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Abstract

In a previous study, we investigated, at a laboratory sdhke,chemical activation of two fierent carbon fibres (CF), their
porosity characterization, and their optimization for tygen storage [1]. In the present work, this study is extdride (i) a
larger range of KOH activated carbon fibres, (ii) a largegeanf hydrogen adsorption measurements fi¢nt temperatures and
pressures (i.e. at room temperature, up to 20 MPa, and at @p K 4 MPa), and (iii) a scaling-up activation approach iricluh
the obtained activated carbon fibres (ACF) are comparedthitbe from laboratory-scale activation. The prepared seswover a
large range of porosities, which is found to govern theitiglfior hydrogen adsorption. The hydrogen uptake capesitif all the
prepared samples have been analysed both in volumetriomarevimetric bases. Thus, maximum adsorption capacitiesooind
5 wt.% are obtained at 77 K, and 1.1 wt.% at room temperatespectively. The packing densities of the materials haea be
measured, turning out to play an important role in order torege the total storage capacity of a tank volume. Maximatnes
of 17.4 g It at 298 K, and 38.6 g’} at 77 K were obtained.
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1. Introduction the high pressures. For the compression, around 12% of the
) ) , stored energy is consumed in order to reach 35 MPa, and 15%
Hydrogenis consudered an important vector for the future eng, . 7 MPa, respectively [4]. Another possibility, which is
ergy market. In this context, the storage of hydrogenplds/a ¢, oured by some car manufacturers, is to store hydrogen as
role for moblle_appllgatlons such as cars [2]. Inthe scopbef liquid at cryogenic temperatures [6]. Although liquid hy-
FreedomCAR initiative, the U.S. Department of Energy (DOE)y5gen has a high density, the density of the storage system
specified a number of technological requirements which t®ed s reqyced by the tank isolation and auxiliary devices. Even
be achieved for a successful transition to hydrogen-baaeet o4 the isolation remains imperfect, causing some of thesto
portation [3]. The established targets set limits to e.g.1# 1,y 4r5gen to constantly evaporate. This fraction needs to be
filing time, the cycle life-time, the costs, and the de®sitbf o oyed from the tank in order to avoid increasing pressures
the storage system![3]. Ever since, these guidelines &ctuatyich would destroy the tank. In addition, a significant amtou
as an important stimulation for research in this field. Ho®ev ¢ its chemical energy (approximately one third) is needed i
despite the worldwideftort of scientists and engineers, none 5 4ar 1q liquefy the hydrogenl[8] 7]. A third method for in-
of thg current technologies meets all of these demands. US‘(E'reasing the low density of hydrogen is to bind it to materi-
ally, in the research of materials for hydrogen storageciabe 515 Because of the wide range of possible materials and reac
attention is drawn to the gravimetric and volumetric deesit  jon mechanisms, their categorization is sometimes dblsata
Especially in the case of introducing hydrogen technolody i o\yever, one can distinguish between chemical and physical
existing car designs, volumetric restrictions to the taakdto methods. In chemical methods, the Fholecule is broken
be .taken Into accpunt [4]- Latgly in 2009, the DOE_reV'SEdand the elementary H atoms form chemical bonds with other
their system density targets which are now based on ligyt-du 41oms. Usually, for achieving reasonable gravimetricagjer
vehicles and rgduced them_;[o 4.5wt.% and 289 (target foro densities, high binding enthalpies are involved. Thesd tea
2010), 5'5_"1“' % and 40,917 (target for 2015), and 7.5 Wt.% 4 considerable amount of heat that needs to be transferred du
and 70 g, (ultimate target), respectivelyi[S]. _ing charging and dischargingd [4,/8, 9]. Thus, for a typicathe
Presently, a number of methods and technologies are iAvesti¢ tormation of 25 MJ kgl, a heat exchanger of several hun-
gated regarding their hydrogen storage performance. MoSt Qyraqs of kw would be necessaly [4]. This significantly reduce
the current hydrogen car prototypes are based on high pregye energy siiciency of the whole process, e.g. in the case of
sure vessels. This is a relatively simple and cdBtient tech- MgH, by a 30%[1D]. In physical methods, in contrast, the H
nology. However, the tanks occupy a lot of space due tqngjecyles are attracted to the surface of highly poroustiadee
low storage densities, and security concerns exist beaafuse by Van-der-Waals interactions. Here, relatively low agion
enthalpies of around 4 to 8 kJ mélare involved, avoiding the

*Corresponding author. Tek:34965903545; Fax+34965903454. need for active cooling devices [11, 12]. However, adddibgn
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to filling a tank with the adsorbent, high pressures/antbw  tance of the packing density of the material and of its measur
temperatures are necessary in order to favour this physisoris pointed out.
tion process. A promising candidate among th&edéent ad- Finally, itis important to note that, in flerence to other stud-
sorbent materials are activated carbons. Through adivati ies [7, 12| 18, 23—-34], all the samples of the present stutheco
highly porous materials with large specific surface areaea from a given precursor. Thus, the possibiigeets of other pris-
prepared/[13—17]. Due to their high porosity, activatecoar tine sample properties like for example the materials macro
materials are able to adsorb considerable amounts of hgdrog structure, ash-content, etc. are eliminated.
[4,[7,112, 13-34].

Carbon is the basis of organic pompounds anq is thereforg Materials and methods
an abundant element on earth which can be obtained from nu-
merous sources. Thus, some of the advantages of carbod-basz1. Materials
hydrogen storage materials are their high availability kxvd The two carbon fibre (CF) precursors, produced from coal-
costs [[18| 35]. After all, millions of tons of hydrogen stgea  tar pitch, were provided by Osaka Gas Co., Ltd (Osaka, Japan)
material will be necessary in order to replace the numbexof e and carbonized at fierent temperatures: Donacarbo S-241 at
isting cars with others based on hydrogen technology [4, 36]1273 K, and Donacarbo SL-242 at 973 K, respectively. In or-
In this sense, it is important to investigate the possibiit ~ der to activate them, the CFs were physically mixed witheorr
producing activated carbon materials on a larger scaleZl4, 3 sponding amounts of activating agent. For all activatiposas-
However, it is a dificult task to produce highly specialized ad- sium hydroxide pellets (PRS Panreac) were used as activatin
sorbents in large amounts. Thereby, the heat treatmeneis ttagent. After the activation process, the activated cardoedi
most crucial step which requires careful control [16]. Imliad (ACF) were repeatedly washed and vacuum filtered, in order to
tion, information about scale-up synthesis is poorly desct  remove the by-products of the reaction. First, 5 M solutibn o
in the open literature, due to the confidential characteoai  hydrochloric acid, and then distilled water were used foshva
mercial production data [37]. Recently, El Qada et al. comding. Finally, the washed ACFs were dried at 383 K overnight.
pared physical activations of bituminous coal in a tube digen Concerning the nomenclature of the investigated materi-
and in a rotary kiln|[38]. For hydrogen purification, Lopes etals, the first part of the sample names indicates the precurso
al. compared physical activation of activated carbonsgmegp  which was used and corresponds to its carbonization temper-
at laboratory-scale with those obtained from a scale-upgs® ature in centigrades. Thus, “D1000” corresponds to the sam-
[3C]. The porosities in those approaches were reproduciblples that are based on the fibres which were carbonized at
within a margin of less than 6 % [38], and around 9% [39],1000°C (Donacarbo S-241), and “D700" to those which were
respectively. carbonized at 700°C (Donacarbo SL-242), respectivelydEer

The objective of the present work is twofold: nomination of the ACFs, a $iix like “-K X" is used, whereby

On the one hand, a scale-up approach is performed in ordehe term °X” indicates the KOH-to-CF ratio (weight basis) that
to produce optimized activated carbon fibre materials for hywas used for activation. For example, for synthesising éme-s
drogen storage. Thereby, results obtained in a previowy stu ple D700-K4, the D700 precursor was activated with a KOH-
are taken into account. In this preliminary work, we investi to-CF ratio of 4:1. In addition, samples that were synttessiz
gated the chemical activation on laboratory-scale of tWiedi by scale-up activation are indicated by the term “-SU”. Thus
ent carbon fibres which were carbonized dfatient tempera- the D1000-K6-SU sample is based on the D1000 CFs which
tures (973 K and 1273 K, respectively), as well as their poroswere activated in a scale-up approach using a KOH-to-CB rati
ity optimization for hydrogen storagel [1]. In the presendst  of 6:1.
the same two carbon fibre precursors are used for scale-up ac-
tivation. The results from those activations are evaluated 2.2. Lab-scale activation
compared with those obtained from laboratory-scale aiina For activations on laboratory scale (“lab-scale”), phgbic
In our previous study, both, KOH and NaOH, were used as acmixtures of 2 g of CFs with corresponding amounts of KOH
tivating agents [1]. The present study is restricted tovatitns  pellets were prepared. Thereby, KOH-to-CF ratios (weight b
with KOH, because the activation process with KOH showed ais) of 1:1, 2:1, 3:1, 4:1, 6:1, and 10:1 were used for adtnat
higher yield in comparison with NaOH activation and featlre of the D1000 precursor, and 1:1, 2:1, 3:1, 4:1, and 5:1 far act
a more appropriate, narrower porosity [1]. vations of D700. The mixtures were placed inside a steel tray

Secondly, extensive hydrogen adsorption measurements angich was then introduced into a horizontal tube furnace. A
carried out at both, room temperature (up to 20 MPa) and 77 Kschematic diagram of the experimental setup can be found in
(up to 4 MPa), respectively. The adsorption amounts, obthin Fig.[d. The quartz tube of the furnace had a length of 1.5 m
in a wide range of samples, are correlated with their narmdv a and an inner diameter of 64 mm. The furnace was heated with
total microporosities. Furthermore, the packing densitieall ~ a rate of 5 K min up to a maximum temperature of 1023 K.
the samples prepared are measured, and the total hydrogen stThis temperature was kept constant for 75 min. Afterwaiuks, t
age, which is the most important parameter from an apptinati furnace was cooled down by convection. During the complete
point of view, is assessed. As a result, the total hydrogan st thermal treatment the mixture was exposed to a nitrogen gas
age includes, apart from the adsorbed phase, the hydrogen tHflow of 500 ml mirrt which passed through the furnace tube
is compressed inside of the void space. Thereby, the impofrom one end to the other.
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Figure 1: Schematic diagram of the tube furnace, used fesdale activations. Figure 2: Schematic diagram of the chamber furnace, usestéde-up activa-
(1) Flow controller, (2) temperature controller, (3) quettbe, (4) tube furace,  ions. (1) Flow controller, (2) temperature controller) €damber furnace, (4)
(5) tray with sample. trays with sample.

2.3. Scale-up activation . .
volume occupied by the sample was evaluated by measuring

In the case of scale-up activations, the amount of CF precukhe penetration depth of the steel cylinder in comparisdh wi
sor was increased to 30 g. Based on the lab-scale results (sRference measurementin which no sample was introduced int
below in Section3) a KOH-to-CF ratio of 3:1 was used for ac-the mould.
tivation of D700, and 6:1 for the D1000 precursor, respetyiv
For activations, a chamber furnace was used (see scheriatic d
agram in FigDZ). The inner dimensions of the chamber Were) g Hydrogen adsorption measurements
250 mm (width), 350 mm (depth), 240 mm (height). Simi-
lar activating conditions as in the case of lab-scale atitina
were used for the thermal treatments. For each scale-umacti :
tion, the mixture of CFs and KOH pellets was equally portibne !N the case of both experimental setups, hydrogen gas of 5.0
and placed into two ceramic trays. These were symmetricallPurity (99.999%) was used for the measurements.
placed into the center of the chamber. Due to the design of the Room temperature measurements were carried out at 298 K
furnace, diferent to the tube furnace used for the lab-scale acwith pressures up to 20 MPa using a fully automated volumetri
tivations, other conditions were used for the nitrogen gas.fl apparatus, designed and built up at University of Alicatd.[

Thus, the flow rate was 3000 ml mify and the flow passed Sample masses ranged between 0.5 and 1.5 g. Previous to each
from several outlet openings at the bottom to a single oatlet Measurement, the sample was heated at 423 K for 4 h under

Hydrogen adsorption was measured in twidatent devices.

the top of the furnace chamber. vacuum, and the weight of the degassed sample was measured.
After that, the sample was located in the sample volume, &vher
2.4. Porosity characterization it was degassed again at 423 K during another 4 h in vacuum,

, in order to prepare the sample for the measurement. The de-
The CF precursors and ACF samples were characterized Ryce \yas regularly tested for leaks, and the reference velum

nitrogen adsorptio_n at 77 K and by carbon dioxide adsgrptio <19 cn?) was determined with a calibrated volume. The vol-
at 273 K, respectively. The measurements were carried o\fme on the sample side was determined with helium gas before
using Quantachrome Autosorb-6 devices. Prior to adserptiog,-h measurement and ranged between 19.1 and 28. Tt
isotherms, the samples were outgassed at 523 K for 4 hours Upsterence temperature was maintained at 308 K, while the sam

der vacuum. From Nadsorption isotherms, the apparent BET y)q jume temperature of 298 K was controlled by a therntosta
surface areas, ggr, as well as the total micropore volumes, |, cooling liquid.

Vpr(N2), were calculated. From Cdsorption isotherms, the For hydrogen isotherms at 77 K and up to 4 MPa a high-

volumes O.f narrow micropores smaller than 0.'7 NBRICO,). pressure device (provided by DMT GmbH & Co. KG) was used
were obtained [40]. Both, total and narrow micropore volame o ; : )

. - . which incorporates a Sartorius 4406 microbalance. Thehteig
were calculated using the DR (Dubinin-Radushkevich) equa-
tion of the measured samples ranged from around 0.4 t0 0.7 g. The
' samples were degassed at 423 K for 4 h under vacuum. After
cooling by convection, the sample container of the balaras w
cooled with liquid nitrogen. Throughout the experiments th

The packing densitie$pack, Of the samples were measured level of the nitrogen bath was kept constant. Reference mea-
in a mechanical press. A known mass of sample was introduceslirements without sample were performed, and the experimen
into a cylindrical steel mould with a diameter of 13 mm. In tal results were corrected for buoyandyeets related to the
order to compact the sample, a force equivalent to the mass displacement of gas by the sample, the sample holder, and the

1 tonne was applied on the sample with a steel cylinder. Thean [12] 23].
3
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3. Results o )
Table 1: Characterization results of the carbon fibre precursordtaad

activated carbon fibres

3.1. Sample characterization: Porosity, yields and déesit

Sample Ser Vor(N2)  Vor(CO:)  Spack  VYield
Table[1 compiles the porosity characterization of the two m’gt  cmPg? cnPgt gom® %
precursors and of all the activated samples investigatéden  p1000 _ — 0.08 1.03 —
present work together with their packing densities andvacti  D1000-K1 683 0.31 0.32 0.82 83
tion yields. For the ACF samples, the activation conditiocas  D1000-K2 966 0.46 0.48 0.73 79
be deduced from their denomination, as it has been explaine@1000-K3 1288 0.59 0.57 0.83 74
before in Sectioi 2]1. In Figl 3, dierent parameter values from D1000-K4 1456 0.67 0.67 0.71 72
sample characterization are plotted against the KOH-tgeGF D1000-K6 1894 0.89 0.65 0.76 56
tios. In Fig[3& the change in apparent BET surface area is pre?1000-K10 1937 084 0.53 071 34
sented, while in Fid._3b the development of the narrow microp D1000-K6-SU 2259 0.97 0.71 0.62 48
orosity (the one obtained from G@dsorption, corresponding p7gg 7 0.00 011 0.99 _
to micropores< 0.7 nm) is shown. Finally, in Fig.Bc the change p700-k1 999 0.46 0.47 0.74 83
of the activation process yield is shown for increasing K@H-  D700-k2 1491 0.71 0.65 0.74 80
CF ratios. D700-K3 2004 0.94 0.79 0.67 74
D700-K4 2472 1.13 0.71 0.58 65
3.1.1. Characterization of lab-scale samples D700-KS 2888 1.23 080 0.56 55
In this Section, the samples which were activated on lakesca D700-K3-SU 2364 1.02 0.79 0.63 60

(see Section 212) are investigated. In Eid. 3a, it can berebde
that, for both precursors, the apparent BET surface ardaeof t
ACFs increases with the KOH-to-CF ratio. However, for simi- drop continuously with increasing degree of activatiomcte
lar KOH-to-CF ratios, samples which are activated from D700ng values between 0.56 and 0.74 g¢ém
precursors reach higher BET surface areas than those that ar
based on the D1000 precursor. For D700-based ACFs, the higB-1.2. Characterization of scale-up samples
est BET surface areagSr, close to 3000 rfg! is obtained The results obtained for lab-scale activations, shown én th
with the highest ratio of 5:1. In the case of D1000-based ACFsabove Section, were the basis on which the KOH-to-fibre ra-
a maximum value close to 200(gr* is reached with the high- tios for the scale-up approaches were selected. The main cri
est KOH-to-CF ratio studied (10:1). Itis worth mentionih@t  teria were an adequate packing density and porosity, ogsitni
the BET surface area of the D1000-based ACFs increases sifpr hydrogen storage application at both, room and cryageni
nificantly only up to a KOH-to-CF ratio of 6:1. In Talilé 1 it can temperatures, as well as reasonable activation yields.theor
be seen that the total microporosityyA(N2), follows a similar  D1000 precursor, a KOH-to-fibre ratio of 6:1 was chosen, be-
tendency as the BET surface areggS cause high values were reached for both, total and narrow mi-
Also for the development of the narrow microporosity it cancropore volumes. In addition, a very high packing densitg wa
be observed that the samples based on the D700 precursbr reaneasured, and a reasonably high process yield was achieved.
higher values than those that are based on D1000 (sele Fig. 3IFor scale-up activation of the D700 CF, a ratio of 3:1 was se-
In the case of D700 based samples, ther(€O,) microp- lected. Although higher BET surface areas were achieveal wit
ore volume strongly increases up to a ratio of 3:1, reachingigher ratios, the narrow micropore volume already reaehed
0.79 cnig™L. For higher ratios, no clear trend can be observedvery high value. Also the fact that both, packing density and
For D1000 based samples, the narrow microporosity incseasgprocess yield, dropped significantly when more activatipera
up to a value of 0.67 chg™ for a ratio of 4:1. When the ra- was used, militated in favour of the 3:1 ratio.
tio is further increased, no significant change can be obkserv  The results for scale-up activations of the two precursors,
up to aratio to 6:1. However, the narrow microporosity digar D700 and D1000, are represented in TdBle 1, and in[Fig. 3 by
decreases for a very large ratio of 10:1. filled symbols. One of the objectives of the present work is to
Fig.[3¢ shows that the yield of the ACFs decreases with theompare KOH activation in two scales (lab-scale and scpje-u
KOH-to-CF ratio. Thereby, a linear tendency can be observe@efore extracting conclusions from such comparison, aystud
for both, D700 and D1000. With increasing ratio, théeti-  of the reproducibility of both systems is needed. Hence sa sy
ence in the performance of the two precursors becomes motematic reproducibility study of the KOH activation prosdms
explicit. Thus, using similar ratios, slightly higher ydebalues  been first carried out in the lab-scale, using an anthracée p
are obtained for D1000 in comparison with the D700 precursorcursor; 4 runs were done at a fixed KOH-to-carbon ratio of 4:1.
The packing densities of the samples, listed in Table 1, showhe results show porosity values within a margin of 4%. Simi-
that the two CF precursors have the highest densities, whiclarly, experiments were repeated in the scale-up systethdin
drop upon chemical activation. Interestingly, the densitthe  case for both CF precursors), the porosity values beingrepr
resulting ACFs are quite high. Thus, in the case of D10004ducible within a margin of 6%. At a first glance, the data in
based ACFs, the values fluctuate between 0.71 and 0.83% cm Table[1 and Figl13 show a reasonable agreement between the
The packing densities of ACFs derived from the D700 preaursoresults for both scale-up processes. A closer look revhals t
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Figure 3: Diferent characterization values plotted against KOH-teefitatios for samples that were activated using D700 precsi(®ircles and triangle) and
D1000 precursors (squares). Empty symbols indicate lale sctivations, filled symbols indicate scale-up activai The respective diagrams show (a) the BET
surface area, gk, (b) the narrow microporosity, ¥:(COz), and (c) the activation yield.

the BET surface areas of the synthesized materials reaoh@ro have similar packing densities (over 0.6 g

2300 ntg~! (see Figl[3a). These values are almost 10% higher,

when compared to the lab-scale samples which were activatéti2. Hydrogen adsorption results

using similar KOH-to-CF ratios. Also the narrow microporos  In comparison with other gases, hydrogen has a relatively
ity of the scale-up samples, shown in Hig] 3b, reaches highdow heat of adsorption of around 4-8 kJ mb[11,/12]. There-
values in comparison with those obtained from lab-scale actfore, hydrogen adsorption is favoured at high pressuregand
vation. Thus, 0.79 cfg! are measured for the sample orig- at low temperatures. Both of the scenarios were investigate
inating from the D700 precursor, and 0.71%gm for the ac-  in this study. In Section 3.2.1, hydrogen isotherms were-mea
tivated D1000 sample. All the above commenteffeddences sured at room temperature (298 K) and up to high pressures of
should be ascribed to the two process scales, i.e. fiergiit 20 MPa; in Sectiofi 3.212, liquid nitrogen temperature (77 K)
design of the activation systems, and not to reprodugjtiiit —and pressures up to 4 MPa were used.

the activation process itself whose influence is much less- C

cerning the yields of the scale-up processes, which areded ~ 3.2.1. Hydrogen isotherms at room temperature

in Fig.[38, it is observed that: (i) the carbonization tenapere The hydrogen adsorption isotherms of the investigated ma-
does not significantlyféect the yield values; and (ii) lower val- terials, measured at 298 K, are shown in Q. 4. In Eig. 4a,
ues are obtained for the scaled-up process in comparisbn withe isotherms of the D1000 precursor, and of the ACF sam-
the corresponding lab-scale samples: 48% instead of 56% fd#es which were derived from it, are presented. The unaetiva
the D1000 sample, and 60% instead of 74% for the D700 sanf?1000 precursor already adsorbs over 0.3 wt.%. By chemi-

ple. Additionally, TableJl shows that both scale-up sample§al activation, the adsorption amount can be increasedfisign
cantly. For the samples which were activated on lab-sclade, t
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Figure 4: H excess adsorption isotherms at room temperature for e lab-scale samples, and scale-up (SU) samples basad®H000 and (b) D700 fibres.

adsorption amount increases up to a KOH-to-CF ratio of 4:1with KOH-to-CF ratios of 3:1, 4:1, 6:1, and 10:1 reach simi-

reaching 1 wt.%. When the ratio is increased to 6:1, no siglar adsorption amounts of around 3.4 wt.%. On the other hand,

nificant increase can be observed. Remarkably, the adsorpti the adsorption amount is significantly higher for the sagle-

amount decreases to around 0.8 wt.% when the ratio is furthelample, reaching 4.5 wt.%.

increased to 10:1. Probably, this is due to a destructioh®ft In contrast to what was observed for the D1000 precursor,

narrow microporosity which controls the hydrogen uptake athe unactivated D700 CF already adsorbs 1 wt.% of hydrogen at

room temperature and 20 MPa (see Sedfioh 4.2 below). The7 K (see Figl.8b). In dierence to the former, D700 adsorbs a

ACF that was obtained from scale-up activation performg ver small amount of nitrogen at 77 K and has a small amount of nar-

good in comparison with the lab-scale samples. Thus, a maxiow microporosity. By KOH activation, the adsorption amtsun

mum adsorption amount of 1 wt.% is reached by this sample. of the lab-scale samples continuously increase with the KOH
In Fig.[4B, isotherms of samples which are based on the D70®-CF ratio. The highest adsorption amount of around 5 wt.%

precursor are shown. The unactivated D700 CF performsrbettés reached for a ratio of 5:1. Also the scale-up activateddam

than the unactivated D1000, reaching over 0.4 wt.%. Updn actshows high hydrogen uptake, reaching more than 4.5 wt.%.

vation with KOH, a strong increase of hydrogen adsorptian ca

be observed. Interestingly, the activated D700 CFs perbmim

ter than those that were derived from D1000, as a consequenée Discussion

of the improved porosity development obtained with the D700

precursor. Similarly to what happened in the case of aetivat 4.1. Material synthesis

D1000, the adsorption amount increases with the KOH-to-CF

ratio up to a ratio of 4:1. When the ratio is further increated

5:1, no significant increase in hydrogen adsorption is oleskr

The maximum adsorption amount reached for lab-scale actf o Lo

vated samples is 1.1 wt.%. Also the scale-up sample that wi the amount of activating agent which is used. Also the car-

derived from D700 shows good performance, reaching a max bonization temperature of the CF precursors has a high impac
mum adsorption amount of 1 wt.% on the porosity development. Interestingly, it turned bat the

CF which was carbonized at a lower temperature develops more
porosity, even if less activating agent was used, and altows
3.2.2. Hydrogen isotherms at 77 K develop better adsorbents having higher yields. These two o
The hydrogen adsorption isotherms at 77 K of the sampleservations are interesting from an economical point of \[iw
based on D1000 and D700 are shown in Eig. 5. In E{. 5a, iApparently, the D1000 CF traversed a maximum porosity de-
can be observed that, for the unactivated D1000 CF, the value&zelopment concerning bothgSr and Vpr(CO,), for a KOH-
for hydrogen adsorption fluctuate around zero, and thatyits h to-CF ratio of around 6:1. The D700 precursor reaches very
drogen adsorption isotherm shows adsorption equilibritwbp  high Vpr(CO,) values already for smaller ratios. However, the
lems. This lack of adsorption equilibrium, caused by hy@&mg narrow microporosity remains on a high level for largerasti
diffusion problems, is in agreement with Table 1 whepea-  On the other hand, the performance of the D700 precursor for
sorption could not be carried out. As expected, the adsorpti developing high BET surface areas does not seem to be ex-
increases significantly when the precursor is chemicaltit ac hausted even for the highest KOH-to-CF ratio investigated i
vated with KOH. Interestingly, the samples that were atdta this study. All these results clearly show the advantagdef t

6

The above presented results show that both CF precursors
can be well activated with KOH, leading to highly microposou
dsorbents. The characteristics of the materials can kedtun
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Figure 5: H excess adsorption isotherms at 77 K for precursors, lale-seaples, and scale-up (SU) samples based on (a) D1000)ap@dq0 fibres.

use of the lower carbonization temperature, and a muchrbettd.2. Hydrogen storage performance

performance of the D700 precursor in comparison with D1000. . . , .
It is common practice to try to find correlations between

porosity and hydrogen adsorption [12, 23-31]. In previous

Regarding the results from the scale-up activated samplegyydies, it was found that at 298 K and 20 MPa the gravimet-
a general tendency can be observed. In comparison with laBc adsorption amount can be correlated with the narrow mi-
scale activations which use similar KOH-to-CF ratios, l&igh croporosity ¢ 0.7 nm) [12] 22=25]. Fig—8a confirms the lin-
porosity is developed (see Fig.3a and Eig. 3b), and lower progay relationship existing between the narrow microporamal
cess yields (Fid. 3c) are obtained. This indicates that Befig of the studied samples and their gravimetric hydrogen wgstak
degree of activation took place during the scale-up apiroac at room temperature. In the case of hydrogen adsorption at
The diferent performance of lab-scale and scale-up activation$7 K and 4 MPa, previous studies found a better correlation
can be explained by the specific conditions which predorainatfr the total microporosity< 2 nm) [12/23]. Accordingly, in
the activating processes in the two furnaces. For examifte, d Fig. [6H, the maximum adsorption amounts at 77 K are plotted
ferent nitrogen gas flows were used in the lab-scale and-scalgyer the total micropore volume, gg(N,) (for samples with
up activati(.)ns._ The flow rate is known to hf_;lve a high.impact\/DR(coz) > Vpr(N2), Vpr(CO,) was used instead). Also at
on the activation process [117.142./43]. It is responsible for77 K the expected linear relationships with micropore vagsm
eliminating gaseous reaction products which are formedupojarger than 0.1 cAg™ can be observed, being in agreement
chemical activation, thus enhancing the processi[17, 4R, 43ith previously reported results [12,/231-28].
However, we cannot solely assume a relation between the flow | gifference to other studies, in which adsorbents of various
rate and the mass of the activated precursor. In fact, bygdoingyigins were compared, our results were obtained for nederi
so, we would obtain a higher specific flow rate for lab-scalgyhich all derived from similar sources (coal tar pitch CFEis
activation (250 mj, (min gc)™*) than for scale-up activation yne of similarity indicates that, upon KOH activation, fhrés-
(100 mh, (min gc)™). Apparently, also the design of the fur- (ine structure of the precursor material has little inflznon

naces has to be taken into account. In the case of the Ul qrogen uptake results, due to the considerable modiitati
furnace, a laminar rather than a turbulent nitrogen gas fow i ¢ jis porosity upon activation.

expected, due to the relatively small diameter of the tube in |, 54dition to the gravimetric adsorption amounts, we also
comparison with_ its length. Also the lower gas flow is advanta . re|ate the excess adsorption on a volumetric basis ifBrig
geous for a laminar flow. On the other hand, a more turbulenfyg \ojymetric adsorption amounts were calculated by multi
gas flow is expected inside the chamber furnace, due to its d‘fﬂication of the gravimetric values with the correspondagk-
sign and the higher flow rate. Despite its lower controligil g gensities from Tabl@ 1. In contrast to what was foundtier t
a turbulent gas flow turned out to be advantageous for the agayimetric values at both adsorption temperatures, reatin
tivation process in the chamber furnace, possibly due theTig rond can be observed for the volumetric adsorption amounts
local flow velocities at the sample interfaces. Interestingly, these results clearly indicate that thévation
extend should be restricted and that highly developed adsor
Future research on scale-up activation for production o AC bents do not need to be developed to obtain maximum values
for hydrogen storage should focus on further scale-up of thén terms of volumetric adsorption. Instead, an optimum-rela
activation process, for example in continuously operafimg  tion between developed porosity and packing density naeds t
naces of industrial scale. be found.
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Until now, only gravimetric and volumetric excess adsorp-
tion of H, has been investigated. However, for practical ap-

Table 2: Total hydrogen storage amounts of the investigated samples

plications, it is of interest which amount of hydrogen can be Sample Hiotal at1298 K Hotal at177 K
stored inside a determined tank design. If we assume that the gl” gl”
volume of the tank is filled with an adsorbent of finite density D1000 11.1 7.3
then the hydrogen molecules can reside at two possible loca- D1000-K1 141 23.7
tions: They can (i) be adsorbed on the surface of the adsprben D1000-K2 15.0 —
or (i) consist as a compressed gas in the void space in-katwe D1000-K3 15.8 35.7
the adsorbent particles. Theoretically, an ideal case dvoalif Biggg:ig ig'g ggg
the void space would approximate zero. Then all of the stored ' '

. . . D1000-K10 15.8 32.6
hydrogen would consist as adsorbate, which has a higher den-
sity than the gas phase. The contrary case would be a void D1000-K6-SU 16.5 37.2
space of 100%, implying an empty tank. Real adsorbents al- D700 12.2 15.4
ways contain certain amount of void space, and its contdhut D700-K1 15.2 30.8
to the total storage needs to be taken into account in order to D700-K2 16.1 34.1
estimate the total storage capacity of a material. Theeefor D700-K3 16.7 37.1
the dfort has to be made to reduce the void space as much D700-K4 17.1 37.4
as possible by increasing the packing density of the méateria D700-KS 16.9 38.2
The void space can be estimated by means of the following for- D700-K3-SU 16.6 38.6

mula: Voig = 1 — (6pack/Iske) [1,112,123) 24, 44], wher®y g

is the void spaceipack the packing density, antk e the skele-

ton density of the material. In Tableé 2, we applied the above Continuing with this concept of total hydrogen storage, and
equation to the maximum adsorption amounts for each sam- expressed on a gravimetric basis, all the data of [Hig. 47and 5
ple. Thereby, the corresponding packing densitieg: from  reaches considerably higher total hydrogen capacitiestthea
Table[1 were used, and it was assumed that the skeleton deftotted values. As an example, the two highest values obdain
sity, skes is €qual to the density of graphite (2.22 gTH[14].  at 298 K (1.1 wt.%) and at 77 K (4.9 wt.%), corresponding to
The highest values that were obtained are interestinglii:hig samples D700-K4 in Fig] 4 and to D700-K5 in Fig. 5, give total
17.1g*at298K, and 38.6 gt at 77 K, respectively. Clearly, hydrogen capacities of 2.8 wt.% and 6.4 wt.%, respectively.

not only the porosity of the material, but also its packingde  often, such storage densities on a materials basis arelgirec
sity is of particular importance for the total amount of hygen  .,mnared with the DOE milestones mentioned in the Introduc-
stored. In general, higher storage amounts are reachedt@t_??tion Section. By doing so, the above mentioned maximum val-
than at 298 K, the D1000 precursor being the only exceptionyeg ghtained at 77 K would suggest the exceeding of the 2010
Due to the lack of hydrogen adsorption at 77 K for this ma-pog milestones for light-duty vehicles, and the approxima-
terial, the only contribution to the total storage amounhies  iqn, to those scheduled for 2015. However, these compazison
from the compression inside the void space. are not precise and can only serve as a rough orientation, be-



cause, as mentioned earlier, the milestones refer to théewho hydrogen which, in practice, can be stored in a determined
storage system. Thus, in the case of adsorbent materias, on  tank volume. For the synthesized ACFs, total volumetric
would have to add the weight and volume of the tank shell, storage amounts of 17.1 gtlat 298 K, and 38.6 g} at
rigid enough for withstanding the nominal pressure, anthén 77 K were calculated, respectively.
case of cryogenic conditions, the cooling system. In aoldljti
the use of cryogenic coolant indirectlffacts other system re-
quirements, e.g. the fuel costs or possible hydrogen losgaju Acknowledgements
long-term parking periods. )
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