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Abstract : In the current research, ordered
microporous mesoporous carbon molecular sevewith
ultrahigh surface areaand pore volume has been syn-
thesized by KOH activation technique. The
mesoporous carbon sampleswere characterized by
BET surfacearea, d so XRD andysis. Adsorption data
of H,, on the ordered mesoporous carbon were col-
lected with PCT method for a pressure range up to
100 bar at 303K . Thenovel microporous mesoporous

INTRODUCTION

Becauseof shortegeof foss | fue sand globa warm-
ing caused by carbon dioxide emission from thesefu-
els, hydrogen asaclean and high capacity chemical
energy hasbeen claimed asanided aternativefuture
energy source. Production of hydrogen doesnot present
pronounced problems, asthere are several efficient
methodsto obtain thiselement. Currently, one of the
main obstaclesfor using hydrogen asafud isthelack
of efficient and recyclablemethods of storage, remova
and recharging of the containersbecause of itslow volu-
metric and gravimetric dendity at ambient pressureand
temperature*3. Conventionally available methodsto
storehydrogenare: liquid hydrogen®, compressed gas,
metal hydrides*® and sorption on different porous
material %19,

In recent years, physisorption of hydrogen on car-

carbon has shown much better hydrogen capacity in
respect to ordered mesoporous carbon and chemi-
cally oxidized mesoporous carbon due to the com-
bined effects of hydrogen adsorption on the micro-
mesoporous structure. © Global Scientificlnc.

Keywords : Microporous mesoporous carbon;
KOH activation; Specific surface area; Hydrogen
storage.

bon-based nanomaterid sor other porous materid shave
attracted greatly scientific interests. Nanostructured
carbons are among the major candidates of
physsorption for their lightweight, abundant natura pre-
cursorsandlow cost. Theactivated carbonshave been
reported to haverelatively high hydrogen storage ca
pacity a 77K*"18 but the poresizedistributionisgen-
erally wideand morethan half of thetotal porousvol-
umes comefrom macropores, which contributelessto
the uptake of hydrogen.

Recently, mesoporous carbonswith well-ordered
pore systems offered great potentia in hydrogen stor-
age’®2, The carbons were obtained viathetemplate
method, whichinvolved theintroduction of suitablecar-
bon precursorsinto the ordered poresof the template
followed by carbonization and finally removal of the
template®??], Thesecarbon materiasusudly havelarge
specific surface areas and high porevolumes, which
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are useful for effective physisorption of H,. Besides,
the ordered networks may providefast transportation
inthemateridss, anoticeablevolumeof microporescan
efficiently adsorb hydrogen, and the micro- and the
mesoporosity can be adjusted by changing the tem-
plate, the carbon precursor and theamount of carbon
infiltrated inthetemplate?. Infact, hydrogen adsorp-
tion on carbon materidsisstrongly ascribed to surface
porosity, dependinginitsturnontheir preparation and
formulation.

In the present work, we prepared high-specific-
surface areamicroporous mesoporous carbon by us-
ing by KOH activation technique, and investigated the
effectsof specific surfaceareaand surface structureon
hydrogen uptake. Herein, TheH, sorption densities of
the materialsweremeasured at 303 K over the hydro-
gen pressure range up to 100 bar. Moreover, we at-
tempted to find out the key factorsin hydrogen stor-
age, surface functional groups and microporous sur-
face area, which may help to understand the H, ad-
sorption mechanism and direct the design of carbon-
based hydrogen adsorbents.

EXPERIMENTAL SECTION

Materials

The reactants used in this study were
tetraethoxysilane (TEOS, 98%, Acros) as a silica
source, non-ionic oligomeric alkyl-ethylene oxide sur-
factant (Pluronic 123) asasurfactant, HCI (35wt%),
ethanol and deionized water for synthesis of
mesoporous silica (SBA-15), sucrose as a carbon
source, sulfuric acid as a catalyst for synthesis of
mesoporouscarbon, nitric acid asan oxidizer agent and
potassum hydride (K OH) asactivation agent. All chemi-
caswereof analytical gradefrom Merck.

Adsorbent preparation

(&) Mesoporous silica and unmodified ordered
mesoporouscarbon (OMC) samples

SBA-15silicawas prepared according to the pro-
cedure reported by Zhao et al 2. A non-ionic oligo-
meric aky-ethylene oxide surfactant (Pluronic P123)
was used asthe structure-directing agent and tetraethyl
orthosllicate (TEOS) of analysisgradewas used asthe
slicasource. After filtration and drying, theas-synthe-

sized product was calcinated at 823 K to obtain the
SBA-15 structure. Ordered porous carbon was syn-
thesized viaatwo-step impregnation of the mesopores
of SBA-15withasolution of sucroseusing anincipient
wetness method®. Briefly, 1.0 g of the as-prepared
SBA-15 wasimpregnated with an aqueous solution
obtained by dissolving 1.1 g of sucroseand 0.14 g of
H,SO, in 5.0 g of deionized water. The mixture was
thendriedat 100 °Cfor 6 h, and subsequently at 160
°Cfor6h. Thedlicasample, containing partidly poly-
merized and carbonized sucrose, wastreated again at
100 and 160 °C after the addition of 0.65 g of sucrose,
90 mg of H,SO, and 5.0 g of deionized water. The
sucrose-silica composite was then heated at 900 °C
for 4 h under nitrogen to compl ete the carbonization.
Theslicatempl ate was dissolved with 5 wt% hydrof-
luoric acid a room temperature. Thetemplate-freecar-
bon product thus obtained wasfiltered, washed with
deionized water and ethanol, and dried.

(b) Ordered microporous mesoporous carbon
preparation

The ordered mesoporous carbon (1.67 g) wasim-
pregnated with KOH solution (36 g of KOH in 10 ml
of water) at 80 °C over 4 h. The KOH-impregnated
ordered mesoporous carbon wasdried at 105 °C for
10 h. TheKOH/carbonweight ratio inthedry product
was 0.6. Theactivation processfor the KOH-impreg-
nated OM C was carried out by heating the sampleto
700 °C under flowing nitrogen in a tube furnace at a
rateof 10 °C/min and then maintaining this temperature
for 45 min. After theresulting samplewas cooled in
flowing nitrogen, it waswashed successively with 0.1
M HCI solution and deionized water to ensurethat the
K OH was completely removed. Findly, the activated
microporous mesoporous carbonwasdried at 105 °C
for 12 h, and the final microporous-mesoporous car-
bon was denoted as OMMC.

(c) Chemical oxidation of OMC

Tointroduce oxygen-contai ning functiona groups
on the carbon surface, OM C was oxidized by nitric
acid under optimal oxidation condition, such asnitric
acid concentration, oxidation temperature?®, 0.1 g of
dried OMC powder wastreated with 15mL of HNO,
solution (2M solution) for 1 hinthe80 °C under re-
fluxing. After oxidation, oxidized ordered mesoporous



ChemXpress 3(2), 2014

47

carbon samples (OOMC) were recovered and
washed thoroughly with distilled water until the pH
wascloseto 7.

Textural and structural studies

The porous structure of the surface modified
sampleswas estimated by powder XRD (Philips 1830
diffractometer) using graphite monochromated CuK a
radiation. Adsorptionisothermsof the mesoporouscar-
bon samples were obtained using a N, gas
microporosimeter (micromeriticsmodel ASAP2010
sorptometer) at 77 K. Pore sizedistribution and spe-
cificsurfaceareawere cd culated by Dollimore-Heal®
and BET™ methods. Porevolumewas estimated from
theamount of adsorbed N, gasat 0.963 inrelaivepres-
sure, which derivesfrom 25nmradii pores. Micropore
volumewasca culated by t-plot.

Hydrogen adsor ption

Hydrogen adsorption capacitiesat 303K over the
hydrogen pressurerange up to 100 bar were measured
by the PCT method (AnySorb 7) with an automatically
controlled apparatusfor high-pressure adsorption. The
hydrogen adsorption capacitieswere measured after
all samples were pretreated at 423 K for 90 minin
heliumflow and sequentidly reduced inSituinahydro-
gen/nitrogen mixtureflow. Thedead volumewascdli-
brated with Helium gasat room temperature. High-pu-
rity hydrogen (99.999%) was used in thisstudy. The
amounts of hydrogen adsorbed were cd culated using
the Redlich/Kwong equation. Stepsweretakento en-
surethe accuracy of theexperimentd results. The prin-
cipa part of thegpparatuswasheldinan air thermostat
to keep itstemperature at 303 K. The apparatuswas
previously tested for |leakage and calibrated with the
empty samplecell and well-known standard samples.
Thetimeadopted for equilibration was 30 min at each
step. About 300 mg of themesoporous carbon samples
wereused for hydrogen adsorption.

RESULTSAND DISCUSSION

Textural characterization

Nitrogen physisorptionisthe method of choiceto
gain knowledge about mesoporous materials. This
method givesinformation on the specific surface area
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and the pore diameter. Cal cul ating pore diameters of
mesoporous materia susing the BJH method iscom-
mon. Former studies show that the application of the
BJH theory givesappropriate quaitativeresults, which
alow adirect comparison of relative changes between
different mesoporousmaterias.

Nitrogen sorptionisothermsat 77 K arereported
in Figure 1 and the corresponding structural param-
etersbeinggatheredin TABLE 1. OOM C till exhibits
atypel isotherm, with amore pronounced hysteresis
loop with respect to parent ordered mesoporous car-
bon samples. Theoxidation by acid nitric causedasmadl
decreasein BET surfacearea (1467 m?.g?), tota pore
volumeand microporesvolume (0.67 and0.11 cm3.g
1 respectively). With ordered microporous mesoporous
carbon sample, aTypel isotherm isobserved, typica
of microporoussystems: most of thetota porevolume
isinfact dueto micropores (0.55 cmeé.gt against 1.05
cm®.gt). Asto mesopores, activation with KOH leads
toanincreasein BET surface area (2432 m?.g?'). As
we can see, activation of the OMC by KOH increased
thefraction of microporesfrom 16.4%to 65.4%.

Inorder to check the structura degradation, XRD
data of carbonaceous adsorbents were obtained on
Philips 1830 diffractometer using Cu Ka radiation of
wavelength 0.154 nm. Low-angle XRD patternsof the
activated samples OOMC and OMMC are reported
inFigure 2, alongwith that of ordered mesoporouscar-
bon, for comparison. With OOMC, the (100), (110)
and (200) reflections peak ismaintained, indi cating that
the hexagonal structural order ispreserved, whereas
with OMMC, the structural order iscompletely lost
after chemicd activation.

Hydr ogen adsor ption study

We estimated the hydrogen storage capacity of
modified mesoporous carbon with the PCT method.
Figure 3 shows hydrogen adsorption isotherms of
mesoporous carbons (OMC, OMMC and OOMC)
studied over hydrogen pressure up to 100 bar at 303
K. All of adsorption lines seem to be linear except
OMMC. Thereason of that wasexplained beforesm-
ply due to the low amount of hydrogen uptake®Y.
Thereisno hysteresisin all samplesindicating that
adsorbed hydrogen can be desorbed reversibly®2,
NaOH-activated sampl es showed the higher hydro-
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Figure1: Adsor ption-desor ption isothermsof nitrogen at 77K on OM C, OOM C and OMMC. Theinsert showstheBJH pore
sizedistribution calculated from the desor ption branch of theisother m.

TABLE 1: Textural parametersof theOMC,OOMC and  gen adsorption than OOMC samples. Thisisbelieved
OMM C employedin thisstudy. to be due to the higher specific surface area and
- Total pore Micropore % micropore volume of ordered microporous
Adsorbent > iy volume  volume  Micropore  maghnorous carbon than in acid nitric modified
(m“g™) (cmP g 3 1 P
.g) (em’.g) volume meso
porous carbon (OMMC).

oMc 1530 0.73 012 164 Figure4 showstheeffect of specific surfacearea

OoMmC 1467 067 0.11 16.4 on the hydrogen adsorption capacity of the all

OMMC 2432 1.05 0.67 62.4 mesoporous carbon adsorbents studied at 100 bar, 303
(110)
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Figure2: Low angle XRD patter nsof thepar ent or der ed mesopor ouscar bon (OM C) and of OOM C and OMMC.
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K.Asthe BET surface areaincreases, the hydrogen
adsorption of the materialsa so increases. Comparing
OMMCwithOMC, eventhoughOMMC has 1.6times
more specific surface areaand 1.4 times more total
porevolume, the hydrogen storage capacity of ordered
microporous mesoporouscarbon (OMMC) is1.8times
higher than that of ordered mesoporouscarbon. This
may be due to the fraction of micropore volume
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(OMMC: 65.4%, OMC: 16.4%). Thisclearly suggests
that microporevolumefavorsthe capacity of hydrogen
adsorption better than specific surface areaand total
porevolume.

InFigure5, adsorbed volumesof hydrogen at 100
bar and 303 K are plotted as afunction of samples
microporousvolumes. Intheformer case, theregular
trend reported repeatedly in theliteraturefor different

1.8
1.6 -
A A
g 14 ¢ OMC mOOMC A OMMC . A A
3 A
= ] A
§ 1.2 R
o 11 . - [ ]
% A ]
<L 0.8 A m u <
c A [ | ¢ ¢
) 06 A 4 [ ] - .
9 ’ A m u * * ¢
T | .
2> 04 N B
A - | * *
021 a P o *
¥ 9
0- T T T T
0 20 40 60 80 100

3000

2500

2000

1500

1000

specific surface area (m2 gr-1)

500

Pressure (bar)
Figure3: Hydrogen adsor ption isother m of car bonaceous adsor bents(OM C,00M C and OMMC) at 303K.
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Figure4: Theeffect of specific surfacearea on the hydrogen adsor ption capacity of mesopor ouscarbon adsor bentsat 100

bar, 303K.
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Figure5: Theeffect of microporevolumeon the hydrogen adsor ption capacity of mesopor ous car bon adsor bentsat 100

bar, 303K.

porous systems is observed®*%l, In the |atter case,
instead, alinear behavior isobserved for al samples,
which definitely points out to the crucial role of
microporosity inH, adsorption, aspreviously proposed
with various kinds of ordered porous carbons, acti-
vated carbong®, But, OOMC in respect to lower
BET surfaceareasand microporousvolumeshasshown
much better hydrogen adsorption capacity than OMC,
whichisdueto the chemically modified structure of
OOMC.

CONCLUSIONS

Inthe present work, ordered mesoporous carbon
has been modified to get high specific surface area
and pore volume by activation for improved hydro-
gen storage. The structural order and textural proper-
ties of the modified and unmodified mesoporous
adsorbentswas studied by XRD and nitrogen adsorp-
tion analyses. The ordered microporous mesoporous
carbons prepared inthiswork are suitablefor the hy-
drogen storage in contrast with other novel carbon-
aceous adsorbents. Enhanced hydrogen adsorption
(0.7 wt%) was observed on the microporous
mesoporous carbon adsorbent at hydrogen pressures

about 100 bar, 303 K.
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