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Abstract

In the work now reported the production of actidatarbons from a novel precursor,
esparto grass, by activation with carbon dioxidpressented. The results show that the
materials produced have interesting properties,ehaBET apparent surface area and
pore volume up to 1122m* and 0.46criy?, respectively. The activated carbons have

basic characteristics with point of zero chargevieen 9.25 and 10.27 and show a very

fascinating structure, as shown by the SEM images.

Keywords. Activated carbon, esparto grass, biomass cororgrghermal treatment,

nanofibers.

1. Introduction

Activated carbons (ACs) are used worldwide in ahmgmber of applications that goes
from domestic to industrial uses, such as gas gtor@moval of pollutants and odours,
gas purification and separation, in catalysis dslgst or catalytic support and in a

number of medical uses. The ACs can be produced &oange of natural and synthetic
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substances, lignocellulosic materials being onthefmost used precursors. The world
demand for activated carbons was about 4.28 milfietric tons in 2012? and it is
expected to increase more than 10% per year oeendixt 5 years. This increased
demand is mainly due to the more stringent poltuttontrols in the USA and China.
For instance in China the existing plan, namedTrthelfth Five-Year Plan (2011-2015),
that seeks to improve the water and air qualitydlothe use of more environmentally
friendly processes will significantly increase thetivated carbon demand. Another
aspect is the worldwide expanding production obkedoils, beverages and sweeteners

that would consume more carbon materials [1].

Wood and coconut shell are the most used ligndosiltimaterials for the production
of ACs, but other agricultural bgroducts have also been investigated, such agpdsje
palm shells, pomograde seeds, almond tree prusiuggr cane bagasse, sunflower seed
hull, olive stone, lignin, coconut shell, cherrprs¢ and rice straws amongst others [2-

13].

The properties of the ACs are dependent on theumerc and also on the production
method used. The composition of the lignocellulasiaterial regarding the cellulose,
hemicellulose and lignin content determines, to es@xtent, the porosity development
of the produced ACs. The production methods redoirrtethe literature use, amongst
others, phosphoric acid [9, 11, 12], potassium a@abke and microwave radiation [2,

10], zinc chloride [3, 8] and carbon dioxide [4,a8] activating agents.



Our research group has been working with a numbprexursors such as cork, kenaf,
rapeseed, vine shoots and coffee endocarp [149E8pite the existing publications, the
search for new precursors that are readily aval|atiieap and with good properties to
be used for AC production is still one of the meesearch topics in this area, namely
the search for materials with great valorisatiorteptial, such as industrial and

agricultural residues. The preparation of AC candilered for a specific application by

the selection of the more suitable precursor awodymstion method, thus the extensive
publication on the production of AC with differeptecursors and production methods

is extremely beneficial to the global community.

In this paper we report the use of a novel precutsahe best of our knowledge never
used before for the production of AC by physicdivation with carbon dioxide, the
esparto grass. Diaz-Teran and colleagues haveopstyireported the production of AC
from esparto grass, but using chemical activatipinipregnation of the precursor with
aqueous solutions of KOH at different ratios andopygis at 673, 873 and 1073K for
30 minutes [19]. The ACs produced were essentialigroporous, with BET surface
areas and micropore volume up to 196§fand 0.46¢crig™, respectively. This process
is totally different from the one used by us. Aation with CQ, when compared with
chemical activation, can be considered a more enmentally friendly and less

expensive process, because it does not use anyaaiem

Esparto, or esparto grass, also known as needis @tpa tenacissimais a perennial
grass grown in northwest Africa and the southemt pkathe Iberian Peninsula, which

blooms between April and June. The leaves are dwytial, tough and very tenacious



reaching up to 1.5 m in height. Traditionally, espdas been employed for crafts, such
as cord and basket making. Humankind has usedahditymocellulosic materials since
pre-history for an enormous amount of applicationglaily life. Greek and Roman
authors refer to the vast land at the Iberian Peénas théSpartarion Pedion” and

“Campus Spartarius’which shows that Romans used this material extehysi

2. Materialsand Methods

2.1- Materials

The precursor, esparto grass, was air dried atsgthesic conditions and used in the
needle form. The esparto were cut into pieces aqpedely 15cm long in order to get a
standardized precursor dimension. About 45¢g of ppser was weighed and put in a
horizontal tubular furnace, using a suitable cor@gimade of stainless steel with 15cm
length, 3cm wide and 2cm high. The precursor was ¢arbonized at 400°C during 1h,
in a N, constant flow of 85cfimin, and then activated at 700°C and 800°C, ir0a C
constant flow of 85crimin, for different times in order to obtain burffsobetween
approximately 20 and 60%wt, switching back to thdldlv and allowing to cool below
50°C before removing the AC from the furnace. Thatimg rate for carbonisation and
activation was set at 10°C/min. The activated semplere washed in 1000mL of
distilled water during 24h and then dried at 11@Che same period. Each sample was
stored in sealed flasks and identified with a codene indicating the precursor (E,
meaning esparto), the temperature of activatioor @, for 700 and 800°C, respectively)
and burn-off degree. For example, sample E842 mdédhswith 42%wt burn-off,

produced by activation at 800°C.



2.2 Characterisation

All activated carbons were chemically and strudtyuraharacterised by infrared

analysis (FTIR), elemental analysis (EA), X-ray fRittion (XRD) and nitrogen

adsorption at 77K. FTIR spectra were recorded usirRerkin Elmer model Paragon
1000PC spectrophotometer using the KBr disc metth60, scans between 4000 and
450 cm' with 4cni* resolution. The pellets were prepared using 1mg®fand 500mg

of KBr and mixing them in an agate mortar. The migtwas pressed at 10 tons for 3
min using a Specac press. The pellets were ovex éti 110°C during 3h and then
allowed to cool down in a desiccator. The ElemeAtadlysis was carried out in a Euro
Vector Elemental Analyzer, Euro Vector Instrumeritie X-Ray Diffraction patterns

were obtained using a Bruker AXS-D8 Advance PovidiEractometer equipped with

a Cuku radiation source (40kV, 30mA) with wavelength of80619nm at a step size
of 0.020° between 5.000 and 60.020°. The nitrogsoration at 77K was carried out in
a Quadrasorb-Tri, Quantachrome Instruments. Thelesmvere initially degassed, in a
Masterprep unit, Quantachrome Instruments, at 480P@ period of 4h, at a heating
rate of 1°C/min. The precursor’'s cellulose and iiggontent was determined by
Agroleico (Porto Salvo, Portugal) using Portugu&sandards NP2029 and ME-414,
respectively. The point of zero charge was detegthiny mass titrations as described

elsewhere [20].



3. Results and Discussion

The thermogravimetric curve of the precursor isvahoin figure 1. The major
decomposition process occurs between 250 and 4QG¥ a weight loss of
approximately 70%wt by means of two consecutivestiat according to Diaz-Teran
et al. [19] is accompanied by the evolution of £ZOH,, O,, H,O and OH The steps
correspond to the decomposition of the two majanponents of the lignocellulosic
nature of the precursor: cellulose, at lower terapges and in a narrow range of
temperatures, and lignin, over a wider range ardggter temperatures. The precursor’s
higher content in cellulose in comparison to lignindicated by the thermogravimetric
curve, is confirmed by the results obtained fromn ldboratory analysis of the precursor,
which indicated cellulose and lignin contents of84@nd 5.3%wt, respectively, as can

be seen in table 1.

Table 1. Characterisation of the precursor

C 43.62
H 6.80
Elemental analysis (%wt) N 0.77
S <Id
o? 47.45
Humidity (Yowt) 10.02
Ash (%wt) 1.36
Cellulose (Yowt) 40.8
Lignin (%wt) 5.3
Hemicellulose (%wD 53.9

<ld — below detection limit
a) By difference 100-(43.62+6.8+0.77+1.36)
b) By difference 100-(40.8+5.3)
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Fig. 1 — Thermogravimetric curve for Esparto Grass.

The nitrogen adsorption isotherms at 77K, showfign2(a), are of type | and of Ilb,
according to the IUPAC classification [21], whichdicates activated carbons with
porosity mainly composed of micropores. We can albserve an increase in the
hysteresis loop, which is of type H3, with the boffi value. This indicates the
broadening of the pores into small mesopores, naroel samples E842, E853 and
E861 (type llb isotherms), as can also be observéd. 2(b) that shows the mean pore
width determined by the NLDFT method, developed\®ymark and Ravikovitch [22].
The results of the isotherm analysis by the Brun&memett-Teller (BET)gas, Dubinin-
Radushkevich (DR) and NLDFT methods are given lohet2. The nitrogen adsorption
for the carbonised sample was practically zero esngequence of the porous structure
being blocked by amorphous carbon. The table dews the micropore and mesopore
volume obtained from the isothermyyand Ves Namely from the adsorbed volumes
at p/ff 0.1 and 0.95, respectively. TheVVmesratio is situated between 2 and 5, which

indicates a predominance of micropores. This oladienv is also corroborated by the



data shown in fig 2(b) and by the similarity betwdle \4 and \4 values. Nevertheless,
samples E724, E842, E853 and E861 show a modevhimn& of mesopores close to
0.10cnig™. The results for the pore volume estimated by NLPWper, are in good
agreement with those calculated by ti3enethod. The analysis of the isotherms by the
different methods was done using the adsorptioa tett provides the best fit for each
model or methodology, in particular the DR amgdwere applied using the data at
relative pressure of 9.0x£02.6x10" and 7.0x13-9.7x10", respectively. The NLDFT
method was applied to the adsorption data concgriine full range of relative

pressures.

All samples have moderate external area and showach series, an increase in the
BET surface area and micropore volume with burn-biffe samples activated at 700°C
show a low activation rate (E726 corresponds taf7hctivation) and modest porous
structure, which shows the need of using tempezatinigher than 700°C for the
activation of the esparto grass with carbon dioxldenger activation time means also
higher costs with the activation step, as it wadkeé more carbon dioxide and more

energy to obtain an interesting material.



Nags / MmMolgt

0.45

0.40
035
20030
£
£0.25
£
£ 0.20
o
20.15
o

0.10

0.05

0.00

3 4
Pore width/nm

Fig. 2 =N Adsorption Isotherms at 77K (a) and pore sizerithistion (b) for the 800°C

series.



Table 2. Textural and chemical characterisatiothefcarbon materials

BET o DR DFT Ve | Vimes

Sample /2?2'31 /c\n/T%g'1 /;\ﬁea'l /c\r:f’og'l I\//IEX]V /Xan%l omig* |/ entg? | AT/M
E719 | 466 | 022 20 020] 118 022 | 019 | 006| 3
E724| 603 | 026 52 024| 0og 030 | 024 | 011 5
E726 | 576 | 027 15 025| pog 026 | 024 | o005| 7
E823 | 602 | 027 16 024| goa 026 | 024 | o005| 1
E842 | 805 | 037 45 035|118 039 | 034 | o010 2
E853 | 1122| 046 84 047| 078 053 | 045 | 014| 3
E861 | 1112| 045 82 045| 118 052 | 044 | 014| 5

MPW=Mean Pore Width, &= BET surface area., Vs=external area and micropore
volume fromas plot. V,=micropore volume from DR plot. AT=activation time

As expected the reactivity of esparto at 800°C ughmhigher than at 700°C, as can be
seen in table 2. For instance, 5 hours of actimatith CG, produces samples with 24

and 61%wt burn-off, for activation at 700 and 800%3pectively.

The point of zero charge (pzc), which gives an @a@bn of the pH of the materials,
and the elemental analysis are shown in table 8.adivated carbon samples have
basic properties, with pzc values between 9 andlhé. basicity of the materials is in
line with the FTIR analysis (representative spestrawn in fig. 3) that shows that the
surface chemistry of all samples is very similathmthe presence of several functional
groups such as ether, phenol, carbonyl, lactonggrseand pyrones. The activated
carbon samples are composed mainly by carbon arelvey low nitrogen content, as

indicated in table 3. We did not detect the presasicsulfur in any of the samples.
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Table 3. Chemical and microstructure characteonatf the activated carbons

Sample Elemental Composition (%owt) XRD analysis
pZC C H N d)oz |—c |—a N
(hm) (om) (m) P
E4 6.61 | 78.746 2.946 0.797 | 0.36 229 373 6.4
E719 9.74 | 82620 0.812 1.058 | 0.36 0.99 321 28
E724 9.25| 81.342 0.989 1.096 | 0.34 1.02 4.08 3.0

E726 9.43 | 69.152 0.525 0.540 | 0.36 1.22 4.00 34
E823 10.06| 73.801 0.540 0.400 | 035 1.05 334 3.0
E842 10.12} 71587 0.355 0.481| 0.34 105 326 3.0
E853 9.52 | 63.248 0.644 0.563 | 0.34 099 317 29

E861 10.27} 67.456 0.815 0.543 | 0.34 157 6.94 4.6
pzc-point of zero charge

The FTIR spectra analysis were done using the lbasdjnment of previous published
papers [15-17, 23-25] and using the Bio-Rad ® “KnawAll” software, which is
offered by Bio-Rad to be freely used by the acadecommunity [26]. All samples
show typical absorption bands for this type of cah The bands at 3475-3294tm
correspond to hydroxyl group(OH)), the presence of phenol and alcohol groups is
confirmed by the bands situated at 1400-1200(t0-H)) and 1150-1000cthfor v(C-

0O). The aromatic structure of the carbons has aéwebrational modes the most
prominent being the bands relatedvi€=C), which can be found between 1600 and

1500cm’. Other visible bands may also be attributed tergioups (1160 and 991tm
! V(C-0) andv(C-0-C), respectively), and ester groups (1243wC—0)). The band

around 1150ch can be attributed to ether group<¢O). The carbonyl group can be

visible in all spectra, with the presence wE€0) in quinones (1735 and 1647¢nand

11



lactones (~1720cil). The pyrone groups can be identified by the presef the bands

at 1450-1420cih, attributed to/-pyrones (¢C=0) and ¢yC=C)).

% Transmittance

3000 ' ' 2000 ' ' 1000
Wavenumbers / cm-1

Fig. 3 — Representative FTIR spectra for samplé3EB842, E853 and E861.

Representative XRD patterns revealed in fig. 4 shtive two typical activated carbon
broad bands due to reflections from the (002) &@J planes. From the position of the
(002) band we can estimate the interplanar spadyg,by the application of Bragg’s
Law. Estimates of the mean microcrystallite dimensj namely the heightLand the
width, L, can generally be obtained by using the Debye+$ehequations and the data
from the bands (002) and (10), namely the posithnand the width at half height
corrected for instrumental broadeniifig,(please consult reference [19] for details). The
estimates of the microcrystallite mean dimensishswn in table 3, were done by using
a suitable method to determindgieand 8 values for each band corresponding to the

(002) and (10) diffraction. The method has used thelities of the software

12



DIFFRACPpIlus®, namely the smoothing of the XRD patteby a Fourier Transform
algorithm. All samples have comparable value fer ititerplanar spacing with medium
value of 0.35nm. The samples activated at 700°@sséiave L values between 0.99
and 1.22 nm and.values between 3.21 and 4.00 nm. For the 8009Catet samples

we can observe values within the range 0.99-1.5Anth3.17-6.94 nm for the.land

L, values, respectively.

Besides the two mentioned broad bands we can alsdnsthe XRD patterns other
peaks corresponding to the presence of a numbdretdroatoms due to inorganic
oxides. We have tried to identify the type of hetédoms present by using the best
possible match between the peaks in our XRD pa#tedithe ones from the database of
powder diffraction files included in the softwaréHPRACplus®. All activated samples

show consistence evidences 0§@Bg Al,O3, K;O, PbO and PbO

Arbitrary Units

20/°

Fig. 4 — Representative XRD patterns.
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The microstructure of the activated carbons proddoem esparto is very interesting,
as can be seen in fig. 5. The SEM images of salE®&3, used as example, show the
preservation of the precursor shape after the aadiv. The final carbon sample is, at
macroscopic scale, comparable with a small rod/timaer with external surface shown
in fig. 5 (d). Fig. 5 (a) and (b) give us an intgneg perspective of the microscopic
aspect of the interior part of the carbon partielbich resembles a pulmonary type
structure covered by small nanofibers, shown imitét fig. 5 (c). In conclusion, not
only the macroscopic aspect is maintained but tdednterior part of the precursor is
directly transformed from the esparto grass to #dotivated carbon. The fibrous
structure of the final material gives more flexiyilas it can be confined and used in
various forms, such as tows, fabrics and feltsctvitian be very useful in a number of

applications such as gas masks, polarisable etigror dressings.

14



Fig. 5 — Representative SEM micrographs of samp3Ea) top view; b) detail of the
“pulmonary” structure ; c) internal surface; d)exial surface.

4. Conclusions

The results obtained allow us to conclude that ®gmaass has an interesting potential
for the production of activated carbons using carbmxide as activation agent. The
carbons produced in the work now reported haveastsg microstructural, chemical

and textural properties with the advantage of beirmgluced in the fibrous form, which

15



opens the door to a wide range of possibilitiesttieir application. Also, if needed, the
activated carbons can be transformed into powdergusegular machinery. SEM
images have shown the presence of nanofibers omtigor structure of the carbons,
which have origin on the precursor structure. Theogity of the produced carbons is
mainly composed of micropores with BET apparentasgr area and pore volume up to
1122nfg® and 0.46¢crigt, respectively. The activated carbons have basic
characteristics with point of zero charge betwee&d @&nd 10.27. The use of esparto
grass for activated carbon production can creat@laable economic surplus to the

farmers, which is noteworthy in such economic srisne.
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