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Abstract: Inverse liquid chromatography experiments were quaréd on five mesoporous alumina catalyst
supports with similar porosity and different poizedistributions. By varying the size of the malke tracer, it was
shown that the diffusion regime in our conditioasmolecular diffusion. Hindered diffusion was natserved even
for squalane, a §g molecule. Using the slope of the Van Deemter eéqoathe tortuosity of each alumina support
was determined. The results are in disagreemerit lit@rature correlations: although all alumina pogs had
similar total porosities, the measured tortuosedjues are really different and much higher thars¢hpredicted by
these theoretical models. This discrepancy has besgslved by assuming a two—level pore network rggdion,
whose characteristics can be entirely estimatedn fl@ classical nitrogen adsorption isotherm. Thisips
methodology allows to evaluate the mass transfenésoporous alumina supports knowing their textpraperties,

which is an important issue for the design andnoigition of numerous catalytic processes.

Keywords: Alumina support; Inverse liquid chromatographytetnal diffusional limitations; Tortuosity; Pore

network; Pore size distribution.



1. Introduction

y-Aluminas are used as catalyst supports in a yagiethemical and refinery processes. It is paldidy the case
in the field of petroleum (and recently biomassid®t oil) hydrotreating. Different support charagttics have a
direct impact on the final activity of the catalyamongst which are the surface area and chemikgymechanical
strength and the mass transfer properties. Ovepdbedecades, a large amount of research haglbdamated to the
optimization of the catalyst active phase (i.e. imngzation of the selectivity and of the chemicahddic rate),
whereas mass transfer properties have been edlseptia aside. As the particle size of industriatalysts is
generally chosen to be large in order to limit bieel pressure drop, mass transfer in the catalyst petwork may
now become the limiting step for the new generatibrindustrial hydrotreating catalysts, in parteufor heavy
liquid petroleum fractions such as vacuum disgéabr biomass-derived pyrolysis oils. It is therefaecessary to
improve the characterization of mass transferapfitls in mesoporous alumina supports in order ttebanderstand
the relationship between the synthesis conditithrestextural properties and the mass transfer ikinet

Over the years, many experimental techniques haem limplemented to measure mass transfer kinatics i
porous solids. Given the constraint of liquid phd#éusion, Pulsed Field Gradient Nuclear Magndesonance
(PFG-NMRJ*? and inverse chromatograpflycan be considered as the most adequate. Becaisssiiple to
operate and gives access to transport parametgenga self-diffusion coefficients for PFG-NMR)nverse
chromatography was selected for this study. RecerSiyukup et al.!”! evaluated diffusion coefficients in
hydrotreating catalysts and supports by inverseroatography. However, the experiments were opeilatéte gas
phase and Knudsen diffusion was the predominansp@t mechanism. Hence, the texture effects ffample the
influence of the pore size distribution) cannotdstrapolated to the liquid phase. To the best of lawowledge,
Inverse Liquid Chromatography (ILC) to study mesausralumina supports has never been reported ilitehature
so far. Nevertheless, the use of ILC to charactdremesport properties of large molecule in silies lalready been
reported.

Two major difficulties arise when studying massnsf@r of high molecular weight hydrocarbons inside
mesoporous alumina supports.

First of all, the porous structures of industriinaina supports strongly depend on their synthesiglitions, are
highly complex and still not well characterized. Alumina catalyst support (L mm of diameter) is essentially the
result of the stacking of millions of elementarymina nanocrystals=(10 nm of diametefJ. Given their tiny size,
and their tendency to aggregate, the exact morgkadd the nanocrystals and of the porous volumateckin their
vicinity is generally not accessible by microscofachniques. The pore volume is therefore mostiratterized by

mercury porosimetry and nitrogen adsorption ansjygielding pore volumes and pore size distribigiodsing



different techniques, a recent study postulated ahamina catalyst supports are constituted ofeddfifit scales of
porosity?.

The second difficulty is related to the diffusiorechanism, which in liquid phase can be either mosec
diffusion (when intermolecular collisions are doam, i.e. when the size of the molecule is smathgared to that
of the pore) or hindered diffusion (sometimes chBarface diffusion, when the interactions betwdenmolecule
and the surface become predominant). For high rnal@eeveight hydrocarbons in mesoporous pores, ribtsclear
which diffusion regime is rate-limiting, and thisférmation has to be determined experimentally.

In the molecular diffusion regime, the conventioapproach to account for the effect of the porcetsvark is to
introduce a correction of to the molecular diffusimefficientD,,, by two textural parameters, the particle porosijty
and the tortuosity in order to obtain the well-known effective diffas coefficient:D, s = Dy,. £,/7 (1)

The porosity represents the void fraction inside plorous particles and can easily be evaluated @lassical
porosimetry techniques. Evaluation of the tortyosfta given porous system isowever much more complicated.
From a geometric point of view, the tortuosity egents the ratio between the total length of tffasion path of the
fluid in a porous medium and the correspondinggititdine distance. From a macroscopic point ofwiequation 1
links two diffusion coefficients, with and withottie presence of the porous medium, and define®theosity as a
correction factor that is necessary to accountterpresence of the porous medium once the vodtidrahas been
taken into account. The tortuosity factor therefdepends on the support porosity (i.e. the tortyaicreases, if the
void fraction increases) and the network structbrg, in the molecular diffusion regime, it doeg depend on the
size of the molecular tracer. Indeed, if molecwéstrongly differing sizes are not able to follole same paths in
the porous network, the diffusion mechanism isaethindered.

The simplest way to evaluatds to apply one of the numerous of theoretica¢mpirical relations betweenand
gp that have been proposed in literattif® Unfortunately, to select an appropriate relat@mgood knowledge of the
geometric properties of the system (shape, sizes#al distribution of the elementary nanocrystésyequired,
which is rarely available for most alumina suppoitoreover, “real” solids often differ significagtifrom ideal
stacking systems considered in theoretical wotkis. therefore often necessary to evaluagxperimentally. To do
so, the best solution is to measure the effectiffesion and use equation (1) to calculate theutmsity factor.

In this work, five mesoporougalumina supports of equal porosity and differeatepsize distributions were
studied. To characterize their diffusional propesti inverse liquid chromatography (ILC) experimemtere
performed with two molecules of strongly differesizes: methylcyclohexane {8,,) and squalane ¢gHg,). Both
tracers were diluted im-heptane to determine both the diffusion regime #mel tortuosity values. Finally, a
decomposition of the porosity into two differentrpos networks is proposed to explain the diffusiehavior inside

the studied materials.



2. Experimental

2.1.Materials and texture analysis

Five boehmitey-alumina supports, provided by IFPEN, were studiethis work. They-alumina supports are
obtained by precipitation of aluminum salts in ajueous solution. The boehmite precipitate wasréitteand
washed. Shaping involves the passage from a boehpoivder to support pellets. The extrudates dabai. Their
diameter ranges from 1.2 to 2 mm and the length®s 2 to 6 mm. A thermal treatment at high tempeeaffrom
798 to 1248 K) was performed to obtain the fingbart. The aim of these thermal treatments is tiinope the
particle size, which increases with temperature, dlierage pore diameter, the total pore volume,thedurface
area. The finaly-alumina support has a purity > 99 % by weight. Hugled impurities, introduced during the
precipitation in the aqueous solution, are P, Naar@ Mg elements. These impurity quantities haveeffect on
textural properties.

Textural properties were measured by physical génoadsorption on an ASAP 2420 instrument and tmeliu

pycnometry on an Accupyc 1340 instrument. The BETase are&pr, the pore volum#, and the microporous

volume were evaluated form the nitrogen isotherrelitth pycnometry provided the structural dengity The

porosity &, of all the studied solids was determined accordimghe following expressiore, = v:_j:pi (2). The
textural properties of all alumina supports areortgd in Table I. All studied alumina supports ateictly

mesoporous. As the alumina supports were selegthévte very similar porosities in order to focustioa tortuosity
effect, the porous volume and structural densiy eery close for all samples. Only the BET surfaceies
significantly, meaning that the nanocrystals usadtlie alumina support synthesis display diffemnface/volume
ratios. The BJH method was used to estimate the gipeedistributions of the studied alumina suppoegfsorted in
Figure 1 from the nitrogen desorption branch. Theesize distributions of the different samplesyvgignificantly.

Alumina supports B and D seem to be almost monoedssp while the three others are at least bim@#aides, the

maximum of the curve is around 5 nm for sample 4 aearly 17 nm for sample E.

2.2.Inverse liquid chromatography

Inverse liquid chromatography (ILC) was used to abtarize the diffusion properties in alumina supgofhe

ILC setup is presented in Figure 2.



Stainless columns of 50 cm in length and 1 cm tarimal diameter were filled with crushed and sieskdnina
supports. The mean alumina support rajjiwere measured by laser granulometry with a Maters8000. All
samples were activated under nitrogen (1 N).4t 350 °C with a 5 °C.mihramp for 12 h prior to measurement.

A probe molecule diluted in a solvent was used &acer. The solvent and the tracers were choseatisfy the
following criteria: they needed to be miscible, éaa low adsorption coefficient on aluminas, haviedint
refractive indices, and the tracers needed to ltifferent molecular sizes. Binary solutions contagni3 wt% of
methylcyclohexane (MCH) or squalane (SQ) as traoen-heptane (C7) solvent were used, and respectively
designated as MCH-C7 and SQ-C7.

The inverse chromatography experiments were pegdrat 35 °C, starting with columns that were itiitifilled
with the solvent. Liquid flow rates were varied rfral to 10 cm per minute. A 4-port valve connects either the
solvent circuit or tracer solution circuit to thelemn. The tracer inlet concentration to the coluwvas therefore a
step function in the ILC experiments. The tracedaiutoncentration was measured at a frequencytdf by an
online UR24 High Accuracy refractometer with abseltgfractive index precision of 0.00007 nD. Aftee tsystem
reached equilibrium (i.e. the tracer concentratibthe outlet of the column has reached the imdatentration), pure
solvent is injected in the column. Hence, for eaxperiment, both the positive steps (breakthrougies) and the
negative steps (inverse breakthrough curves, albedcpurge curves) were performed. From the makmbes, the

amount of adsorbed tracer and the explored porositye porous aluminas can be determined.

2.3.Mass transfer modelling

Transport parameters were evaluated using theafirtdtsecond moments of the experimental respBhses an
inverse liquid chromatography experiment with gdienction as input, the first momepnt is equal to the mean
residence time of the tracer within the column, levihe second moment characterizes the disperditimedracer.
Instead of the second moment, the standard dewiaticecond central momes? (&) is usually preferreds? =
2.1, — 11? (3), where sigma represents the standard deviation

The theoretical moments, containing the mass teanirameters, depend on the column model thateid. dror
a mono-disperse linear model, the expression ofitstemoment does not depend on the mass trapsiperties and

is given by the following equation, for a mono-disge linear mod&l:
w = 5[1 + (1;—5)1(] )
where L is the column lengthy; the interstitial velocity of the fluidg; the interstitial or bed porosity ard is
referring to the following expression:

K = (Ep + (1 - ‘gp)'Kj) (5)



whereK; is the local slope of the co-adsorption (SQ/C7 @H/C7) isotherm, and, the porosity of the porous
support.

The second central moment is defined by:

0t = 2.(5).(2).(1+ (59).k) +2.(5).(B+52) (59 k2 0

whereD, is the axial dispersion coefficient in the packed,k, the external fluid film mass transfer coefficient,

andD. the effective diffusion coefficient inside the pas particles.

The evolution of the experimental moments with ititerstitial velocityv; is commonly studied via the Height
2

Equivalent to a Theoretical Plate, HETP, and isngef as followsHETP = %.L (7). This concept is analogous to
1

the approach by continuous stirred tank reactorsTR3} in series of a of a non-ideal flow reactor. Bomono-

disperse model:

oD [Rp 1 Ry®
HETP = 2.1+ v, [kf + S.Deff] X 8
%) g2
with X = 5.%(9)
3 i 2
(1+<£—i).K)

whereX is the column factorR,/ks is the external diffusion characteristic time akyf /D, is the internal
diffusion characteristic time. The column factoused to take into account the interstitial pokosiithin different

columns. If the main contribution to the mass tfankmitation is external diffusion, equation (8¢comesHETP =

2.%+vi.i—".x (10). On the other hand, if internal diffusionlisiting, equation (8) become${ETP = 2.2 4
i f

Vi

1 Ry
Ui.g.;ff.X (ll)

Axial dispersionD;, in the packed bed is due to two main mechanismo¢ecular diffusion and turbulent mixing.
Considering that these effects are additive gidgs= y;. Dy, + 2.7,. Rp. v; (12)
wherey; andy, are constants.

Combining equations (8) and (12) yields a relatluat takes the same general form as the van Deea@tion:

HETP = A, + % + A;.v; (13). In this equation, the constant tedAmdepends on the particle size, teimdepends

on the molecular diffusion coefficient, while terdy depends on particle size, external fluid film méasssfer,
effective diffusion, adsorption, interstitial poitys and particle porosity.

In the liquid phase, the terw.D,, is negligible compared t@.y,.R,.v;, and parameted, is generally
negligibld®. The HETP should therefore increase linearly with and its sloped; is directly related to mass
transfer and adsorption properties. When adsormt@onbe neglected (which is the case for our systeas will be

shown in section 3.1.), equation (5) beconies: ¢, (14).



3. Results

3.1.Internal diffusional limitation

As shown by equations (10) and (11), the radiuthefalumina support particles does not have the sexpact
on internal and external (film) diffusion limitatis. It is therefore possible to separate externdliaternal mass
transfer contributions by performing experimentthveilumina supports of different sizes. ILC expenisawith SQ-
C7 were performed on alumina D particles of différgres. Two columns, indexddand2, were filled with alumina
support particles with a mean radius of 0.303 ad@D mm respectively. The evolutions of the HETRhasfunction
of interstitial velocity are reported for both colos in Figure 3a. As expected, the experimentatbasared HETPs
vary linearly with interstitial velocity, which alvs to determine the mass transfer limitation pridge The linear
regressions of these curves provide the charatitetime for diffusion,4;. Table Il reports, for both columns, the
ratio of the slopes and the single and squaredsrati alumina support radii corrected by the coldfautorsX;. The
value of ratio of the slopes is equal to the rafithe squared particle radii, demonstrating thatresistance from the

external diffusion is negligible in the overall rmasansfer. Equation (8) therefore becomes equétibn

3.2.Molecular diffusion regime

To identify the influence of the tracer size on thensport property in alumina support, ILC measw@m®ts for
MCH-C7 and SQ-C7 solutions were performed on alumipgosrt D. In the experiments, the first momentginéibn
time) is the same for both tracers, but the seecnohents are different. For all aluminas, the exgguorosity, both
with methyl cyclohexane and squalane as tracer cutde, was also in agreement with the helium aribgen
measurements. Moreover, the competitive adsorptias found to be negligible. In the studied condsiothe
breakthrough curves and the inverse breakthrouglesuyas defined in section 2.2) could not be miigtished, since
neither the solvent nor tracers adsorb. Hence, lmttves provide identical information and can besdus
interchangeably to estimate the slope of the HEOIRe; as the same values for the first and secomment were
obtained.

Figure 3b shows the evolution of the HETP withititerstitial velocity for both tracers. If the di§ion regime is
molecular, the tortuosity should be the same fdh bmolecules and correspond to the geometricalidsity of the
porous network. If hindered diffusion is not nedlig, the effective diffusion should be smaller fiwe bigger
molecule (SQ) and if the porosity remains constéme, corresponding tortuosity increases. Effectiffusion

coefficientsD,; estimated from the curves slopes are given in€T bl By repeating several breakthrough curves



on various columns with the same solid, it was shévat the effective diffusion coefficients can determined in
our system with a relative error of 5%.

In order to calculate the tortuosity, molecularfutifon coefficients for both solutions have beetinegted from
the Hayduk and Minhas correlatilbh The molecular diffusion coefficients and tortupsialues (calculated from
equation (1)) for both tracers are given in Tallledr alumina support D. The tortuosity values #ine same for
MCH-C7 and SQ-C7. Since the tortuosity does not weitih molecular size, hindered diffusion is negligibAs
shown in Table 1V, the same result is obtainedafbsamples. The molecular diffusion regime is #fiere confirmed

for both tracers in all alumina supports, evensifualane which is asgHg, aliphatic compound.

4. Discussion

4.1.Correlations with the porous network

Mesoporous alumina supports with similar porosity different pore size distributions and specificfaces have
been characterized by ILC. The resulting tortuog#tiues, reported in Table 1V, vary between 2 amté@ending on
the sample. As shown in the previous section, tigestrong evidence that the diffusion regime idenolar and
hence, neither the specific surface nor the paedistribution should affect the effective diffusies.

Behind those textural properties, the organizatioth® porous network may play a role in the diftusbehavior
inside the solids. To investigate the pore netwangfanization, the measured tortuosity values werapared to
theoretical relations between tortuosity and pdyostuch relations are based on models for thectstrer and
organization of a porous meditlifl. Table V reports some of these theoretical toityqgmrosity relations for
several pore structure models, along with the mlayshypotheses on which they were elaborated. Curves
corresponding to those relations and our measoragbsity values are shown in Figure 4.

With an overall porosity of around 0.7, the meaduretuosity values of our solids (between 2 an@r& much
higher than the tortuosity values predicted bydbeelations (between 1.2 and 1.4), suggestingdhbt part of the

porosity of the alumina supports actively contrésuto the mass transfer.

4.2.Hierarchized porous material

To take into account that all the pore volume i$ equivalent as far as its contribution to the miaassfer
resistance is concerned, an organization of theysonetwork in different levels was assumed. Aggsated by
recent studidd, this organization could be constituted of twoelsy as illustrated in Figure 5. Microscopically,

alumina nanocrystals are combined to form aggrega#efirst level of porosity can therefore be ceshbetween



these alumina nanocrystals inside the aggregatesseTalumina aggregates will then be compresseathtagto
create the catalyst support. Hence, at a largée,sedecond level of porosity exists in betweenaggregates. In this
work, the alumina support will be represented bymaha aggregates that are composed of smaller atumi
nanocrystals, thereby creating two levels of paypsin internal pore network inside the aggreggpesosity 1, and
noteds,;) and external pore network around the aggregata®gity 2, and notes, ).

Looking at the mass transfer inside the aluminapstpat both levels, one can now distinguish two
characteristic diffusion times:

- The first level, called the aggregates, resultmfthe stacking of the elementary nanocrystals wiaia.

For this stacking to be sufficiently stable (i.eendely packed), the size of the interstices betwihen

nanocrystals should be close to the diameter ofiimecrystal®?. The characteristic diffusion time for this

. . Ragg®
first level is thereforet; = Sg,,f‘; (15)
T, M

- The second level concerns the porosity around glgeegates, which constitutes a second pore network.

order to diffuse throughout the alumina supporg tholecules have to use this network. Hence, the

2
characteristic diffusion time for this second leigethereforet, = :;+D (16)
o, M

Assuming that the radius of the aggregatgg, is much smaller than the radiRg of the alumina supports
yieldst; < t,, i.e. the second level constitutes the only diffadimiting level in the alumina support.

This organization in two levels of porosity, chaesized by two mass transfer resistances in sesesmmonly
encountered for solid catalysts or adsorbents sgithd by the extrusion of micrometric powdersoun case, one of
the resistances (that associated to the first l@eelthe internal pore network inside the aggtegjais considered as
negligible.

In order to evaluate the volumes corresponding hese different porous networks, the BJH pore size
distributions are decomposed.

The main assumptions of the decomposition methedisted below.

- Besides the bed porosity, two levels of porosity in the alumina supports eonsidered, one associated to

the porosity inside the aggregates - called pordsiand noted;,; - and the other associated the porosity
between the aggregates - called porosity 2 andirgte

T
- The pore size distribution for each level is sumgoso follow a normal distributiontV;(d) =GX—Z'2_H

1 (d-d;\?
exp(—; . (Tl) (17)
whered is the pore diameter, whill, V;T ando; are respectively the mean pore size, the voluamtim

and the standard deviation of the mean pore sexmciged to each level of porosity.



- The alumina nanocrystals are platelets, as shoviigure 5a. In order to calculate a characteristigth,

they will be approximated as spheres, and theineliar can therefore be estimated from the expetahen
Dnanocrystals = 6/(Sger-Ps) (18)

- The average pore diameter of porosity 1 is assumed to be equivalent to tfighe nanocrystalsdg =
Dnanocrystais (19)). As mentioned above, this relation is gelyefaund in the case of dense stacking of
spherical alumina suppoffd. The values of the average porous diameter fofitstelevel of porosity (g)
for each alumina support are reported in Table VI.

All the other parametersi{ (nm), o, (nm), s, (nm), VI, VT) have been estimated by fitting the sum of the two
normal distributions with the experimental poreesdistribution. Figure 6 shows a good agreementdest the
simulated and experimental alumina pore size 8istions. The corresponding estimated parametergiaee Table
VI. As expected, the average pore diametés$ ¢orresponding to porosity 2 are larger than thdse obtained for
porosity 1. The proportion of the porosit/() increases with the average pore diameter. Frasnpdwrameter, the
porosity around the aggregates has been calculatéallowse,, = VZT.sp (20) and reported in Table VI. Since the
mass transfer resistance of the alumina suppéstéed only in the second porosity, the two chtarégtic diffusion

times are equivalent and the tortuosity associtdgabrosity 2 can be calculated as followg:= e,,z.sl (21). The
P

resulting values are given in Table VI and compavit the theoretical correlations in Figure 7.

The variation oft, with &, is clearly in better agreement with literatureretations than the variations ofwith
gp. The tortuosity of the second level of porositgamsistent with the geometric tortuosity of a eysbf overlapping
cylinder, with values varying between 1.82 and Ifd@6tortuosity values for porosity between 0.44 &n57. The
inconsistency between certain values (for exampetortuosity of sample B is higher than that ofwhereas the
porosity of the latter is smaller) can probablyalteibuted to experimental uncertainties.

This analysis shows that, in order to optimize maassfer in the aluminas support, the volume betwthe
aggregates should be maximized. In other wordghegis conditions have to be adapted in order wmize the
aggregation of the nanocrystals, allowing all tbeops volume to contribute efficiently to diffusioA question still
pending is the pertinence of this analysis for alctatalysts, that is to say alumina supports igipaged with an
active phase, which can account for more than 26f ¥he mass of the solid. The effects could be \different
depending on the location of this active phaseth& intra-aggregate volume, mass transfer shouidlyhde

impacted, whereas in the inter-aggregate volumssrransfer could be significantly slowed down.

5. Conclusion

Mass transfer properties, more specifically torityogalues, were determined by inverse liquid chatwgraphy

for five mesoporous alumina supports, represemati¥ petroleum hydrotreating catalyst supports. the

10



experimental conditions studied (liquid phase atC35 the hypothesis of the molecular diffusion regimwas
confirmed both for small (heptane and methylcycl@me) and larger (squalane, gHs,) molecules.

Although all aluminas had similar porosities, theirttuosity values were quite different. The estdatortuosity
values disagree with literature correlations on peints: the values are higher and vary much matie porosity
than predicted. This result was explained by tles@mce of a hierarchized organization inside thmiala support:
the alumina nanocrystals are first stacked intoegaes (resulting in a first level of porosityhieh gather together
(creating a second level of porosity) to form timalf alumina support. The second level of porosityich permeates
throughout the alumina support, is expected tdbdimiting porous network for mass transfer.

Using the specific surface of the solids, the mize distribution obtained by the BJH method wasdgmsed,
yielding the porous volumes associated to the w®wels. The parameters for this two-level porositydel were
calculated for the five aluminas. The results shibweat a higher mean pore diameter for the pordsiide the
aggregates leads to a higher fraction of the palemve outside the alumina aggregates. Finally, ittiensic
tortuosity of the second level was evaluated, angessfully compared to the literature correlations

The proposed two-level porosity representation oetallows to explain how aluminas with a high pdgos
(gp = 0.7) are able to exhibit high tortuosity values~ 2 — 3) despite the low solid fraction in the particlésom
this analysis, we can conclude that mass transfaluimina supports can be optimized by avoidingatiglomeration
of the nanocrystals during their synthesis. In prdeextend this conclusion to actual hydrotreathagalysts, the
effect of the active phase deposition will havééoevaluated.

Ultimately, the methodology proposed in this womkakles to extract mass transfer properties fronplgim

nitrogen adsorption experiments aimdthat it can be useful for the heterogeneous catalysinaonity.

6. Symbols

Co mol.m? Tracer initial concentration

c(t) mol.m? Tracer concentration over time
d nm Porous diameter

dy nm Mean pore size of the porosity 1
d, nm Mean pore size of the porosity 2
Dess m’.s* Effective diffusivity

D, mt.s? Axial dispersion coefficient

Dy mt.s? Molecular diffusivity

& - Interstitial porosity

11



& - Material porosity

&p1 - Porosity of the porosity 1
Ep2 - Porosity of the porosity 2
Y1, V2 - Constants in equation 12
HETP cm Height Equivalent of a Theoretical Plate
ks m.s* External fluid film mass transfer coefficient
K; - Henry law constant
L m Column length
Uy S First order moment
i, - n" order moment
R, m Mean alumina supports radius
Ragg m Mean aggregates radius
Ds g.cm® Structural density measured by helium pycnometry
a? 3 Centered second moment
o1 nm Standard deviation of the mean pore size ipthesity 1
0y nm Standard deviation of the mean pore size ipthesity 2
Sger mf.g? BET surface
t S Time
ty S Intra-aggregate characteristic diffusion time
t, S Inter-aggregate characteristic diffusion time
T . Tortuosity
1) _ Tortuosity of the porosity 1
T, _ Tortuosity of the porosity 2
v; m.s? Interstitial velocity of fluid
/A cnt.g?t Porous volume per solid quantity
xVT cnt.cm® Part of the overall porosity include in the potp4di
xVy cnt.cm® Part of the overall porosity include in the potp&

. 5 (1:1‘ K
X - Column factorX = =. —=L2

3 (1+< 8‘1 K)*
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9. Tables

Tablel

Alumina supports textural properties

Alumina support Sger (M2.gY) v, (cnt.gh) ps (g.cni) &
A 340 0.71 3.3 0.72
B 300 0.72 3.3 0.70
C 290 0.78 3.3 0.72
D 270 0.74 3.3 0.71
E 160 0.77 3.5 0.73
Tablell

Mass transfer contributions

43,1 Rpa X1 (Rzm)z X

Az Rp> X, Ry X,

0.52 0.71 0.51
Tablelll

Tortuosity values estimated for both tracers inraha support A

Tracer Az (sY Dess (10°n7.sY) Dy, (10°m?.s?) T
MCH-C7 3.50 1.2 4.1 24
SQ-C7 9.10 0.46 1.6 25

14



TablelV

Tortuosity values for all alumina supports

T

Alumina support MCH-C7 SQ-C7
A 3.0 3.0
B 2.8 2.8
C 2.4 2.4
D 2.4 2.5
E 2.0 2.0
TableV

Physical systems, theoretical tortuosity-porositations and references

Remarks Relations References
. . . 3-¢ [13]
Random homogeneous isotropic sphere packings 1= —
Infinite cylinder T=2-¢, (4]
. 1 [15]
Overlapping spheres T=1-— Eln €p
Overlapping cylinder T=1-Ing, (28]
1
Cuboid T=— (8
€p

Table VI

Estimated parameters for the pore size distribudisromposition and resulting porosity and tortyofsit the

limiting porous network.

d; (nm)  d; (nm) oy (nm) g, (M) xVf xVy Ep2 T2
A 54 8.0 1.2 2.6 0.38 0.62 0.44 1.9
B 6.0 8.0 1.6 0.94 0.30 0.70 0.49 1.9
C 6.4 9.6 1.1 2.7 0.26 0.74 0.53 1.8
D 6.8 9.5 1.3 1.1 0.29 0.71 0.50 1.8
E 11 17 2.1 3.2 0.21 0.79 0.57 1.6
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10. Figure captions

Figure 1. Alumina supports pore size distribution estimatgdhe BJH method

Figure 2. Inverse liquid chromatography setup

Figure 3. van Deemter curves for alumina support D: (a) ¢fféparticle size with SQ-C7 and (b) effect of the
tracer size (MCH-C7 vs. SQ-C7)

Figure 4. Theoretical and experimental (ILC) tortuosity-potgsialues

Figure 5. (a) Schematic representation of a typical alunpilzgelet shap® and (b) Schematic representation of the

two levels of porosity
Figure 6. Deconvolution of the BJH pore size distributionstfoe various alumina supports into two pore size

distributions, one for the porosity intra-aggregatel one for the porosity inter-aggregate.
Figure 7. Theoretical and experimental (Inverse Liquid Chraygeaiphy) tortuosity-porosity relations. ILC

corresponds to the uniform porosity representatioevised ILC corresponds to the two-level porosity

representation.

11. Figures
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Figure 1. Alumina supports pore size distribution estimatgdhe BJH method
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Figure 2. Inverse liquid chromatography setup
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Figure 3. Van Deemter curves for alumina support D: (a) ¢ftéparticle size with SQ-C7 and (b) effect of the

tracer size (MCH-C7 vs. SQ-C7)
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Figure 4. Theoretical and experimental (ILC) tortuosity-potpsialues
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Figure 5. (a) Schematic representation of a typical alunpilzgelet shap® and (b) Schematic representation of the
two levels of porosity
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Figure 6. Deconvolution of the BJH pore size distributionstfoe various alumina supports into two pore size

distributions, one for the porosity intra-aggregate one for the porosity inter-aggregate.
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2
5 . T=2—¢& —
T=1——ln£p
.. 2
t=1-lIng,
1
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5 ¢ revised ILC A
L
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Figure 7. Theoretical and experimental (Inverse Liquid Chraygeaiphy) tortuosity-porosity relations. ILC
corresponds to the uniform porosity representatioevised ILC corresponds to the two-level porosity

representation.
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