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Abstract

The mass transfer coefficient is a fundamental grtymeeded to design adsorption
gas separations. A collaborative study is presentezte commercial LILSX beads
used in air vacuum swing adsorption for the prodmodf oxygen are tested in two
volumetric apparatuses. The initial results bagethe software available in the
commercial system seemed to point to a surfacéebanodel for the adsorption
kinetics of nitrogen, but this system is known &rbacropore diffusion controlled. A
detailed model of the system and a new way of sgpring the experimental data are
used to show that the mass transfer kinetics &rlgl@ diffusion process. Guidelines
and recommendations on which tests are neededstwesthe correct use of a
volumetric system in this case are presented. Tirdloe correct interpretation of the
flow through the valve in the two volumetric apdases, consistency in the mass
transfer time constant is achieved. The effectsiigithe correct diffusion time
constant vs the one obtained using the traditiapptoach is demonstrated comparing
a typical oxygen vacuum swing adsorption processtop in performance of nearly
15% in both productivity and energy consumptiopredicted if the incorrect

diffusion time constant is used.

Keywords. Macropore diffusivity; nitrogen; volumetric apptus; adsorption; air

separation.



I ntroduction

In 2014 the global vacuum swing adsorption (VSAygen on-site market was
estimated to be approximately 21,000 tpd. The naguplications were: the glass
industry; the steel melting industry; the mininduistry where the installations are often
located in remote areas difficult to be supplieditpyid oxygen; and the pulp and paper
industry where oxygen is used for bleaching ancewieatment. In the design of air
VSA processes the fundamental properties of therbdats that are needed are
equilibrium and kinetic parameters (Ruthven, 19dthven et al. 1994). Adsorption
of nitrogen on LILSX beads is a fast system, sitiee VSA process used for the
production of oxygen is based on the equilibriuhecévity achieved through the small
Li ions exerting a strong affinity for the quadriganoment present in nitrogen. In this
process a balance is found between the pressypardtiee column, which increases as
the size of the beads is reduced, and the masddramsistance, which increases as the
size of the beads is increased. Knowledge of thesrtransfer resistance is therefore
needed to determine the optimal process conditions.

Diffusion of nitrogen in LILSX beads is macropoiiéwasion controlled (Ruthven et al.,
1994) as one would expect given the large windowsgnt in faujasite (Baerlocher et
al., 2007), which have a dimension that is apprexéty twice the kinetic diameter of
nitrogen. In this study we focus on the methodoltgyletermine the diffusion time
constant using commercial systems, which can beerted into the tortuosity of the
beads once the equilibrium isotherm and the maceopolume and the pore size
distribution are known (see for example Xu and Reth 1993; and Hu et al. 2014).
The tortuosity of the beads is independent of teatpee and therefore temperature can
be used as a variable to find the conditions foasneement of the diffusion time
constant.

While the determination of mass transfer kineti@yrappear to be a straightforward
task, if carried out without the proper experimérdhecks or with inappropriate
theoretical models it can lead to incorrect res(itarger and Ruthven, 1992). In
addition to this, one has to consider that commakxmlumetric systems are designed
for the accurate measurement of equilibrium progednd care should be taken when
extending their use to kinetics. Some commerciatesys provide also an option for
the automated regression of kinetic time constamisthis can lead to incorrect results
especially for fast systems. Figure 1 shows theexntal curves obtained at the Air

Liquide laboratories and analysed using the softwtaol available on the Belsorp



instrument. The software matches the fractionadkmtor the point closest to 0.5 to
the surface barrier model and the diffusion modakttvassume zero resistance to flow
in the valve. As will be discussed in the theorgtiem, for fast systems the calculated
fractional uptake is inconsistent at short timee thuthe zero resistance assumption.
As can be seen from the comparison of the expetahdata and the models below a
fractional uptake of 0.5, one could be led to codelthat the surface barrier model
represents this system more accurately than tiesdih model. In this contribution
this paradox is resolved and the correct diffusiame constant is derived. A short
analysis of the impact of the incorrect time constan an oxygen VSA will be
presented in order to highlight the importance ebsuring correctly this fundamental

property.
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Figure 1. Experimental data obtained on a Belsogx shd corresponding automated
analysis using the adsorption rate analysis soé\Bat Dyna software tool. (a) Surface

barrier model; (b) Diffusion model. The softwars@awes batch adsorption and linear

equilibrium.



2. Theory

The traditional method to analyse the dynamicswaflametric system is to convert the
measured pressure into a fractional uptake. Torstated the assumptions inherent in
this approach it is useful to consider the scherndiigram of a volumetric system

shown in Fig. 2.

T control

Dosing cell Uptake cell

Figure 2. Schematic diagram of a volumetric system.

In commercial systems the pressure is measuredhendbsing side, since the
experiment is carried out by
1) starting from an equal pressuRg,, in the two cells
2) closing the valve that connects the two sides
3) increasing the pressure (in the case of an adearpiperiment) in the dosing
side toPp,
4) opening the valve and monitoring the pressure ahanghe final equilibrium
point, P,
Knowing the temperature and the volumes of the ¢elts, from an equation of state
(here the ideal gas state is assumed) it is peswbdletermine how many moles were
present in the gas phase before opening the valvataequilibrium, thus allowing by
difference to determine the adsorbed amount atsteis. Repeating the experiment

additional points on the isotherm are obtained.



If the pressure as a function of time is recordegyrinciple the dynamic response can
be used to study mass transfer kinetics. The tomdikt approach is based on converting

the measured pressure into a relative uptake asgumi

qt=q0 Pp—Py (1)

deo—q0 P —Py

where

p = PRVp+PVy )
0 Vp+Vy

Equation 2 assumes that flow between the two teligery fast compared to mass
transfer, ie that the pressure equilibratesthad adsorption starts.
For diffusion in a sphere the solution to the diftn equation assuming no resistance

in the valve is given by Crank (1975)

4t=qo _ 4 _ voo _6ala+1) _p2tb
doo—qo 1 Zi=190¢+9+0(2[3i2 exp( ﬂl RZ) (3)
where:
3B __ 3(Vp+Vy)
tan f; = Tl and a= =R 4)

The assumption that the pressure between the tigoecpiilibrates instantaneously, ie
that the valve and the lines between the dosinguaiteke volumes do not contribute
any resistance to the flow of gas, is clearly noggically realistic for short times and
this explains why the experimental curves showfign 1 start above 1, sin@ > P,.
The fact that for a fast system there is an uniceytaver the behaviour of the fractional
uptake for short times does not allow to use thetional uptake v§t plot (Ruthven,
1984) to distinguish between diffusion and surfbagiers.

To include the effect of the valve, one has to tlee analysis of the isothermal
volumetric system presented by Brandani (1998)aitiothe discussion the essential
features of this model are presented below.

Assuming an ideal gas, the mass balance in thaglesiume can be written as

dn _ _ Vb dPp
dt  RTp dt (5)

and the mass balance in the uptake cell is given by

dn _ Vy dPy V aq 6
L A ©)
dt  RTy dt dt

while the linearised flow through the valve canwyéten as

= = 2P, — Py) 7)



By combining Eqgs 5-1 can be eliminated and a set of two independens mas
balances is obtained. Given that the combined epdaki dosing volumes are in a
closed system the total number of moles does rasigdhand is given by

rSvp  POvy PoVp . PoVy
el 22+ 2l g t)
RTp RTy

N =
tot RTp RTy

+Vsqo =

The amount adsorbed at each step is then

0_ 50
= (PD Ri?o)VD _ (PWR;U)VU (9)
D U

Vs (o — q0) = VsAq™

Brandani (1998) introduces the following dimensess variables

_ 9—qo . _ Pp-Pj, _ Py-Pj 10
Q qoo_qO’ pD Poo_Pgl pU Poo_Pg ( )

Two dimensionless groups are then obtained fronmi&igs balances. These are 1/3 the

ratios of the accumulation terms in the gas phasdélze solid phase:

= et O s e ()
The expression for can also be modified to take into account thaicsjfy the

uptake volume is represented as being formed byégions at different
temperatures: one is at room temperature and thaexnged part is at the temperature
of the solid phase. This corrects the accumulatifche gas phase of the uptake
volume and requires the knowledge of the relatmlewmes of the uptake cell, which
are typically measured from blank experiments usieigum. Commercial systems

will carry out this measurement automatically tgmove the accuracy of the
determination of the adsorption isotherm.

What should be clear is the fact that these twaedsionless groups cannot be set to
arbitrary values, but are in fact calculated fréma initial and final pressures in the
system using Eq. 9.

If mass transfer in the solid follows the diffusiequation the problem is fully defined
and can be solved in closed form assuming lineaitibqum

4" — qoo = Kp(Py — Ps) (12)
Brandani (1998) shows that in this case

P 36 0 D

ﬁ ~ 1+35+3y + Xiz1 a; exp (_ﬂiz r_Zt) (13)

where the eigenvalues of this system are obtaiokthg
ﬁi cot ﬁi —Z; = 0 (14)

and



w3Bf . 0 = 2028B¢
2 i — 2
w—-p; 2w28BF+(w—P?) (B?+z7-zi+2yB?)

zi=1+yB} + (15)

Note that there is an eigenvalue in eac¢hterval plus an additional root in the interval
wherew — 7 = 0 can occur.
This model contains a dimensionless parametewhich is the ratio of the diffusion

time constant and the time constant of the valve

— RTpxr*
w =" (16)

This means that a volumetric experiment run uniekeal conditions depends only on

TZ
two parametersp and;.

For fast diffusing systems, Brandani (1998) ex@attearly that the match of the
fractional uptake at 50% should not be used toiolbt& diffusional time constant. This
is the method that the Bel Dyna software tool aslopt

2
While one can match the full model to the experitakdata and obtai® and%, itis

useful to note that if the two time constants @& $iystem are sufficiently different and
diffusion is the slower process, it is possibleotiain the two constants from two
different regions of the response. As pointed guBtandani (1998) the initial response
is dominated by the valve time constant, while final approach to equilibrium is
dominated by the diffusion time constant. To beealol identify clearly these two
regions it is essential to plot a reduced pressuaevay that highlights the exponential
decay in the long-time. This is achieved defining

_ Pp=Pwo _ pp(Pso—P{)+PJ—Poo (17)
P3P PS—Poo

Op

Defined in this way the dimensionless pressur&éndosing cell (measured quantity)
varies between 1 and 0. If this is plotted vs tiomea semilog plot, it is possible to
identify the short-time initial decay that allows tleterminew and the long-time

asymptote (given by the first exponential in Eq), Mhich at this point will depend
.,.2

only on—.

Figure 3 shows the solution for the model equatimmsvarious values of the time

constants. Figure 3a shows clearly that the lomg-tasymptotic slope is effectively

independent of the valve time constant. Figure [3bas clearly that the short-time

asymptotic slope is independent of the diffusiometiconstant. Therefore the two time



constants can be determineaiependently from different regions of the dynamic

response.
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Figure 3. Model dependence on two time constaajseffect of valve time constant;
(b) effect of diffusion time constantt =1 and y = 0.5, which are values

representative of the system &hd LILSX at-15 °C.



The same approach can also be used for the sindacer or linear driving force (LDF)

model. In this case the mass balance in the solid i

Y = A k(G- q) (18)

S dt
For spherical particleg;/V; = 3/r and definingw,pr = “’;—f the following solution

can be derived

PpLDF _ 36 2 1 (wrpr+ysi)(si+3)+s; k
0 i=17. st (19)
Pp 1+36+3y S; 2ysi+3y+1+wrpr(§+y) r
where
_ —[143y+wpr(8+V)]+V[1+3y+wLpr(8+Y)]>—4ywLpr(1+3y +35) 20
51y = (20)

2y

The surface barrier model is the sum of two exptaks) so appears to be qualitatively
similar to the diffusion model. Figure 4 shows taksb in this case the initial response
depends on the valve time constant while the asytepapproach to equilibrium is

determined by the mass transfer time constant.

r
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k _
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0.01
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Figure 4. Surface barrier model dependence onim®d¢onstantsy = 1 andy = 0.5)

If one compares the reduced pressure curves fanthenodels and realises thatly
one adjustable parameter determines the slope of the long-time asymptots, clear

that the two models have significantly differenteirtepts of the long-time asymptote

as can be seen from Fig. 5.



Diffusion

0.01
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Figure 5. Comparison of surface barrier and difasnodels with the same long-time

asymptotic rate.

Simply plotting the experimental data and the twodels with the same long-time
slope should allow to determine which model appl®s inspection. Clearly
intermediate intercepts can be obtained from a aoa@cbdiffusion with surface barrier

model.

3. Experimental

The LILSX beads are commercial samples from Zeochéth a binder content
between 10-18%. All experiments were performed witisely sized spherical beads
with an average diameter of 1.27 mm. The diamdteach bead was measured with a
Spi 15-997-0 digital caliper with a resolution o®0 mm and a corresponding accuracy
of £0.02 mm.

At Air Liquide the volumetric system used is a BELMSP-max. The number of samples
that can be measured are 1-3 in the standard nmetl#-2 for the high accuracy mode
(AFSMTM) with three sets of pressure transducers O Torr (5 units); 0 to 10 Torr
(2 units) and 0 to 1000 Torr (1 unit). In case d$@ption rate measurements only a
single sample can be measured.

At the University of Edinburgh the volumetric systeised for the kinetic experiments
is a Quantachrome Autosorb-iQ2This system comprises two independent cells and
dosing volumes (manifolds) with two sets of pressduansducers: 0 to 1 Torr; 0 to 10



Torr and 0 to 1000 Torr. The system allows the fimmeous testing of two samples in
dynamic mode.

Prior to the experiments each sample was thermaljgnerated at 390 °C under
vacuum for 10 hours. The experiment consists iectmg a very small amount ofzN
in the uptake cell at constant temperature whike phessure is monitored. Once
equilibrium is reached a new volume of N injected in the system and the process is
repeated in small increments, which ensure lineaditions. Desorption experiments
are carried out in a similar way, but in this c#se pressure in the dosing volume is
reduced opening the connection to the vacuum sy&iemn short period of time. The
pressure level is then automatically adjusted poeaset level with small additions of
gas. These procedures are implemented by the tsofteare of the two systems and
no changes were made to these automated procedures.

Mercury porosimetry characterisation

Characterisation of the sample was carried outguaifQuantachrome Poremaster®
mercury porosimetry analyser. The system allowsctieacterisation of macro- and
mesoporosity by means of repeated intrusions atrdsans of mercury from vacuum
to high pressure. The experiment comprises lowspresand high pressure analyses.
In the low pressure analysis, mercury is introduoetie sample cell (originally under
vacuum) and pressurised using U to a pressure of 50 psi. At this pressure nigrcu
will be able to fill the cell and the space betwdlea particles. The first intrusion is
followed by an extrusion and a repeat to checkasypeibility. Once the low pressure
analysis is complete, the sample cell is movedhéohigh pressure station, where the
mercury contained inside the sample cell is nowhpdsnside the pores of the sample
by gradually increasing the pressure up to 3300@Qugisg a piston. As for the low
pressure analysis, intrusion is followed by anwesitn run and a repeat. To maximise
accuracy, both analyses are carried out at theeslorate of pressure increase.

The analysis requires the determination of the wadkime of the sample. For this
reason before starting the low pressure analysesweight of the sample cell, first
empty and then completely filled with mercury, nee¢d be measured. Finally the
weight of the cell right after the low pressurelgsia (i.e. cell + sample + mercury) is
measured. This information with the dry mass of saeple allows the software to

determine the sample density.



4. Results and discussion
In order to be able to apply correctly the thearthie experiment one has to ensure that
the underlying assumptions are valid. The key agtioms are:

1. The system is isothermal.

2. The system is linear.

3. There are no external or bed mass transfer resestan
Both non-linearity and non-isothermal conditiondl whange the intercept of the long-
time asymptote. Therefore experimental checks haviee used to make sure that
assumptions 1 and 2 are valid.
To ensure isothermal conditions 1/16” stainlessldieads are added to the uptake cell
to increase the thermal mass of the sample. Thisces significantly the adiabatic
temperature rise and improves the heat transfatiksproviding direct contact with
the adsorbent beads and thus increasing the ohertltransfer surface. At the vacuum
conditions of the experiment, the primary contribatto heat transfer is through
radiative heat transfer. By performing the expentmwith two different adsorbent
sample masses it is possible to check if the systasothermal, by ensuring that the
mass transfer coefficient is the same for the twpeaments. Experiments with
different sample masses will also confirm if bed arternal resistances are negligible.
To ensure linear conditions experiments with srpedssure steps are performed and
desorption experiments are carried out in the sprassure range. Under nonlinear
conditions adsorption and desorption curves wifedi(Ruthven, 1984).
In order to slow the adsorption process the tentperas lowered and larger beads in

the batch are used. The main effect of reducingténgperature is to increase the
2
equilibrium constant and therefore increase thecgffe diffusion time constan%.

Figure 6 shows the two samples of different maghk thie stainless steel beads.

Figure 6. 28 mg (left) and 46 mg (right) sampleghwi792 mg of stainless steel beads.



Figure 7 shows the experimental curve-25 °C for a pressure step close to 6 Torr.
This pressure is chosen since it is in the midaihge of the second pressure transducer
and therefore gives a very good signal to noise mahen converting the pressure of
the dosing cell to the dimensionless pressure, IHq.The data sampling rate is
approximately 1 Hz and the data show clearly ting{ome asymptotic behaviour. The
mass transfer kinetics is very fast, as one woulgeet in a commercial sample
designed for oxygen production and there is haadly curvature at the short times.
The long-time exponential decay is visible, therefa reliable mass transfer time
constant can be obtained, but simply looking atda& does not allow to determine

which mass transfer mechanism prevails.

LiLSX 28 mg Sample

0.01

Time, s

Figure 7. Experimental data plotted in semilog pigt= 4.85 Torr;P = 7.12 Torr;P,,
=6.12 Torr.

Figure 8 shows the data and both the diffusionsamthce barrier models that give the
correct limiting slope. There is no doubt that 8ywstem behaves according to the
diffusion model.

To make sure that the assumptions in the modeladie, Fig. 9 shows data for the 46
mg sample, along with the curve predicted usingdiffesion time constant from the
experiment with 28 mg. The intercepts are slighifferent given that the sample mass
is different and the gas lines in the two cellglma Autosorb-iQ2 are different, but the



excellent match demonstrates that the systemtisasoal and that bed resistances are

negligible.

LiLSX 28 mg Sample

0.01
Time, s

Figure 8. Experimental data with diffusion and aaé barrier (dashed line) models that

give the same long-time rate of decay.

LiLSX 46 mg Sample

0.01

Time, s

Figure 9. Experimental data with diffusion and aoé barrier (dashed line) mode?s§.
= 4.76 Torr;P3 = 8.37 Torr;P, = 6.16 Torr. Curves are calculated using the time

constant fitted to the kinetic experiment on thar@&gsample.



Figure 10 shows the adsorption and desorptionfdathe 46 mg sample. The overlap

of the results confirms linearity, thus all modssamptions are valid.

LiLSX 46 mg Sample

0.01
Time, s

Figure 10. Data for adsorption (filled circle) ashesorption (empty square) experiments

at approximately 6 Torr.

LiLSX Autosorb and Belsorp Data

12 14

Figure 11. Comparison of kinetic experiments cdroat on two commercial systems.

Figure 11 shows the results from the two instrumesing the proposed semilog plot.
Given that the volumes of commercial systems arglai it is possible to see that the

long-time asymptotes on the two instruments hage#me slope (ie the same diffusion



time constant) and very similar intercepts. CledHg main difference in the two
instruments lies in the connection between thendpgolume and the uptake cell. The
valve resistance in the Belsorp system is muclelarghis shows why the fractional
uptake method seems to agree more with the sustacer model, because this transfer
limitation results in a simple exponential and veifipear to be in agreement with the
surface barrier model. It is therefore clear tlmnhparing the fractional uptake curves
predicted by the models will give the false impresgthat the system is controlled by
a surface barrier as observed in Fig. 1. The qibet that is quite important is that if
this method is applied incorrectly and used to carapdifferent materials, all the
materials tested will appear to have very similasstransfer coefficients.

On the other hand, if the proposed semilog pldhefdimensionless pressure is used,
then the portion of the curve that contains mostheninformation on mass transfer
kinetics becomes clearly visible and consistentultesare obtained with both
instruments. Comparison of different samples cam the carried out on the basis of

the limiting slopes, for samples that have simaldsorption capacities.

Deter mination of the effective tortuosity

Figure 12 shows the pore size distribution obtaifredh the mercury porosimetry
analysis. Clearly the sample shows a bimodal Oistion of pores with a narrow peak
at a pore diameter of Ojgn and a broader one at about O08. Table 1 shows a
summary of the relevant information obtained bydhalysis. From the bulk volume
of the sample measured in the low pressure anadygisthe volume of intraparticle
mercury intruded, the void fractiep and the solid densify, are calculated. Note that
pp represents the density of the solid includingrtheropores, as the mercury does not

enter the micropores (Brandani et al., 2016).

Table 1. Summary of mercury porosimetry analysis

Mean pore
Mass | Bulk volume| Pore volume ¢gp Pp .
diameter

1.014g| 1.0613cin | 0.3839cm | 0.362| 1537 kg/h 0.1306pm




>/ (g-nm) ]

0.2440

Figure 12: Pore size distribution of LILSX sampierh mercury porosimetry analysis

At the conditions of the volumetric experiment trensport of the pure gas molecules
in the macropores is essentially dominated by Kandsffusion Dk, with a very small
contribution of viscous flowD.is. The two resistances operate in parallel so their
contribution is generally assumed additive (Kargfeal. 2012) as defined in Eq. 21:
Dinacro = Dk + Dyis (21)

In which (Bird et al. 2000):

2 ’BRT
DK = Erp W (22)

P 2
vis — SL: (23)
wherer is the pore radiudyl is the molecular weight of the gas molecule ansl the
viscosity. With regards to the Knudsen diffusivisyudies (Papadopoulos et al. 2007,

Zalc et al. 2004) have suggested to use Derjaguaoriection (Levitz 1993):

(r} 4 9
Pro = Di [z(ri)z - E] REERL &4

In a macropore process all contributions to thealdiffusion should be included in

the expression of the effective macropore diffugiig, given by:



Dg gp DmaCTO
—- = 25
rz2 g [£p+(1—sp)% r2 (25)

Wherer is the pore tortuosity an%?c—* is the derivative of the equilibrium isotherm. In
volumetric experiments with small pressure steps

dq* _ Aq*

dc = Ac (26)

From Eg. 9 and the value of the solid density fibable 1 the value afg* can be

calculated, whilé\c can be determined from the initial and final pteesn the
sample cell.
Dg /r? is the quantity obtained from the kinetic analy&isecomes clear that the

effective pore tortuosity can be calculated bynaaging Eq. 25:

T = €p Dmacro (27)

D¢ [sp+(1—sp)%]
The value of the tortuosity obtained is 3.13 whi line with the typical ratio of
gp/t Of about 0.1 (Kérger et al. 2012). Table 2 shdvesvialues of the quantities used
in EQ. 27.

Table 2. Summary of values used for the calculatiaie pore tortuosity

Pellet radiusy 0.635 mm
Mean pore radius;, | 0.065um

& 0.362

Dyp 1.33x10° né/s
Dyis 2.9x108 m?/s
D 9.2x10° mé/s
A 263.8

Significance of diffusion time constant on process perfor mance

In the production of oxygen using LiLSX beads, ogien is preferentially adsorbed due
to equilibrium selectivity resulting from the ingmtion of the Li cations and the
guadrupole moment in nitrogen. In a VSA processsditown just above 1 bar during
the adsorption step, where oxygen is produced witmarily argon as the main
impurity. The adsorption bed is then regenerat@ogusn evacuation step around 0.3-



0.5 bar, and enriched nitrogen is obtained. Thempésn step is the one where mass
transfer limitations will have a larger effect givehat this system is macropore
diffusion controlled. Industrial cycles are varisuatf the Skarstrom cycle (Ruthven et
al. 1994). The performances of an industrial VSAgen unit may be characterized by
its productivity expressed as the quantity of gaslpced over the volume of adsorbent
used (Nn¥h/m?) and by the specific energy consumption (KWhiNfior a given
oxygen purity. The former having an impact on thpital costs of the unit (CAPEX)
the latter being linked to the operating costs (®PHhe factors that may affect these
performances are the operating conditions, the duygramic behaviour, the
thermodynamic properties, the kinetics of adsorptidich is important because VSA
Oz cycles are very short (Sun et al. 2005). To uridadsthe impact of the different
time constants — 44 s vs 133 s — obtained fronwbemethods of analysis, ie complete
model vs fractional uptake with simplifying assurops, we have considered the
simulation of a typical VSA @process. Using the same operating conditions and
varying only the mass transfer constant for a giweduct purity we obtained that the
process productivity drops by 14%, while the spe@hergy consumption increases by
15%.

5. Conclusions

The effective diffusivity of nitrogen on commercialLSX beads has been measured
using two volumetric apparatuses. One of the twstesys provided the option of
running a traditional method of analysis of thegtia experiments, but this was shown
to yield the incorrect value of the time constard auggested that the system was close
to a surface barrier behaviour. These initial irgist@ncies have been resolved through
the use of a kinetic model that takes into accdhateffect of the valve and lines
between the dosing and uptake volumes.

A new way of displaying the kinetic response oblumetric system has been presented
and applied to the commercial beads. For this systhe kinetic response can be
divided into two regions which depend either on\hkre time constant (short times)
or the mass transfer time constant (long timesy gllowing a simple way of extracting
the two time constants independently. The semilogqd the dimensionless pressure
of the dosing cell provides also a direct way ttedaine if the process is a diffusion

process or is controlled by a surface barrierhindase of nitrogen and LILSX beads



the results are shown to be consistent with a pliffesion process, as would be
expected for this macropore diffusion controlledtsyn.

The proposed method of analysing volumetric expenit® to obtain kinetic
information is predicated on the validity of theasptions of the model used to extract
the parameters. The experimental checks necessacpnfirm the validity of the
assumptions have been discussed in detail. Basedhenresults obtained we
recommend that for the determination of kineticstants in volumetric apparatuses,
experiments should be carried out with differemhgke masses and with the addition
of inert material that increases significantly thermal mass of the sample. These
experiments allow to confirm whether the systensahermal. Small pressure steps
have to be used to ensure linearity, which sholdd be confirmed by carrying out
both adsorption and desorption experiments.

Avoiding the use of simplified methods of analysisth laboratories obtained the same
diffusion time constant for the samples. The congparof the results on two systems
highlighted the key difference in the gas flow &weristics between the dosing
volume and the sample or uptake volume. The coirgetpretation of the results
provided also the explanation for the initial ins@tencies observed as a result of the
use of the fractional uptake approach.

The practical importance of determining the corrdidtusion time constant was
evaluated by comparing the process performanceg usi@ correct value and that
obtained from the simplified analysis. This compan showed a difference of nearly
15% in both process productivity and specific egegnsumption.

The beads were also characterised using mercurgsipeetry. The pores size
distribution and porosity information were combinegith the volumetric experiments
to derive the tortuosity of the beads, thus praxgdall the physical parameters needed
to predict the effective diffusional time constatthe conditions of the separation

process once the adsorption isotherm is known.

Dedication

This paper is dedicated to Professor Douglas Ruathwegh whom FB and SB have
had the pleasure to collaborate over a period o€rtian 20 years. We hope that
Doug Ruthven’s influence on all of us, through éx$ensive body of work on kinetics

of adsorption in hanoporous materials, has beeateavin this contribution.



Notation

Surface of the solid, fn

Knudsen diffusivity, is™

Knudsen diffusivity with Derjaguin’s correctiom? st
Macropore diffusivity, ris™

Viscous diffusivity, M s*

Effective macropore diffusivity, frs™

Linear driving force constant, m's

Molecular weight, kg mot

Pressure in dosing volume, Pa

Pressure in uptake volume, Pa

Adsorbed amount, molTh

Equilibrium concentration in adsorbed phase, mdl
Average concentration in adsorbed phase, mdl m
Dimensionless adsorbed phase concentration
Particle radius, m

Average pore radius, m

Ideal gas constant, J mbK=!

Time, s

Temperature of dosing volume, K

Temperature of uptake volume, K

Dosing volume, th

Volume of the solid,

Uptake volume, th

Eigenvalues

Dimensionless ratio of accumulation — dosing wodu
Macropore void fraction

Dimensionless ratio of accumulation — uptake wrau
Dimensionless pressure in dosing volume, Eqg. 10

Dimensionless pressure in uptake volume, Eq. 10



Dimensionless pressure in dosing volume, Eq. 17
Effective tortuosity

Valve constant mor$Pa?

Ratio of diffusion and valve time constants

Ratio of surface barrier and valve time constants
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