Published in : Microscopy and Microanalysis (2008)1.15, pp. 384-394
Status: Postprint (Author’s version)

X-Ray Microtomography Studies of Tannin-Derived Organic and Carbon
Foams

G. Tondi*® S. BlacheP A. Léonard? A. Pizzi! V. Fierro® J.M. Lebarf and A. Celzard®

Nancy University, ENSTIB-LERMAB, 27 rue du Merlar| BP 1041, 88051 Epinal cedex 9, France

University of Liége, Laboratory of Chemical Engirieg, Department of Applied Chemistry, F.RS.-FNB&C - Sart Tilman, 4000 Liége,
Belgium

*Nancy University, Institut Jean Lamour - UMR CNRI®, Département Chimie et Physique des Solidele®tSurfaces-aculté des

Sciences & Techniques, BP 239, 54506 VandoeuviNalésy cedex, France

“INRA, LERFOB - UMR 1092, Equipe de Recherche @udlitBois, 54280 Champenoux, France

*Nancy University, Institut Jean Lamour - UMR CNRSE, Département Chimie et Physique des SoliddesBurfaceEENST1B, 27 rue
du Merle Blanc, BP 1041, 88051 Epinal cedex 9, Eean

Abstract: Tannin-based rigid foams of different bulk densitiand their carbonized counterparts were
investigated for the first time by X-ray microtomraghy. This method allowed acquisition of three-glirsional
pictures of such highly porous materials. Througathmmatical treatment of the images, extremely ulisef
physical characteristics such as porosity, fractminopen cells, connectivity, tortuosity, and psiee
distribution were determined as a function of thanfi's density. The obtained information was contpavigh
independent data derived from pycnometry measurenagmd scanning electron microscope image analyses.
agreement was shown to be acceptable in the lifrtiheo accuracy of the laboratory microtomographu).
Moreover, recalculating properties like permeapilitere shown to be quite possible based on thdtsesti
standard microtomography data.
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INTRODUCTION

Solid foams are versatile materials of high techgmal interest combining a number of valuable—and
sometimes very different—properties (Gibson & Ashb997). For example, polyurethane foams are elasiil
heat insulating, whereas carbon foams are hardrerydbe used as heat exchangers. For a given caioposi

the foam, physical properties like permeabilityerthal conductivity, and mechanical and radiativaawiors
strongly depend on pore structure: pore-size digtion, connectivity, and tortuosity of pores. Atilohal
characteristics such as bulk density and surfaea depend on linear pore density and average #sskof pore
walls. Hence, the texture characterization of tHaglly porous materials is a major issue in relativith their
potential applications.

The present study deals with a new kind of foameafetable origin, derived from tannins. The intefessuch
"green" materials, based at 95% on natural resewand first developed by Pizzi in 1994 (MeiklehanP&azi,

1994), has been renewed in the recent years. phaierties were investigated in detail (Tondi &2Pi2008),

and applications were suggested as absorbers &y hmetal removal (Tondi et al., 2008a) and asntiaér
insulating materials (Tondi et al.,, 2008b). Theedstigation of their carbonaceous counterparts,iddaby

pyrolysis of tannin-based organic foams, has jeguln (Tondi et al., 2009). A detailed study of thygology of

pores in organic and carbonized foams is the stibjabis article.

Mercury porosimetry is traditionally used to chaesize this kind of foam material. However, the wdehis
technique is not appropriate in the present casause mercury porosimetry is limited to a maximuwrepsize
of 75 um. Depending on the parameters used indhmihg process, the porosity can be so open thetumye
would not infiltrate the sample but would flow tlugh the pore structure. Moreover, it has been shihah
some materials, like anisotropic poly(L-lactide-«oaprolactone) foams generated by freeze-dryinga (&
Moghe, 1998; Maquet et al., 2003) as well as bicattgple scaffolds obtained with supercritical ,.G3 the
foaming agent (Léonard et al., 2@)8shrink under the high pressure required for itgusion.

Recently, various groups used X-ray microtomogragioyipled with image analysis to characterize the
morphological structure of highly porous materiaddifferent origins (Blacher et al., 2004; Tratdral., 2005;
Babin et al., 2007;

Maire et al., 2007; van Lenthe et al., 2007; Lédnetr al., 2008b; Viot et al., 2008). X-ray microtognaphy
enabled visualization of the internal structureéhaf investigated object in a nondestructive wayalgses of the
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resulting two-dimensional (2D) or three-dimensiofgd) images allowed quantification and charactaian of
the observed structure.

In these studies, this technique was applied toacherize the influence of the synthesis conditiand of the
subsequent carbonization step on the 3D structutenmin-based rigid foams. The results are congbavi¢h
independent data derived from scanning electronrasiopy, bulk density, and helium pycnometry
measurements.

MATERIALS AND METHODS
Synthesis of Organic Foams

Tannin extracts are commercial materials of vedetalvigins. They are mainly composed of condensed
flavonoids, which are able to undergo the sametiggaas that of phenol with formaldehyde or othiehydes,
although with a much lower reactivity (Pizzi, 1994)ypical self-blowing tannin-based rigid foams wer
produced according to the following method (TondP&zi, 2008). 10.4 g of furfuryl alcohol (strengtter), 7.4

g of formaldehyde 37% water solution (cross-linkaggent), and 6.0 g of water (solvent) were mixeth\80 g

of mimosa tannin bark extra@Acacia mearnsiformerly mollissima,de Wildt) under mechanical stirring. When
the viscous solution was homogeneous, various ateadrdiethyl ether (DEE) (foaming agent): from 204.0

g were added and mixed to the bulk to obtain diffiéidensities for the final foam. Then, 12.0 g ®¥6toluene-
4-sulphonic acid water solution (catalyst) was rdixdlowing the polymerization reaction to start.eTimixed
solution was then immediately discharged in a 6cmGsquare based plastic (polyethylene) box.

The exothermic reaction, due to both the self-p@gmation of furfuryl alcohol and by its reactiontlvtannins

in acidic conditions, took place in 60-90 s aftatatyst addition, and the temperature rose to adoacC.

In these conditions, the heat thus generated peatitite evaporation of the DEE and hence the foaming
Concurrently, cross-linking occurred so the foandkaed once the porosity was well developed andréehe
cells collapsed. The final density of the materialgds tuned through the initial amount of foamingerag
The resultant foams may replace phenol-formaldetgdens in most of applications because of theirilaim
physical properties.

After foaming, each material was removed from % bnd left to harden, age, and lose its solven2{8 days.
The external parts over a thickness of a few métiens beneath the skin were systematically elirmthaDue to
the vertical rising of the gas during foaming, floams formed orthotropic materials. They indeedsen¢
slightly elongated cells in the direction of calbgth, whereas the pores appear to be isotropinwhserved in
the orthogonal plane. The microtomographic invediign was carried out according to the directiorgafwth
only. The name DEEXx of the tannin foam samples rsednn the X-ray microtomograph, their correspogdin
bulk density and dimensions are given in Table Ind{cates the mass (g) of DEE used in the comiposithe
higher the X value, the higher the amount of foagragent, and hence the lower the correspondingtg€rse
below).

Table 1 : Denomination and the Corresponding Bulk Density Birdensions for Each Sample.

Sample Name Bulk Density Dimensions
(gem?) (mm)
Organic foams
DEE2 0.0928 8x4x4
DEE3 0.0625 7x5x4
DEE4 0.0495 7x5x5
Carbon foams
DEE2C 0.1072 8x5%5
DEE3C 0.0733 Tx4x4

DEE4C 0.0623 Tx4%x4
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Synthesis of Carbon Foams

Carbon foams derived from organic materials weriiobd by controlled pyrolysis of the latter. A yimus
study (Tondi et al., 2009) showed that shrinkageeisy important with the sample volume being diddey a
factor of about 2; however, no cracks appear, dedpore structure is fully maintained while theimeis
gradually transformed into disordered (glass-ligabon.

Three cubic foam samples of side 15 to 20 mm déiht densities were put inside a quartz boasliest in the
middle of a quartz tube continuously flushed witipHapurity nitrogen (typical flow rate: 25 mL mifj The tube
was heated by an electric furnace from room tentperaup to 900°C at 5°C/min. The final temperatuaes
held for 2 h, then the furnace was switched oft] #ire samples were allowed to cool down to roonptmature
under nitrogen flow.

The name of the resultant carbon samples (DEEX@)r bulk density and dimensions are given in Tahle
Since the materials submitted to pyrolysis presatiter similar values of weight loss and volumeurgidn
(Tondi et al., 2009), their final bulk density i®se to that of the initial organic foams.

X-Ray Microtomography

X-ray tomography is a nondestructive imaging tegbai that allows access to the internal structurg¢hef
investigated object. This technique, based uponidbal variation of the X-ray attenuation coeffisieof the
object located along the X-ray path, is similarthe one used in a medical scanner. During tomograph
investigation, an X-ray beam is sent to the sangid, the transmitted beam is recorded by a detestaording

to the Beer-Lambert's law, the transmitted intgnisitrelated to the integral of the X-ray attenoatcoefficient
along the beam path. This coefficient depends erd#nsity and the composition (through the atoroimiver)

of the material, and on the energy of the incideram (Kak & Slaney, 1988). Projections, or radipbies, are
recorded for several angular positions by rotathmg sample between 0 and 180 deg. Then, a backepian)
algorithm is used to reconstruct 2D or 3D imagepehding on the method used. In the case of 2Deémagach
pixel has a gray level value corresponding to tlwall X-ray attenuation coefficient.

In this work, the "Skyscan-1172 high-resolutionkdep micro-CT system" (Skyscan, Kontich, Belgiumaswy
used. By contrast with a classical medical scarthersource and the detector were fixed, whilestdmaple was
rotated during the measurement. The cone beamesoperated at 60 kV and 1§A. The detector was a 2D,
1,048 x 4,000 pixels, 16-bit X-ray camera. Theatist source-object-camera was adjusted to prodozgeis
with a pixel size of 4 or fum, depending on the sample. The rotation step wasl fat 0.4 deg. Concerning
radiography recording, the frame averaging wadcsé®6 in order to increase the signal-to-noiseordtor each
sample, the resulting acquisition time was closg o

Two-dimensional cross sections of the sample foasmeweconstructed using a Feldcamp back-projection
algorithm provided with the X-ray microtomographtorFeach sample, 500 cross sections of 500 x 50€gix
separated by 4 or 5 pum, were reconstructed. Thar2iges of the samples were then built by stackieg500
averaged cross sections.

Image Analysis

The 3D image of any foam material is formed by phases: pores at low gray levels (dark voxels)thactell
walls at high gray levels (bright voxels). Beforgyaneasurement, images were processed as follolvei-pass
filter was applied to eliminate noise and then 'ttup-hat" filter (Soille, 1999) to highlight the dal maxima.
After that, images were binarized by assigning laszaf 1 to all voxels with intensity below a givémweshold
(pores) and a value of 0 to the others (cell waRsactically, an automatic threshold techniquectviconsists in
selecting the threshold that maximizes the globalage contrast of edges (Kohler, 1981), was agppie the
3D gray level images.

The above-described way of processing the imagastsefrom a compromise between oversegmentatidn an
persistence of noise and needs to be explainedhEmake of clearness, the discussion is madbeobasis of
2D cross-section images, but the entire image gsicg method described below can be also appliedDto
images. A typical cross section of the studied faspresented in Figure la. It corresponds to & tgeel image

in which pores are bright (with intensities close255) and the walls, which absorb X-rays, are davikh
intensities close to 0). To increase the globaltrash of the image, the histogram equalizationsi@mation
(Russ, 1999) was applied (Fig. Ib). This transfdrom allows detecting the thinner walls as well as
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background random noise. Indeed, X-ray signals inherently noisy because both their generation and
scattering are stochastic processes. Moreover,ddtector and its amplification electronics conttéuo
additional noise.

The classical problem when processing this kindnmdige is that noise features have the same gral lev
intensity and/or the geometrical size that the ciisjeinder study have. As a consequence, the prosesisto
remove noise features leads to the simultaneousva&of the thinner walls. This is clearly shownRigure 1c

in which, after filtering and binarization usingetadopted method described at the beginning ok#adon with
the appropriate parameters, noise was completeipved as well as some walls or parts of walls éseaws in
Fig. 1c).

Mathematical morphology provides a powerful tootécover the walls of the porous structure. It ¢stegn the
application of the watershed segmentation (Soill899). This methodology is usually used to separate
artificially connected or overlapping convex featwin an image. Figure Id shows the resulting imagained
after application of the watershed transformatimrrigure 1c. For each portion of a pore that dastsdeviate
too much from a disk, a segmentation line was preduby the algorithm, giving rise to a "cellularbrp
structure. A comparison among Figures 1b, 1c, ahéhdicates that some walls or portion of wallstthere
removed by the noise filtering were recovered. @ndther hand, due to the roundness of some pmtipores,
new walls were generated (see arrows in Fig. 1Pedhaps these new walls exist, but they were ewtcthble
at the observed device resolution and consequemnibt not be taken into account. Indeed, the existeifithese
walls would imply that porosity is completely clasavhich is in contradiction with the physical measments
and the foaming process (see below). Moreoverngatiese walls into account would also lead to i@{sze
distribution shifted toward smaller values. Theince a complete noise filtering leads to the rerhoVavalls,
and since recovering the walls leads to an oversatation, a compromise was made consisting of paifm
an incomplete filtering to preserve walls with thetential drawback of keeping some noise in thegesaThe
image obtained using this criterion is shown inurgle. It must be noticed that, due to the randbaracter of
noise, it would not significantly affect pore-sidéstribution and tortuosity measurements. Howetteg, total
porosity is expected to be lower than that obtalmeghysical measurements.

From the 3D binary images obtained with the abossedbed processing, the following parameters were
measured:

1. total porosity, defined as the fraction of viexef the image that belongs to the pores

2. closed porosity, defined as the fraction ofeleyof the image that belongs to the pores thahareonnected
to the exterior of the foam

3. opening size granulometry: since foams preaemntinuous and rather disordered pore structuséandard
granulometry measurement could not be applied. Tfeenquantifying the void size distribution, th@eming
size distribution (Soille, 1999) was calculated.isTmethod allows assigning a size to both contisuand
individual particles.

4. tortuosity, defined as the ratio between thaight-line distance between two pores and the ebbdistance
between them that lies entirely within the porecgpdClennell, 1997). The practical method to measur
tortuosity in 3D objects is described in detaiGommes et al. (2009).

Image processing and measurements, as well astisttanalyses, were performed using Matlab sofivwal
with the image analysis, SDC morphology, and dtatteolboxes. As distribution curves calculatedhis work
were skewed and nonnormally distributed, usual rijetsee statistical parameters such as mean anulatd
deviation were not relevant. To give an idea ofti@dity and spread of this kind of empirical dibtition,
percentiles are usually used. Percentiles providestimation of the proportion of data that falbab a given
value, i.e., Xth percentile means that at most X¥%abues are less than this value. In this workde&ermined,
for each calculated distribution,,s Xso, and X5 percentiles. It is worth noting thatsg{corresponds to the
median of the distribution.

Scanning Electron Microscope Observations

Only carbon foams, completely stable in vacuum,ewebserved by scanning electron microscope (SEM)
(organic foams would have release water in the samditions and would decompose under the eledteam).
Small samples (a few millimeters long) were gluedhe sample holder with varnish and carbon-co&ted
ensuring a good electrical contact with the sarhpleer. The main intrinsic characteristics of tlaebon foam,
cell structure and average pore size, were evaluafeSEM observation (Hitachi S 4800). For eachemal, a
number of SEM images of their surface were considlein which the dimensions of several tens ofscetre
systematically measured. Average cell diameterg wars obtained.
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Figure 1. (a) Original gray level image; (b) image after histognaequalization; (c) binary image after noise
removal by filtering; (d) binary image after wakcovery using watershed segmentation; (e) binapgarafter
the "compromise" methodology. Arrows indicate treeusrence/removal of pore walls, depending on the
treatment applied to the image (see text).

Porosity Determination

Two densities can be defined on a porous matéhialbulk density (given in Table 1) is defined las mass of
material divided by the total volume it occupiedieneas the skeletal density, sometimes calleddensity, is
that of the solid from which the considered matéganade. The total porosi¥ was calculated according to
equation (1):



Published in : Microscopy and Microanalysis (2008)1.15, pp. 384-394
Status: Postprint (Author’s version)

P
d=1-22 1)
P,

wherepy, andps are the bulk and true skeletal densities of thenfa@spectively. Helium pycnometry was carried
out on several foams in a lab-made apparatus, fentapparent” skeletal density (i.e., not takingsed pores
into account) was measured accordingly. Once theenmaawas finely crushed in a mortar, the trueletat
density could be determined. The fraction of opelisavas deduced by the application of equation (2)

skeletal density of the foam

% open cell = - -
skeletal density of the pulverized foam

X 100. 2)

RESULTS AND DISCUSSION
Qualitative Approach

Typical cross sections and 3D reconstructed imafeBEE2, DEE3, and DEE4 (Table 1) before and after
carbonization are shown in Figures 2 and 3, resmdyt For the sake of clearness, pores are repteden the
form of solid bodies separated by thin pore walach a complementary way of presenting the stracisir
sometimes easier for visualizing the porosity daadonnectivity.

Examination of these pictures and many others ¢hoivn) lead to the following features concerningamic
foams (see Fig. 2):

1. The cell walls are increasingly thinner fromEiEto DEE4.

2. The average diameter of the windows connet¢hiagells with each other increases from DEE2 t&BDE

3. Anisotropy increases from DEE2 to DEEA4, throtlghgradual elongation of the cells along onedtiive.

4. At first sight, the pore-size distribution Iesokomogeneous in each foam, although a few deifet¢k® form
of irregular big cells may sometimes be observegeeially for DEE2.

The first three observed characteristics resuthftbe synthesis conditions of the foams. The amofifdaming
agent (diethyl ether) increases from DEE2 to DER@ BEE4, being 2.0, 3.0, and 4.0 g in compositivermy
above, respectively. Consequently, the higher amofigas generated from DEE2 to DEE4 simultaneously
explains the easier bubble growth and rising (heheeincreasing anisotropy), the higher pore volghence
the lower density and thus the bigger cell diamatet the corresponding thinner cell walls), andgkpected
higher cell connectivity through the higher windaliameter. The fourth observation will be discussethe
guantitative approach section.

The aforementioned features can also apply to caidems (see Fig. 3). In a previous work (Tondilgt2009),
it was shown that the shrinkage occurring duringplygis was homogeneous; the pore structure isekpected
to be the same as that of the organic foams biit smitaller cells and smaller windows. This is wisablhserved
when the images of Figure 2a-c are compared toesmafFigure 3a-c, respectively.

Quantitative Approach

Three-dimensional image analysis allows quantificabf the influence of synthesis conditions on fham
structure, before and after carbonization. Totall afosed porosity, tortuosity, and statistical peeters
corresponding to the pore-size distribution werleuwdated according to the protocol described abawve are
presented in Table 2. Pore-size distributions epoading to the investigated samples are presamteidure 4.
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Figure 2. (a-c) Typical cross sections and (d-f) 3D X-ray tomograpéndering of organic foams DEE2, DEES3,
and DEE4, respectively.

'.

Figure 3. Same as Figure 2, but for carbon foams DEE2C, DEE3@ DEEAC, respectively.

o
Imm
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Table 2. Pore Structure Parameters Derived from the Quatitita Analysis of X-Ray Microtomography
Pictures.*

Sample Total Closed Connectivity Tortuosity Pore-Size Distribution

Porosity  Porosity

(10005) (10005) Xog Xs0 X75 Mean

(%) (%) (um)  (Median) (um) (um)

(um)

DEE2 82 0.02 1.0 1.21+0.03 82.74 141.83 220.63 161+98
DEE3 87 0.01 1.0 1.17 £0.06 231.73 376.57 502.09 372175
DEE4 88 0.03 1.0 1.28+0.02 178.54 297.56 42651 311+170
DEE2C 80 0.02 1.0 1.20+0.02 70.35 117.15 163.94 12877
DEE3C 82 0.07 1.0 1.32+0.06 118.80 201.79 284.78 208 +111
DEE4C 88 0.01 1.0 1.35+0.01 127.36 199.00 262.68 190+ 100

*Values of X(um) are related to the pore-size distribution andan that i % of the pores have diameters lowan tKum: (see text for
details).

Analysis of results shows the following generahtte that are valid for both organic and carbon fmam

Total porosity increases from DEE2 to DEE4.

Closed porosity is almost negligible for alhfos.

For the three kinds of foams, all pores arergunnected.

Tortuosity increases, on average, from DEERE&4.

Pore-size distribution broadens from DEE2 tcEBENnd DEE4; however, if the mean pore size is guiyk
shn‘ted to higher values from DEE2 to DEE3 or DEE4s not so clear from DEE3 to DEE4; the mediahthe
distributions are rather similar, despite the cgpmnding different densities.

e

After carbonization, the following trends are olvesh

1. Porosity decreases.

2. Pore-size distributions are shifted toward lowaues compared to those of the starting orgfmams.
3. Connectivity is not affected by carbonization.
4

. Tortuosity tends to increase after carbonimatio
Porosity

Even though the evolution of porosity with the $adis conditions follows the expected trend, tHaesagiven

in Table 2 are typically 10% lower than what isagghtforwardly calculated from bulk density measneats
and helium pycnometry Total and closed porosity snead according to the methods described for pgrosi
determination above are given in Table 3, as welheerage pore sizes determined from SEM pictukss.
explained in the image analysis methods, this wiffee could come from the remaining noise on thaeges,
due to the adopted image processing. However,ag&ptby SEM pictures, this disagreement can be tiialy
attributed to the contribution of pores having sizewer than the pixel size of the image obtainéth \the
microtomograph, i.e., lower thanun.

Indeed, SEM images may partly account for this mgdion through the direct observation of the narropen,
porosity whereas very small closed cells were oelyealed by pycnometry of crushed materials. Mogeothe
discrepancy between results of helium pycnometdyraitrotomography could not be ascribed to neiipatial
inhomogeneity of samples nor to a lack of repeéitabi

Figure 5 shows a micrograph of the surface of a BEBample. Figure 5a was obtained with secondary
electrons so the topological contrast is best sedmereas Figure 5b is the same picture but obtaini¢ud
backscattered electrons, best showing the chencicatrast. These complementary images are of irteres
because cells and pore walls are well defined guféi 5a, whereas holes and cell windows are mearlgl
discernible in Figure 5b. Each ring drawn in Figbke encircles at least one hole having a diamejaaleor
lower than 4um, hence not detected by microtomography. Suchlsodn pores are all over the surface, so it
can be expected that they are also present in ohene, located within the struts of the foam stoet
Moreover, pores more or less closed by thin menmdwame seen on several SEM images (Fig. 5a). Sueh p
walls have thicknesses far below the resolutiothefmicrotomograph (see Fig. 5d).
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Therefore, narrow pores detected by pycnometryl€fapand SEM, and closed pores observed by SEghtmi
account for the 10% of lacking total porosity adlae the random noise remaining after image prsings

Table 3. Pore Structure Parameters Derived from Helium Pyoatrly and Analysis of SEM Images.

Sample Total Porosity (%) Closed Porosity (%) Average Pore
Diameter (um)

DEE2 93.9 6.5 220
DEES3 95.8 5 260
DEE4 96.7 4.5 280
DEE2C 94.2 7 195
DEE3C 96 6 240
DEE4C 96.6 5.5 255

Connectivity and Tortuosity

According to the underestimation of total and ctbgmrosity, related properties such as connectisity
tortuosity are expected to be inaccurate: over@ddthand underestimated, respectively. Howeveryéhaes
gathered in Table 2 are totally consistent with id#n be deduced from a simple foam model basea @ose
packing of identical spherical pores. This suggésas tortuosity and connectivity are controlled the larger
pores. Indeed, for a face-centered cubic (FCC) ipgckhe tortuosity should lie between 1 aw@l = 1.41,
whereas it ranges from 1 #8/A2 = 1.22 for a hexagonal close compact (HCC) parikéee Fig. 6).

Table 2 shows that, even if the effect is low, uosity tends to decrease when the density incre&eh a
finding is consistent with the pore-size distrilouis also derived from microtomography and giveFkigure 2,
which broadens when the density decreases. Suchadecof uniformity in the cell diameters probahblyuces
the corresponding low increase of tortuosity.

Physical Properties Derived from Microtomographydés: First Results

In the case of the present foams, presenting #linnalls and a nonnegligible amount of pores senathan the
spatial resolution of a standard X-ray microtomgrat could be concluded that the latter leadsdmewhat
inaccurate results. However, the smallest poremésof them being closed) are not expected to cbiteo
properties of the materials, as far as fluid fllmoughout the pore phase is concerned. Microtonpigienages
with a pixel size of about 4 to 5 um are importimtcharacterizing such materials. Thus, typic&0#6 of the
pore-size distribution is correct and especially éverage pore size. Such data are of great ibfergsredicting
the transport properties throughout the pore spafcéghe materials as demonstrated by previous work
(Knackstedt et al., 2006a, 2006b and referenceawitt)e Calculation of physical properties of therg@p@pace
based on the results given in the present articie progress. The corresponding data will be castavith
permeability, formation factor, and diffusivity nmaements that are now being carried out. Thes#iestu
should be published in the near future.

A few encouraging results based on the microtonggraesults have already been obtained, even wiitifeu
use of complex computational simulations. The azfspermeability of DEE3C material is consideredehek
cubic sample was introduced in a close-fitting tti was next filled with glue; the latter neithietruded the
porosity nor covered the opposite faces of the ¢bhlbmugh which water was forced to flow. The pressirop
AP and the flow rate of water throughout the sanPlavere then measured, and the permeabiitywas
calculated according to equation (3):

kZQ—A—, 3)
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wherey is the dynamic viscosity of water at room tempemil0° Pa s), and. andSare the thickness and the
cross-sectional area of the sample, respectivélg.permeability was found to be=2 x [0 n.

From the data given in Table 2, similar permeapilitlues can be recovered through the use of emsati
derived from the theory of Kozeny and Carman (Qelzt al., 2005 and references therein). Thesetieqsa
read:

d(V./S,)?
ALY “
2T
and
@3
k= ) (5)
£S5

where® is again the porosity, (m’g-") andS, (m°g-") are the volume and the surface of the open puaees
per gram of material, respectively,s the tortuosity{ is the Kozeny constant & 2 for cylindrical tubes: not
relevant herel = 5 in many materials), angl, (m* m*) = S/V, is the internal accessible surface area per unit
volume of solid materiakb andT were taken from Table Z,was assumed to be 5, aig was calculated from
the 3D microtomogra-phy images using the algoritifnthe apparatus. For DEE3G,, = 100.8 x 16 m’m’>;
using the apparent density given in Table 1, tHeutated specific surface area of the material & Infg-",
rather close to the one determined by nitrogenratiso on the DEE4C sample, having a slightly lowensity:
0.89 nf g* (Tondi et al., 2009).

Putting the aforementioned values of the paraméteegjuations (4) and (5), the calculated permésilare
1.09 x 10" m? and 3.06 x 18" n?, respectively. Given the limitation of Kozeny-Cam's theory, which best
describes the behavior of a bundle of cylindripalrallel, and tortuous tubes, these results magohsidered as
very satisfactory. The permeabilities of more sasplow need to be measured, and more accuratécthéke
those of Katz and Thompson or Johnson, Koplik, @clkwartz (Celzard & Maréché, 2001, 2002; Celzara .et
2002) should be tested, as well as computationsdbas the lattice-Boltzmann method (Qian et al92t9
Martys & Chen, 1996).
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Figure 4. Pore-size distribution of (a) organic and (b) cartimed foams.
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Figure 5. SEM pictures of DEE4C foam: (a) secondary electimage, (b) same as (a) but obtained with
backscattered electrons, and (c) same as (b) dtdnighagnification. (d) High magnification secondamyage
showing thin, torn cell membranes. Circles indictite presence of pores narrower thap:#4; the arrow shows

a closed pore.

Figure 6. Tortuosity in a close packing (see text) of sptarmores of radius r. (a) FCC packing; (b) HCC
packing. The path represented by the plain arrow2sandv3/ V2 longer than the one pictured by the dotted
arrow for FCC and HCC packing, respectively.
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CONCLUSION

Pore structure is a key characteristic of foamg thast be determined to understand their functiod a
applications. In this work, X-ray microtomographgupled with image analysis was used to charactehee
pore structure of tannin-based foams and theiratazied counterparts. The main advantages of thlntque
are its nondestructive character and its abilitguantify the 3D arrangement of the investigatej@ctb

Extremely useful parameters such as pore-sizaliisitsn and tortuosity were derived, taking intacagnt that
objects with size below 4 um could not be imagedarding the characteristics of the used microtoayuy

From these data, prediction of physical propersiesuld be possible, and a first very encouragisgltevas

obtained with permeability. Parameters such as ettivity and total and closed porosity were showibé less
accurate with a higher resolution being needed. ¢él@n the method proved to be suitable for comgaan
series of homologous materials. The following tiemeere thus observed when the density of the ocgaaim

increases: narrowing of the pore-size distributimft of its center toward lower values, and dasesof both
porosity and tortuosity.

Carbon foams obtained by pyrolysis of the organatemals were seen to present a similar pore sireicon
average, except the following trends induced bp@aization: narrower pore-size distribution, smadells, and
slightly higher tortuosity. All these data wouldvieabeen difficult to obtain using only SEM images.

Investigation of physical characteristics and prtps such as permeability and diffusivity (bottated to open
porosity and tortuosity) and surface area (relatedore diameter and pore volume) is in progressmFsuch
studies, cross-property relationships can be dérsienilar to those described in Celzard et al. @0@&nd
comparing measurements with results of numericalpegations can be systematically carried out.
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