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Abstract

Adsorption is considered to be one of the most promising techniques taptioee of C@from flue
gases. The application of adsorption to both post-combustion capturesat@sedose to ambient and
for high pressure pre-combustion capture applications, for example IGCC, are éxpldsrption
capacities as a function of adsorbent properties as welhtegsss for regeneration, both thermal swing
and pressure swing are described. Adsorption at both low and high pseesuiees chemical and
physical adsorbents respectively. Adsorption at high pressure hasdvhatage of potential
temperature swing regeneration whilst maintaining @@ssure, reducing the overall costs associated
with re-compression of the gas for transportation.

Keywords: CO,, capture, adsorption
1. Introduction

CO, capture can be achieved either by post-combustion capture at améssaoteror pre-combustion
capture at high pressure using IGCC. Aqueous solutions of amines havaseeeby industry as
absorbents for acid gas (g®1.S) removal, for example monoethanol amine MEA. However, they
have a number of shortcomings for the post-combustion treatment oafles, dor example sorbents
corroding mild steel components, vaporisation losses and energy inteagaweration [1]. Physical
adsorbents, for example Selexol are currently used for the pre-combustioe c@@. However
they incur a large energy penalty due to the loss of pressure €8/hgegeneration, estimated to be
approx 6%. Adsorption is one of the more promising technologies for cap@ from flue gases,
with solid adsorbents potentially avoiding the shortcomings of the dlososgstems described above.
In this paper two approaches to gfapture using adsorption under simulated post and pre-coorbusti
conditions, at ambient and high pressure respectively, will be compared. d@hadsiorbents either
basic amine polymers, for example polyethylenimine (PEI) supportétboganic templates and a
range of high nitrogen content carbons are investigated for post-coomocegbiture. Whilst a range of
active carbon, physical adsorbents, for pre-combustion edmane been explored. The adsorbents will
be described and compared in terms of their adsorption capacity and ease of regenerati
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2. Materials and Methods
2.1. Post-combustion / low pressure adsorption

A wide range of adsorbents have been studied. The modificatiansafrflace chemistry of proprietary
inorganic supports with polyethylenimine (PEI) has been applied toajereerange of adsorbents
(BET surface areas from approximately 250 — 46§"n PEI (average molecular mass 1800) was used
and adsorbents were prepared using a wet impregnation technique [&;8k range of high nitrogen
content adsorbents have also been developed and were also studied [4,5].

The CQ adsorption capacity of the adsorbents, expressed as the percei@@gaadsorbed by mass
(on a dry basis), was measured using thermogravimetric analy@siperature-resolved GO
adsorption profiles were generated by heating the adsorbents inaaphare of C@at 0.25°C min*

up to 100°C [4]. Thermal swing adsorption / regeneration cycles (TS#&)e&dsorbents was studied
using a 3 cycle thermal swing adsorption programme to determineptim@al conditions for
regeneration [6]. A specially constructed dynamic testingagweed to undertake thermally assisted
pressure swing desorption of the PEI-based adsorbents [6]. Adsogptepoomplete saturation of the
adsorbent was undertaken at 75 °C in a simulated flue gas of 15% G&ance MNat a flow rate of
100 ml min®. Desorption was undertaken in a stream of pure nitrogen to simulate pressgrbys
lowering the partial pressure of GO

2.2. Pre-combustion / high pressure adsorption

A wide range of active carbon (ACs) adsorbents were investigatgeneral purpose commercial AC
for purposes of comparison (Chorcarb) as was a high BET surfacecemenericial carbon (Picazine,
ca. 1500 mg?). A non-activated polyacrylonitrile (PAN) carbon and a highly attid@AN sample
(BET surface area of 3000°rg™) were also investigated. As well as three phenolic resinvts
varying porosity characteristics (PR1, PR2 and PR3 and a chgnacéilated UF carbon with a
relatively high nitrogen content (10 wt.% nitrogen, 452j%). Equilibrium uptake measurements have
been conducted in (i) a dual limb differential pressure rig [{pato 50 bar pressure at ambient
temperature [8] and (ii) a commercial Hiden (IGA-001; Hiden Isotbal Ltd, Warrington, UK)
Intelligent Gravimetric Analyser (IGA) up to 20 bar and elevédetperatures [8]. The IGA although
operating at a lower maximum pressure than the dual limb diffekearessure rig, facilitated
evaluation of temperature swing adsorption (TSA).

3. Results
3.1 Low pressure / post combustion Adsorption.

The adsorption of C{at pressures close to atmospheric requires chemical type adspviith basic
nitrogen or amine groups the principal functional groups requied\dsorbents have been developed
using two techniques, the modification of the surface chemistry ofanar and fly ash derived
supports with a range of amine polymers, for example, polyethyiemi{PEI) [3] and the generation of
a range of high nitrogen content carbon matrix adsorbents by boanisation and activation of a series
of nitrogen containing compounds [4,5]. Both techniques result in the genesdfidsorbents that
have a rapid rate of GQadsorption. C@adsorption capacity is high for all adsorbents at room
temperature, with 8 — 10 wt.% uptakes achieved (Figure 1). The priddfpa¢nce between the two
methods is performance versus temperature, which decreasegaséclkemperature for the high
nitrogen content adsorbents. Overall the supported amine polymer adsdrdemtthe greatest



performance with the high adsorption of £@ver flue gas temperatures (60 —8).
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Figure 1 CQ uptake for a range of novel adsorbents as a fumcii temperature.

Regeneration of the inorganic template-PEIl adsorbents has beenedxjipr The influence of
temperature on the recovered adsorption capacity of the inorganic supp@gmnated with 40 wt%
PEI (1800 MM) is presented in Figure 2. Increasing regeneratioperature results in increased
recovered adsorption potential, which steadily increases from 110 — 1456€e and including 145
°C approximately 90% of the original adsorption capacity is recov&edovered adsorption capacity
below 145 °C is similar for both the first and second regeneratida @igure 2). However, above
145 °C, whilst approximately 90 % of the original adsorption capacdiégc®vered, the capacity on the
second regeneration cycle decreases, culmination at 180 °C waatarghan 10 % loss in recovered
adsorption capacity.
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Figure 2. Effect of regeneration temperature ower guccessive TSA cycles (1 minute regeneration
cycles) on the regeneration performance of an arugsupport impregnated with 40 wt.% PEI

The decline in regeneration performance at 140 °C and above can beexkplail GA analysis of the
inorganic support-PEl adsorbent using a slow heating rate of 0.25 “xenthe temperature range
2510 200 °C (Figure 3). In the presence ob@@sorption capacity is constant up to approximately 85
°C, above this temperature g@rsorption becomes less favourable and adsorption capacity decreases
to a minima at 135 °C. Whilst it would be expected that the adsavberld undergo a further weight

loss as seen inNand air above 135 °C, an increase in weight is observed (Figure 3)indil@iase in
weight is proposed to be as a result of reaction between thar@CPEI amine functional groups,
leading to the formation of an as yet unidentified thermostable camplée formation of the
thermostable complex above 130 °C is proposed to account for the sucdestiive in adsorbent
performance with each successive regeneration cycle

3



AA
"'9&00 AAAAAAAA
AAA

g
5
:

AAAA

— CO2 A N2 < Air

N
©
o
o
°
o
%o,
>

©
-12

15 25 35 a5 55 65 75 85 95 105 115 125 135 145 155 165 175 185 195

Temperature ( °C)

Figure 3 TGA profile for the behaviour of the PEiSed adsorbent in,NCO, and air, whilst slowly
heated from 25 - 200 °C at 0.25 °C thin

Thermally assisted pressure swing desorption has been undertakera sgagially constructed
dynamic testing rig [6]. Regeneration of the adsorbents at 75&@mgthy process requiring a large
ratio of N, to CQ, (Table 1). The benefit of increased regeneration temperatigensnstrated by the
dramatic reduction in the amount of nitrogen required to desorb thebg@pproximately 50 % with
an increase in temperature from 120 — 140 °C (Table 1). Removal 10QH® adsorbed CQOs
inefficient compared to compared to 99 %, requiring a five fackase on the moles of nitrogen (Table
1). Although nitrogen would not be used to regenerate adsorbents, tlemeyfiaf the pressure swing
method suggests that steam stripping could be applied for regeneration.

Regeneration Flow Rate Regeneration (mol N / mol CO,)

Temp (°C) ml min 100 % 99 % 90 % 80 %
75 100 244 150 93 61
120 100 96 48 20 16
130 100 57 20 13 10
140 50 53 10 5 4

100 51 14 10 8
Table 1 Moles of nitrogen required to desorb wasiproportions of the adsorbed Caver a range of

temperatures and flow rates for an inorganic sugpaded with 40 wt.% PEI.
3.2. High pressure / pre-combustion adsorption

Adsorption isotherms generated from the differential pressure appdemonstrated adsorption to be
rapid, with approximately 80% of the equilibrium uptake being achievedcdonsls, and the final
equilibrium uptake reached afta 4 minutes [8]. Figure 3 presents the adsorption isotherms up to 40
bar for all the carbons investigated. The activated PAN which thavieighest uptake possessed a
surface area of 3000°ng’. Differences between uptakes at 2 and 40 bar generally inavithse
increasing uptake (Figure 3), therefore demonstrating greater potenpat$sure swing adsorption
(PSA) cycles. Figure 5 shows a plot of the variation of equilibriurp @@akes at 40 bar with BET
surface area for the carbons testeéthe outlier on the plot is PR2 which possessed the highest
proportion of micropores of all the polyphenol resin samples. This praqmertty account for its higher
adsorption capacity if all are accessible ta,CThus, it can be concluded that the &Ptakes at high
pressure correlate well with micropore surface area.

PSA has been be simulated by examining the differend®iadsorption isotherms at atmospheric and
elevated pressures. Analysis of PR2 revealed that after a pressugdrewi 40 to 1 bar, uptakes of
10% wi/w could be achieved at high pressures, compaoad16% for the initial carbon. However the
difference between the uptakes of some of the other carbons at 1 ang wWerbahigher, reaching



nearly 40% w/w for the activated PAN, highly promising for PSA application.
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Figure 4 Adsorption isotherms for all of the adsorts (differential pressure apparatus).
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Figure 5. Correlation of equilibrium GQuptakes at 40 bar with surface area for the cartiested

(differential pressure apparatus).

Intelligent gravimetric analysis gave rise to higher uptakas in the differential pressure apparatus as
a result of the high vacuum used for degas of the adsorbents. Theiadssotierms the high surface
area PAN AC indicate that equilibrium uptakes have increased gimingtake of 100% w/w at 20 bar
(Figure 7). The adsorption isotherm at 170°C (Figures 7) demonstrated lgest two-thirds of the
CO, could be removed by TSA at this temperature with a @€ssure of 20 bar. This demonstrates
the potential for TSA, recovering a large proportion of the adsorptpacitg whilst maintaining C®

at elevated temperature for transportation.

100 A

(e}
° o
80 - o ©
0]
(]
(e
L [e) ©
% 60 - 5 © 020 T isotherm
g. o © X170 T isotherm
g 0 o ©
(]
O
20 1 ° o ox X XX X
x x x XX
Lo
o s X X% ‘ ‘ ‘
0 4000 8000 12000 16000 20000
Pressure (mbar)
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4. Conclusions

A wide range of adsorbents have been generated for pre and post-comdqyslications. Chemical
adsorption is required for low pressure, post combustion capture. Gwenalbilised amine polymer
based adsorbents provide the best adsorption capacity at flue gasatanege Conditions for the
regeneration of PEI based adsorbents must be selected cafefetjyadation of the polymer is to be
avoided, especially where TSA is used. Thermally assistedupeessing regeneration illustrates the
potential of steam stripping for the regeneration of the adsorbents. Highrpradsorbents for pre-
combustion capture demonstrate high adsorption capacé@edent upon the micropore surface area.
Greater adsorption capacities can be achieved at high pressuréothamemical adsorbents.
Regeneration has been demonstrated by both thermal and pressureskiigues. Thermal swing
regeneration has excellent potential in that over two thirdeafdkorption capacity can be regenerated
whilst retaining pressure, therefore saving on the high energyiesrassociated with re-compression
of the gas. Both techniques offer good adsorption, and potential advantagié® aearent solvent
absorption systems. The high pressure AC adsorbents are advantagedastllee ease of
regeneration and potential to keepLDhigh pressures, thus avoiding energy penalty associated with
re-compression.
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