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Abstract

Resorcinol-formaldehyde hydrogels prepared at uari@sorcinol/sodium carbonate ratios,
R/C, were convectively air dried. The influence of dirying operating conditions.e. air
temperature and velocity, on the pore texturenglge and cracking of the dried gels were
investigated. Shrinkage was found to be isotropie shrinkage behaviour and the textural
properties of the gels are independent of the drgiperating conditions, but are completely
determined by the value of the synthesis varialiles. analysis of the drying kinetics shows
two main drying periods. During the first phasejrtage occurs and the external surface of
the material remains completely wet: heat and mntemssfers are limited by external
resistances located in a boundary layer. When lgdgim stops, the second period begins: the
evaporation front recedes inside the solid andmaletransfer limitations prevail. The drying
time can be reduced by increasing the air temperand/or velocity, but the temperature
increase is limited when monolithicity is requirespecially when the pores are small. For
example, at a temperature of 160°C and a velo€ig/ /s, about 1 h is needed to dry a 2.8
cm in diameter and 1 cm in height cylinder contagnmacropores (pore width > 50 nm after

drying). The same cylinder presenting small mesepdpore width = 10 to 15 nm after
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drying) requires 20 h at 30°C and 2 m/s to reachpdete dryness without the development

of cracks.
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1. Introduction

Organic gels are usually dried under supercritczaiditions in order to avoid surface
tensions and shrinkage due to the appearanceuwd-N@pour curved interfaces [1-2]. Even
though some attempts have been made to simplifydtiieg procedure by using freeze-
drying [3] or solvent exchange followed by evapmmaf4], drying processes used up to now
remain time consuming, expensive and discontinuadsch hampers the transition to an
industrial scale production.

Previous works showed that vacuum drying [5-6] andvective drying [7-8], without
any pre-treatment, can be used to obtain porouanarggels, provided that adequate
synthesis conditions are adopted. After pyrolysighly porous carbon materials presenting
a wide range of pore textures are obtained. Negla$k, vacuum drying remains difficult to
apply industrially. On the contrary, convective idgycan be conducted continuously under
atmospheric conditions, which can lead to largedpctivities and lower production costs.

This work focuses on the production of cracks fresorcinol(R)-formaldehyde(F)
xerogels, which is an essential step before pyiolgad production of monolithic carbon
materials. Though not always required, monolitlgicgg crucial in some applications like
electrodes or supercapacitors. When the mechastreasigth of the network is high enough to

withstand the capillary pressures resulting frorap®ration in the pores, the collapse of the



pore texture can be avoided. However, when thendrgonditions are too severe, cracking
may occur. In this study, the influence of the dgyiconditions i.e. air temperature and
velocity, on the shrinkage, the cracking and thdutal properties of the xerogels were
investigated. Since drying kinetics are strongliateel to the material textural properties,
especially to the pore size, three different sysithe€onditions were tested in this work.
Indeed, the pore texture of the pristine RF hydiogan be modified by changing the pH, or
the R/C ratio, of the precursors solution. The effect lué R/C value on the pore size was
already discussed in many previous studies revidwelluhtaseb and Ritter [2]. As a rule,
the pore size and pore volume increase VR increases.

Results show no influence of the drying conditiams the pore texture: the extent of
shrinkage and the final pore volume are complatelyermined by the synthesis conditions.
However, the drying rate must be carefully conadlvhen monolithicity is required: cracks,
leading to the sample breakage, appear when digihgo severe, especially with samples

displaying small pores.e. which are synthesized at high pH.

2. Experimental

2.1. Preparation of RF hydrogels

Hydrogels with various pore textures were prepalad polycondensation of
resorcinol, solubilized in water, with formaldehyde the presence of N@Os. Three
different pH of the precursors solution were acbéwy changing the Resorcinol/Sodium
carbonate molar ratid/C, fixed at 300, 500 and 1000. The resorcinol-fodehlyde molar

ratio, R'F, and the dilution ratioD, i.e. the Solvent{fR+F) molar ratio, were fixed at 0.5



(stoichiometric ratio), and 5.7, respectively. Tibtal amount of solvent takes into account
the deionised water added but also water and melthgstabilizer) included in the
formaldehyde solution. 9.91 g resorcinol (VWR Intional, 99%) were first mixed with
18.8 ml deionised water with the required amoulaiCOs; in 250 ml sealable flasks under
magnetic stirring. The formaldehyde solution (Addii 37% wt. in water, stabilized by 10—
15% wt. methanol) was poured into a separated.flabkhe solutions were then placed in a
thermostated bath at 70°C. After temperature ssalbibn, 13.5 ml formaldehyde were added
to the resorcinol solution. Cylindrical samples sv@btained by casting 6 ml solution into
glass moulds (diameter = 28 mm) and putting theok lia the water bath for gelation and
aging during 24 h at 70°C. A second cylindrical mdouslightly smaller in diameter, was
slipped into the first one and put in touch witle tolution so that the contact between air
and liquid was avoided. Evaporation was preventgdabparaffin film covering both
cylinders. This procedure aims at avoiding thermattia and temperature gradients during
the gelation phase. Moreover, the size of the sasnplas adapted to both the convective

dryer chamber and the microtomograph used to fofbrinkage and cracking during drying.

2.2. Convective drying of monoliths

After gelation and aging, the monoliths were died classical convective rig controlled
in air relative humidity, temperature and velo@pecially designed for the handling of small
samples (a few cm?3) [9]. The sample was contingowsighed during the drying test. Its
mass was recorded every 10 s. The sample surrgsdiare designed so that drying could
occur on the whole external surface. Drying curvegresenting the drying rate (kg/s) vs.

the water content on a dry basW/ (kQwate/KQary soiid), were calculated from the mass



evolution. Dividing the drying rate by the externmkchange area measured by X-ray
tomography [10] yields to the so-called Krischetsves,i.e. the mass flu¥ (Kgyate/(mM?2.S))
vs.water contentyV, commonly used to study drying [11].

Preliminary tests were carried out at 115°C and/ imorder to determine whether the
gels remained monolithic or not under these dryounditions. From the results, an
experimental program was designed for eRéfi value. ForR/C = 1000, no breakage was
observed. Three temperatures were thus tested. {FOand 160°C) at a superficial velocity
of 2 m/s. Three air velocities (1, 2 and 3 m/s)aveasted at the intermediate temperature
(115°C). ForR/C = 300, the preliminary test led to the crackingha gel. Consequently, the
temperature was progressively reduced (70, 50 &@%€)3to find operating conditions
avoiding cracking. The influence of air velocity svatudied afl = 50°C. ForR/C = 500,
intermediate drying temperatures of 70, 92.5 arsf@Clwere adopted and sensitivity towards

velocity was studied at 92.5°C.

2.3. X-ray microtomography

X-ray tomography is a non-invasive technique alluyvthe visualization of the internal
texture of a material. An original methodology ugiK-ray microtomography coupled to
image analysis was previously developed [12] teowlthe textural evolutions of samples,
i.e. shrinkage and cracks development, during a dryapgration. Traditionally, the
measurement of shrinkage occurring during dryinggesformed by destructive or poorly
accurate techniques such as volume displacementonset Cracks detection and
guantification are realised either by destructe@hhiques or sophisticated but expensive non

destructive ones (NMR imaging). X-ray microtomodrgpin combination with image



analysis, provides an accurate, non destructive easy to use technique to determine
simultaneously shrinkage and crack extent.

During tomographic investigation, an X-ray beamsent on the sample and the
transmitted beam is recorded with a detector. Atiogr to Beer-Lambert law, the
transmitted intensity is related to the integralttod X-ray attenuation coefficient along the
path of the beamy. This coefficienju depends on the material denspythe atomic number

of the materialZ, and on the energy of the incident be&maccording to Eq (1):
b23.8
U= p(a+FJ 1)

where a is a quantity with a relatively small eryedgpendence, and b is a constant [13].
Projections (defined by the assembling of trangditieams) are recorded for several angular
positions by rotating the sample between 0 and .18B&n a back-projection algorithm is
used to reconstruct 2D or 3D images, dependinghennmethod used. In the case of 2D
images, each pixel is characterized by a grey lesdlie corresponding to the local
attenuation coefficient.

The X-ray microtomographic device used in this gtuwedhs a "Skyscan-1074 X-ray
scanner" (Skyscan, Belgium). Advanced technicahitbeaibout its conception and operation
are described by Sasov and Van Dyck [14]. The Xs@ayrce operates at 40 kV and 1 mA.
The detector is a 2D, 768x576 pixels, 8-bit X-raynera with a spatial resolution of 41 um.

A drying test was monitored by continuously weighithe sample until drying
completion i.e, until a stable weights. time was observed. In order to follow the sample
shrinkage and to detect the appearance of cratks,necessary to interrupt the drying
procedure at different time intervals, to remove sample from the drying chamber and to

insert it for a while into the X-ray microtomograpltell. The sample was replaced in the



micro-dryer after approximately 2 min. The rotatgiep was fixed at 3.6° in order to reduce
the acquisition time down to 2 min; this angle nag allows to obtain 50 radiographs of the
sample. Limiting the acquisition time is necesdargvoid the relaxation of moisture profiles
and further drying of the sample. Cross sectiopaisged by 0.41 mm were reconstructed
using a cone-beam reconstruction software. Imagé/sis procedures developed previously
[12,15] enabled us to determine the height of them@e from the radiographs, and the
equivalent diameter from the cross-sections. Theluton xerogel volume,i.e. the
shrinkage, as a function of the water content vedrtained from the knowledge of both the
diameter and height. The evolution of the exteswaface area of the sample was used to

obtain the Krischer’s curveg. the drying flux,F, vs.the water contenty.

2.4. Texture characterization

The pore texture of the RF xerogels was charae@rizy analysis of the nitrogen
adsorption-desorption isotherms, determined at Witk a Sorptomatic Carlo Erba 1900
and by mercury porosimetry with a Thermofinnigarsd2h 140 porosimeter. The samples
were outgassed at fCPa during 16 h prior to nitrogen adsorption. Meycporosimetry
measurements were performed between 0.01 and 2@0aét outgassing during 2 h at*10
Pa. The bulk density of the samplps,k, was derived from mercury pycnometry.

The analysis of the nitrogen adsorption-desorpgotherms was performed according to
the methodology proposed by Lecloux [16] in ordedetermine the BET specific surface
area,Sget, the micropore volume calculated by the DubinindiRdnkevich equatioripyg,
and the pore volume calculated from the adsorbéanwe at saturationy,. In the case of

samples containing micropores and mesopores onhg (@ze < 50 nm) and whose isotherm



displays a plateau at saturation, adsorption datpr@cise enough to determine the total pore
volume of the sampl&/,: indeed )\, = V,. However, pore volume measurements by nitrogen
adsorption are not precise enough for samples icomgamacroporesi.e. pores of width
larger than 50 nm, corresponding to relative pnessp/p, > 0.98 following the Kelvin
equation. In the case of macroporous samples, gheif&e volume measured by mercury
porosimetry was combined with the adsorption datadiculate the total pore volum€,.
Since mercury porosimetry is limited to pores largfgan about 7.5 nm, the total pore
volume,V,, is calculated by Eq. 2 [17]:

Vv = Vbus + Veum<7.5nnit Vg (2)
whereVpyg is the micropore volume (pores of width lower ti#amm), Viyq is the specific
pore volume measured by mercury porosimetry,\&pd < 7.5 nm is the cumulative volume
of pores of width between 2 and 7.5 nm determinethe Broekhoff-de Boer theory [16].

Since crushing occurs in most samples during mgr@arosimetry measurements,
Washburn’s law [18] cannot be used for the deteation of the pore size distribution. The
theory introduced by Pirard et al. [19-20], whidkedtly relates the pore size to the mercury
pressure, can be used when collapse occurs ioalyyhen the pores of decreasing size are
successively completely eliminated by crushing l@s mercury pressure increases. This
mechanism implies then a total compaction of thegpof size larger than a given limit, the
pores of smaller size remaining unchanged. Howeteseems that RF xerogels do not
collapse but that all the pores are compressedltsinaously [21]. Therefore, their size
would decrease during compression and no relatipristtween the mercury pressure and
the pore size could be deduced. Though no pore digtgibution can be pertinently
established at the moment, the porosimetry cureesbe compared in order to highlight

similarities or differences between xerogels. Mesrp whatever the mechanism (intrusion



or crushing), it is to be noted that the recordetime V4 corresponds to the cumulative
volume of pores larger than 7.5 nm [22]. As a cqnseace, EqQ. (2) remains valid whatever

the mechanism.

2.5. Sample designation

The samples are denoted as follows: the letteroX Xerogel) is followed by the
values of theR/C ratio, the drying temperature (°C) and air velp¢in/s). For example, the
sample X-1000-115-2 corresponds to a gel syntheésith R/C = 1000 and convectively

dried at a temperature of 115°C, the air velocéing fixed at 2 m/s.

3. Results

3.1. Shrinkage behaviour

Figs. 1 and 2 display the shrinkage curves,the sample volume divided by its initial
valuevs.the normalized water content, obtained for the¢R/Cratios under various drying
conditions. Some curves are incomplete becaudsedfreakage of the sample during drying.
Fig. 1 shows that the degree of final shrinkagereiases with decreasing/C and is
independent of the drying temperature. The voluetkiction is about 10-15% whé&iC =
1000, while the final sample shrinkage reaches &#b6% and 60% wheR/C = 500 and
300, respectively. AR/C = 300, the final volume mentioned above is thatamied with
sample X-300-30-2; indeed, drying at higher temjueealeads to the breakage of the sample.

The data obtained &/C = 500 andR/C = 300 are characterized by a linear part followgd
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a plateau that begins when shrinkage stops. Tkearlipart corresponds to ideal shrinkage,
i.e. a volume reduction corresponding exactly to theiwe of removed water. Fig. 2 shows
that shrinkage is independent of the air velochoreover, the evolution of height and
diametervs. the water content (not shown) are very similar,iciwhindicates that the

shrinkage is isotropic.
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Fig. 1. Shrinkage curves: influence of the dryieghperature an@/C ratio. v,y = 2 m/s.
(®) X-1000-70-2; @) X-1000-115-2; @A) X-500-70-2; () X-500-92.5-2;
(A) X-500-115-2 (incomplete — breakagd)])(X-300-30-2; @) X-300-70-2 (incomplete —

breakage); @) X-300-115-2 (incomplete — breakage).
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Fig. 2. Shrinkage curves: influence of air velocitR/C = 500 — T = 92.5°C.

(0) X-500-92.5-1; () X-500-92.5-2; ©) X-500-92.5-3.

3.2. Drying kinetics

Table 1 presents some drying characteristics ofitteen samples: the total weight loss
AM, the initial water conteni\, the final volume divided by the initial value//Vo):, the
drying time,t;, corresponding to mass stabilization, and thel saaple stateAM andWy
are almost constanin\fd = 65.0 to 69.3% W, = 1.86 to 2.25) because these parameters
essentially depend on the dilution rati®, considering that the polycondensation reaction
reached the same advancement state for all samlesdrying time depends on bd®iC
and drying conditions. Globally, drying gets fastghen (i) R/C increases, (ii) the air
temperature increases (iii) and the air velocitgrélases. At constam/C ratio value, the

drying time is mostly influenced by temperature.rtuver, the effect of temperature is more



12

pronounced at lovir/C values. WherR/Cis low, it is very difficult to combine fast drying

with the preservation of a monolithic structuremiperature has to be reduced to 30°G/at

=2 m/s) to avoid the cracking and breakage oktmaple.

Table 1.

Drying characteristics

Sample AM W, (VIVo)s t Final state
(%) (KQwate/KGary solid ¢) (min)
X-1000-70-2 66.7 2.00 0.87 250 monolith
X-1000-115-1 68.3 2.15 0.85 149 monolith
X-1000-115-2 66.9 2.03 0.88 133 monolith
X-1000-115-3 65.5 1.90 0.85 108 monolith
X-1000-160-2 67.3 2.06 0.87 68 monolith
X-500-70-2 67.8 211 0.53 334 monolith
X-500-92.5-1 68.0 211 0.55 376 monolith
X-500-92.5-2 68.2 2.14 0.50 250 monolith
X-500-92.5-3 69.3 2.25 0.50 205 monolith
X-500-115-2 68.5 2.18 a. 108 fragments
X-300-30-2 65.2 1.89 0.40 1204 monolith
X-300-30-3 65.2 1.87 a. 1134 fragments
X-300-50-2 68.6 2.18 a. 1069 fragments
X-300-70-2 68.7 2.20 a 416 fragments
X-300-115-2 65.0 1.86 a. 167 fragments

AM: total weight loss\W: initial water content; \{/Vo)s: final volume divided by the initial volume of the

sample;: total drying time.

- not measurable (sample breakage).
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Krischer’s curves obtained for RF xerogels synttessiwith R/C = 500 are plotted in
Figs. 3 and 4. The same trends are observedR¥ih= 300 andR/C = 1000. After a short
preheating zone, a constant drying flux periodbseoved, followed by a long decreasing
drying flux period. The results clearly show anrgase of the drying flux when temperature
or air velocity increases. This result is in agreatmwith the reduction of the drying time
observed (Table 1). At the end of drying, the cargerresponding to various air velocities

overlap (Fig. 4) while they remain separated whiea influence of the temperature is

investigated (Fig. 3).
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Fig. 3. Krischer’s curves: influence of the dryitegnperature aR/C = 500. @) X-500-70-2;

(A) X-500-92.5-2; @) X-500-115-2 (incomplete — breakage).
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Fig. 4. Krischer’s curves: influence of the aira@ty for R/C = 500. (&) X-500-92.5-2; K)

X-500-92.5-1; @) X-500-92.5-3.

Fig. 5 shows the influence &/C on the drying flux for a particular set of openati

conditions Y,ir = 2 m/s,T = 70°C). The flux at the plateak, is almost the same wh&iIC =

300 andR/C = 500 but is clearly lower &@/C = 1000. At the end of the drying process

(WWp < 0.2), the three curves overlap.
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Fig. 5. Krischer’s curves: influence of tRéC ratio on the drying fluxT = 70°C,var = 2 m/s.

(®) X-1000-70-2; &) X-500-70-2; W) X-300-70-2.

3.3. Evolution of the textural properties duringidg: cracking

As indicated in Table 1, some samples remain mtmolwhile others break during
drying. However, some cracks may appear duringndrgven though the material remains
monolithic at the end of the process. Two differbehaviours are observed. On the one
hand, for the samples obtained WRIC = 1000, some cracks appear at the outer border of
the cylinder during drying, and then close up pesgively at the end of the process because
of stress inversion. This is illustrated by crosst®n images obtained at decreasing water
contents for sample X-1000-115-2 (Fig. 6). Only Briraces of cracks can be distinguished
on the dried gels. This behaviour was observedlfagels synthesized &/C = 1000. On the

other hand, depending on the drying conditionss gétained wittR/C = 500 orR/C = 300
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remained monolithic (Fig. 7) or cracked. Crackiegds to irreversible breakage in some
cases (Fig. 8). The air velocity hardly affects thacking of the sample, whatever tR&C
ratio, while the temperature has a great influeAtdigh R/Cvalues, the material withstands
high temperatures without development of cracks. the contrary, relatively low

temperature (30°C) has to be use®4k = 300; otherwise the sample completely breaks out.

a b c

Fig. 6. Sample X-1000-115-2. Cross-sections atouaristages of drying. (&y/Ws = 0.23,

(b) W/ = 0.10, (C)\W/Wb = 0.001.

a b c

Fig. 7. Sample X-300-30-2. Cross-sections beforel after drying (a)W/W, = 1,

(b) W/W = 0 and (c) radiograph of the monolith at the ehdrying atW/W = 0.
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Fig. 8. Sample X-300-70-2. Cross-sections before after drying (@)W/W, = 1,

(b) W/Ws = 0 and (c) radiograph of the sample at the erathyphg atW/W, = 0.

3.4. Textural properties of the dried gels

Table 2 displays the textural properties of theedirsamples. For eadR/C ratio, the
textural properties, especially the total pore wodyV,, and the micropore volum¥pyg, are
totally independent of the drying conditions.

Typical adsorption-desorption isotherms obtained dachR/C value are displayed in
Fig. 9. For a giverR/C value, the isotherms are identical whatever thendrgonditions.
Gels obtained aR/C = 300 andR/C = 500 are micro-mesoporous (combination of type |
isotherm at lowp/py and type IV isotherm at high'po), while samples prepared wiR/C =
1000 are micro-macroporous (combination of typesdtherm at lowp/p, and type Il
isotherm at highp/pog). The pore width is about 10-15 nm and 35-40 nm damples
synthesised aR/C = 300 andR/C = 500, respectively. Mercury porosimetry measursie
were performed on samples containing macropores(&4C = 1000). Fig. 10 shows typical
mercury porosimetry curves obtained with these $asnpAll the curves are practically

superimposed. Crushing first occurs ugPte 30 MPa, then intrusion begins and goes on up
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to the maximum mercury pressure. The specific poteme, Vg, ranges from 1.72 to 1.86

cm3/g, which is not significantly different.

Table 2.

Textural properties

Sample Sser Vous Vo Vhg Vy Pbulk
(m?/g) (cm?/g) (cm?/g) (cm?/g) (cm?g) (g/cm3)
+5 +0.01 +0.05 = 0.05 +0.1 +0.02
X-1000-70-2 180 0.09 0.85 1.81 2.0 0.37
X-1000-115-1 165 0.08 0.65 1.86 2.0 0.37
X-1000-115-2 145 0.07 0.65 1.72 2.0 0.36
X-1000-115-3 215 0.09 0.90 1.77 1.9 0.39
X-1000-160-2 130 0.07 0.60 1.82 1.9 0.38
X-500-70-2 315 0.15 0.85 2 0.8 0.67
X-500-92.5-1 325 0.15 0.80 2 0.8 0.68
X-500-92.5-2 315 0.14 0.80 -2 0.8 0.69
X-500-92.5-3 315 0.15 0.85 -2 0.8 0.68
X-500-115-2 330 0.15 0.80 2 0.8 0.68
X-300-30-2 300 0.13 0.40 2 0.4 0.93
X-300-30-3 300 0.14 0.40 2 0.4 0.94
X-300-50-1 365 0.17 0.35 2 0.4 0.92
X-300-50-2 305 0.14 0.35 -2 0.4 0.94
X-300-70-2 295 0.13 0.30 -2 0.3 0.98
X-300-115-2 330 0.15 0.35 -2 0.4 0.95

-# not measured (micro-mesoporous sample).
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Fig. 9. Nitrogen adsorption-desorption isotherm®) (R/C = 1000; &) R/C = 500;
(H) R/C=300.
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Fig. 10. Mercury porosimetry curves for samples tisgsized with R/C = 1000.
(M) X-1000-70-2; @) X-1000-115-1; @&) X-1000-115-2; @) X-1000-115-3;

(X) X-1000-160-2.

4. Discussion

In the case of an ideal shrinkage, a volume reduction corresponding exactly to the
volume of removed water, one can apply Eqg. 3, wigeres the initial solid concentration
(Eq. 4),0s and g, are the skeletal density of the resin and theitleaswater, respectively.

W represents the initial water content, expressea ary basis.

Voo Ps
v ¢{1+ ,oJW ®3)

1
P, = o (4)
14w, 2o
Puw
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Since all the samples were prepared with the sahagod ratio, i.e. the same initial solid
concentrationgy, the linear part which is observed on Figure 1damples synthesised at
R/C = 300 andR/C = 500 indicates a zone of ideal shrinkage, whasene differs according
to theR/C ratio. During this period, no porosity is creatédom the value of the slopéy
and o5 are estimated to 0.25 cm3/cm?3 and 1.5 g/cm? wisich agreement with picnometry
measurements. The final volume reduction is govktethe balance between the capillary
tensions exerted by water in the pores and the amécdl resistance of the gel matrix [23].
The smaller the pore size in the initial wet mattixe higher the capillary pressure, which
explains the higher shrinkage extent observed \at RéC ratio. Indeed, according to the
addition-condensation scheme governing the systbm,mean pore size inside the wet
network decreases when the pH of the precursowi@olincreases,e. when theR/C ratio
decreases [2,24,25].

Each Krischer’s curve is characterized by a plajeanstant drying flux) followed by a
decreasing phase (Fig. 4). The plateau indicatas tleat and mass transfer rates are
controlled by extragranular limitations only, whiale located in a boundary layer at the gas-
solid interface. The internal transfeg. water diffusion, mainly, is fast enough to ensiie
feeding of the sample surface with water. A deaeazsthe drying flux means that internal
transfer limitations appear. During a first dechegzone, moisture gradients develop inside
the solid. Internal and external transfer limitagooccur simultaneously. Then, the
evaporation front progressively recedes insidesibled: internal limitations totally control
the drying process.

When external kinetics limitations are predominéme, mass flux can be expressed as the
product of a mass transfer coefficiekt ifi/s) and a driving potential as represented hy5Eq

[26]. The driving potential corresponds to the eliénce between air humidities prevailing in
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the bulk of the drying agentY{ Kowate/KGQai) and at the air-solid interfaceYs((Tw),
KQwate/KGair), 1.€. the humidity of air saturated with water at thet-welb temperaturel,, in

purely convective conditiong is the density of humid air (kg/m3).

F. =ko,[Yu(T, ) - V. (5)

When the drying temperature increases, the wet-bebperatureT,, increases,
which leads to the augmentation of the humiditthatinterfaceYsa(Tw). As a consequence,
the mass fluxF., also increases. It must be noted that the dri@ngperature affects the
drying kinetics not only during the constant flukgse, but throughout the drying process.
This can be attributed to the Arrhenius type bemaviof the water diffusion coefficient,
which controls mass transfer during the last stagelsying. The influence of air velocity is
related to the mass transfer coefficient, whichlea® as a power law function of the air
velocity [27]. When the curves overlap (Fig. 4)ansfers are purely limited by internal
resistances.

Two kinds of behaviour are observed in this worbr samples obtained wifR/C = 300
andR/C = 500, the transition between the plateau andldoeeasing flux period occurs at a
water content which exactly corresponds to the @nshrinkage. During the contraction of
the sample, the external surface remains satussitdwater and the drying flux remains
constant. For these samples, cracks appear akeerld of shrinkage. In fact, internal
diffusional limitations induce moisture gradientghich cause mechanical stresses [28].
Cracks progressively develop when stresses exteethéaximum breakage resistance of the
material. Since the internal water diffusion cagéfint decreases with decreasing pore sizes,

the moisture gradients and, consequently, thetreguhechanical stresses, are steeper when
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the sample contains small pores. This explains thibybreakage of the sample is favoured
by low R/C values. For samples obtained wiiC = 1000, no clear transition can be
observed because shrinkage is not important. herageems that, in this case, both internal
and external transfer limitations coexist from theginning to the end of drying. The
evaporation front quickly recedes inside the sdlidis result explains why the level of the
flux plateau is lower for samples prepared WRIC = 1000 (Fig. 5). In the case of purely
external transfer limitations, the same value ¢¢ tonstant flux,F;, should have been
observed for all the samples, whatever RI€ ratio. On the contrary, the zone where the
curves are superimposed corresponds to pure ihtemidations. The total drying time
decreases with increasiiyC ratio, even though the mean drying flux is lowHEnis comes
from the fact that the external area evolutisnwater content, which can be related to the
shrinkage behaviour, depends BfC. At R/C = 1000, the external area hardly decreases
during the course of drying, remaining about twoes larger than that of samples obtained
with R/C = 300. This explains why shorter drying times albserved wheiR/C = 1000: the
drying rate,i.e. the drying flux multiplied by the external exchargea, is higher. This is
particularly critical for the removal of the lasd% of water: the drying fluxes are equal for
the three synthesis conditions (Fig. 5) but themdl exchange area increases \Rt@.

The textural analysis shows that the pore textéitbeodried gels does not depend on the
drying conditions: the textural characteristicsttud samples are completely pre-determined
by the synthesis variableR/C, mainly). The same is observed for the shrinkagfgaliour.
This means that the final texture can be entirelytiolled by adequate synthesis conditions
but also that the drying step can be accelerateahitdmize the production time without

altering the pore texture. However drying condisiohave to be softened when the
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monolithicity of the sample is crucial. For samptestaining small pores.e. when the gels

are synthesized at loR/C, the drying operation can take more than 20 h.

5. Conclusions

Convective drying is a suitable method for the piibn of hyperporous organic
materials from RF hydrogels. After pyrolysis, thesaterials develop high specific surface
areas and pore volumes, as obtained when vacuumgdis/ used. Compared to vacuum
drying, the convective process presents severarddges: costs are lower, the process is
widely used in industry, and can be easily operatedinuously at large scale.

The shrinkage underwent by the RF gels is isotr@gmd totally independent of the
temperature and velocity of air used as drying ag&he shrinkage and the textural
properties are completely determined by the origiesture of the wet gel, which is itself
fixed by the synthesis variables. Shrinkage is taed by large capillary forcegse. small
pore sizes. According to the addition-condensasidmeme governing the system, the mean
pore size inside the wet network decreases whephhef the precursors solution increases,
i.e. when theR/Cratio decreases [2]. This explains the observatitire lower th&/Cvalue,
the smaller the pore size and the higher the sagak

The analysis of the Krischer’s curves shows twomalying phases. During the constant
drying flux phase, corresponding to the shrinkageqal, the transfers are controlled by
external limitations: increasing the temperatureth@ air velocity leads to increasing the
drying flux. The plateau is followed by a long degsing flux period due to growing internal
transfer limitations. At the beginning of this petj both external and internal transfer

limitations coexist. The zone corresponding to paternal transfer limitations is detected at
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the end of drying by the superimposition of thevesrobtained at the same air temperature
but at different air velocities.

The total weight loss is quite identical for aleteamples prepared at the same dilution
ratio (65-68% wherm = 5.7). The drying time can be reduced by increaghe temperature
and the velocity of air. When monolithicity is red, the drying flux must be carefully
controlled: cracks appear when the drying cond#tiare too severe, especially at I84C
ratio. The drying temperature and air velocity lgefixed at 160°C and 2 m/s respectively,
about 1 h is needed to dry a 2.8 cm in diameterJlanch in height macroporous cylinder
(pore width > 50 nm after drying). On the contratlye same cylinder containing small
mesopores (pore width ranging from 10 to 15 nmraftging) requires 20 h at 30°C and 2
m/s to reach complete dryness without the developiwfecracks.

The study of convective drying of RF gels enablgegaiconsider the development of a
basic and quite affordable industrial process far production of porous carbon materials
with tailored texture. This process avoids the neogiensive steps of the drying techniques
commonly used in studies found in the literatuikeg Isolvent exchanges or drying under
supercritical conditions, and could be operatedinanusly under atmospheric pressure, at
moderate temperature. The drying step could becttirdollowed or even coupled to
pyrolysis in order to optimize the whole processir @ture work will be dedicated to the
study of the influence of air humidity on both tleying kinetics and the cracking of the
samples. Indeed, it is well-known in the agro-fandustry that the use of air with high
humidity for drying is a way to avoid cracking, htialso slows down the drying process.
Finally, the production of larger, non symmetriqarts, which are more sensitive to

mechanical stresses, will be investigated. Thid wduire the development of a coupled
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hygro-thermo-mechanical model in order to deternaind minimize the stress field and its

evolution during drying.
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Figure captions

Fig. 1. Shrinkage curves: influence of the dryieghperature an/C ratio. v,y = 2 m/s.
(®) X-1000-70-2; @) X-1000-115-2; @A) X-500-70-2; ) X-500-92.5-2;
(A) X-500-115-2 (incomplete — breakagd)])(X-300-30-2; @) X-300-70-2 (incomplete —

breakage); @) X-300-115-2 (incomplete — breakage).

Fig. 2. Shrinkage curves: influence of air velocitg/C = 500 — T = 92.5°C.

() X-500-92.5-1; () X-500-92.5-2; O) X-500-92.5-3.

Fig. 3. Krischer’s curves: influence of the dryitegnperature aR/C = 500. @) X-500-70-2;

(A) X-500-92.5-2; @) X-500-115-2 (incomplete — breakage).

Fig. 4. Krischer’s curves: influence of the aira@ty for R/C = 500. (&) X-500-92.5-2; K)

X-500-92.5-1: #) X-500-92.5-3.
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Fig. 5. Krischer’s curves: influence of tRéC ratio on the drying fluxT = 70°C, v, = 2 m/s.

(®) X-1000-70-2; &) X-500-70-2; W) X-300-70-2.

Fig. 6. Sample X-1000-115-2. Cross-sections atouaristages of drying. (&y/Ws = 0.23,

(b) W/ = 0.10, (C)\W/Wb = 0.001.

Fig. 7. Sample X-300-30-2. Cross-sections before after drying (@QW/W, = 1,
(b) W/W, = 0 and (c) radiograph of the monolith at the ehdrying atW/W = 0.
Fig. 8. Sample X-300-70-2. Cross-sections before after drying (@QW/W, = 1,

(b) W/Ws = 0 and (c) radiograph of the sample at the erahyphg atW/W, = 0.

Fig. 9. Nitrogen adsorption-desorption isotherm®) (R/C = 1000; &) R/C = 500;

(W) R/C = 300.

Fig. 10. Mercury porosimetry curves for samples tisgsized with R/C = 1000.

(M) X-1000-70-2; #) X-1000-115-1; @A) X-1000-115-2; @) X-1000-115-3:

(X) X-1000-160-2.

Table captions

Table 1.

Drying characteristics



Table 2.

Textural properties
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