salt concentrations
which might be due to the complex formation hetween metal ions and
polybenzoxazine, resulting in more stable cyclic compounds that could form char
during the heat treatment. However, the BET results and SEM micrographs showed
no change in physical properties of PBZ after Ag+inclusion. (The ideal separation of
flue gas (C02 N2 and cHa) has been investigated). Interestingly, the CO2 /cHa
selectivity was also increased with the incorporation of Ag' ion since CO2 molecules
containing double bonds could react reversibly with these noble metal ions to form
the #-bonded complex, thus obtaining good separation performance.

Keywords: Carbon membrane/ Polybenzoxazine/ Flue gas separation/ Silver inclu-
sion
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4.2 Introduction

Flue gases, normally produced by coalbed gas, consist of mixtures of
methane (CH4), carbon dioxide (C02, nitrogen (N2, and heavier hydrocarbons
(>C2). C021s considered to be crucial greenhouse gas that has a direct impact on the
global atmosphere [1], The emission of C 02 has resulted in not only the increasing of
the world temperature and weather disaster but also considered as hazardous matter
to human health [2],

To produce high-purity energy products, gas separation technique by
membrane is the attractive approach because of its low capital investment, simplicity
and ease of installation and operation, low maintenance requirements, low weight
and space requirement, and good process flexibility [3],

One of the most important elements in gas separation technique is the mix
matrix membranes (MMMSs), consisting of organic polymer and inorganic particle
phase which has the molecular sieve characteristics [4], However, when using
MMMs; the interfacial interaction between two phases: molecular sieve and
polymeric phase has to be concerned [5]. Additionally, the Co2-induced plasticiza-
tion effect can decrease the membrane selectivity [6],

Therefore, inorganic membranes; e.g. zeolite, alumina, carbon, have been
investigated to solve the problems associating with MMMs which will also improve
the gas separation performance [7], Moreover, inorganic membranes have excellent
thermal and chemical stability, well-defined stable pore structure than polymeric
membranes and no CCh-induced plasticization effect [8-10],

Among inorganic membranes, we consider carbon membrane to be most
attractive since it can be prepared by pyrolysis of various polymer precursors such as
polyimides [11], polyacrylonitrile [12], poly(furfuryl alcohol) [13], phenolic resin
[14,15] and etc. As a result, the membrane fabrication is much more economical than
other inorganic membranes due to easy processibility.

In this study, polybenzoxazine, which is a high-performance thermosetting
resin, was selected as a precursor to prepare carbon membrane since it exhibits
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excellent properties such as low shrinkage after curing, low water absorption, good
thermal stability and high glass transition temperature [16],

The purpose of this work was to develop a new carbon membrane by using
polybenzoxazine thermosetting resin as a polymeric precursor with silver inclusion
for flue gas separation. The incorporation of Ag+ ions enable the formation of
reversible 7T-bonded complex with the double bonds CO2 and hydrocarbon gases,
resulting in enhanced separation performance.

4.3 Experimental

4.3.1 Materials
All chemicals were used without further purification. Bisphenol-A
was purchased from Aldrich, Germany. Triethylenetetramine (TETA) was purchased
from FACAI Group Limited, Thailand. Formaldehyde solution (37% by weight) was
purchased from Merck, Germany. yV.A-Dimethlyformamide (DMF) was purchased
from Labscan Asia Co., Ltd., Thailand and Silver Nitrate (AgNCF) was purchased
from Fisher Scitific, UK,

4.3.2 Measurements

The curing behavior of the benzoxazine and the decomposition temperature
range of the polybenzoxazine precursor were investigated by using a PerkinElmer
Differential Scanning Calorimeter, DSC 7, analyzer to get useful synthesis
parameters for the polybenzoxazine precursor. Approximately 5-9 mg samples were
sealed in aluminum pans. The sample was heated from ambient temperature to 300
C at a heating rate of 10 °c/min under nitrogen flow rate of 10 ml/min.
Thermogravimetric  analysis was also conducted with  Perkin ~ Elmer
Thermogravimetric/Differential Thermal Analyzer (TG-DTA) where the sample was
heated from ambient temperature to 900 °c at a heating rate of 20 °c/min under
nitrogen flow rate of 50 ml/min. FT-IR spectra of polybenzoxazine precursor and
silver inclusion polybenzoxazine were recorded on a Nicolet Nexus 670 FT-IR
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spectrometer using KBr pallet technique. The field emission scanning electron
microscope (FE-SEM, HITACHI S4800) was used to study the microstructure of
polybenzoxazine xerogel and carbon xerogel, the samples were coated with platinum
under vacuum prior to investigation. Furthermore, the amount of Ag+on the surface
can be determined by EDX mode. Elemental analysis of the siver inclusion
polybenzoxazine, particularly investigate by Axios WD XRAF, Panalytical. BET
surface area and pore size distribution of hoth organic and carbon xerogels were
calculated from nitrogen adsorption isotherms at 7/ K using a
Quantachrome/Autosorb-1 Surface Area Analyzer based on the Brunauer-Emmett-
Teller (BET) and Barret-Joyner-Halenda (B.IH) methods, respectively.

In this study, C02 N2 (Prax Air) and CH4 (TIG) were used as testing gases
for all membranes. All tested gases were of a high purity (HP) grade and used as
received. A schematic diagram of the system used to carry out the gas permeahdity
experiments is shown in Figure 4.1,

Membrane installed in
a stainless steel reactor

% 4780 o b=-DOCP
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vent

Figure 4.1 Experimental set up for the gas permeability apparatus.

The experiments were a conducted at room temperature under an absolute pressure
of 34.59 psia. (Absolute pressure = gauge pressure 20 psig + local atmospheric
pressure 14.59 psi) The area of the membrane in contact with the gas was 0.5024
cm2 The testing gas was flowed for 1 hour in order to get equilibrium state. The
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equilibrium state was obtained by measuring the constant permeate rate. Once
reached the steady-state, individual gas flow rate was measured using an ADM 1000
universal gas flow meter, Agilent technology. The results of each sample were
determined from an average of at least 3 tests. The attained data were used to
calculate the gas selectivity and permeability. The ideal separation factor (Gas
Selectivity, Salb) for component A and B is defined as the ratio of permeance of each
component as shown in equation 1.

|1 (1)

A5

d ,A/B
The permeance for the permeated gas can be obtained by equation 2:

B s @

Where; ( _Jp)lz permeance of gas ‘i’ (GPU),

0] permeability of gas ‘i (1010 cma (STP) cm/cm2  ¢cm Hg)

(1 Barrer = 10:0cm3 (STP) cm/cm2 ¢cm Hg = 7.5x10:8 m2 "1 Pa'),

5 thickness of membrane (pm),

o volumetric flow rate of gas T (cmafsec),

A membrane area (cm2), and

AP pressure difference between the feed side and the permeating side
(psia).

4.3.3 Methodology
4.3.3.1 Synthesis ofthe benzoxazine precursor
The benzoxazine precursor was synthesized by dissolving
bisphenol-A (2.28 g) in DMF (12.97 ml), followed by adding formaldehyde (3.24 g)
and TETA (1.46 g). The mixture was stirred continuously for 1 h while the reaction
was cooled with an ice bath until a homogeneous yellow viscous liquid was obtained.
The mole ratio of bisphenol-A: formaldehyde:diamine was 1:4:1.
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4.3.3.2 Preparation ofpolybenzoxazinexerogel
The benzoxazine precursor was transferred into vials and
sealed hefore being placed in an oil bath. The samples were heated in the oil bath at
80 ¢ for 48 h in a closed system, followed by evaporating the solvent at ambient
conditions for one day.
4.3.3.3 Preparation ofpolybenzoxazinexerogel membranes
After the organic xerogel was evaporated over night, it was cut
by the diamond blade low speed cutter machine with the thickness of 2 mm, and the
rotor speed of 450 rpm. The obtained organic xerogel was then fully cured by step
curing in an oven at 140°, 160° and 180 °c for 2 h at each temperature and then at
200 °c for 3 h. The synthetic reaction is shown in Figure 4.2.
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Figure 4.2 Preparation of polybenzoxazine precursor.

4.3.3.4 Preparation ofsilver-polybenzoxazine based xerogel
The fully cured PBXZs were impregnated in 05 and 1.0
mol/dm3 aqueous AgNCs3 solution (abbreviated as 0.5PBZX-Ag and 1.0PBZX-Ag,
respectively). The solution was stirred for 1 day at 60-70°C in a temperature-
controlled water bath. After the reaction, PBZX with silver ion was washed with of
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500 ML deionized water to remove all the unreacted cations, before dried at 100°c
overnight [17], The structural characteristics of silver-polybenzoxazine based xerogel
were identified by using FTIR. The silver inclusion polybenzoxazine structure shown

in Figure 4.3,

Figure 4.3 Silver inclusion polybenzoxazine structure.

4335 Preparation of Polybenzoxazine and Silver-Polybenzoxazine

based Xerogel Carbon
In order to prepare the carbon membranes, the PBZX,
0.5PBXZ-Ag and 1.0PBZX-Ag membranes were carbonized in a quartz reactor
under nitrogen flow at 500 cmVmin, using the following ramp cycle: 30-250 °c in
60 min, 250-600 °c in 300 min, 600-800 °c in 60 min, and holding at 800 °c for 60
min. Then, the furnace was cooled down to room temperature under nitrogen

atmosphere.
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Figure 4.4 The formation of carbon-silver membrane.

43.3.6 Characterization 0fPolybenzoxazine Precursor, Siver inclusion

polybenxozaxine and carbon xerogel

The chemical structure of benzoxazine precursor was charac-
terized by Fourier transform infrared (FT-LR) spectroscopy. The thermal behaviors
were measured using DSC and TG-DTA.

The surface area of carbon aerogels and activated carbon aero-
gels were calculated from nitrogen adsorption isotherms at 77 K based on the
Brunauer-Emmett-Teller (BET) method and the pore size distribution was calcu-
lated with the adsorption data based on the Barret-Joyner-Halenda method (BJH).
The surface morphology was characterized using scanning electron microscope
(SEM).

4.4 Results and discussion

4.4.1 Thermal Behaviors of Polybenzoxazine Precursors

The thermal behavior of polybenzoxazine and benzoxazine precursor
confirmed that the polymerization of benzoxazine occurred. Figure 4.5 (a) shows the
exothermic peak from 200-270 °c of benzoxazine precursor while the exothermic
peak of polybenzoxazine disappeared as shown in Figure 4.5 (b). These obviously
show that the polymerization of benzoxazine precursor by ring-opening of oxazine
was taken place. This result was similar to that reported by Takeichi and coworker
[18].
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Figure 4.5 DSC thermograms of (a) the polybenzoxazine precursor after drying at
80°c (pre-cured) and ( ) after heat treatment at 200 °c (fully-cured).
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Figure 46 TGA thermogram of PBZ xerogels (— ), PBZ xerogels impregnated
with 0.5M AgNCss(— ) and PBZ xerogels impregnated with 10M AgN03 (—.).
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From Figure 4.6, the decomposition temperature bagan at 260°c with the
maximum mass loss rate in the temperature range of 260-600°C. The result was
in accordance with our previous study [19]. The thermal decomposition tempera-
ture was enhanced for the PBZ xerogel impregnated with AgNO03 and the effect
was noticeable with increased with increasing the amount of Ag ions content. In
addition, the char yield of the PBZ xerogel impregnated with AgN03 was
significantly increased. These results indicate that the thermal stability of AgN03
impregnated with PBZX was influenced by the silver incorporation which is in
agreement with the study of Ruban et al. In addition, the char yield increased
rapidly with the concentration of metal salt aqueous solution. The possible
explanation for this observation might be due to the silver ions entrapment by
benzoxazines, leading to the co-ordination complex formation corresponding to
the results reported in the previous work on the improvement of the thermal
stability of polyhenzoxazime by transition metals [20],

4.4.2 The Chemical Structure of Polybenzoxazine Precursors

The chemical structure of benzoxazine precursor was examined by
FTIR spectra as shown in Figure 4.7a The characteristic absorption bands at 1234-
1238 cm (asymmetric stretching of C-O-C of oxazing), 1187 cm- (asymmetric
stretch of C-N-C) and 1334-1340 cm1 (CFF wagging) were observed (Figure 4.7(a)).
Additionally, the characteristic absorption assigned to the stretching of trisubstituted
benzene ring at 1511 cm'1and the out-of-plane bending vibrations of C-H at 943-949
cm1were detected, indicating the presence of the cyclic benzoxazine structure in the
backbone of the precursor [21]. After polymerization at 200 <c, the intensity of those
characteristic absorption bands decreased due to the ring opening polymerization was
completed as shown in Figure 4.7 b [18],
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Figure 4.7 FTIR spectra of (a) polybenzoxazine precursors and (b) fully-cured
polybenzoxazine.

In additions, the FTIR spectra of the PBZ xerogel impregnated with
AgNOs are shown in Figure 4.80 and 4.8¢. The Schiffbase and secondary amide are
known to form complex with metals. The band at 3370 cm'1 assigned to NHz stretch-
ing. The position of these bands changed during complex formation. The shifting of
the band to 3350 cm'1 was observed. The absorption band at 1385 cms shows a
stronger intensity when Agt+ ion was incorporated in the structure indicating, CHz
wagging vibration of amine and silver complex. This result supported the study of
Low etai, 2005 [22].
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Figure 4.8 FTIR spectra of (a) polybenzoxazine, 0.5PBZX-Ag and (c) 1.0PBZ-Ag.

443 Polybenzoxazine Xerogel Impregnated with AgNO-j Characterizations
To determine whether the silver ion incorporated with PBZ xerogel is
actually successful, the measurement of the elemental composition of the PBZxero-
gel surface before and after the Ag-impregnated was performed by SEM-EDX in-
strument. EDX spectrum (Figure 4.9) demonstrates that silver ions have been incor-
porated after PBZ was impregnation in the agueous AgNCss solution. Moreover, Ta-
ble1 shows that the higher the AgNCss concentration, the higher the Ag ion was
found on the surface. The EDX results are supported that Ag ions were incorporated
in the PBZ structure as shown in FTIR spectrum (Figure 4.9).
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Table 4.1 EDX measurements of the surface of 0.5PBZX-Ag and .OPBZX-Ag

Atomic%
Elements 05PBZX-Ag |.OPBZX-Ag
C 535 54.8
N 3.1 36.8
0 9.90 7.90
Ag 045 053

ull Scale 789 cts Cursor: 0.000 ke

Figure 4.9 EDX spectrum of . OPBZX-Ag

In addition, the measurement of the energy and intensity of the
characteristic photons emitted from the sample was used to determine the amount of
silver ion in the PBZ xerogel. The XRE principle enables the identification of the
elements presenting in the sample and the determination of their mass or
concentration. The XRF results indicated that only the Ag+was obtained implying
that no oxidation reaction took place during the Ag-impregnated PBZX preparation
processes. The amounts of silver concentration of 0.5PBZX-Ag and 1.0 PBZX-Ag
compared to 0xygen concentration are approximately 3.2% and 6.5%, respectively.

4.4.4 Morphology of Polybenzoxazine Xerogels and Carbon Xerogels
Figure 4.10 shows SEM micrographs of the organic xerogel and car-
bon xerogel which exhibit the 3D interconnected particles into a network with con-
tinuous open macropores. This result agrees with the study of Parkpoom et al, [23]
which  died the porous structure of polybenzoxazine-based organic aerogel.

T 1-hPT? 4ACn



36

However, in case of carbon xerogel, the denser porous structure was
obtained. Since during pyrolysis process, some organic moieties in organic xerogel
structure were decomposed resulting in sparser in carbon xerogel. In additions, when
carbon xerogel and organic xerogel were compared with a magnification of 100k
(Figure 4.10b and 4.10f), the cabon xerogel exhibits the sphere particles that com-
bined together which provided the mesoporous structures.

In case of the impregnated AgNCs3 with PBZ xerogel (Figure 4.10c,
4.10d) and pyrolysis to become a carbon-silver xerogel (Figure 4.10g, 4.10h), the
micrograph also shows similar morphology compared with the neat PBZ xerogel and
carbon xerogel.

. s LD

S-4800 5.0kV 8.3mm x5.00k SE(M) 10.0um [ 5-4800 5.0kV 8.3mm x100k SE(M)
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Figure 4.10 SEM micrographs of synthesized PBZ xerogel with a magnification of
5.0 k (a) and 100.0 k (b), PBZ xerogel impregnated with 1.0M AgNCss with a magni-
fication 5.0 k (c) and 100.0 k (d), carbon xerogel with a magnification of 5.0 k (e)
and 100.0 k (f) and carbon based silver impregnated with a magnification of 5.0 k (g)
and 100.0 k (h).

4.45 Microstructure of PBZ-based Carbon Xerogels

The surface area, pore volume and pore diameter of organic xerogels
and carbon xerogels are summarized in Table 4.2. It can be seen that the carbon
xerogel had high surface area with large amount of mesopores and micropores,
whereas the organic xerogels showed lower surface area, but larger pore size. After
the organic xerogels were pyrolysed under nitrogen at 800 °c, the micropores and
mesopores were introduced into the carbon xerogel, resulting in high surface area.
For the organic xerogels with impregnated with 1.0M of AgNCss aqueous solution
and after Ag+impregnated carbon xerogels, the surface area and porosity were simi-
lar to those of neat polybenzoxazine and pristine carbon xerogels. Furthermore, all
the organic and carbon xerogels had an average pore diameter larger than an average
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mesopore diameter, indicating that macropores are present as confirmed by the N2
adsorption isotherm in Fig. 4.11-4.12, in which the adsorption branch did not reach
the plateau region at the high relative pressure [24], However, large macropores
could not be detected by N2 adsorption due to the limitation of the Kelvin equation

[25-27],
30 | :l ', f
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Figure 4.11 Adsorption isotherms of PBZ xerogels (O) and PBZ xerogels impreg-
nated with 1.0M of AgNCs3(1 ) prepared from benzoxazine precursor.
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Figure 4.12 Adsorption isotherms of PBZ-based carbon xerogels (O) and pyrolyzed
PBZ xerogels impregnated with 1.0M AgNCs (1 ) prepared from benzoxazine

precursor [24],



Table 4.2 Pore structure of PBZX and PBZ-based carbon xerogels

Parameter PBZX  1.0PBZX-Ag CX
BET surface area (ma/g) 13 14 370
Mesopore surface area (cm2/g) 0.051 0.046 13
Micropore volume (cmalg) - 0.17
Mesopore volume (cmalg) 0.03 0.03 0.16
Total pore volume (cma/g) 0.04 0.04 0.34
Average micropore diameter (nm) 1.72 1.72 128
Average mesopore diameter (nm) 10 10 3.58
Average pore diameter (nm) 1 13 3.64

4.4.6 Gas Permeability

3

1.0CX-Ag
375
16
0.15
0.7
0.35
122

3.97
4,04

Carbon membranes based polybenzoxazine xerogel were tested in the
single gas measurements. The permeability of these membranes was obtained in the
sequence of cHa, N2 co2 at room temperature and 20 psi. The permeability and
selectivity of coz, cH. and N2 in carbon membranes and carbon-silver membrane

are depicted in Figure 4.13-4.14,

446.1 The effect of silver inclusion on the CO. , CH. and N.

permeability

Carbon-silver based polybenzoxazine membranes were
successfully fabricated with differences AgNCss concentration. Their CO2, CHs and

N2permeability is shown in Figure 4.6
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Figure 4.13 Effects of Silver Nitrate concentration on CO2, CHs and N2
permeability.

Figure 4.13 shows that the CO2, CH4and N2 permeabilities of
carbon membrane and carbon-silver membrane depending on molecular kinetic
diameters. The molecular kinetic diameters of C02N2 and CHs are 33 A, 36 A and
38 A, respectively. Due to the configurational diffusion, the small difference in
molecular size between C02 CH4 and N2 results in a big difference in the rate of
diffusion through the interconnected porous membrane; the diffusion of CHs is faster
than that of N2 and CQ2. Therefore, C02 CHsand N2 can be separated by a carbon
membrane and silver-impregnated carbon membrane, which provide a new route for
the separation. The larger the molecular kinetic diameter, the higher the permeance.
Molecules of different sizes could be separated by this membrans because of
differential time spent inside the membrane which excluded entrance of relatively
larger molecules, allowing some entrance of medium-sized molecules, and free
accessibility of the smallest molecules. The membrane contained the interconnected
pores which the size can be controlled depending on the size of molecules to be
separated. Smaller molecules (CO2) experienced a more complex pathway (like a
maze) to exit the particle than do larger molecules (N2 and CHa). Since fewer amount
of large molecule could enter the pores, these larger size molecules elute first from



41

the column similar to the size exclusion chromatography technique, as shown in
Figure 4.14a.

Molecular Kinetic
Diameters

@ -0

Figure 4.14 Pathway of gases depending on molecular kinetic diameter (a), complex
formation between COz2 and silver (b) and formation of 7T-bonded between CO2 and
double bond (c)
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The CO2 permeability in silver-impregnated carbon membrane
decreased significantly with the AQNCE concentrations. CO2 contained double bonds
which could react reversibly with the silver ions and form the Tt-bonded complex,
resulting in the low permeance as shown in Scheme 4.14b and 4.14c.

All these properties indicated that the gases sieved by the
interconnected pores and the gas permeation was controlled by the molecular kinetic
diameter of penetrant gas. Furthermore, the permeance was decreased by the silver
inclusion,

4.4.6.2 The effect ofsilver inclusion on the selectivity
The CQO2/CH4 CH4N2 and N2/CO2 selectivity for carbon-
silver membrane at different impregnated concentrations are shown in Figure 4.8.
Figure 4.15 shows the CO2/CH4 and N2/CO2 selectivity in-
creased with an increase in the AgNCss concentrations. However, the silver inclusion
did not enhance CH4/N2 selectivity. This is due to molecular sieving mechanism of
porous structure compared to kinetic diameter of CO2, N2and CHamolecules.

3.5 -
3 1
2.5 +— ’
g |
= o
5 | m Carbon
2 15 -
& 05M Ag-C
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CO2/CH4 CH4/N2 N2/CO2
Types of gas

Figure 4.15 Effects of silver inclusion on ¢ o2/CH4CH /N2 and N 2/c 02 Selectivity.,
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Conclusions

1OCX-Ag, 0.5CX-Ag and ¢ x were successfully synthesized via ambient
drying by using polybenzoxazine as a precursor. The char yield of AgN03 impreg-
nated polybenzoxazine xerogel was significantly increased with the increase of Ag
content. The 1.OCX-Ag membrane showed the highest selectivity when compared
with CX and 0.5CX-Ag membranes. Increasing the AgNO3 concentrations signifi-
cantly improve the gas permeability. The gas permeation was controlled by the mo-
lecular kinetic diameter of penetrant gas.
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