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Incorporating a small proportion of expanded graphite dramatically improves microporosity and
CO; uptake of phenolic resin-derived activated carbons.
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Abstract

Porous carbon composite adsorbents were prepasad d&rcommercial phenolic resin mixed with «
small proportion of thermally expanded graphite JEGllowed by carbonization and physical
activation with CQ. The addition of EG dramatically hastens the,Cftivation and results in
remarkably enhanced microporosity development m HG composite compared to the activate...
phenolic resin alone. The resultant EG composisaidints exhibit high CQOadsorption capacities a.
298 K and excellent C4N, adsorption selectivity. In particular, the EG casite shows superior GO
uptake at low C@pressures (47 mg'cat 298 K and 0.15 bar), which is more importanadtual flue

gas applications in post-combustion capture (PG©yeover, EG composite adsorbents are especi: Il
attractive as the EG component is inexpensiveahlaiin very large amounts and easy to handle & =~
is only required at a low addition level of arouh@t%. The rapid C@activation and the low burn-off
for excellent CQ adsorption performance at low pressures greatiyiae the energy required tc
produce the adsorbent and the waste generatedtivatan. This further enhances the cost ~~_
environmental advantages of physically activateddé@posites over those PCC adsorbents prepared
by chemical activation and functionalization of @as carbons. Hence, due to its superior, CO
adsorption properties and favourable fabricatioocess, the newly developed EG carbon composte

adsorbent holds great promise for large-scale gapat and commercial applications to PCC.

Keyword: Porous carbon, Phenolic resin, Expandegtgte, Physical activation, G@apture
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1. Introduction

Growing concern with human-induced climate charge dttracted widespread efforts to develop co
effective and robust technologies for post-comloustapture (PCC) of carbon dioxide (g§@om
large point sources such as coal-fired power stafioThe PCC of C@ with solid adsorbents is
considered a promising alternative to the convealigolvent process which uses chemical absorpt’_..
with aqueous amine solverft3.Although this is currently the most commerciallyadable PCC
technology, the solvent process is energy-intenai requires strict pre-cleaning treatments to u..
flue gas. Moreover, it raises environmental consatue to large volumes of waste water and sludge
produced from the solvent process and secondarysems resulted from the solvent degradation. Bv
contrast, the solid adsorbent process is a lowggnand environmentally-benign technology. It '~
based on simple physisorption of €@ith lower heat of C® adsorption compared to chemice.
absorption, which implies potentially lower energgnsumption needed for GQlesorption in
adsorbent regeneration. As solid adsorbents armé#ily stable and chemically non-reactive with CC
adsorbates, there are no environmental impactsagegradation in the adsorbent process. If 7.
adsorbents are also tolerant of impurities (i.ex 8@ NQ) in the flue gas stream, significant savings

in the overall capture cost could be made by refinoivifue gas pre-treatments.

A large number of solid porous materials have hiegastigated for C@capture including zeolites,
porous carbons, functionalized porous silica, metghnic frameworks and covalent organic
frameworks™® Carbonaceous adsorbents have advantages sush essiband high chemical, therma:
and mechanical stability necessary to operate afistee flue gas streams. However, they generay
have poor C@adsorption capacity, which reduces their costetiffeness because more adsorbents Ar
needed to cope with a given flue gas flow and nemergy is required to achieve regeneration because

more sensible heat is required to heat up a langeunt of adsorbents for thermal regeneration.
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Approaches to improving the GQ@dsorption capacity of carbonaceous materials h@en mainly
focused on (1) development of high-surface-areaaparous carbons in a chemical activation metnou
by blending carbon precursors with a very larggpproon of harsh chemicals such as KOH followe d
by pyrolysis!®***®and (2) functionalization of porous carbons withsic groups, such as nitroge.»
doping and amine loadif§’ Although CQ adsorption capacity is improved, there is a hig:.
complexity, cost, waste and inconvenience with ahahmactivation as large amounts of hazardous
chemicals are used and chemical residues have tbdbeughly washed out. The functionalizati~~

method also has greater complexity or cost, andes@mctionalized carbons show difficult aiu

unstable regeneration due to strong interactiotis GO,.

The CQ adsorption capacity of porous carbons can alsoripeoved by physical activation, whic*
entails etching carbons with mild oxidant gaseshsas CQ and steam at elevated temperatures, .
process that is much more economically and enviestatly attractive than chemical activatihAn
important issue with physical activation, partigiyyafor carbon monoliths desirable for practice.
applications, is mass transport/diffusion of thehant gases during oxidatidh.Facilitated mase
transport of oxidizing molecules within the carbstiucture is requisite to boost the reaction of
physical activation, thereby enhancing the devekmumof the narrow microporous structure i

physically activated carbons for improved £4dsorption at ambient conditions.

We recently reported the preparation of carbon amite monoliths with exceptional G@dsorption
capacity and kinetics, and excellent £1Q selectivity”® It used a commercial phenolic resin mixe.
with just 1 wt% of carbon nanotubes (CNTs) and pafsactivation with C@ The outstanding
performance is attributed to the monolith possesaihierarchical macroporous-microporous struc’ e
with a very high proportion of narrow microporeshel proposed formation mechanism is that the
CNTs act as a nanoscale scaffold to establish aopaus structure in the resin-derived carborr afte

carbonization, which allows easy access of actigatigent C@ molecules to the monolith’s interior
4
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The CNTs also offer a large primary surface areadisgributing the resin-derived carbon intr
micro/nanometre scale domains, thus providing nhmecations for rapidly creating a large populatio:
of narrow micropores in the course of £@ctivation. As a result, the GQ@wctivation for the CNT-
incorporated composite is remarkably quick, eximlgitmuch greater burn-off than the phenolic res
alone derived carbon at a given period of time #uedrapid activation also minimizes pore widening,.
Therefore, it can be seen that fast mass transpauttivating agent molecules is very importanthe

development of an optimum microporous structunghipsically-activated carbons.

In the present study, we incorporated expandedhgefEG) into phenolic resins to produce carbon
composite adsorbents by physical activation with,.GCbmpared to CNTs, EG is of lower cost, ano
easier to make, handle and disperse in the preparait composites. The large surface area and » ¢»
aspect ratio (platelet diameter to thickness) of iE@nticipated to function in a somewhat similc.
manner to CNTSs for achieving well-developed narmieroporous structures in the EG/phenolic resin-
based carbon composite. The resultant EG monalidne characterized for surface morphologies, pce
structures and gas adsorption properties to uradetshe effects of EG addition on the developmér’ o
microporous structures in phenolic resin derivetivated carbons as well as to evaluate, C8pture

performance of EG composites for PCC.

2. Experimental

EG was prepared from commercial expandable grapiaies (Asbury Carbons, Grade 377
80% >300 um and carbon content 99%). The expandgmbfehite flakes were thermally expanded ar~’
exfoliated by heating 3 g batches in loosely cap@@ ml single-use tin cans at 10%D in a muffle
furnace for 3 min. This amount produced approxityee5 g of EG which is sufficient to fill the cai .

which was allowed to cool before opening. The aoladi EG powders were well dispersed in -

5
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aqueous gel solution containing 5 wt% of methyludese (MC, Aldrich, viscosity (2% in ¥D) =

4,000 cp).

EG carbon composites were prepared by thoroughtyngnic g of commercial Novolac phenolic resir,
(Durez 7716) powder with a given amount of the Eb gaste. The resultant highly viscous mixture
was transferred into a cylindrical polypropyleneldn@0 mm inner diameter) with five 2 mm diamete:
channel pins, and then cured at 1%D for 2 h to solidify the structure. After de-maidi the
honeycomb monolith with five channels was carbatirea tube furnace at 65C for 1 h under M
flow. The carbonized sample was weighted, retutnetie tube furnace and heated to 86Qinder N
flow. At the setpoint temperature, the gas flow wastched to CQ@for a given period to activate the
sample with C@ and then back to \Nas the sample was cooled. The activated sampleveighed to
determine the burn-off (defined as ((mass of cadsahsample - mass of activated sample)/mass ..
carbonized sample) x 100%)) during activation. &bevated EG composites were labeled as EG-x-y,
where x = the % EG to resin (i.e. mass percentdge&sdphenolic resin) with values of 2, 5 and 10 ¥,
and y = the activation time with values of 15 afidn3in. For comparison, the activated sample m-.u !
of phenolic resin alone without EG was prepared labeled as Res-60, denoting 60 min activation

time.

Sorption measurements for, [ dnd CQ were carried out on Micrometritics ASAP 2020 voktnc
analyzer at various temperatures after degassiegnmht under vacuum at 473 K. The Brunauer-
Emmett-Teller (BET) specific surface aré&iag) and the total pore volum¥ were obtained from N
adsorption isotherms at 77 Kger calculation was performed below 0.1 relative puessandV; was
calculated by the Namount adsorbed at the relative pressure of &89t Adsorption isotherms fi
CO, at 273 K were used to obtain the narrow microp@rel nm) size distributions, which were
calculated by the density function theory (DFT) hnoet. The surface are&. () and the volume\m)

of narrow micropores were derived from the aboeuations. For comparison, the DFT calculation
6
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was also conducted on the Bldsorption isotherm at 77 K to determine the NMP¥Ie heat of C®
adsorption was calculated using £€otherms at 273, 298 and 323 K based on the D&@apeyron
equation. Morphologies of samples were examinedguscanning electron microscopy (SEM, Naya
Nano SEM 430) at an operating voltage of 5 kV. BiM observation was conducted on the sam;' :
without coating. Transmission electron microscop¥N!) was performed on a Tecnai T12 at &..

operating voltage of 120 kV.

3. Results and discussion

Prior to thermal treatment, the expandable grapsti@vs a bulky micro-morphology composed o,
dense graphite flakes (Fig. 1a). Its specified asjmn ratio is 270 ml"gminimum; however if allowed
to expand to this extent, the material is intolgrdluffy and difficult to work with. Thus samplesere
constrained to a density of 2.5 g to 500 ml or 2005, The obtained EG is nevertheless very fluffv
and appears in a worm-like particulate shape. Asvehin Fig. 1b, EG exhibits an irregular porous
network comprising a mass of graphite nanoshegiaraged by voids and crevices of micron to
nanometer. Such morphology is resulted from exfiolleand distortion of graphite nanosheets durit.y
rapid thermal expansion and consistent with theeodagion reported previousfy.The BET surface
area Gse1), obtained from B adsorption isotherms at 77 K (ESI Fig. S1), insesafrom 0.9 g™ for

the expandable graphite to 34.3 gi* for the EG. In addition, the Nisotherm of the EG shows ¢

hysteresis loop at relative pressures above Qdidting the presence of mesopores.
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Fig. 1 SEM images of (a) the expandable graphite anthébgxpanded graphite (EG).

The surface morphologies of the activated phemeBmn and the EG composite were analyzed by SEM
which reveals a dramatic difference after incorpotpEG (Fig. 2 a-c). The resin alone derived R@s-#
exhibits a bulky and dense structure with largeovdmles and little secondary structure such asc
and channels (Fig. 2a). By contrast, the EG conpd&G-5-30) presents a porous microstructu =
composed of interconnected irregular large padieled shows porosity and channeling at a range * f
scales from sub-millimeter down (Fig. 2 b,c). Theimal porous network of the EG is covered wit'
resin derived carbons in the EG composite (Fig, @t)ch splits the phenolic resin and subsequer '
the derived carbon (after carbonization) into sntiimains that would contribute to the rapid an.
uniform development of micropores in g@xtivation. The TEM image of the EG compositeslaawn

in Fig. 2d displays the disordered micropores iisted all over the carbon material, which ai>

responsible for C@adsorption under ambient conditions.
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Fig. 2 SEM images of (ahe activated phenolic resin F-60 and (b,cjhe EG composite E-5-30 at

different magnification, and (d) TEM image of EG-30.

It can be seen from Table 1 that composites with EG incorporatade much more reactive with ¢
during activation, exhibiting significant bt-off within much shorter activation duration. Althglu7.6
wt% of burneff was achieved in resinone derived Re80 when activated at 95°C for 60 min, the
EG composites took just 30 min to reach the lewélsurr-off 2 to 4 times higherThe more EG was
incorporated, the higher buoff was achieved. When ttfEG composites ere activated at 950C for
30 min, the burn-offeached 14.3 wt% for E-2-30, went ugo 19.9 wt% for E(-5-30 and doubled to
27.4 wt% for EG-10-30The dramatic increase of br-off with theinclusion of ECis likely attributec

to the EG’s modications to the microstructu of phenolic resin derived carbc. As discussed abov :,
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in contrast to resin alone Res-60, the EG compdsitea porous microstructure which would favr.

mass transport of activating agent 8@thin the monolith, thus leading to rapid burri-of

Table 1 Burn-off, textual properties and G@dsorption capacities of activated adsorbents

Samples Burn-off N, adsorption at 77K C{adsorption at 273K CQuptake at 298 K (mg§
Wt%)  Sger(m”gh) Vi(em’g) Sy (Mg  Vam(cn©gh)  1barCyc  0.15barCs
Res-60 7.6 237 0.108 317 0.092 82 24
EG-2-30 14.3 723 0.290 527 0.157 135 45
EG-5-30 19.9 908 0.367 477 0.143 128 40
EG-10-30 27.4 1028 0.439 413 0.125 113 33
EG-2-15 7.6 523 0.205 542 0.159 127 47

To study the effects of EG addition on the texpuaperties, Mand CQ sorption measurements wer »
carried out at 77 and 273 K, respectively. Fig.sBaws N adsorption-desorption isotherms for th~
activated phenolic resin (Res-60) and three EG csitgs activated for 30 min. All the isotherm
display significant steep Nuptake at low relative pressures followed by asoggtion plateau, typical
for microporous materiafé. A slight hysteresis for EG-10-30 at relative prees above 0.5 is similar
to the N sorption behavior of pure EG (ESI Fig. S1), sugiggsthat the EG content in this sample
may be excessive and some has failed to dispdiesaieély. As seen from Table 1, the EG composit >
exhibit a significantly enhanced porous structwmpared to resin alone derived Res-60. The surfe” =
areaSget is 237 mi g™ for Res-60 and dramatically increased to 723jifor EG-2-30. With more EG
incorporated Sser is increased to 908 gyt for EG-5-30 and further to 1028%ng™* for EG-10-30.
Similarly, pore volumes\{) of the composites are remarkably higher than &esandV; is increased
as the addition amount of EG is increased. Theeetbie results clearly indicate that the incorpgorat

of EG greatly enhances the development of micramorstructures in the phenolic resin deriv ~d

carbons.

10
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Fig. 3(a) N, sorption isotherms at 77 K for the activated phienesin (Res-60) and the EG
composites activated for 30 min and (b) their namaicropore (< 1 nm) size distributions obtained

from CQ, adsorption at 273 K.

It is well established that adsorption of £&h porous carbons under ambient temperature as$yme
conditions is attributed to narrow micropores lésmn 1 nnf2 Smaller micropore sizes below 0.8 & nd

0.7 nm have been reported to be responsible forup@ke at atmospheric pressure of 14t**The

11
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flue gas is typically only 10-15% GQi.e. CQ partial pressure of 0.1-0.15 bar, which suggdss t
narrow micropores with a even smaller pore sizetrdmrte toCO, adsorption in PCC. Such ultra-
narrow micropores are difficult to be detected tuslow diffusion of N molecules at 77 K. In this
regard, CQ physisorption at 273 K is more effective to obtaipid high-resolution characterization cf
narrow micropores in carbons. For comparison, tagow micropore (< 1 nm) size distributior.
(NMPSD) of ES-2-30 was obtained from both Bdsorption isotherm at 77 K (Fig. 3a) and ,.CU
adsorption isotherm at 273 K (ESI Fig. S2), aseme=d in ESI Fig. S3. Compared tg absorption
features of the NMPSD are captured in much gredétail with the DFT calculation from GG
adsorption, and pore filling for ultra-small narramicropores less than 0.5 nm can be observed frm

CO, adsorption.

Fig. 3b displays the NMPSDs of the activated phenasin and three EG composites obtained frc...
CO, adsorption isotherms at 273 K (ESI Fig. S2). Therasponding surface aredS,) and pore
volumes ¥,m) of narrow micropores are listed in Table 1. lieiddent that the EG composites hav2
considerably enhanced development of narrow micexpcompared to resin alone derived Res .
exhibiting higher values d&,,» andV,n. Among the three EG composites activated for 30, BiG-2-

30 contains the least amount of EG but exhibitshighest narrow microporosity in the pore size enr;
below 0.7 nm. It is worth noting that only a smathount of EG addition (2%) to the phenolic resin ¢

dramatically improve the narrow microporosity oé ttesultant carbon material.

The CQ equilibrium adsorption capacities at different Qgartial pressures were obtained from,CC
adsorption isotherms at 298 K (Fig. 4). O@olar capacity (mmol 9 was plotted in Fig. 4 whilst CO
mass (mg §) capacity was listed in Table 1. The values ofan@ind mass capacity represent m: -l
and mg of CQ@ adsorbed per g of adsorbent, respectively. The @iake at ambient saturated £0
pressure of 1 bar was denotedCas, As noted above, the content of £ low in the flue gas, so in

practice CQ adsorption at a low COpartial pressure is a more realistic measure aodnt
12
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performance for PCC. The GQ@ptake at 0.15 bar corresponding to 15% @@rtial pressure, denotec
asCjs, was defined as an indicator of the low-pressudg &lsorption capacity. Fig. 4 clearly shows
that the EG composite possesses significantly esdth@Q adsorption capacities compared to res n
alone Res-60 at 298 K and over the measured peessoge up to 760 mmHg. The €@ptake of the
EG composite declines with an increased incorpmmaéimount of EG. EG-2-30 exhibits the highec.:
CO, uptake amongst the three EG composites activate80f min. TheCygo of EG-2-30 (135 mg Y

is 65% higher than that of resin alone Res-60 (§24i), while the improvement in the GQptake at
the low pressure;s) is even more striking, increasing by 88% to 45gvidor EG-2-15 compared tu
24 mg ¢ for Res-60 (Tablel). In addition to greatly enfeth€Q adsorption capacity, sorption o
CO; in the EG composite is reversible and no signifidaysteresis in adsorption-desorption curve:
was observed (Fig. 4). This is desirable for reeyahd regeneration of solid adsorbents aftep C

capture.
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Fig. 4 CO, adsorption-desorption isotherms at 298 K for tlied®@mposites activated at 9%D for 30

min. The CQ adsorption isotherm of the activated phenolicréBies-60) at 298 K is plotted for

comparison.

13
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The above performance of G@dsorption is in good agreement with the variattoPNMPSDs of the
adsorbents as revealed in Fig. 3b. The, @ptake in the EG composite is remarkably improveu
compared to resin alone, which is attributed talastantial improvement in the narrow microporosi y
with an incorporation of EG. For a given activatione of 30 min, the narrow microporosity (< 0.7 )1
of the EG composite responsible for £aptake at ambient conditions decreases in prapott the
EG content, thereby with EG-2-30 having the largéSt uptake among the three EG composites. i
addition, there are no correlations between the, @fitake of the adsorbents and their text '
properties other than characteristics of narrowropiores, such as surface ar&sr and total pore
volumesV,. As listed in Table 1, the more EG the compostetains, the higher values are obtaine¢ d
for both Sser and V.. In contrast, the best G@apacity was observed in EG-2-30 containing tlastle

amount of EG.

Based on our previous stuffythe extent of burn-off greatly influences the Cépacity of CNT
composite adsorbents prepared by,@Ctivation. To investigate this effect in the E@nposite, we
chose the best-performed EG composite containingE®sto be activated at 95 for 15 min,
labeled as EG-2-15. The G@dsorption isotherm of EG-2-15 at 298 K is showifrig. 5. Compared
to EG-2-30, EG-2-15 has much lower burn-off of ®186, but improvedC;s at 4.7 mg @ and reduced
Cio0 at 127 mg g (Table 1). As shown in their NMPSDs (ESI Fig. SEG-2-15 has a larger
proportion of micropores below 0.55 nm but lessroporosity in the pore size range above 0.55 rm
compared to EG-2-30. The variation of the NMPSDI wkicidates the increase 6fs and decrease of
Ci00in EG-20-15. The extended activation widens narnaeropores, which may benefit GQptake

at higher CQ pressures but deteriorate £&isorption at lower pressures. While the narroaropiore
size range responsible for @@dsorption at 298 K and various pressures caretdieydefined exactly,

it is clear from our results that tli& s value - the specific performance indicator of atdeats in use
for PCC - is most influenced by narrow microporegber than about 0.55 nm. This accords with ' 2

14



RSC Advances Page 16 of 22

observation that the GQuptake at lower pressures purely depends on #otidn of fine micropores
below 0.5 nm for phenolic resin derived activatetbon spheres prepared by KOH chemica
activation? In addition, with a same level of burn-off as realone Res-60, EG-2-15 has dramatica’ y

enhanced C@uptake, particularly fo€;s at 47 mg ¢ almost twice (96% increase) that of Res-60.
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Fig. 5CO, and N adsorption isotherms of EG-2-15 at 298 K.

Values of up to 135 mg'g(3.07 mmol ) and 47 mg ¢ (1.06 mmol &) were achieved in the EG
composites fofC1p00 andCss, respectively. They are lower than those of oevmus CNT-incorporated
phenolic resin-based composite carbons (maxirBugnat 159 mg g andCys at 52 mg g). However,

the EG composites outperform other phenolic reaiseld activated carbons prepared with orga .
additives by C@activation, in which th€,00 up to 108 mg g was obtained® Moreover, indicative of
CO, adsorption capacity under the flue gas conditiba,s exhibited by the EG composite adsorbe,
is among the highest reported for porous carbossdan recently published comparisons (17-52 1.,

g*at 298 K and 0.15 baf}:?’

15
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As the flue gas is comprised of around 80% nitrogekey PCC performance factor is the selectivi’,
of the adsorbent for capturing G@ver N.. A high CQ/N, selectivity both increases the oveiau
efficiency by boosting the CGQOuptake, and results in a purer £€apture product. COand N
adsorption capacities of EG-2-15 were comparedd8t KR As shown in Fig. 5, the amount of £€C
adsorbed in EG-2-15 is much higher than that forltd equilibrium CQ/N, adsorption ratio at 1 bar is
6.0 (2.89 mmol g CO, vs. 0.48 mmol g N,), close to the ratio 6.3 of our composite with GNT
This value is even superior to those of porous a@slprepared by KOH activation from petrole: =
pitch (2.8)?® petroleum coke (5.1 and sawdust-based chars (8%)n addition, CQ@ and N
adsorption isotherms at 298 K for other three E@musites activated for 30 min were also compar >d
(Fig. S5). With an increase of EG content, the;@ftake is decreased and the amount chdisorbed

is also slightly reduced with the;Niptake at 1 bar being 0.49, 0.47 and 0.41 mrfptespectively for
EG-2-30, EG-5-30 and EG-10-30. Similar to that &-E-15, the equilibrium C&@N, adsorption ratios

at 1 bar are around 6.2-6.3 for the above threed&@@posites.

We also calculated the G, adsorption selectivity at 298 K using the ratiotlodé initial slopes o”
CO, and N adsorption isotherms at very low pressures (E8l B6). EG-2-15 has a high initial
selectivity of 18.1. This is comparable to thatted CNT composite (19.89,substantially better than
reported for pristine microporous carbons {¢7) and N-doped microporous carbons based Hn
polyimine (12.5%% and even better than graphene-polyaniline comems{i7.9¥° However, the
carbon-based adsorbents generally show much low@fNg adsorption selectivities than recently
reported microporous polymer adsorbents such asoptcous polyaminals (104)and microporous
polyimides (56¥°. Such remarkable GfN, selectivities are attributed to the abundant,®Bilic
functional groups in the microporous polymer in iidd to the contribution from the microporous

structure.

16
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To understand the affinity of the EG composite @, @olecules, the isosteric heat of £&lsorption
for EG-2-15 was calculated from isotherms at 228 @nd 323 K (ESI Fig. S7). It is obvious that ¢
CO, uptake is decreased with an increase of adsorpéomperature, which is consistent with tr 2
physisorption nature for CCadsorption on pristine microporous carbons. At B23he values oCCis
and Ciqo for EG-2-15 are reduced to 32 and 107 rilg gpspectively. At near zero G@pading the
isosteric heat is 31.0 kJ nioand declines to 22.4 kJ nioat 2 mmol ¢ of CO, adsorbed (Fig 6). The
value for EG-2-15 (31.0 kJ md) is slightly lower than that of the CNT compos{82.6 kJ mof),*
but higher than for N-free pristine porous carb@-30 kJ mof).!%*® The heat of adsorption at low
surface coverage indicates the interaction betvileeradsorbent and adsorptive molecules, relying an
the pore size distribution in the case of giysisorption on pristine porous carbons by caersndg)
the fact that smaller micropores engender stroingeractions between GQOmolecules and porous
carbons than larger micropores. Hence, the high beaC O, adsorption for EG-2-15 should bt

attributed to its well-developed narrow micropotpsi
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Fig. 6 Isosteric heat of C{adsorption for EG-2-15.
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4. Conclusions

The addition of a small proportion of EG to the pbiic resin dramatically hastens the £&ativation

and improves the development of microporous strestun resin-derived activated carbons. The
resultant EG composite carbons exhibit large poréase areas and volumes more than three tin-==
higher than for resin alone. The narrow micropdyosesponsible for the CQOuptake at ambient
conditions is also remarkably enhanced with théusion of EG. The improvement of GQptake in

the EG composites is striking with an increase pfta 65% and 96% fo€i100 andCys, respectively.
The EG composites have lower g@dsorption capacities than our previous CNT coitpamrbons

but outperform other reported phenolic resin basgivated carbons. In particular, they show superie
CO, uptake at low pressures, which is more importantPCC applications. The EG compos:: .
adsorbent exhibits excellent @8, selectivity of 18.1 at 298 K, and a strong affirtit CQ, molecules

indicated by its high heat of G@dsorption (31.0 kJ md).

In addition to their superior GOadsorption properties, the physically activated E@nposite
adsorbents are especially attractive as the EG coem is inexpensive, available in very large
amounts and easy to handle and is only requiresd latv addition level of around 2 wt%. The EG
component dramatically reduces the activation tand the extent of burn-off necessary to give *
excellent PCC adsorbent. This greatly reduces tieegy required to produce the adsorbent and trie
waste generated in activation and further enhanisesost and environmental advantages over
chemical activation and functionalization of porocerbons. Therefore, the newly developed EC
composite carbon adsorbents are promising for lacgée deployment and commercial applications to

PCC.
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