#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue,

Glycidol-modified PEIl: a highly selective adsorbent
for SO, in the presence of CO,¥
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Amine-containing CO, adsorbents are highly sensitive to the presence of SO, in the feed gas, even in
minute amounts. It is thus necessary to remove SO, quantitatively prior to CO, capture. To this end, we
developed a silica-supported polyethylenimine (GD-PEI/S) adsorbent containing only tertiary amines via
quantitative glycidol functionalization. The novel material was characterized by infra-red (IR) and nuclear
magnetic resonance (NMR) spectroscopy, and by thermogravimetric analysis (TGA). In the presence of
a gas mixture containing 5 ppm SO, and more than a 2 x 10* higher concentration of CO,, the GD-PEI/

S material adsorbed SO, quantitatively until near saturation, with no CO, uptake, indicating that the
Received 19th August 2024 - o . . . .
Accepted 8th October 2024 adsorbent exhibits 100% SO, selectivity versus CO,, even in the presence of very high CO,/SO; ratios.
Furthermore, the SO, uptake of the adsorbent almost doubled in the presence of humidity, possibly due

DOI: 10.1039/d4ta05829a to increased diffusion of SO,. Under recycling conditions, GD-PEI/S showed good reversibility in the
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1. Introduction

As the main contributor to the greenhouse gas effect, CO, plays
a predominant role in global warming." The National Oceanic
and Atmospheric Administration (NOAA) reported increasing
levels of CO, in the atmosphere reaching 422 ppm in 2024.
Increasing levels of CO, in the atmosphere were correlated with
the increase in earth's temperature.* CO, capture and seques-
tration from flue gas and directly from air, is recognized as a key
strategy for reducing CO, emissions, from stationary and
distributed sources.**

Regarding CO, capture, solid amine adsorbents received
significant attention due to their excellent selectivity, high
adsorption capacity and low energy regeneration.®® Neverthe-
less, there are challenges in using solid amine adsorbents,
including the deleterious effect of harmful acidic gas impuri-
ties, such as SO, and NO,, that may occur in flue gas. Such
species not only cause environmental and health issues but are
detrimental to CO, capture due to their strongly competitive
adsorption.” Note that, due to the potential health risks and
environmental impact associated with elevated concentrations
of SO, in the atmosphere, limits are imposed on sulfur
emissions from large power facilities. Typical mandatory limits
for SO, in exhaust gases are set to 120 ppm in the US, 75 to
300 ppm in China, and 50 to 250 ppm in Europe.'* However, no
matter how low the residual SO, content in the feed gas, amines
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presence of both dry and humid SO, at low and high SO, concentrations.

in CO, adsorbents will be irreversibly deactivated.”™* For
example, Jones and co-workers™ reported that when a PEI-
impregnated silica support was exposed to a mixture of
20 ppm SO,, 10% CO, balance N, at 35 °C, the adsorbent lost
41% of CO, uptake after the first cycle of adsorption. Therefore,
before adsorbing CO, on amine-containing materials, it is
crucial to remove SO, quantitatively from the feed gas.
Although there are numerous technologies for flue gas
desulfurization, particularly liquid phase scrubbing,'> work on
selective removal of traces of SO, in the presence of much higher
CO, partial pressures is more pertinent for carbon capture over
amine-containing adsorbents. More specifically, meeting this
objective using adsorption would be easier to streamline with
processes of CO, capture by adsorption. Many candidate mate-
rials were proposed for SO, removal, including metal organic
frameworks (MOFs),"*"” zeolites,'®* porous polymers**>* and
activated carbons.”*** Nonetheless, they have limitations; for
example, activated carbons showed very limited selectivity and
efficiency® in the presence of O, and H,O, as they deactivated,
producing H,S0,.>* A number of MOFs with SO, vs. CO, selec-
tivity between 28 and 44 were reported in the literature.>”°
However, not only are such selectivities not high enough, but the
SO, concentration used was somewhat high (=2000 ppm).
Adsorbents containing only tertiary amines seem to be the
most selective for SO, vs. CO,. Tertiary amines adsorb SO,
readily, but do not interact with CO,, at least under dry
conditions.****° For instance, when Tailor and Sayari** exposed
propyldiethanolamine grafted on a pore-expanded MCM-41
support to a 50: 50 mixture of 0.1% SO, balance N, and 20%
CO, balance He at room temperature, they found that the
presence of CO, had no effect on the adsorbent's ability to

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic of synthesis of GD-PEI.

adsorb SO,. Also, the adsorbent could be fully regenerated after
11 adsorption-desorption cycles, which indicates high stability
of the material against heat and SO,.

However, achieving complete functionalization of PEI protic
amines into tertiary amines was found to be either difficult® or
tedious.?**>?%3 Moreover, the majority of reported studies
focused on removing high levels of SO, in gas mixtures,**-*3%3¢
and to the best of our knowledge, none of the studies dealt with
SO, concentrations below 50 ppm. Furthermore, in some cases,
the working capacity of the adsorbent was found to decrease
significantly in the presence of humid SO,.*

The objective of this work was to develop a novel polytertiary
amine adsorbent to selectively and quantitatively remove SO, at
concentrations as low as 5 ppm in the presence of a typical flue
gas CO, concentration of 10-15%. To this end, complete func-
tionalization of PEI with GD was achieved as shown in
Scheme 1. In addition to its straightforward preparation, the
glycidol-functionalized amine adsorbent exhibited stable
working capacity in the presence of both dry and humid SO, at
low and high SO, concentrations. It is noteworthy that in
addition to tertiary amines being highly selective to SO,
adsorption, it was reported that the occurrence of hydroxy-
ethylene groups decreases the energy for regeneration and
increases the reversibility of the adsorbent.?>**

2. Experimental section
2.1. Materials

Polyethylenimine (PEI, Mw 1200), glycidol (GD, 96%), fumed
silica (Cab-O-Sil, MS5), tetramethylammonium hydroxide
(TMAOH, 25 wt% solution), cetyltrimethylammonium bromide
(CTAB, 98%), N,N-dimethyldodecyl amine (DMDA, 97%), tet-
raethyl orthosilicate (TEOS, 98%) and deuterium oxide (D,O,
99.9%) were obtained from Sigma-Aldrich. Sodium aluminate
(NaAlO,, 92%) was obtained from Strem Chemicals. Anhydrous
methanol (99.8%) and ammonia solution (30 wt%) were ob-
tained from Fischer. Chemicals were used as obtained. Ultra-
high purity (99.999%) nitrogen, 15% or 20% CO, in nitrogen
and gas cylinders containing 20, 100 and 1000 ppm SO, in N,,
were purchased from Messer Canada.

2.2. Preparation of GD-PEI

A pore-expanded aluminosilica (PE-AlSiO,) support was prepared
as reported elsewhere,** and further details are included in the
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ESI (Fig. S1).t Functionalization of primary and secondary
amines of PEI with GD was carried out as reported by Fan et al.*
with slight modifications. Briefly, 2 g of PEI (44 mmol of N) was
dissolved in 20 mL of anhydrous methanol under a nitrogen
atmosphere. Then, 3.55 g (47.96 mmol) of GD was added drop-
wise, and the solution was stirred for 4 h. After removing excess
methanol using a rotary evaporator, the product was precipitated
with acetone, and then separated and dried in a vacuum oven at
70 °C overnight. The functionalized PEI, denoted as GD-PEI was
impregnated onto PE-AlISiO, as follows. The obtained GD-PEI
compound was dissolved in 30 mL of anhydrous methanol and
stirred until complete dissolution. After that, 5.5 g of PE-AlSiO,
was slowly added into the solution and the mixture was stirred
until the solvent evaporated. The final material was dried in an
oven at 80 °C for 3 h and referred to as GD-PEI/S. 0.5 g of PEI was
dissolved in 15 mL of methanol. After that, 0.5 g of PE-AISiO, was
added and the mixture was stirred overnight followed by evap-
oration of the solvent in an oven at 70 °C for 6 h to obtain PEI/S.
The overall loading of PEI/S and GD-PEI/S was fixed to 50 wt%
with respect to the adsorbent.

2.3. Characterization

The pore structure of PE-AISiO, was investigated by N,
adsorption measurements at —196 °C using a 3Flex instrument
(Micromeritics). The sample was pretreated in flowing N, at 120
°C for 4 h. The specific surface area was determined using the
Brunauer-Emmett-Teller (BET) method at relative pressures
ranging from 0.06 to 0.2. The total pore volume was measured at
PPy = 0.99, whereas the pore size distribution was calculated
using the Kruk-Jaroniec-Sayari method.**

PEI and GD-PEI were dissolved in D,O and their **C nuclear
magnetic resonance (NMR) spectra were obtained using an
AVIII 600 spectrometer set to 45° pulses, 40 scans, 90 second
relaxation delay and an acquisition time of 0.999 seconds.
Inverse-gated proton decoupling was used to avoid the nuclear
Overhauser effect. Fourier transform infrared spectroscopy
(FTIR) spectra were obtained using a Cary 630 FTIR instrument
by Agilent.

2.4. Adsorption measurements

SO, adsorption measurements were carried out in a fixed bed
reactor as shown in Fig. 1. In a typical experiment, 0.5-1 g of the
sample was loaded into a 1 cm long stainless steel column with
0.42 cm inner diameter, and placed in a temperature-controlled
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Fig. 1 Schematic of the column breakthrough setup.

oven. The material was pretreated under N, (40 mL min ') at
110 °C for 2 h. After cooling to 23 °C, it was exposed to SO, in
a N, gas mixture (40 mL min~ ") with different compositions. As
for experiments under humid conditions, N, was bubbled
through a water saturator placed in a thermostatic bath main-
tained at 20 °C, and then combined with the SO, containing N,.
The gas mixture exiting the column was constantly analyzed by
using a MKS Cirrus 3 mass spectrometer (MS), and break-
through curves were obtained using MS data obtained for 64
amu. The SO, adsorption capacity (mmol g~ ') of GD-PEI/S at
different partial pressures was calculated using eqn (1):

Coqu
q=—"
m

1)

where C, is the inlet concentration of SO,, F is the flowrate of
the gas mixture, m is the mass of the adsorbent and ¢, is the
stoichiometric time, which was evaluated from the column
breakthrough curve using eqn (2):

g = J: (1 — %)dt 2

where C, represents the downstream concentration of SO,.

The CO, uptake and organic content of GD-PEI/S were
measured using a thermogravimetric analyzer (TGA 550, TA
Instruments). The sample (ca. 20 mg) was pretreated under N,
for 60 min at 110 °C, followed by cooling to 25 °C, and then the
gas stream was switched to 15% CO, balance N, for 30 min.
After removal of adsorbed CO,, if any, at 110 °C for 10 min
under flowing N,, the adsorbent was cooled down to 75 °C, and
the gas stream was switched to 15% CO,/N, for 30 min. Then,
the temperature was increased to 700 °C at a rate of 10 °C min "
under flowing N,, before switching the gas to air for 25 min. The
organic content was determined as the weight loss of the
material beyond 200 °C.

3. Results and discussion
3.1. Characterization of the adsorbent

The surface area, pore volume and average pore size of PE-AISiO,
were found to be 818 m> g™, 1.66 cm® ¢~ " and 8.13 nm. According

31528 | J Mater. Chem. A, 2024, 12, 31526-31532

to IUPAC nomenclature, the nitrogen adsorption-desorption
isotherm of the support (Fig. 2a) was a Type IV isotherm, with an
H1 hysteresis loop, indicating that the support is mesoporous. This
is further confirmed by the pore size distribution shown in Fig. 2b,
where the majority of pores fall within the range of 3-15 nm, with
a maximum at 7 nm. The total polymer content of GD-PEI/S was
55 wt% with respect to the weight of the adsorbent (Fig. S2at).

The FTIR spectra in Fig. 3 showed that the band at 1567 cm ™
in PEI/S corresponding to N-H bending* disappeared
completely upon functionalization with GD. Moreover, the
higher intensity hydroxyl band at 3347 cm™' in GD-PEI/S
compared to PEI/S is consistent with the significant increase of
hydroxyl groups. Functionalization of PEI with GD was further
confirmed using "*C NMR measurements as shown in Fig. 4. The
carbon peaks were assigned as outlined in the literature.*>*
Using the intensity of NMR peaks of carbon atoms adjacent to
primary, secondary and tertiary amines in PEI, the percentage of
such amines was found to be 36: 37 : 27. Upon functionalization
of PEI with GD, the NMR peaks corresponding to carbons
neighboring primary and secondary amines disappeared, and
new peaks attributable to carbons neighboring tertiary amines
and to added GD, appeared (Scheme 1). This finding confirmed
the incorporation of GD with complete conversion of primary
and secondary amines into tertiary amines.

3.2. SO, adsorption isotherm

Fig. 5 shows the SO, uptake of GD-PEI/S at 23 °C at different
concentrations. The different gas compositions were achieved
by diluting premixed 20, 100 or 1000 ppm SO,/N, with pure N,,
at different flowrates, while maintaining the overall flowrate at
40 mL min . The shape of this isotherm is consistent with
chemisorption. At low concentrations, the adsorption capacity
increases steeply with increasing concentration, indicating the
high sensitivity of tertiary amine groups toward SO,. The uptake
reaches a plateau at ca. 1000 ppm SO,, presumably because
most of the accessible adsorption sites are occupied. The actual
SO, uptakes versus partial pressure are listed in Table S1.T The
breakthrough curves of GD-PEI/S under different partial pres-
sures of SO, are shown in Fig. S3.}

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) N, adsorption—desorption isotherm and (b) pore size distribution of PE-AISIO,.
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Fig. 3 FT-IR spectra of PEI/S and GD-PEI/S.

3.3. Selectivity towards SO, versus CO,

Fig. 6 depicts the column-breakthrough data over GD-PEI/S in
the presence of 5 to 50 ppm SO, in 10% or 11% CO,, as
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Fig. 5 SO, adsorption isotherms of GD-PEI/S.

indicated. The gas compositions were achieved by mixing
different concentrations of SO, in N, with 15% or 20% premixed
CO, in N,, while maintaining the overall flowrate at 40 mL
min~". Column breakthrough curves showed that CO, comes

GD-PEI ﬁqo]) HoHof

I
75 70 65 60 55 50 45 ppm

Fig. 4 C NMR spectra of PEl and GD-PElI.
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Fig. 6 Breakthrough curves of GD-PEI/S in the presence of different
concentrations of SO, with and without CO,.

out of the column within few seconds of passing the gas
mixture. Furthermore, regardless of the presence of CO,, the
SO, uptake (Fig. S47), breakthrough time, and equilibrium time
remained the same at any given SO, concentration. This is
consistent with TGA measurements (Fig. S2bt), which showed
that the CO, uptake of GD-PEI/S was only 0.08 and 0.01 mmol
g " at 25 and 75 °C, respectively. These results indicate that no
CO, was chemisorbed by GD-PEI/S, which is in line with the fact
that under dry conditions, only protic amines interact with CO,
to afford ammonium carbamate.*

3.4. Stability of the adsorbent under cycling conditions

To investigate the stability of SO, working capacity over GD-PEI/
S or the lack thereof, a series of SO, adsorption-desorption
cycles was carried out, with adsorption at 23 °C in the presence

0.5
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Fig. 7 Regeneration cycles of GD-PEI/S under dry 100 ppm SO,
balance N,.
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Fig. 8 Working capacity over GD-PEI/S of humid 500 ppm SO, in N,.
D1 and D2 indicate data under dry conditions before and after the
experiment under humid conditions.

of dry 100 ppm SO, in N,, and desorption at 110 °C in N,. SO,
uptake of GD-PEI/S decreased by 7 and 5% during the first and
second cycles, and then remained stable thereafter (Fig. 7).
Moreover, breakthrough and equilibrium times remained the
same after the second adsorption cycle, as seen in Fig. S5.1 Zhu
et al.*® observed a similar trend and attributed the decrease in
SO, uptake during the first cycle to the adsorption of SO, onto
basic sites that were not completely regenerated.
Adsorption-desorption cycles were also performed under dry
and humid 500 ppm SO, balance N, as shown in Fig. S61 and 8
respectively. In the absence of moisture, the adsorbent lost 17%
SO, uptake after the first two regeneration cycles, and it
remained almost stable in subsequent cycles. However, the
adsorbent was deactivated more in 500 ppm SO, in N, than
100 ppm SO, in N,. This could be a result of elevated SO,
concentration, which increases the interaction of SO, with
adsorption sites and subsequently the likelihood of their
deactivation. In agreement with other studies,**** SO, adsorp-
tion capacity of GD-PEL/S increased by 64% under humid (42%
RH) 500 ppm SO, in N, from 0.55 to 0.90 mmol g~ *, which may
be because water can act as a lubricant, reducing the diffusion
resistance for incoming SO,. Tailor et al.*® proposed that this
improvement may be due to the formation of ammonium
bisulfite salt"®* in a humid environment as shown in eqn (3).
Overall, the decrease in SO, uptake before stabilization was
similar under dry and wet conditions ie. ~23%. The corre-
sponding breakthrough curves are shown in Fig. S7.7

+H,0
R;N + SO, =R;N--SO, H<—_2>O R;NH'HSO;~ (3)
—a12

4. Conclusion

GD-PEI/S was synthesized by converting all protic amines in PEI
into tertiary amines using glycidol functionalization, followed

This journal is © The Royal Society of Chemistry 2024
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by impregnation onto pore-expanded AlSiO,. The adsorbent
showed a SO, capacity of 0.29 mmol g¢~" when exposed to 5 ppm
SO,/N,, with a positive correlation with increasing SO,
concentration. The selectivity of the adsorbent towards SO, was
investigated in the presence of different concentrations of SO,
in CO,/N, mixtures. GD-PEI/S was found to be 100% selective
for SO, at concentrations as low as 5 ppm in the presence of
11% CO,, corresponding to a CO,/SO, ratio of 22 000. The
presence of only tertiary amines with no interaction with CO, is
at the origin of the high selectivity toward SO, versus CO,.
Moreover, the adsorbent showed a more than two times
increase in SO, uptake under humid conditions. The adsorbent
was also found to be stable during adsorption-desorption
cycling in the presence of dry and wet SO,/N, mixtures. There-
fore, GD-PEI/S may be used as a filter for extensive desulfur-
ization before CO, capture on amine-containing adsorbents.
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