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ABSTRACT: Adsorbents for CO, capture with nano silica as support were synthesized by
impregnating polyethyleneimine (PEI) into nano silica. For impregnation of PEI into nano
silica, the pore of 2-40nm of silica support plays an important role in the synthesis process of
adsorbents.The PEI loading content, adsorption temperature and CO, partial pressure
influenced CO, adsorption capacity and PEI utilization efficiency. At 105°C, 60-wt% PEI
loading content and latm CO, partial pressure, CO, adsorption capacity of 186 mg/g

adsorbent and PEI utilization efficiency of 304 mg/g PEI were obtained. CO;, cycling
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adsorption—desorption test under the condition: adsorption at 90 or 105°C under pure CO,
and desorption at 120°C under pure N, showed relatively good adsorption—desorption
stability, and no obvious deactivation of amines was observed under this condition. However,
under the condition: adsorption at 90 or 105°C under pure CO, and desorption at 135 or
150°C under pure CO,, obvious deactivation of amines occurred and the formation of linear

or cyclic urea led to the significantly decrease of CO, adsorption capacity.

INTRODUCTION

Scientists have stated that mankind must limit global average temperature rises to avoid
potentially irreversible abrupt climate change. To be confident of achieving an equilibrium
temperature increase of only 2 to 2.4°C, atmospheric greenhouse gas (GHG) concentrations
must be stabilized at 445-490 ppm carbon dioxide (CO,) atmospheric equivalents. Therefore,
we must substantially reduce global CO, emissions no later than 2015. 1] According to the
latest Greenhouse Gas Bulletin published by the World Meteorological Organization in 2013,
the CO,-equivalent concentration of the global atmosphere GHG reached 476 ppm in 2012,
of which CO, alone constitutes 393 ppm. ) Thus mankind is facing the challenge of reducing
CO; emissions. In the current and coming decades, fossil fuels are and will remain mankind’s
primary energy source. BJ Therefore, we must accelerate development of efficient, energy
saving, cost-effective, and easy-to-operate CO,-capture technologies, and initiate the large-

scale industrial application of such technologies.

At present, the ‘aqueous solution of amines’ technology has been used for CO, capture

in industry, but has several disadvantages, such as high energy consumption, decomposition
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of amines, and equipment corrosion.”! Therefore, solid adsorbents have attracted more
attention as an alternative to ‘aqueous solution of amine’ technologies. Several solid
adsorbents, such as zeolites, ™ ® activated carbon, ¥ metal-organic frameworks (MOFs), o,

1121 and amine-silica hybrid/composited materials, ['* have

191 alkaline earth metal oxide,
been investigated by many research groups. Of these solid adsorbents, zeolites, activated
carbon, and MOFs need large pressure and/or temperature gradient to achieve good
adsorption-desorption performance, furthermore the low selectivity to CO, and low tolerance

(14 alkaline earth metal oxide

to moisture also limit the use for CO, capture of them,;
generally require high temperature (650-850°C) to adsorb and desorb CO,, " this will
consume more energy and increase the difficulty of practical operation. Amine-silica
hybrid/composite materials exhibit considerable adsorption capacity, low energy
consumption, good selectivity to CO,, good tolerance to moisture, and ease of handling,
therefore Amine—silica hybrid/composite materials can be a good alternative to the ‘aqueous

solution of amines’ technology. [ '¥

Amine-silica hybrid/composite materials are usually synthesized by grafting or
impregnation. Both of these methods have merit; however, in terms of CO,-adsorption
capacity, impregnation seems superior to grafting. Builes and Vega (5] ysed Monte Carlo
simulation to evaluate the influence of grafting and impregnation on the CO;-capture
behavior of amine-silica hybrid/composite materials. They found that impregnation
consistently gave a higher adsorption capacity than grafting. Zhao et al. ' synthesized two
types of amine-silica hybrid by grafting and one type of amine-silica composite by

impregnation; impregnation yielded a higher amine content and higher CO,-adsorption
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capacity than did grafting. Furthermore, Jones et al. """ deemed the organic amine—silica
composite adsorbents synthesized by impregnation to be the most practical adsorbents for

large-scale gas separation applications in all kinds of amine-silica sorbents.

In recent years, many types of organic-amine have been used to impregnate various
types of silica, such as nano silica (fumed silica, precipitated silica), silica gel, mesoporous
silica (MCM-41, SBA-15), and so on, to capture CO,. Olah et al. " reported a very
comprehensive research, they investigated 11 types of organic-amine and 9 types of support
for synthesis of a series of adsorbents by impregnation, and a detailed analysis and
comparison to each adsorbent was conducted. Branched low- and high-molecular-weight
polyethyleneimines were particularly suitable for CO, capture due to their stability and high

2% and Jones et al. " further pointed out that low-

CO»-capture capacity. Wang et al. |
molecular-weight  polyethyleneimine  was  superior to  high-molecular-weight

polyethyleneimine due to its higher primary amine content and greater mobility.

Olah et al. " found that fumed silica and precipitated silica were better supports for
impregnation than silica gel, aluminum oxide, poly (4-vinylpyridine), and povidone. And
they also reported that mesoporous silica (MCM-41, SBA-15) was not necessary to achieve
good CO, adsorption, and that precipitated or fumed silica yielded better results. [19- 211 The
CO; adsorption performance comparison for different PEI-silica composite sorbents with
different type silica as matrix (Table 1) also support this. Of course, some other types of solid
adsorbents, such as synthesized by impregnating PEI into MOFs also exhibit very good CO,

adsorption performance, “2 but MOFs is a complex support which the synthesis process is
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much more complicated than nano silica, so this may limit its practical application in the

future.

Impregnating polyethyleneimin into nano silica to synthesize CO, adsorbents (PEI-nano
silica), it can exhibit high CO;-adsorption capacities. Furthermore, PEI-nano silica adsorbents
also show good adsorption—desorption cycle stability, as reported by Olah et al. ' At
present, the mesoporous silica synthesis method is complex and no commercial source of
mesoporous silica on a large scale is available. ] However, nano silica has been produced
and used widely on a large scale for many years. This material is relatively cheap and easy to
obtain. Therefore, nano silica can potentially decrease the cost of synthesis of amine—silica
adsorbents. For this reason, PEI-nano silica adsorbents may be a good choice for future
application in flue gas separation. However, to our knowledge, research on PEI-nano silica

adsorbents is not enough and further research is need to be done.

In our study, a series of PEI-nano silica adsorbents with various PEI loading contents
were synthesized. The relationship between the pore volume chang of nano silica and PEI-
loaded content, and the thermal stability of PEI-nano silica adsorbents, were assessed. The
influence of temperature, PEI loading content and CO, partial pressure on the CO,-adsorption
capacity of PEI-nano silica adsorbents, and the adsorption—desorption cycle stability of PEI-
nano silica under different conditions was investigated, and the reason caused the decrease of

CO; cycle adsorption-desorption stability of PEI-nano silica sorbents was analyzed.

EXPERIMENTAL

Reagents
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Nano silica (precipitated silica, Sipernant 306) was obtained from Evonik (Germany).
Polyethyleneimine (branched, M.W. 600, 99%, 1.03 g/cm3) was purchased from Alfa Aesar
(United States). Methanol (HPLC grade) was purchased from Fisher (United States). CO, gas
(99.999%), 15% CO, with N, as balance gas, N, (99.999%) was purchased from ZG Special

Gases (Beijing, China).

Preparation of PEI-nano silica adsorbents

First, the desired amount of PEI was dissolved in 25-ml methanol under stirring with a
magnetic stirrer. After the PEI had dissolved completely, 2-g nano silica (dried for 2 h under
110°C and vacuum [<] mm Hg]) was then added, and 5-ml methanol was subsequently
added to the solution. Thereafter, the solution was stirred at room temperature (~8 h at 25°C)
until it became sticky. Subsequently, the product was dried for 3 h at 50°C, and again for 2 h
at 50°C under vacuum (<1 mm Hg). The materials were termed x-PEI-Silica; x refers to the
theoretical content of PEI of the materials, and the actual PEI content of the materials

determined by elemental analysis is shown in Table S1.

Elemental analysis

C, H, and N elemental contents were determined using an EA 3000 elemental analyzer (Euro
Vector) with the following accuracies: C <+0.10%, H <£0.10%, and N <+0.05%. For each
material, three parallel samples were used for analysis; the weight of each was controlled to

within 1-2 mg.

Thermal stability analysis
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Thermal stability analysis of PEI-nano silica adsorbents was conducted using a TGA/DSC 1
STAR® thermogravimetric analyzer (Mettler Toledo). The test started at 30°C and ended at
800°C at a heating rate of 10°C/min under an N, atmosphere with a flow rate of 20 ml/min.

5-10-mg sample was placed into an aluminum pan for analysis.

N, adsorption—desorption analysis

N, adsorption-desorption analysis was performed using an ASAP 2020 analyzer
(Micromeritics). The degassing process for plain nano silica involved maintaining pressure in
the sample tube at less than 100 um Hg for 3 h at 110°C. For PEI-nano silica adsorbents, the
pressure in the sample tube was maintained at less than 100 um Hg for 8 h at 50°C. Analysis
of all materials was conducted at -196°C. The surface area was calculated using a Brunauer—
Emmett-Teller (BET) model, and the pore distribution was calculated using a Barrett—
Joyner—Halenda (BJH) model. The total pore volume was estimated at a relative pressure of

0.99.

CO; adsorption analysis

CO, adsorption analysis was performed using a Q500 thermogravimetric analyzer (TA
Instruments). Firstly, material was pretreated for 30 min at 120°C under N, at a flow rate 90
ml/min. The temperature was then decreased to the test temperature (45, 60, 75, 95, or
105°C). After being maintained for 10 min isothermally at the tested temperature, the N, was

switched to pure CO; for 60 min.
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The cycle analysis under condition 1 (adsorption at 90 or 105°C under a pure CO,
atmosphere and desorption at 120°C under an N, atmosphere) was performed using a Q500
thermogravimetric analyzer (TA Instruments), and under condition 2 (adsorption at 90 or
105°C under a pure CO; atmosphere and desorption at 135 or 150°C under a pure CO;
atmosphere) was performed using a TGA/DSC 1 thermogravimetric analyzer (Mettler

Toledo).

FTIR analysis

Fourier-transform infrared spectroscopy (FTIR) analysis was performed using a Thermal
NEXUS spectrometer (Thermo Scientific) with an 8 cm™ resolution and 32 min™ scanning

frequency at room temperature. The spectra were recorded in the 4000-400-cm™ region.

RESULTS AND DISCUSSION

N; adsorption—desorption analysis

The pore distributions of plain silica and PEl-silica materials, calculated from the N,
adsorption—desorption isotherms (Figure S1), are shown in Figure 1. Here, to show more
clearly the change in the pore distribution of silica after impregnation, a mathematical
manipulation of the unit of pore volume (y-axis) is shown in Figure 1. In the original data
provided by measurement instruments, the unit of pore volume was per gram adsorbent
(composite of silica and PEI) as the denominator (Figure S2). However, this cannot clearly
demonstrate the change in the silica pore distribution, so altered the denominator to 1 g of

silica by mathematical manipulation.
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Impregnation of PEI alters the silica pore distribution (Figure 1). With PEI-content
increase, the total pore volume of silica decreased markedly (Table S2) and the pore volume
of mesopore (2-50nm) decrease obviously; however, at a relatively small pore size, the silica
pore volume increased after impregnation compared with plain silica. For example, pores
were <5.0 nm in silica with 10% PEI, <4.4 nm with 20% PEI, <3.3 nm with 30% PEI, <2.8
nm with 35% PEI, and <2.6 nm with 40% PEI. In silica impregnated with 50% and 60% PEI,
the pore volume at all pore size ranges exhibited an overall decline, with the exception of
pores <2.3 nm in silica impregnated with 50% PEI; this is a distribution similar to that of

plain silica.

The pore distribution change in silica with various PEI contents can be explained in the

following two ways: (1) During the impregnation process, PEI diffuses into the pores under

[29-32]

capillary pressure and concentration difference force; meanwhile, the PEI molecule is

32-34

adsorbed onto the silica pore walls. B*>% Along with the increase of PEI content, the

35361 50 this will lead to

adsorption layer of PEI onto the silica surface will also thicken, |
gradual decreases in pore size and volume, and some relative large pore become small size
pore, for example the pore of 3nm become the pore of 1.8nm. (2) As the PEI loading content
increases, so does the probability of pore blockage, leading to some pores being inaccessible

to N, adsorption, and this will lead to the decrease of the pore volume. ***"

In Figure 1, the most obvious changes of the pore volume happens in the mesopore
range (2-50nm), especially in the range 2-40nm with the PEI content increase when the PEI

contents <50%. Due to the total pore volume of the plain silica is 1.28 cm’/g, this means the
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highest PEI loading content can only be reached 57% in theory, so when the PEI content
reaches 60% some PEI molecules will locate the outside surface of the silica supports, the
SEM images (Figure S4) can better supports this. So in figure 2 and figure S3, the pore
volume loss in different pore range was not be used to analyze the relationship between the
pore volume loss and the PEI loading content. The figure 2 and the figure S3 show that the
pore volume loss in the range 2-40nm with the PEI loading content fits better (R*=0.9924)
than that of between the pore volume loss in the other pore range (2-20, 30, 50, 60, 70, 80,
and 100nm) and the PEI loading contnet, this indicated that the pore of 2-40nm had an

important role in the PEI impregnation process.

For the average pore diameter, an interesting phenomenon was observed, the average
pore diameter increase with PEI content increase until the PEI content reaches 50%, and then
diving when the PEI content reaches 60% (Table S2). For this phenomenon, it most likely
due to that the PEI molecules prefer to diffuse into small size pores of silica, this leads to the
blockage of the small size pores and large size pores are remained, therefore on one side the
total pore volume decrease and on the other side the average pore diameter will increase.
However, when the volume of loading PEI volume excess 1.28cm’ (the total pore volume of
plain silica ) in 1 g silica, the serious pore blockage will happen and the average pore
diameter will decrease obvious, just as 60% PElI-silica sorbent shows. The TEM images
(Figure S3) for plain silica, 30% PEl-silica, and 60% PElI-silica can give some information to

support this.
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Figure 2. The relationship between the PEI loading content and the pore volume loss in the

range: (a) 2-20nm, (b) 2-30nm, (c) 2-40nm, (d) 2-50nm.

Thermal stability analysis

Results of thermo-gravimetric analysis of plain silica, PEI-silica adsorbents with various PEI
contents, and pure PEI, are shown in Figure 2. The differential curve of weight to temperature
clearly indicates two weight-loss stages for PEl-silica adsorbents. From 30 to 135°C, the
weight loss of PEI-silica adsorbents is due mainly to the release of physically and chemically
adsorbed water. ***°! From 165 to 500°C, the rapid weight loss is attributable mainly to the
volatilization and decomposition of PEI molecules. The de-hydroxylation of silica also

contributes to the weight loss of PEI-silica adsorbents from 165 to 500°C. 14"’

The differential curves of weight to temperature suggest a bimodal model between 165
and 500°C for 35%-PEl-silica, 40%-PEl-silica, and 50%-PEl-silica adsorbents. This
phenomenon is caused mainly by the distribution of PEI molecules in the silica pores. The
former peak is the volatilization and decomposition of PEI molecules located in the shallower
parts of the pores and the outside surface of the silica, and the latter peak indicates the
volatilization and decomposition of PEI molecules located in the deeper parts of the pores. [*!]
However, for 10, 20, 30, and 60%-PEl-silica adsorbents, only one peak was observed. When
the PEI content was <30%, the PEI molecules occur mainly relatively deep in the silica pores;
thus all PEI molecules were located in a similar environment. Therefore, during the heating

process the volatilization and decomposition of the vast majority of PEI molecules is

synchronized so that only one peak results.
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With increasing PEI content, two classes of PEI molecules form in two different
environments. Therefore, during the heating process, the volatilization and decomposition of
PEI molecules will be asynchronous, and, therefore, two peaks will appear, as shown by 35,
40, and 50%-PEl-silica. At a PEI content of 60%, the PEI molecules located in the shallow
regions and the outside surface of the silica occupy the largest area, so the former peak will

mask the latter and a single peak will again be observed.

Thermo-gravimetric analysis indicated that the PEI-silica adsorbents exhibited relatively
good thermal stability below 160°C. Volatilization of a minimal number of PEI molecules
occurs below 160°C. A more detailed thermo-gravimetric analysis of 60% PElI-silica
adsorbents (Figure S4) showed that from 30° to 200°C at a slow heating rate (2°C/min), the
weight loss occurred mainly below 100°C; and between 100 and 160°C, the weight loss,
which was most likely caused by the volatilization of relatively small PEI molecules, was

~6.5%.
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Figure 3. Thermo-gravimetric analysis of plain silica, PEI-silica adsorbents, and pure PEI.
CO; adsorption analysis

CO; adsorption capacity of PEI-nano silica adsorbents at 45, 60, 75, 90, and 105°C is shown
in Figures 3 and 4. Figure 3 shows the influence of temperature, and Figure 4 shows that of

PEI loading content.

A similar variation in adsorption capacity to all adsorbents is evident in Figures 3a and
b. The 10, and 20% PElI-silica exhibited a clear downtrend with increasing temperature. With
regard to 30% PElI-silica, from 45 to 60°C absorption capacity increased by ~2.3%, but above
60°C, the adsorption capacity decreased with increasing temperature. At PEI content of 35—
50%, the adsorption capacity increased with temperature increase when the temperature is
<90°C, and a decrease occurs from 90 to 105°C. The adsorption capacity of 60%-PEl-silica

adsorbent increased from 45 to 105°C almost in a linear fashion.
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Temperature has two effects on the COs-adsorption capacity of PEI-nano silica
adsorbents: (1) a reduction effect (the thermal effect) due to the reaction of CO, and amines,
an exothermic process by which the adsorption capacity decreases with increasing

42441 (2) An increasing effect (the mobility effect), in which increasing

temperature.
temperature enhances the mobility of PEI molecules in PEIl-nano silica adsorbents,
potentially leading to an increased adsorption capacity. ****) However, the roles of the two
effects vary under different conditions. At PEI contents <30%, the thermal effect is dominant.
However, at PEI contents of 35-50%, the mobility effect dominates up to 90°C. At 105°C,

the thermal effect increases obviously. At a PEI content of 60%, the mobility effect

dominates from 45 to 105°C.

The adsorption capacity of PEI-silica adsorbents first increases, then decreases with
increasing PEI content, except at 90-105°C (Figure 4a). In addition, at a PEI content <35%,
the adsorption capacity increases rapidly with increasing PEI content. However, at PEI
contents >35%, the increase in adsorption capacity slows and begins to decrease at PEI
contents >60%. At 90-105°C, the CO,-adsorption capacity increased with increasing PEI
content; although, the CO;-adsorption capacity increases only 3% PEI contents increased

from 50% to 60% at 90°C.

An initial increase, followed by a decrease, with increasing PEI contents was observed
in Figure 4b. One possible reason for this phenomenon is that with increasing PEI contents,
the proportion of PEI molecules located in the shallow portions of the pores and outside

surface of the silica increases. Molecules in these locations can better interact with CO, and
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therefore exhibit greater PEI utilization efficiency. However, at a threshold PEI content, the
polymerization of PEI molecules and pore blocking will begin to dominate, leading to a

decreased PEI utilization efficiency.

PEI-loading content also affects the adsorption capacity of PEI-silica adsorbents in two
respects: (1) increasing PEI content leads to an increased amine content, potentially
increasing the number of CO; capture sites. (2) The increase in PEI content also will lead to
pore blockage of adsorbent and aggregation of PEI molecules, reducing the opportunities for
CO; capture of some amine; but this effect has something with property of silica support and
temperature, furthermore only when the PEI content reaches a certain degree it will do
obviously; figure 4a clearly shows that only when the PEI content reaches 60% and the

temperature doesn’t exceed 75°C, it will work obviously.

Therefore, the adsorption capacity of PEl-silica adsorbents is influenced by the
temperature and PEI-loading content under pure CO,. This can be described by the function:
Y= f (T, C), in which T and C refer to the adsorption temperature and PEI-loading content,
respectively; Y refers to the adsorption capacity, expressed as mg CO,/g adsorbent or mg
CO,/g PEI. When using mg CO,/g PEI as the unit of adsorption, Y also refers to the PEI
utilization efficiency. The highest CO,-adsorption capacity (186 mg/g adsorbent) is attained
at 7= 105°C and C = 60%. Moreover, under this condition, the PEI utilization efficiency is
304 mg/g PEIL Although f (90, 60%) =165 mg/g adsorbent and is only after f (105, 60%), the
PEI utilization efficiency is only 268 mg/g PEI. All adsorption amounts under all conditions

are not listed here; this information is provided in Table S3 and S4.
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In order to better learn the CO, adsorption performance of PEI-nano silica adsorbents,
and considering that the real flue gas generally contains 15% CO,, so the CO, adsorption
performance under 0.15atm CO, partial pressure (with N, as balance gas) at 75°C is
investigated (Figure S7). The results show that the saturated CO, adsorption capacity of 10%-
PEl-silica, 20%-PElI-silica, 30%-PEl-silica, 35%-PEI-silica, 40%-PEl-silica, 50%-PElI-silica,
60%-PEl-silica are 8, 37, 77, 98, 109, 134, 132mg/g respectively under 0.15atm CO, partial
pressure which are lower than that under pure CO, (Table S3). So for PEI-nano silica
adsorbents, the CO, partial pressure also influence the saturated CO, adsorption capacity
adsorption capacity. Therefore the CO, adsorption capacity of PEI-nano silica adsorbents can
be depicted as function Y = f (7, C, P), in which T, C, and P refer to the adsorption

temperature, PEI-loading content, and CO, partial pressure respectively.
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Figure 3. Effect of temperature on CO, adsorption analysis of PEI-silica adsorbents.
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Table 1. Comparison of all kinds PEI-silica composite CO, adsorbents.
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Silica Gel-PEI-50 Silicagel ~ —  50%  1bar 75 78 23
MCM-41-PEL-75 MCM-41  —  75%  1bar 75 133 24
MCM-41-PEI-50 MCM-41  —  50%  1bar 50 44 24
MCM-41-PEI-50 MCM-41  —  50%  1bar 75 112 24
MCM-41-PEI-50 MCM-41  —  50%  1bar 100 110 24
SBA-15-PEI (50) SBA-15  BS00  50%  1bar 75 89.8 25
SBA-15-PEI (50) SBA-15  BS00 50%  S55bar 75 95.4 25
[-SBA-15-PEI-50 SBA-15  BS00 50%  0.15bar 45 712 26
[-SBA-15-PEI-50 SBA-15  BS00  50%  1bar 45 74.6 26
[-SBA-15-PEI-50 SBA-15  BS00 50%  4.5bar 45 80.3 26
Prec. SiOy/PEI (1:1) Pregﬁgj‘ted B80O  50%  lbar 70 147 19
Prec. SiO»/PEI (1:1) Pregﬁgjwd B80O  50%  1lbar 85 160 19
Fumed SiO,/PEI (1:1) FS ‘ﬁinczd B800  50% 1bar 85 156 19
Prec. SiOyPEL(1:1) re‘s’;ﬁg:ted 1423 50% Ibar 70 173 19
50wt% PEI/SBA-15 SBA-15  L423  50% Ibar 75 173 20
MCM-41-PEI-50 MCM-41  L600  50% Ibar 75 111 27
SBA-15-PEL-50 SBA-15  L600  50% Ibar 75 127 27
SBA-16-PEL-50 SBA-16  L600  50% Ibar 75 129 27
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MCM-48-PEI-50 MCM-48 1600  50% Ibar 75 119 27
KIT-6-PEI-50 KIT-6  L600  50% Ibar 75 135 27
Silica
50PEI/B-T100 ﬁ(‘loerrrll\;?((:le - 50% 1bar 90 149 28
husk ash
Silica
60PEI/B-T100 ff:rr:lvr‘i’fe - 60% 1bar 90 154 28
husk ash
A-PEI-300 ( é\fllLS (l)?lrln) L300  50%  0.5bar 50 158 2
B-PEI-300 MIL-I0T 550 5006 0.05bar 50 180 22
(Cr, 250nm)
50%-PEL-silica Pregﬁgjwd B600  50%  0.ISbar 75 134 Sglésy
60%-PEl-silica P re‘s’;ﬁg:ted B600  60%  0.5bar 75 132 Sglésy
50%-PELsilica Pregﬁg‘ted B600  50%  Ibar 75 138 S{Sé;
60%-PELsilica Pregﬁgjwd B600  60%  1lbar 75 137 S{Llllésy
50%-PELsilica Pregﬁg‘ted B600  50%  1lbar 90 160 S{Lll‘ésy
60%-PEl-silica Pregﬁgjwd B600  60% Ibar 90 165 S{Llllésy
60%-PEl-silica Precipitated o6y 600, 1bar 105 186 This
silica study

? B means branched PEI and L means linear PEI.

CO; cycling adsorption—desorption analysis

Evaluation of CO; cycling adsorption—desorption for 30 cycles under various conditions is
shown in Figures 5 and 6. Figure 5 shows the results under condition 1: adsorption at 90 or
105°C under pure CO, and desorption at 120°C under pure N,. Figure 6 shows the results
under condition 2: adsorption at 90 or 105°C and desorption at 120, 135 or 150°C under
pure CO, without a gas change. We define the adsorbents after cycling as adsorbent—x/y—N,
or CO,, in which x and y represent the adsorption and desorption temperatures, respectively,

N, or CO, refers to the desorption atmosphere. For example, 35%-PEI-silica-90/120-N; is a
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cycling adsorption—desorption test at 90°C for adsorption and 120°C for desorption under

pure No.

After 30 rounds in the cycling adsorption—desorption test, all adsorbents exhibited a
more or less decrease in CO,-adsorption capacity. However, the cycling adsorption—
desorption stability of PEl-nano silica adsorbents under the two conditions differs
considerably. Under condition 1, the adsorption—desorption stability of adsorbents was
superior to that under condition 2. For 35%-PElI-silica-90/120-N,, 40%-PElI-silica-90/120-N5,
50%-PEl-silica-90/120-N,, 60%-PEI-silica-90/120-N,, and 60%-PElI-silica-105/120-N,, the
adsorption capacity decreased by 10.4%, 10.1%, 7.7%, 6.9%, and 10.5%, respectively.
However, under condition 2, for 50%-PEl-silica-90/135-CO,, 50%-PElI-silica-90/150-CO,,
and 60%-PElI-silica-105/150-CO,, the adsorption capacity decreased by 79.8%, 91.9%, and

94.7%, respectively.

For condition 1, the FTIR spectra of fresh adsorbents and adsorbents after 30 cycles
were identical, and no new bands are evident for adsorbents after 30 cycles. For example, Si—
O-Si stretching or bending vibration (~469, 813, and 1101 cm'l), 46 c-H stretching
vibration (~2825 cm™), ¥ N-H bending vibration (~1570 cm™), ) —CH,~ bending
vibration (~1469 and 2939 cm'l), 47 or OH vibration (center at ~3418 cm'l) [46. 48] may be

' 3 for the PEI-nano silica

responsible. No clear deactivation of amines was found !
adsorbents after 30 cycles adsorption-desorption test under condition 1. However, for

condition 2 the FTIR spectral results of fresh and the adsorbents after 30 cycles adsorption—

desorption test differed significantly. Four obvious new bands, at ~1277, 1454, 1496, and
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1693 cm™, which are not present in the spectra of the fresh adsorbents, are evident in the
spectra of adsorbents after 30 adsorption—desorption cycles under condition 2. These new
bands are strongly associated with the formation of linear or cyclic areas. '**”) The new band
at 1693 cm-1 also can be observed in the IR spectrum of fresh carbamide, and this band most
likely be the vibration of C=0. So under condition 2, the degradation of amines is a reason

caused the decrease of CO, adsorption capacity. °”!

Besides the degradation of amines, the volatilization 1 and leaching 191 of PEI are
another two main reasons cause the decrease of CO, adsorption capacity of PEI-nano silica
sorbent. Because the molecular weight of PEI is not uniform, some relatively light molecules
are present in bulk PEI; and these are readily volatilized, which leads to the loss of PEI. The
C, H, and N elemental analyses (Table 1) show that after 30 cycles the PEI content decreases
compared with fresh adsorbents. With temperature increase and reach a certain level, the
mobility of amines obviously increase and this will lead to the leaching of amine from the
silica pores, the CO, capture ability of leaching amine will obvious decrease. To our
knowledge, at present there is no method and theory to quantificationally analyze the
leaching level of amines, but we think the leaching level of amies is influenced by

temperature, and the leaching level of amines increase with temperature increase.

Under condition 1, the decrease in CO;-adsorption capacity is attributable mainly to the
volatilization and leaching of PEI. For condition 2, formation of urea, volatilization of PEI
and leaching of PEI together cause the decrease of CO, capacity. Under condition 2, the

volatilization amount of PEI (Table 2) can not lead to the CO, adsorption capacity decrease
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more than 80%, so the degradation of amines by forming urea and leaching of amine are the
main reason causing the decrease of CO, adsorption. In figure 6, the cycling adsorption-
desorption test for 50% PEI-silica under three different desorption temperature (120, 135, and
150°C) exhibits different cycling adsorption-desorption stability, this most likely due to that

temperature influence the formation of urea and the leaching level of amines.

Changing the temperature and gas atmosphere (desorption under N), as in condition 1,
is a commonly used method of achieving CO, desorption in much research. Although this
method results in a high desorption capacity, it may not be suitable for practical industrial
applications because this method must increase the subsequent gas separation process after
desorption to again separate CO, from the mixing gas. Therefore, investigating CO;
desorption by changing the temperature but not the gas (under pure CO,) is meaningful and
has practical implications. However, our data suggest a considerable decrease in CO,-
adsorption capacity under condition 2 for the PEI-nano silica adsorbents due to urea
formation and leaching of amines. Therefore, further research is needed, for example the
influence of water vapor on the cycle adsorption-desorption stability, pressure swing

adsorption (PSA).
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Figure 5. CO; cycle adsorption—desorption analysis under condition 1.
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Figure 8. FTIR analysis of fresh PEI-silica adsorbents and adsorbents after 30-cycle

adsorption—desorption under condition 2.
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Table 2. C, H, and N elemental analysis of fresh adsorbents and adsorbents after 30 adsorption—

desorption cycles under condition 2.

Elemental content (%)

Sample C o N PEI content (%)
50% PEl-silica 27.39 5.92 16.15 49.46"
50% PElI-silica-90/135 28.50 4.32 15.10 46.25°
50% PElI-silica-90/150 28.66 4.05 15.01 45.98°
60% PEl-silica 34.14 7.26 19.98 61.38"
60% PEl-silica-105/150 35.93 5.14 18.91 58.10°

*The PEI content is the result of the sum of C, H, and N content, which have deducted the C, H,

and N content of plain silica.

® The PEI content is calculated by the following formula: PEI content = N content of materials
after 30 cycles/(N content of fresh materials/PEI content of fresh materials); here, we

hypothesize that the N content of PEI in the materials is constant after 30 cycles.

CONCLUSIONS

With nano silica as support to synthesize amine-silica adsorbents for CO, capture can potentially
decrease the cost of CO, adsorbents. In our study, we impregnated PEI into nano silica to
synthesize PEI-nano silica adsorbents for CO, capture. Both PEI loading content and adsorption
temperature influenced the CO, adsorption capacity. With PEI content increase, on one hand,
more CO; capture sites will be supplied; on the other hand, the porosity of adsorbents will
decrease and influence the diffusion of CO,. The higher temperature can increase the mobility of
PEI molecules and overcome the impact of pore blockage. The adsorbent contained 60-wt% PEI
obtained a capture capacity of 186 mg/g at 105°C under pure CO,, and the PEI utilization
efficiency also reached 304 mg/g PEL. We think that a relatively good balance between PEI

loading content and adsorption temperature can be obtained for PEI-nano silica adsorbents at the

26
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condition: impregnating 60-wt% PEI and adsorption at 105°C. The cycling adsorption—
desorption tests under the two different conditions (Experimental part) showed that the
adsorption—desorption stability under the condition 2 is much worse than that under condition 1.
For condition 1, the decrease of CO, adsorption capacity was due mainly to the loss of low-
molecular-weight PEI molecules; for condition 2, the decrease of CO, adsorption capacity was
due mainly to the formation of linear or cyclic urea. Compared the two conditions, we also found
that temperature seems to be an important factor for the formation of urea under pure CO»;

higher temperature seems to be necessary to lead to the formation of urea under pure CO,.
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Supporting Information

The experimental protocol, and C, H, and N elemental analysis results can be found in Table S1
in supporting information. The N, adsorption—desorption isotherms and pore distributions of
plain silica and PEI-nano silica adsorbents are shown in Figure S1 and S2, respectively. TEM
images for plain silica, 30% PEl-silica, and 60% PElI-silica are showed in figure S3. BET area,
total pore volume and average pore diameter data of plain silica and PEI-nano silica adsorbents
can be found in Table S2. The CO, adsorption capacity of PEIl-nano silica adsorbents is

summarized in Table S3 and S4.
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