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1 Identification of Diffusion Transport Properties from Desorption/Sorption
2 Kinetics: An Analysis Based on a New Approximation of Fick Equation during
Solid—Liquid Contact

w

4 Olivier Vitrac* '™ and Murielle Hayert*
5 UMR Fractionnement des Agro-Ressources et Emballage, INRA 614, Moulin de la Housse,
6 51687 Reims Cedex 2, France, and UMRh{@edes Protdées Ervironnement et Agro-alimentaire,
7 CNRS 6144, ENITIAA, La ‘Gaudiere, 44322 Nantes Cedex 3, France
8 The identifiability of three diffusion properties (diffusion coefficidbt partition coefficienK, and convective
9 mass transfer coefficiert,) from desorption kinetics (or equivalently sorption kinetics) was investigated
10 from a new approximated analytical solution of 1D diffusion coupled with a Robin boundary condition. A
11 generalized least-squares criterion, which extends classical identification techniques, was proposed. The
12 robustness of classical and modified criteria was compared on both experimental and simulated data including
13 different sampling strategies and noise levels. Confidence intervals and bias were calculated for a large set
14 of conditions: desorption levels ranged between 30% and 100% (equilibrium), the dilution factor ranged
15 between 10° and 101, mass Biot numbers ranged betweenlénd 10, and theK value ranged between
16 1073 and 5.
17 1. Introduction significant overestimation of the internal mass transport resis-
18 Diffusion transport of solutes, reactants, or pollutants between tance in the solid phase and, therefore, to a significamt
19 a solid and a fluid phase has major importance in many scientific underestimation of the “true” diffusion coefficient in the solids
20 and technological areas and has been extensively studied fronphase ). Such a bias irD estimation may yield erroneoussé
21 the experimental point of view.3 Conventionally, the different ~ conclusions if the value is included within a database, used for
22 properties that control the sorption or desorption rate (diffusion the optimization of either a process or a formulation, or usesl
23 coefficient in the solid phas®; partition coefficient between  for regulation purposes. 59
24 both phasesK; and interfacial mass transfer coefficienht;) The identification of the unknown vector of parametass, 60
25 have been estimated from independent experiments so thafrom desorption or sorption kinetic data is commonly obtained
26 internal, interfacial, and thermodynamical phenomena may be by minimizing iteratively a merit functiony?(p) that assessess2
27 separated=> This work analyzes the identifiability and identi-  the closeness of experimental data (e.g., average concentration
28 fication of several diffusion propertigs = [D,K,hy]" from a either in the solid phase or in the fluid phase) to simulated ones.
29 single desorption/sorption kinetic, which may be subjected to A maximum likelihood estimato, is intuitively assumed to 65
30 physical constraints. This work is motivated by the need to exist, to be unique, and to occur when the minimurw?(ﬁp) IS 66
31 achieve standard diffusion coefficients of additives and mono- reached. In practice, the identification of several properties frem
32 mers in plastic materials when they are put in contact with food nonoptimally designed experiments may fail or may lead ¢®
33 simulants. These diffusion coefficients can be used subsequentlyunreliable result8.Indeed, this approach assumes implicitly (§o
34 to test the compliance of food contact materials as acknowledgedthat the system is identifiable and (i) that the measurement
35 by the EU Directive 2002/72/EXr to perform a priori sanitary  errors are independent and identically distributed with zero
36 surveys of food contact materidls. mean. In particular, when errors do not fulfill such a hypothesis
37 Two generic constraints are considered: (i) when the (e.g., because of data including colored noise or correlatiorts),
38 macroscopic thermodynamic equilibrium is not reached (in- uncertainty increases drastically and least-squares estimatorssare
39 complete sorption/desorption kinetics) and (ii) when a significant piased®-11 75
40 contribution of interfacial mass transport resistances is expected. The paper is organized as follows. The issue of feasibility of
41 The first situatiqn occurs when the final equilibrium desorption/ ihe simultaneous identification of three properties from a single
42 sorption state is either not observed or nonobservable (€.9..gesorption/sorption kinetic is theoretically discussed in Sectin
43 because of prohibitive diffusion time, material aging, uncon- 5 The analysis is based on a novel algebraic solution of the
44 trolled mass losses, or reactions). The second situation is metgeneral dimensionless 1D mass transport problem governing
45 when the diffusant has a low chemical affinity for the liquid he gesorption/sorption kinetic. The original partial differentiat
46 phase (thermodynamical limitation of mass transfer) and/or when equation (PDE) describing the mass transport problemsis
47 the mass transfer resistance in the fluid phase is significant replaced by an algebraic differential equation (DAE) describieg
48 consequent to the viscosity of the fluid phase or consequent to,o trajectory of the sole measurable quantity. As a result, the
49 the large resistance to the diffusion encountered in the solid g\o|ytion of the concentration either in the solid or in the liquit
50 phase (e.g., very thick materials or very low diffusion coef- 456 js described in a new approximation space, called kinatic
51 ficients). Falsgly neglectmg thermodynamic ar_1d_ external mass phase diagram (KPD), where the concentration value at eqai-
52 transfer contributions, when they are not negligible, leads t0 a |iprium can be more easily extrapolated and where the contribsi-
+ Corresponding author. Tel.+33(0)326918572. Fax+33(0) tions of internal and external mass transfer resistances camdbe
326913916? E-ma?l: olivier.vitrac@reims.inra.fr. more easily distinguished. %0
t UMR Fractionnement des Agro-Ressources et Emballage. The rest of the work presents identification results on practioal
*UMR Génie des Proades Environnement et Agro-alimentaire. cases based on on both experimental and simulated data.9ghe
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B

performances of both the standard criterigd(p), and the the S-L interface, the mass flux at the interface is controlled2
generalized least-squares criterion derived from K p), by a mass transfer coefficienby,, with Sl units in ms™, 153
are tested in terms of bias and uncertainty. Section 3 briefly whereas a uniform concentratidfu|y—. exists far from the 154
presents experimental conditions that were used to monitor S—L interface. The corresponding dimensionless boundasp
almost continuously the diffusion of a UV tracer from a condition (BC) is written as a Robin BC detailed in eq 2. As6

suspension of low-density polyethylene to different food simu- similar equation was derived by Gandek et&al. 157
lants. Since a time differentiation of the concentration is required
for KPD, a robust nondeterministic differentiation technique of e _ ou =BK _ 2

L . . : J N (Ulye—g = Uy ) (2)
kinetic data is also presented. Section 4 discusses the global OX* [x=1

performance of both criteria from experimental data. Section 5 ) o . ] ) N

presents a detailed sensitivity analysis of both strategies for awherej* = (IJDCg) j is a dimensionless flux anflis the 158
large set of training data corresponding to different desorption interfacial mass flux density (with SI units in kg=>s™%). B 159
rates (from 30% to 100% of the equilibrium value), sampling = (Ro/R+) = (hwls/D), the so-called mass Biot number, is theso
strategies, and mass Biot values. The conclusions and a generdlio between the equivalent resistance to diffusion in the saiid
discussion on the conditions that can be practically used to PhaseRo, and the mass transport resistance at the lterface, 162

identify three diffusion transport properties from a single R ] .. 183
desorption/sorption kinetic follow in Section 6. Kulx—e stands for the concentration on the liquid side fas4

from the S-L interface. When the concentration is homogeneoLss
far from the S-L interface (i.e., when the volume of thewes
boundary layer is assumed to be negligible compared to the
volume of L), it is conveniently approximated by the concentrass
This section describes the unsteady diffusion of a species fromtion in the bulk, as it would be measured in L. Both descriptiomes
a solid phase toward a fluid phase (desorption kinetic) when are almost equivalent when the transport property in L is muci
no reaction and interaction (plasticization, swelling) occur greater than the transport property in P (the case of most liquics)
between the solid and a liquid. The reverse transport corre- or when a mixing process (e.g., convection) occurs on theiz
sponding to the sorption case is not presented but it can be easilyside. The diffusant mass balance between S and L phases
extended from presented results. The solid phase is noted Shetween times 0 anél leads to the following approximation174
The fluid phase is noted L because it is envisioned mainly as afor ufy—, 175
liquid, but the boundary and thermodynamic conditions are
generic enough to be also valid for gaseous phases. The systerEII _ u|6:° + l-i-l-ft i(z) dr =
S + L is assumed to be closed (no mass losses or gains). X Xoe LK Cg [, Jo

2. Theoretical Section: The Forward Problem and Its
Approximation

2.1. Dimensionless Transport and Mass Balance Equa- § 1 P
tions. Assuming 1-dimensional transport (the side effects are u|ﬁ;°w + RL*j; i*(7) dr (3)
negligible), a constant diffusion coefficierd), and a constant

_S-phase thickness, the dimensionless mass transport equatiou,here Ku|fff_? is the initial concentration in the L phase1rs
is %

assumed to be uniformly = (Sg/VL) is the characteristic 177

dimension of the liquid reservoir of volum¥_ and with a 178

=— 1) surface contact area with S not&®,. L* = (IJl) is a 179

90 oxx dimensionless length and characterizes the typical relatige

. o B . ) distance that a diffusant initially in the S phase must cross befose

whereu = (Cs(xt)/Cg), x* = (Xls), and 6 = (tD/ls*) are, migrating into the L phase. When the volume of the liquid regiasz

respectively, the dimensionless concentration, position, and t'mesubjected to to a concentration gradient is no longer negligibse
(so-called Fourier time)Cg is a strictly positive constant.
Consistently, the concentratio& and C2 are concentrations
per unit of volumels is either the whole or half thickness of

the solid material, depending on the type of contact with the L

u_ du

(e.g., whenL* - 1), ulx»—» must preferably be inferred byis4
introducing a transport equation for the liquid phase. If not, the
use of the average concentration in L, defined by eq 3, insteas
. . ) of the concentration far from the interface (in the bulk), modifies7
phase, respectively, single- or double-sided. the commonly accepted definition of the mass transport coefs

The S-L mterfacg IS Ioca_tgd .at* - 1. Atthis interface, the. ficient, hy, in eq 2. In the rest of the work, the volume of thess
local thermodynamical equilibrium is assumed. The desorption goundary layer is assumed to be not limiting 190

and sorption are assumed to be reversible in each phase an Equation 2 combined with eq 3 yields the practical form af1

controlled by a an equilibrium relationship similar to Henry’s the BC, written here as an integro-differential operator: 199
law.1213This condition is generally well-verified for diffusants '

distributed at low concentrations in dense phases, fluid phases,_* au
or a combination of botk This description entails a possible 1™ = ~ 35| ,_. =
. . ) ' ; OX* =1
discontinuous concentration at the-Sinterface. The ratio of 0=0 . 0
concentration on both sides of the interface defines the partition BK(Uly =1 ~ Ul ) — BL fo *(z) dr (4)

coefficient between both phasei = (C_(x* = 17, t)/Cg(x* _ _ _
= 17, 1)), whereC_(x*, t) is the local concentration in the L ~ Two extreme cases are derived from eq 4 by assumingy(i) 193

phase. = 0 (i.e., no limiting mass transfer boundary layer), €i)L* 194
In the L phase, a combination of molecular diffusion and — °°. 195

convection is assumed. Diffusion is assumed to dominate close Case (i) is inferred by differentiating eq 3 with time fak—; 196

to the S-L interface, where the fluid velocity is the lowest, = Ulx—e! 197

while inertia forces due to natural or forced convection are

assumed to control the dispersion of the diffusing species 8u|x*=1:£.* __L*ou )

elsewhere. Since only concentration gradients are expected near a0 K K 9x* =1
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Figure 1. Parabolic approximations of internal concentration profilesufer,® = 0) = 1: (a) examples of approximation by a piecewise second-degree
polynomials in case of a short time-& contact and the same residual concentratip(b) details of the profile in bold line (region 1, = 1; region 2,
(02u/ox*?) = C*); (c) examples of approximation by single second-degree polynomials in case of long-timeo8tact and the same value @f(d) idem

for the same value dfi(x* = 1).

Table 1. Values ofa and j*r Defined in Equation 12 for Particular Conditions on ParametersK, B, and L* (Assuming Fully Developed
Parabolic Profiles)

'R
reduced condition o i*R Ut—eo = =«
K=o 3 2, o
K—0 BL* BL*U|g=0 Tlo=0
L*—0 BK BKu|%=2, u%=°,
1 —_
1+3BK 1+ %BK
— * * _ = 6=0
Be 3(1 + '-—) 3('-_U|H:O n u|g;ow) L* Tl + K0,
« < TRAC
B0 B(K + L% B(L*Ulg=o + Ku|%2, L*0),_y + Kul’,
K+ L

By analogy with wave propagation equations, eq 5 is known as such calculations have severe inherent drawbacks that limit their

a reflecting boundary condition, where the amount of matter use in efficient nonlinear identification algorithms: 220
that leaves the SL interface modifies in return (i.e., after (i) They are time-consuming (specially for numerical resolez1
accumulation or “reflection”) the mass transfer resistance at the tion). 299

interface. K/L* is the equivalent dimensionless “reflecting
distance”, where the quantity is similar to a dimensionless
“absorbing” coefficient.

Case (ii) corresponds to a very large volume ofLx (—~ 0)
or capacity K — ) in BC defined by eq 2, that isg(|x=1/
a0) — 0 or the equivalent Dirichlet's BC:

(i) They require tables of eigenvalues and weighting coebs
ficients (especially for expansion seriés). 224

(iii) They do not provide any explicit relationships betweezes
physical parameters (e.@, K, andhy,), geometrical parametersze
(e.g.,ls, IL, andXx), kinetic parameterst), and measurement27
(e.g., residual concentration in S, accumulated concentrationzs
L, and fluxj). 229

(iv) They cannot be easily extended for boundary conditioges
For the left-side boundark* = 0, an impervious, or equiva- that are variable in tim_e_(especially for expansion_ series). 231
lently a symmetry, BC is applied: . To overcome such dlfflcultles, a geqeral alternative formullm»z
tion based on polynomial approximation of the concentratioss

0 _ ., .(0=0
U|>(<*):1 = U|>(<*=1) (6)

ou _ in S is described. This approach is introduced to provide zza

Xt le=0 () analytical expression of the dimensionless KPDs f(U), where 235

uis the residual concentration in the S phase. The demonstratisn

2.2. Formulation of Kinetic Phase Diagrams (KPDs).In is focused on the main relevant IC and BC for conventiorml

its general form, the partial differential equation (PDE), defined applications, which areu(x*, & = 0) = 1 (e.g., uniform 238
by eq 1, combined with an initial condition (ICx*, 6 = 0) distribution of the diffusant) and the general BC defined in egp
and BCs defined by eq 4 and 7 has no exact analytical soltftion. 4. In addition, the expression ¢f = f(U) (eqs 12 and 16) is 240
Particular solutions must be approximated (i) via a numerical also valid when external conditions are variable with time. Thet
resolution with low- or high-order spectral techniques or (ii) calculated solution thus provides a suitable state equationZer
via a local decomposition of the solution as an expansion seriesalgorithms that aim to control mass transport according to kinetig
on a suitable basis of analytical eigenfunctions. A general or thermodynamic constraints and subjected to external perpus-
solution as an expansion series is detailed by Sagnactically, bations. 245



BATCH: 1iella06 USER: ckt69 DIV: @xyv04/datal/CLS_pj/GRP_ie/JOB_i23/DIV_ie060347w DATE: September 26, 2006

D
K=1 K=10
0.1 1
0.04
0.05 0.5
0.02
0 0 0
0 0.5 1 0 05 1
0.1 1 10
0.4
- 0.3
n 0.05 0.5 5
@ 0.2
0.1
0 0 0 0
0 0.5 1 0 05 1 0 05 1
1 5 10 50
4 40
e 3 30
n 0.5 5
[ 2 20
) " -—4
0 0 0 0
0 0.5 1 0 0.5 1 0 05 1
10 ¢ 50 50 50
40 40 40
8 30 30 30
= 5
@ 20 20 20
10 10 10
0 2 I o 0 0
0 0.5 1 0 0.5 1 0 0.5 1 0 05 1

Figure 2. Dimensionless KPD* = f(T) for a uniform initial concentration(x*,6 = 0) = 1 andulfio‘,o = 0. Initial flux and final concentration values are,
respectivelyBK (the maximum ofy scale is set to min (5@K)) and (*/ K + L*). Solid lines are calculated from the DAE defined by egs 12 and 16. Dotted

lines are calculated from the numerical resolution of the corresponding PDE (eq 1 coupled with BC 4 and 7) via a quadratic finite element technique (see
text for details).

246 The approach is illustrated in Figure 1. Since concerned IC profile is uniquely defined by boundary constraints on its first1
247 and BC lead to regular solutions with weak curvature almost derivatives, defined in eqs 2 and 7, at the S phase boundazies
248 everywhere (i.e., high-order derivatives are very low), internal and by a particular value: 273
249 profiles are approximated by assumig/(ox*)™) = 0, where
250 m is an integer> 3. u(x*) is, therefore, approximated by a (ﬂ)zljy. x*2 4 u| (9)
251 parabolic profile. This approximation is realistic for fully 2 0X* [ =1 =0
252 developed profiles (i.e., local mass transport occurs for all range . - .
253 of x*) bﬁt isFi)ncomp;tibIe for short time, bgcause a sharp change From J* » (8_u/8x*)1|x*:1 and the definition of the residualr4
254 in (32u/0x*2) propagates from the-9_ interface toward the concentratiori =/, u(x) dx, g 9 becomes: 275
255 opposite side (or toward the geometric center of S if a symmetry 1 1.5 -
256 plane is assumed). This last inconsistency is overcome by WVV=%—§Wy*+U (10)
257 coupling the ICu(x*, 8 = 0) = Uls=o = 1 with a parabolic
258 profile at a moving theoretical interface (Figure 1 parts a and  The corresponding KPD equatigh = f(0) is inferred from 276
259 b). The position of the interface (notex*) defines two eq 4 by replacingi|x—; by its value calculated via eq 10 and77
260 regions: aregion with mass transport (fr> x*) and aregion  py defining the mass balance for the S phase from a changerin
261 without mass transport (fox* < x*). The so-defined coarse g with time, 279
262 solution is by construction continuously differentiable at the .
263 interface, since it assumes a junction condition: L/(’) (1) dr =0ly_y— T (11)

U« =Tly-o=1 and zf_xL’j‘ o 0 with 0=x.<1 (8) which yields 280
264 Consequently, the dynamic regime with fully developed ~ (1+£fj'ﬂ-(£i~ﬂpo+urfw 12
265 profiles is a prolongation of eq 12 foy* = 0. Other ICs and ~ j*(7)- - &. p g LK K leg-gy,
266 BCs may be treated using similar approximations or by a8 1+ 3B K K
267 generalizing the concept of tracking interfaces where the
268 Laplacian ofu (i.e., (02u/9x*?)) changes significantly. wherea. U = j*p. From eq 12, the mass transfer between the&
269 2.2.1. Parabolic Solution for Fully Developed Profiles and and L phases appears to obey a linear superposition of hbmsth

270 Corresponding KPD Equation. The fully developed parabolic  first- and zero-order kinetics. The flux at the-5 interface is 283
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consequently decomposed between a driving fluxpropor-
tional to u (proportionality coefficient) and a resisting flux
j*r independent oil. As a result of* = f(U) for constanB, K,
andL*, a is the slope of the characteristic curve anffg is
the intercept withu = 0. The residual concentration at
equilibrium is obtained from the intercept wifh = 0 and is
defined as the average state betweap-, j* = 0) and
%2, j* = 0), respectively, with the weights* andK:

. L*0lg—o + Kule"a,
o = ¥

(13)

All states (, j*) are nonlinear functions of parametéBskK,
andL*. Table 1 summarizes typical values @f j*r, and Ui«
for reduced cases of eq 11. The transport rate is maximad for
— o with a = 3. The flux is then independent & (i.e.,
hydrodynamic conditions) and &f (i.e., volume effect of the
L phase). The conditioB — o leads to a lower transfer rate
so that the differenc |-~ — j*|z—w iNcreases linearly with
the amount of diffusant accumulated in the L phbe(T|g=0
— U). The conditiorL* — 0 (infinite dilution) yields a deviation
J*|k—w — j*|L*—0, Which is independent af (without effect due
to the diffusant accumulation in the liquid phase). This deviation
also increases significantly when the prodB&t decreases as
(3BK/3 + BK). From eq 6, diffusion within the S phase has no
significant effect on the overall kinetic when the ratjé/B)
does not depend dB This case corresponds to the denominator
of eq 12 close to 1, that is, whéBK < 3.

2.2.2. Coarse Solution for Short Time of ContactAccord-
ing to Figure 1 and eq 8, the KPD equation for short time of
contact is inferred from the last calculations (i) by replacing
in eq 9 byv with v = (x* — x*)/(1 — x*) (for x* < x* < 1)
andul,=1 = Ule=o, (ii) by notingj*(v) = (1/(1 — %*))(0Wdv)| =1,
and (iii) by definingt = x*Uly=o + (1 — x*) W with T being
the averaged concentration betwegnand 1. This leads to eq

14:
u(v) = — 4/ gj*(me:o —U)” + Ulgeg

By replacingu|x=1 = u|,=1 in eq 4 by its value given in eq 14,
one gets

(14)

it

BK- %(E]M-E) - Blras (K- 09 a, - ko] 0 (15)

- 2 c
b

Equation 15 is a second-degree polynomialvi’i?, with a
unique positive root, which yields

j* =2t~ Vi + 4d] + ¢

To be physically consistent, eq 15 must verify the inequality
X* =1 — /6(U,o—Uj*) = 0, that isj* = 6(TUlg=o — T). In
other cases, the hypothesis-1 = Uls=o is no longer valid and
eg 16 must be used instead.

Equation 16 varies nonlinearly witihand parameterB, K,
andL*. By noticing thatb — 0 whent — 0|y, a first-order
approximation inu of the initial dynamic is inferred from a
third-order expansion series nof eq 16. It yields

(16)

2
F=c— J6b+%+o(b3) (17)
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The approximation (eq 17) demonstrates fté decreasing 328
and convex with an initial valug|g—o = BK(Tlg=o — U|%2.). 329
The very initial decrease ijf when u decreases is controlledso
by the first termc, which is very similar to eq 12. For largess1
decreases im and large values of the produBK, j* exhibits 332
a significant curvature, which is responsible for the discreparssg
in the KPD shape between short-time contact (STC) and fuiba
developed parabolic (FDP) regimes. Higher-order expansiogs
of eq 16 demonstrate that the curvaturg®f= f(U) decreases 336
whent decreases down to a minimal value wheis close to 337

(4/3)\/6. j* is then converging to a straight line defined by 338

. BK L*_ L*\_ =

i = 2ot (1= oo - it a9
1+ =BK

2

At their intersection, eqs 12 and 18 provide only a9
approximation of class @f KPD. A continuous approximations4o
of class G is, however, achieved for small valuesBi, since 341
egs 12 and 18 have close slopes at their intersection. 342

2.3. Typical Kinetic Phase Diagrams. 2.3.1. Comparisons343s
between KPD Approximations from Algebraic Differential 344
Equation (DAE) and Finite Element (FE) Techniques.The 345
DAE — (du/d9) = j*(0, ) defined by eqs 12 and 16 was46
efficiently solved fortjy=o = 1 via a quasi-constant step-size47
implementation of the numerical differential formulas (NDF4s
in terms of backward differencé$.The results obtained froms49
the DAE formulation and with a direct but more time-consumirsgo
numerical resolution of the PDE problem are compared in Figase
2. The PDE defined by egs 1, 4, and 7 was solved using a firsie
element technique (FE) based on 50 uniformly distributed nodes
and quadratic elements. A same-time marching procedure based
on variable-order NDF formula (order between 2 and 5) was
used for both DAE and FE formulations. In the FE formulationse
the flux j* was calculated analytically from eq 8 on the basis7
of the available estimations a@f and u|y-—1. 358

Approximations of* = f(0)) from DAE and FE formulations 359
yield similar results during STC and FDP regimes and, thuso
confirmed consistency of the proposed approximation. The tc&l
computational time with the DAE was, however, reduced bysee
factor between 100 and 1000 for the same code implemerded
in Fortran 90. 364

2.3.2. Typology of KPD Shapedn Figure 2, extreme shapesss
of KPD correspond to a straight line and a hyperboliclike shagss
for BK << 1 andBK > 1, respectively. Cases with intermediatgs7
BK values are identified by an intermediate convexity durirsgs
the STC regime. FolL* < 1, intermediate cases are naie9
discernible. Intermediate KPD obtained 1or = 0.01 and the 370
sameBK = 1 (respectively, 0.1x 10, 1 x 1, and 10x 0.1) 371
thus yields similar results. For higher valued 8f intermediate 372
cases are discernible from the change in either KPD slope dusrsy
FDP regime or equilibrium state. 374

2.3.3. Estimation of the Equilibrium State Based on KPD. 375
Figure 2 confirms that the final state may be easily lineardys
extrapolated from the FDP regime. As a result, the equilibriwaTy
state becomes observable (i.e., predictable) as soon asstbe
intercept of the KPD tangent wiffi = O is close enough to thes7y
equilibrium value (*/K + L*). By means of the reducedsso
concentrationX = (Ulg=o — WU|g=0 — Ulp—w), an exponential 381
law was fitted to estimate which minimal fractiofy, of the 382
whole KPD diagram was derived to predict the equilibrium stades
for a particular value of the produ&K: 384

Xyin = 85%(1— ™13 (19)
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Equation 19 illustrates that10% of the whole kinetic must be Consequently, an estimation of the initial flux (or that during4
observed to estimate accurately the equilibrium stai@if= the STC regime) is required for both transport propertigs, 425
1, whereas more than 70% and 85% must be observed for,and D. Besides, the observation of the kinetic must be loags
respectivelyBK = 10 andBK > 1. enough and with appropriate sampling to make possible the

The previous strategy may be extended to variable external estimation of the KPD curvature with enough accuracy. In thes
conditions with time (dilution effect, variation in stirring, and presence of large unscaled time data, a poor estimation naay
change of solvent) by vertically translating the current last lead to unreliable transport properties. The relative errdd in430
“observed” state fromt( j;*|g) to (T, j2*|a), where numbers 1 is proportional to the product of relative errorsjifig=o and 431
and 2 are related to the KPDs corresponding to the old and b|-ys,, Whereas the relative errors im, and K vary like 432
new conditions, respectively. The new “possible” equilibrium 1/(Tjy—)3. Thus, for a coupled estimation of the three paranms
is, therefore, approximated from the linear prolongation of the eters, the quality of the estimation Bfdepends mainly on the434
new state with the previous slope (o is updated) or, more dynamics during STC regime, whereas bbthandK are very 435
accurately, with the new slope when it is available or known sensitive to the quality of the prediction of the equilibrium states

(both o andjr* are updated). derived from data available during the FDP regime. 437
2.4. Comments on the Feasibility of the Simultaneous An accurate estimation of the dimensionleBsnumber 438
Estimation of D, hy,, and K from KPD Abacus and Experi- requires information from both the STC and FDP regimes: 439

mental Data. KPD shapes suggested that the transport properties
(D andhy,) and the partition coefficient() cannot be estimated b?S 1- 1
at the same time with the same accuracy from an experimental BO A 7 Wste 2 Hlow
data set{, jS = (D/lg)j*), wherejS is a scaled flux in ms1 L 80 U
(flux related to an initial concentration of 1). This subsection
examines theoretically how the extraction of different informa- 2 4.2, strategies Based Only on the Information Available 440
tion from STC and FDP can improve the well-poseness of the qyring the FDP Regime.Identification strategies based only41
identification of the three properties. _ on the FDP regime do not provide enough information taz
2.4.1. Strategy Based on the Combination of Information  estimate all three parameters. This impossibility is confirmes
Available during STC and FDP RegimesA rough estimation  py KPDs that are completely determined by two parametersior
of the dependence between parameters is provided from theparticular states (see eq 12). Nevertheless, this difficulty may
analytical expression of the most typical and independent pe gvercome if different achievements of scateti= 3(K + 446
characteristics of the scaled KPD for both the STC and FDP | *y(3nD/3D + higK) are available for different values aff 447
regimes. For the three unknown parameters, we choose thregynd/orls. Different slopes as well as different equilibrium statess

characteristics: the initial state (Jfls=0), an estimate of the  gre then achieved and make possible the theoretical calculation
KPD curvatureBus;{(blus72) for a particular state during the o the three properties. 450

STC regime {|stc jlstc), and finally the equilibrium state
(Ulo—, 0). These characteristics estimated from eqs 17 and 123 Materials and Methods
lead to the following system:

(23)

451

3.1. Desorption Experiments.In unsteady mass transfers2
conditions, the experimental determination of KRB=(f(C.)) 453
is difficult sincej cannot be measured directly and indepems4

DB2K2 (hK)2 dentl_y. It_is conventionglly derived from the diff_eren?iation ofs5
='80Ism|— O |ST (20) C. with time (see Section 3.1.3). The accuracyj @stimates 456
depends strongly on the sampling rate and on the noise levelbsin

Oy = L* C. measurements. 458
- K+LF Desorption kinetics with relative high frequency were achievesh
by monitoring the concentration rise of a UV tracer, '2,5:60

It follows that the unique solution is dimethoxyacetophenone (DMA), within a stirred suspension4ef
LDPE (low-density polyethylene) particles. DMA is a relativelys2

F (j|6_0)2 fast-diffusing substance, with a maximum absorbance at 389
DOle—— nm, and is sparingly soluble in polar solvents (IBg~ 2.1). 464

3.1.1. Solid-Phase Preparation.LPDE resin containing 465
B DMA at 0.6% (w/w) was prepared by initiallly soaking virgiruee
hO lj5| 1—10ly (21) LDPE powder (particle size 30@m) into a methanol solution 467

Lx! '0=0 with DMA and by subsequently vaporizing the solvent undess
vacuum. Dyed powder was extruded the same day, than soaked
1-10f, in a four-temperature-zone monoscrew extruder (model Scaata
RHED 20.11.D, France; set zone temperatures: 125, 130, 135,
and 135°C) and laminated to yield a 30 mm 0.5 mm ribbon. 472
Died ribbon was stored at18 °C before use. The ribbon wasi73
where, in the case of incomplete data (nonobserved equilibrium), finally transversally cut with a microtome so as to providers
Uls—» may be estimated from theevalue (eq 12) and a particular  particles with the following sizes: 12x 1, = 0.5 mm and B 475

. DBK
]S|9:o = . =hK
S

bZS

|U|STC

Sb2|s
Ulsrc

Ul@ﬁm

KOL*—
u|04-oo

state during the FDP regimé|fop, j*|Fop): x |, = 204 5 mm, where & ranged between 3 and 1@@n. 476

. o ”s ”s The uniformity of cut and tracer concentration was controlledr

L**leod 3P, J lo=0 T bla,,d — 3075, Hleop from microscopic observations (UV charge-coupled deviees

Ul = ) ) (CCD) camera, model Hamatsu-C4742-95812ES5, coupled with
L**|epd3Ba i %lo=o + PI5_ 1 — 3075 : -

I lro tgrd 16=0 u\sm] Ulsre a UV microscope, model Karl Zeiss -MPM800MCS) at constassd

(22) transmitting light wavelengths, respectively, 420 and 330 nm1
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Figure 3. (a,c,e) Experimental desorption kinetics, (b,d,f) corresponding KRBf(T). The conditions were as follows: (a,b) reference conditiohs+2
50um particles in ethanol,* = 7.2 x 1073) with three repetitions notefti}i-1..3 (c,d) s = 50um in ethanol (noted EtOH) and methanol (noted MetOH),
respectively; (e,f) & = {3,10,25,50,10pum in ethanol. Experimental and fitted data are plotted with symbols and lines, respectively.

Experiments were set up with thin particles to ensure (i) one-  3.1.3. Desorption Cell and On-line € Measurement.The 491
dimensional mass transfer (i.e., side effects were assumed tadesorption step was performed at 20 in quartz 3 mL cells 492
be negligible sincé&/ls = 10) and (ii) lowB values that ranged  located inside a thermostatic modified spectrophotometer (mogsl
between 1 and 0 The latter conditions ensured that both Shimadzu-UV2401 PC), including a miniaturized immersedo4
diffusion and external resistances were acting simultaneously magnetic stirrer (stirring velocity 200 rpm). The cell positioms
on desorption. was adjusted so that the beam crossed the suspensiehOat 496

3.1.2. Liquid-Phase Preparation. Ethanol and methanol ~mm from the cell bottom and below a possible vortex at ther
(99% purity) were chosen as L phase to make possible theair—liquid interface. The reference was set up from an identiaag
sedimentation of particles and to provide differénvalues. cell filled with the liquid-phase alone but not stirred. 499
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Absorption intensities were continuously acquired with an positive scalar that controls the tradeoff between the closermss

acquisition rate up to 20 Hz. The spectrum was scanned betweerto the data and the smoothness; is a symmetric (i.e., 548
280 and 480 nm with an acquisition period varying between noncausal) weighting kernel used for low bypass filtering data
10 and 40 s. After numerical treatment, only the maximal points by decreasing their influence in each local interpolatieso
intensity of each spectrum (at 330 nm) was used to assess thesequence according to their distance fiprivioving overlapping 551
concentration in DMA. The numerical treatment consisted of windowing was applied using a tricube kernel with support as
digital filtering (noncausal digital filter with cutting-off fre-  [—1, 1], 553
quency of 0.5 Hz with 60 db attenuation) and of subsequently
subtracting the baseline generated by turbidity (estimated Ul TP &
between 400 and 460 nm). It was verified with nondyed LDPE = [maxql-— ‘_T 0 (26)
particles in suspension in reference DMA solutions that either
maximum values at 330 nm or cumulative values between 280 where 7 is the so-called bandwidth, which restricts only the4
and 400 nm of corrected spectra provided similar results and observations in the intervati[- 7, t; + 7] to be used for the 555
were linearly correlated to reference DMA concentration values. identification ofy.;. As a result{.;}i=1.w are envisioned ass56
In addition, it was established that the calibration curve was the best local polynomial approximates of degkewith the 557
not sensitive to the stirring velocity in the range 400 rpm. It smallestmth derivative at time; (i.e., almost equivalent to ass8
is worth noticing that our procedure measured only the DMA smoothing spline of orderr2 with a break at every data site)ss59
absorbance in the solution and not that within the solid particles. Because of the high regularity of the true solutiop, the 560
3.2. Numerical Procedure for the Assessment of KPD best results were obtained by chooskg 4, m= 3, andr = 561
Features (S, djS/dn) from C_ Measurements. 3.2.1. Macro- 1500 s and by assuming symmetric boundary conditions at bssth
scopic Mass Balance in Diffusing SubstanceExperimental ends of the measured s|gna| Finalfy}; and @/du|tI were 563
KPD were expressed a§ = f(U) and were calculated by  analytically calculated fronf+.;}i—1.m derivatives at time; 564

assuming no DMA loss between solid and liquid phases: using eq 24. For the same trial, the uncertainty at tiria 565
each local regressor value and its derivatives were estimas@d

) =1- 1, C.(®) from standard deviations related t6.]; and jS|;, noted, 567

* Co(t=0) respectively, o(% and o‘(ti), and derived from the diagonakes

. 1 1 dC,(t) elements of the covariance matrix of the local regularized least

INOES — (24) squares problem defined by eq 28. Each covariance matrix was

Cet=0) 1. dt calculated by means of an orthogonal-triangular decomposition

dj 1 L* 1 dZCL(t) (QR) of the local regression operatardefined by eq 27 ands72

|(t) Cp(t =0)] 2 js(t) e a singular-value decomposition of the so-computed m#&yix 573

: o . : A= [ il ] QR (27)
3.2.2. Continuous Estimations of First and Second Time D..,
Derivatives of C_. The direct application of eq 24 requires one

to approximate first and second derivative€(ftit) and (¢C./ whereW;; = wjj andW;; = 0 forj = I. 574
dt?) with sufficient accuracy whe@, is subjected to noise and A similar procedure was used to assess the standard deviation

includes possible changes in acquisition rate. To not spreadrelated to (#dCy)|s, notedo('gdCL from a local approximation 576

experimental errors between the STC and FDP regimes,of the KPD{C_|jl;} based on a bivariate weighting kernek7z
nondeterministic local and differentiable approximate€gt) which takes into account errors on both variables. The regus
were preferred to a global continuous fitting function. Such larization parameteg? was chosen to globally minimize thes7o
methodologies provide an extension to classical regressionconfidence intervals on first derivatives. 580
techniques by combining both filtering techniques (weighting ~ 3.3. Generalized Least-Squares Criterion to Identifyp = 581
kernels) and maximum likelihood strategies via the introduction [D, K, hm]'. Transport properties were simultaneously identifiedz
of constraints such as smoothness or a priori knowlééigfe. by minimizing a generalized least-squares criterion incorporatisg

For a data seft, C|i}i=1.m including M samples, each  the main features of KPD, 584
{CLlt}i=1..m and its derivatives are locally approximated from
a local polynomial regressor of degrieenoted{ v i}1=o. ki=1..m- Xz(p,d,M) =

For each sampling tim&, polynomial coefficientsy.; are
defined in the local normalized base t1,.., t, where § = (t

— t;)/7). 7 is a positive constant defined in eq 26. The whole ml [l — Ctp)]? i% - %P |

approximation problem is assembled\ag ikhonov regularized d> |4, + 2, s

least-squares problefisand solved usingVl singular-value = UCL|i o

decompositions as described by Han3ken: djsl ai%t.p)|2

. oy X ) do'  da

Y. =miny {[w;*(Col, — ZKjl,i'wl,i)] + As|—— [ | + P(p,d) (28)
Vi f= = 0g/dUl;

k

(S Dy ™) foralli=1.M (25) _ _ _ o o

= ' whered = 1, 2, 3 is the dimension of the kinetic approximatiosss
space and}i=1._q are coefficients that veriﬁ[i":1 Ai=1and 586
where{Kj, I}lSJ<M o<I=k1=i=m are the local Vandermonde ma- balance the deviations in magnitude of the distance functisn

trices defined b)tt,{D“. M mo=i=k1=i=m are the corresponding  according to the source of information available at tinms

WSIEK A==

mth- orderdlfferentlatlon matrices!{(l — )')t.' m and&2is a {t}i=1.m- X and ox denote predicted values of from the 589
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Table 2. Estimated Values of Parameter®, K, h, and B (Row a = 2.5th Percentile, Row b= Median Value, Row c = 97.5th Percentile)
According to Both Identification Procedures: d =1 ord =2

parameter D x 103 (m?s?) K x 10° h x 10° (m-s™}) Bi
criterion d=1 d=2 d=1 d=2 d= d=2 d=1 d=2
r a 0.16 1.3 2.6 25 5.4 3.3 290 110
b 0.41 1.8 2.6 2.6 6.3 35 1910 240
c 2.3 3.9 2.7 2.6 93 4.3 73810 410
ra a 0.17 11 2.6 2.4 4.9 4.3 430 256
b 0.29 1.5 2.6 2.4 5.6 4.8 2410 650
[« 1.4 2.1 2.7 2.5 74 5.3 54 10 770
rs a 0.33 0.84 2.1 2.2 5.8 4.7 300 450
b 0.48 0.96 3.1 2.4 6.2 5 2310° 630
c 2.4 1.3 3.9 2.6 78 5.2 54 10 950
EtOH a 0.14 1.1 2.6 2.4 4.4 34 240 160
b 0.18 1.6 2.7 2.6 11 3.8 7% 10° 300
c 2.3 2.7 2.7 2.8 170 4.2 15610 480
MetOH a 0.77 1.8 15 12 2.8 1.4 290 46
b 0.9 2.4 15 14 3.8 1.6 530 83
c 1.2 3.8 15 16 56 1.9 9.4 10° 130
3um a 0.043 4.1 2.6 2.2 3.8 2.8 100 5
b 0.069 5.7 2.6 2.4 51 3 1410 8
c 0.55 7.8 2.6 2.7 66 3.2 2310* 12
10 um'’ a 0.16 2.6 2.6 2.4 4.6 1.9 100 7
b 0.2 6.1 2.6 2.6 6.4 2 1.6 10° 16
c 2.4 14 2.6 29 63 2.6 1.9 10¢ 50
25um a 0.63 0.79 2.6 2.4 4 3.1 82 140
b 0.7 15 2.6 2.5 5.4 3.3 964 280
c 6.1 2.7 2.6 2.6 61 3.5 1210 550
50um a 1.7 0.63 2.6 2.3 3.9 3 305 210
b 2.4 1.5 2.6 2.4 4.2 3.9 438 650
[« 3.2 3.6 2.6 2.5 46 5.0 6.8 10¢ 2.0x 10
100um a 0.82 1.7 2.6 2.5 3.2 2 84 420
b 1.02 3 2.6 2.6 3.3 3.4 1X 108 850
[« 19 2.4 2.6 2.6 35 5.3 2.4 104 1.6x 10°

physical model (see Section 2.1) and estimates of errof in  plotted in Figure 3 are summarized in Table 2. It is emphasized
respectivelyP(p,d) is a smooth and continuous penalty function thatjSis expressed in rs~! and is equivalent to the reciprocak24
based on Heaviside distributions, which gives a large value whenof an overall mass transfer resistance between the solid sz

physical infeasibility is encountered and gives O elsewhere. liquid phases. 626
Classical identification is reduced to the particular case 1 4.1. Typical Kinetics and KPD for Reference Conditions. 627
and; = 43 = 0. Parts a and b of Figure 3 present results obtained for referessse

Because of the high nonlinearity of the distance function and desorption conditions (2 = 50 um, in ethanolL* = 7.2 x 629
efficiency, eq 28 was minimized using a downhill simplex 10-3). Desorption kinetics were acquired in triplicates (repetiso
method that did not use the gradient informatiory&{p,d,M). tions are notedr;} =12 until equilibrium for repetitions; and 631
After an initial raw exploration, optimization proceeded by r, and for a desorption level of 90% for repetition The 632
successive contractions toward a minimpithat may be alocal  fjyctuations ofti at equilibrium showed a random noise levesss
minimum and possibly different of the true one;(p.dM) is up to 10% of the observed variation scale. Errors betwesn
biased. o repetitions had the same order of magnitude and confirmed ¢k

The property of to be a global minimum of eq 28 was tested good repeatability of both the sampling procedure and tbue
by mapping the values of on&(p,d,M) 20 x 20 x 20 mesh  acquisition one. The three experimental kinetics were, therefaes,
contracted around the identifiefi value. Since errors in similarly fitted with ad = 1 model (Figure 3a). The mainess
parameter values of several magnitude orders might be expectedgitference was observed for thig kinetic that led to different 639
a logarithmic scale was used. A contour of constapt was asymptote. 640
used as the boundary of the identification confidenpe region. Experimental and fitted KPDd(= 2 criterion) also exhibited 641
As prescrlb_ed by Press et é’l.a_Monte Carlo sampling was good repeatability. 95% confidence intervals assessed foread!
finally applied to determine which contours corresponded to repetitions and extracted from the covariance matrix of locab
80%, 90%, anq 95% joint cqnfidence regions. The Qe_terminant regressors were similar and about 5% and 15% of the feuk
gfvtlgifﬁ;rgglalzs's::L'g;gg\'/f'%é?;if;ﬁo‘%Jo?tt:]ievrg'r?;r?%mof variation_scale f_on and;jS, respectively. Fitted KPD_decreased45

. monotonically with a low curvature, whereas experimental KR

whereJ was the Jacobian of the model. evolved as wavy decaying trajectory with an increasing fres
. . guency wherti was decreasing. The deformation of the time4s

4. Experimental Section frequency domain in KPD space was responsible of suchean

Raw spectra of suspensions presented disrupted and biase@Pparent acceleration of oscillations. 650
signals including up to 40% of noise. Filtering and bias For the same starting guess and identification strategy, eall
correction removed outliers and reduced errors below 10%. Therepetitions yielded similar values f@, K, hy, andB (Table 652
absorption at the wavelength of 330 nm was used to estimate2). Large differences iD andB values up to 2 decades weress3
C. and subsequently. Experimental kineticsiy), and KPD j° however, observed between= 1 andd = 2 criteria. Criteria 654
= f(0), are synthesized in Figure 3. Identified values and 95% based ond = 3 gave similar results and are not shown. Thss
confidence intervals oD, K, h, and B, identified from data sensitivity analysis confirmed that the confidence intervals wess



BATCH: 1iella06 USER: ckt69 DIV: @xyv04/datal/CLS_pj/GRP_ie/JOB_i23/DIV_ie060347w DATE: September 26, 2006

£ 50 %

identified minimum

Figure 4. Projected joint confidence regions (PJCR) derived from results depicted in Figure 3 parts a and b (regetPdBR were based on criteria
calculated for (a,b,cjl = 1 and (d,e,f)ld = 2. Gray level values represent min?,8). The gradient of\y? is superimposed as quiver plots. PJCR based on

an approximation of the local information matrix is also indicated. The axes of projections are plotted in dotted lines and correspond to idleesfiet v

D, K, andhy,. The deviation between the identified minimum and the intersection of the projection axis assesses the bias due to the identification procedure.

657 greater ford = 1 (significantly above 1 decade) than fibe= 2 higher than that in ethanol. Kinetics and KPD exhibited similar?
658 (less than a factor 3). In addition, it was verified that estimated shapes, respectively. KPDs were, in particular, almost honsos
659 values withd = 1 were not centered within the confidence thetic when a FDP regime, identified by a linear section, wem
660 interval and corresponded mainly to local minimums. These achieved in the material. According to eq 12, this conditi@ao
661 results confirmed experimentally that both transport properties corresponded tBK < 3, which entails that the KPD slope wass1
662 D and hy, cannot be inferred independently from raw kinetic mainly controlled by the value diy, in both L phases. 682
663 data. The accuracy was besides dramatically increased with an The criteriond = 1 failed to identify a similaiD value for 683
664 approximation space taken into the mass fldx( 2). both conditions (Table 2). By contrast, the homothetic curvatesa
665 As expected, similarK values were derived with high  in KPD shape during STC made it possible to determine a vesy
666 confidence for all tested values when the equilibrium state  similar D value. The existence of an STC regime was verifiede
667 was observed during the experiment (repetitiopnsand ry). by noticing that the linear extrapolation of the FDP regime leg7
668 When it was not observed] = 1 criterion gave only local to a different initial state (fol|—g) with a lower desorption 6ss
669 minimums ranged with a confidence interval up to a factor 2 ratejS—o. Besides, the final equilibrium state was completebgo
670 (repetitionr3). Additionally, removing the last points of the determined starting from the transition state between the F&P
671 kineticrs (such thau > 0.7) increased the previous uncertainty and STC regimes (before 40% of the whole migration occurregh
672 by a factor 2. This effect was not observed ébe 2 criteria. 4.3. s Effect. Parts e and f of Figure 3 plot the effect ofo2
673 4.2.K Effect. Parts c and d of Figure 3 present the desorption thickness for & varying from 3 to 100um in reference 693
674 kinetic and KPD when ethanol is replaced by methanol as L desorption conditions. As expected, desorption kinetics wese
675 phase for reference desorption conditions (for 8.4*/K < 4 drastically modified when the thickness was changed. Bys

676 according to Table 1). The desorption rate in methanol was muchcomparison, the modifications in KPD were less noticeable. 606
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K
2ls < 25um, KPD were linear in shape with the same maximum
normalized flux [S|i—o) of ~0.9 ms™1. For ds > 25um, KPD 1
exhibited a significant curvature and showed a maximum g3
normalized flux {S—q) that decreased whegincreased. These
simple observations are interpreted as the external mass transfer 9
resistance controls, mainly the desorption kinetic, for low ~ ¢,
thicknesses, whereas a combination of both internal and external 02
resistances act on desorption when the thickness is higher. The 02
increase in the value oB when the thickness increased 0
confirmed this interpretation of KPD. 6
Transport properties based dr= 1 were poorly identified;
their quality depended strongly on the thickness, on theBrue 100 75 q 10075 3
value in fact. However, the errors between both propeilies
andhy, were highly correlated during the identification so that 8 o) 8
any reliable determination of the trl8was not possible (Table 6o’ 60|’
2). £
By contrastD, hy,, andB results based od = 2 were more 4070 06 08 1 4010 06 08 1
robustly identified. The uncertainty and biashi andD were 20 20
reliably distinguished. Thus,@&=> 2 methodology yielded low o ﬂ

overestimated values for low thicknesses, whereas the 1 0 0.5 1

methodology underestimated systematically the @Bugalue u()

by a factor up to 20 in similar conditions. Figure 5. Simulated dimensionless desorption kinetiBs= 1000,K =
4.4. Typical Projected Confidence RegionsTypical pro- 0.1,L* = 0.01, ands = 50%): (a,b) raw kinetics and (c,d) corresponding

. ) . - KPD. Simulated data were based on 20 concentration data points including
jected confidence regions (PJCR) are compared in Figure 4 f0r5% of white noise. Data were as follows: (a,c) equisampled in time and

bothd = 1 andd = 2 methods applied to the data se{Figure (b,d) equisampled in concentration. Simulated data are plotted with symbols;
4 parts a and b). Both methods led to highly different topologies, the true and fitted curves are respectively plotted in dotted and solid lines.

an extruded “L" shape oriented along thg dimension and an 5.1. Typical Effect of the Desorption Level onD, K, and 1759

l shap:_e olnented along thb dimension ford = 1 andd = 2, hm Estimations from Kinetic Data and KPD. The effect ofs 760
respectively. ) ) i o i on fitted desorption kinetics and KPD is illustrated in Figure %1

Ford = 1, the orientation of the confidence ellipsoid confirms 5 B = 1000 K = 0.1. L* = 0.01. ands = 50%. Uniform 762
that errors in estimate® and hn were strongly correlated  sampling in concentration increased the relative weight of initiab
(Figure 4b). Furthermore, the low convexity of the criterion at yinetic data, whereas uniform sampling in time increased trea
its minimum showed that the upper limits bf and hy, were relative weight of data associated to higher desorption ratss.
poorly bounded. This behavior explained why individual poth sampling strategies led apparently to similar fitted kinetivss
confidence intervals of both transport properties where non- 544 KpD. However, thed = 1 criterion was not able to767
centered on the found minimum value. o extrapolate the “real” desorption kinetic beyosd= 50% 768

Such drawbacks were not observed withl & 2 criterion without introducing a positive bias. Such an error was respapy
(Figures 4 parts d, e, and fil = 2 yielded PJCR with deep  sible for a false prediction of the final equilibrium (almost @70
valleys with almost isotropic properties at the minimum. The instead of 0.1) (Figure 5 parts a and b). Despite errors in bath
number of feasible situations was drastically decreased. They andj* values,d > 2 methods led to a better extrapolation afrz
increase in well-poseness (optimality) of the least-squarestrue results fors > 50%. The extrapolated equilibrium value7s
problem was estimated by the trace and determinant of theranged between 0.09 and 0.12 and was furthermore in very goad
information matrix. The variance of parameters was respectively agreement with the true value (Figure 5 parts ¢ and d). 775
decreased six times (A-optimality property), and the volume of  Capabilities of bottd = 1 andd = 2 criteria to estimat®, 776
the confidence ellipsoid of the regression estimates was K, andhy, properties from previous data uniformly sampled irv7

decreased by a factor & 10° (D-optimality property). time are compared in Figure 6 from PJCR. Similar results were
obtained with data uniformly sampled in concentration. @her79

5. Numerical Experiments = 1 method generated a low convex functional with many locab
minimums and a large confidence ellipsoid that was stretclwd

The effects of desorption level defined By= [1 — miny- along hy, andD directions. As a result, only the paramef2r 782

(Ul)//(1 — ulp—w») and ofK, L*, and B values on both bias and  could be accurately estimated from kinetic information. B3
confidence orD, hy, K parameters in controlled conditions of  contrastd = 2 generated a hilly functional where the optimarks
noise and sampling were assessed more systematically byvalue laid in the bottom of a narrow valley opened toward lovss
numerical experiments. The maximum rali&/D was set to 4 D values. Volume of confidence ellipsoid wasx510° lower 786
x 1P s (4.6 days) to enclose the conditions experimentally with d = 2 and stretched along the ax[,(— hy). AlthoughK 787
explored. Kinetics were based on 20 simulated concentrationandhy, estimations were highly linear dependent, simultaneoss
data points that were sampled (i) at constant frequency (uniform estimations oD, K, andh,, parameters were possible becausey
sampling in time) or (ii) so that the variation in concentration their respective confidence intervals close to the optimal vahse
between consecutive data points was constant (uniform samplingwere small (Figure 6 parts d and e). 791
in concentration). Both situations corresponded to two extreme 5.2. Effect of B and s Level on Bias and Confidence oD, 792
cases for the repartition of data in KPD. All data were blurred K, and hy, Estimations. The previous analysis was generalizers
with 5% white noise and truncated according to ming}, for a wide range of simulated condition® = [107%, 1, 10, 794
Dimensionless KPO; = f(), were reconstructed as previously 1% 103, 10 x K=[102 10,5 x 104, 1, 2, 5] x L* = 795
from eqs 24 and 25. [1073,5x 1073, 102 5 x 1072 10} x s=[30, 40, 50, 60, 79
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a) b) ©)

£t 50 %

S

C95%
> 95 % linear approximation

<] identified minimum

Figure 6. Projected joint confidence regions (PJCR), respectively, to simulated results of Figure 5. PJCR were based on the followindj=(&,bra)
(d,e,f)d = 2 criteria. Gray level values represent ning, 8). The gradient ofAy? is superimposed as quiver plots. PJICR based on an approximation of the
local information matrix is also indicated. The axes of projections are plotted in dotted lines and correspond to identified {aldeamdh. The deviation
between the identified minimum and the intersection of the projection axis assesses the bias due to the identification procedure.

70, 80, 100] and for both strategies of sampling. SiBogas
the main explicative factor, relative bias and confidence intervals
inferred from different K, L*) values were averaged and
compared withB only. Results are plotted in Figures 7 and 8
for strategies based on uniform sampling in time and in
concentration, respectively. Sinde= 2 andd = 3 criteria had
very similar efficiency, only the results fat = 2 are given.

For almost all of the tested conditions, approximations of
parameter®, K, andhy, based ord = 1 criteria were poor and
highly sensitive ta. The estimation ob was achievable (with
a relative bias-1 unit) for all testeds values only wherB was
>100. Accurate estimations b, K, andB requireds values
higher >70%. These results confirmed that noisy raw kinetic
data, which did not include the equilibrium state, were not
sufficient for a simultaneous estimation &, K, and hy
parameters.

d = 2 criteria significantly improved the previous method
by making possible low biased and confident estimatiors,of
K, andhy, for B = 10 ands values as low as 30%. Both sampling

strategies led to similar estimates of tested parameters. Osiy,
the estimation ofB was slightly improved with a uniform s17
sampling in time by allowing an estimation downBo= 1 for 818
s> 50%. It is emphasized that, when no accurate estimatiorsof
any parameterd, hy, or K was reachable, identifications2o
strategies based ath > 2 generally led to overestimation of21
the true value of each parameter. By contrdst 1 strategy s22
could generate either underestimated or overestiniatealues. 823

6. Conclusions and Prospects 824

A robust estimation strategy was proposed to simultaneously
identify three propertiep = [D, K, hy]' that control desorption 826
kinetics (or, equivalently, sorption kinetics) under two relevasi?
constraints constraints: low Biot values and incomplete kinetiez
The feasibility is demonstrated via a new approximation of 1429
diffusion equation coupled with a Robin boundary conditiosso
The approximating differential algebraic equation offers bogbi
() a very efficient computational alternative to other analytise
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Figure 7. Relative bias and 95% confidence intervals on param&ek§ hy,, andB estimated from 20 concentration data points equisampled in time and
including 5% of noise. The estimations were based on the followingd @)1 and (b)d = 2 criteria. Data were simulated for differeBtvalues, ands
values ranged between 30% and 100%. Each depicted point was averaged over 30 simulations corresponding to all combinations oKparfifieters
104, 5x 104 1, 2,5]x L* =[1073,5 x 1073, 1072 5 x 1072 107Y.
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Figure 8. Relative bias and 95% confidence intervals on paraméteks hy, andB estimated from 20 concentration data points equisampled in concentration
and including 5% of noise. The estimations were based on the followingd €a] and (b)d = 2 criteria. Data were simulated for differeBtvalues, and
svalues ranged between 30% and 100%. Each depicted point was averaged over 30 simulations corresponding to all combinations oKparfideters
104, 5x 104 1, 2,5]x L* =[1073,5 x 1073, 1072 5 x 1072 107Y.
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@)

jr = equivalent resisting flux density in eq 12 (kg?s™%) 895

physical parameters and desorption rates. These features wergs — gcaled flux defined in eq 24 (1srl) 896

combined within a generalized least-squares criterion that|L
extends classification techniques by including important physical Is

features such as the scaled mass flux at the-sdliid interface
(i and its variation with the concentration.

SincejS values were derived from concentration measure-
ments, errors inS and concentrations were expected to be

partially correlated. The performances according to the number? -

of distance contributiongd(= 1, 2, 3) were analyzed in terms

of bias and confidence on both experimental and simulated dataRo =

d = 1 strategies led to unreliable estimateskofnd hy, for

= characteristic length scale of the liquid phase (m) 897

= characteristic length scale of the solid phase (m) 898
L* = dilution factor 899
M = number of independent data in a data set 900
m = differentiation order 901

vector of unknown parameters 902
p = estimate ofp 903

equivalent resistance to diffusion in the P phase(3) 904
Ry = equivalent interfacial resistance in the L phasen(s) 905

desorption levels< 70%. Besides, it is emphasized thbt 1 Ss. = surface area of the solidiquid interface () 906
did not make possible accurate estimations of the mass BiotS = desorption level 907
number. Criteria based od > 2 drastically enhanced the t=time (s) 908
accuracy and stability of identification procedure with typical u = Brownian density or equivalently dimensionless concentsas
confidence ellipsoid volumes that were reduced by a factor tion in the solid phase 910
varying between 10and 10. These improvements drew the T = dimensionless residual concentration in the solid phasei1
conclusion that the simultaneous identificatiorDpfK, andhy, V. = volume of the liquid phase 912
values andB may be feasible and stable from scattered truncated y = reduced coordinate defined in Section 2.2.2 913
kinetics forB > 1 and a wide range of migration conditions: X = reduced concentration defined in Section 2.3.3 914
102 = K = 5,107° = L* = 107!, and desorption levels as X, = minimal X value defined in eq 19 915
low as 30%. o x = spatial coordinate (m) 916
_ The p_ropose_dj > 2 approach was mainly I_|m|t§d by the  y+ — dimensionless coordinate 917
information available at the beginning of the migration process .« — gimensionless position of the interface defined in Sectiors
when the migration dynamics was the fastest (STC regime). 55 5 919
On_ the_baS|s of kinetics, including 20 points and 5% of white Wi = weighting tensor in eq 32 990
noise, it was, however, shown that the proposed strategy of
signal reconstruction of the primitive, first, and second deriva- Greek Letters 921
tives c;f the cltl)nc.entr?tmn k|net||(? was ;a.[[rr?ostt' insensitive totthe a = proportionality coefficient defined in eq 12 999
type of sampling: uniform sampling in either time or concentra- oS = scaled value ofx used in Section 2.4.2 923
tion. It must be emphasized that the proposed current approach, _
. R e . B = KPD curvature 924
might be used for any migration kinetics to estimBteK, and 3 = coefficients in eq 28
hn, parameters or dimensionless quantities sucBksB, and 9' : di ! '. | : Fq L. 925
K/L* when the cumulative amount of diffusant between both ¥~ CIMeNSIONIess Founer time 926
solid and liquid phases remains constant (i.e., without any further’ = distance function 921
mass transfer or reactionsjurther works appear desirable to %~ = least-squares criterion _ _ 928
extend results in conditions where boundary conditions vary ox = standard deviation of the quantiy(same unit ax) 929
arbitrarily with time. wij = weighting kernel in eq 26 930
&2 = regularization parameter in eq 25 931
Nomenclature Abbreviations 932
A = local regularized regression operator defined in eq 27 BC = boundary condition 933
B = mass Biot number FDP = fully developed parabolic regime 934
b = parameter in eq 16 KPD = kinetic phase diagram 935
C. = bulk concentration in the liquid phase ¢kg3) IC = initial condition 936
Cs = local concentration in the solid phase (kg ) ODE = ordinary differential equation 937
Cs = residual concentration in the solid phase-(kg®) PJCR= projected confidence region 938
Cg = initial/typical concentration in the solid phase (kg ®) PDE = partial differential equation 939
c = parameter in eq 16 STC = short-time contact 940
d = dimension of the approximation space in eq 28
D = diffusion coefficient (M-s™1) Literature Cited 941
mo_ . o : .
Dy —2g1th differentiation operator corresponding g, (see (1) Cussler, E. LDiffusion—Mass transfer in fluid system&nd ed.; 942
eq. ) . . Cambridge University Press: Cambridge, U.K., 1999. 943
F = information matrix (2) Vieth, W. R.Diffusion in and Through Polymers: Principles and44
K = partition coefficient ([kgm_~%]-[kg-me—3]~1) Applications Hanser Gardner Publishing: Cincinnati, OH, 2000. 945
Kjl . = collocation matrix Corresponding to the ith data (see eq 3) Sagiv,_A. Theoretical formu_lation of the diffusion through a stab 946
'25) Theory & validation.J. Membr. Sci2002 199, 125-134. 947
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J = Jacobian of the model
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