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Abstract

This paper proposes a variation of the incremental apprumictentify reaction and mass-
transfer kinetics (rate expressions and the correspondiiegparameters) from concentration
measurements for both homogeneous and gas-liquid reagtgiams. This incremental ap-
proach proceeds in two steps: (i) computation of the exigfimsaction and mass transfer from
concentration measurements without explicit knowledgdefreaction and mass-transfer rate
expressions, and (ii) estimation of the rate parametergdch rate expression individually
from the computed extents using the integral method. Thelhogonsists in using extents
that are computed from measured concentrations. For thewtation of the individual ex-
tents, two cases are considered: if the concentrationsl diealiquid-phase species can be
measured, a linear transformation is used; otherwisegittncentrations of only a subset of
the liquid-phase species are available, an approach thatflesvrate and possibly gas-phase

concentration measurements is proposed. The incremdatslfication approach is illustrated
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in simulation via two reaction systems, namely the homogesecetoacetylation of pyrrole

and the gas-liquid chlorination of butanoic acid.

Introduction

Dynamic models are used to analyze, monitor, control anidnige reaction systems. These mod-
els are often based on first principles and describe the gonlof the states (number of moles,
temperature and volume) by means of conservation equaifatiferential nature and constitutive
equations of algebraic nature. The models include infaonatgarding the underlying reactions
(stoichiometry and kinetics), the transfer of species betwphases (mass-transfer kinetics), and
the operation of the reactor (initial conditions, inlet andlet flows, operational constraints). The
identification of reaction and mass-transfer kineticse(etpressions and the corresponding rate
parameters) represents the main challenge in buildingdiistiples models for reaction systems.
The rate expressions, which are typically chosen from afseqmmdidates, need to be confronted
to measured data. The identification task can be perfornodzhtly in one step via a simultaneous
approach, or successively over several steps via an inatahapproach, as discussed next.
Simultaneous identificatioproceeds as follows. From a library of reaction pathwaysratl
expressions, one chooses a rate expression candidate fe@ittion system and estimates the rate
parameters by comparing model predictions and measurad @iae approach is termed ‘simul-
taneous identification’ since all reaction and mass trarigfetics are identified simultaneously.
The procedure needs to be repeated for all rate expressididedes. The candidate with the best
fit is usually selected. Issues like parameter and strudtieatifiability 12 and experimental plan-
ning>“are important to guarantee parameter estimates withditielation and narrow confidence
intervals. The main advantage of simultaneous identibeas that it can deal with complex reac-
tion and mass-transfer kinetics and lead to optimal pararsét the maximum-likelihood sense.
However, simultaneous identification can be computatigrastly when several candidates are

available for each rate expression. Furthermore, sincglti@l model is fitted so as to reduce the



prediction error, structural mismatch in one part of the eladll typically result in errors in all
the rate parameters. Finally, it is often difficult to chogsé@able initial parameter values, which
may lead to convergence problefhs.

On the other handncremental identificatiomlecomposes the identification task into a set of
subproblems1First, the reaction stoichiometry is identified from measliconcentrations. For
this, each reaction can be determined individually withexglicit knowledge of reaction kinetics
using target factor analysis (TFAY:12 Incremental TFA has been proposed to remove the vari-
ability associated with a reaction, once it has been acdeptfore continuing target testing for
the other reaction$® The next step computes the rate profiles of reaction and messfér from
measured data and the known stoichiometry. Finally, thee patameters are estimated from the
computed rate profiles. For each subproblem, the number dehwandidates can be kept low.
This approach is also termed ‘individual identificatiom@® each reaction and mass transfer can
be dealt with individually.

Regarding the identification of reaction and mass-trarigfegtics from measured data, two
methods can be distinguished depending on the way data agéekdanamely the differential and

the integral method$*1° These two methods are detailed next.

In the differential methodreaction rate profiles are computed through differemtratif concen-
tration data. Furthermore, individual rate profiles can dmputed upon knowledge of the
stoichiometry. Then, for a given reaction, a rate expresg@roposed and its parameters
are estimated by fitting the simulated rate profile to the aategbvalues. Note that the dif-
ferentiation of measured concentrations is a difficult tdsk to noise and the sparsity of

measurement¥?

In the integral methogthe rate expressions are integrated analytically or nizalér to predict
concentrations, and the unknown rate parameters are éstitmafitting these predictions to
measured concentrations. The integral method is computilly intensive because of the
need to integrate the rate expressions for each set of paravadues proposed by the opti-

mization algorithm. However, in the absence of structungleutainty and for Gaussian mea-
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surement noise, the integral method leads to optimal etBria the maximum-likelihood

senseb 1’

The simultaneous and incremental approaches, which usetdggal and differential methods,

respectively, are illustrated in Figure 1 for homogene@astion systems:

Path "1" indicates the simultaneous identification appndhat uses the integral method, whereby
the rate expressions for all reactions are integrated wigireoncentrations that are fitted to

measured values via a least-squares problem.

Path "2" represents the incremental identification apgrdhat uses the differential method,
whereby the rate profile of thigh reaction is computed by differentiation of concentnatio
measurements and use of information regarding the storadtiy, the inlet composition,
the volume, and the inlet and outlet flowrates. Ttierate model, which is chosen from
a library of rate expressions, is fitted to the computed radélp via a least-squares prob-
lem. Unfortunately, numerical differentiation introdsaebias in the computed rate profiles,
thus leading to suboptimal parametérsHence, as part of a final adjustment step, simul-
taneous identification using the model structure identifigehcremental approach is often

performed to obtain unbiased parameter estimates.

For the sake of completeness, two special cases of geregtaimultaneous and incremental

approaches available in the literature are briefly mentorext.

A framework for automatic modeling of chemical/biochenhreaction systems (TAM-C/B) based
on concentrations and calorimetric data has been propt§sB&M uses an automatic itera-
tive procedure that imitates the human expert in modeliagtien systems. From measured
data, TAM first generates a qualitative description of theadgic behavior of the reaction
system using a fuzzy interval identification metht§dThen, based on the resulting qual-
itative description, prior knowledge regarding the reattstoichiometry and a rule-based
library, TAM postulates possible rate expressions andt#giobal model to the concentra-

tions and calorimetric data.
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Figure 1. Schematic comparison of the simultaneous anemmental identification approaches
for homogeneous reaction systems. Path "1": simultanqmu®ach that uses the integral method
to integrate all candidate rate expressions; Path "2":emental approach that uses the differen-
tial method to differentiate concentrations; Path "3":ré@rmoental approach that uses the integral
method to integrate a single rate expression at the time.
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An iterative model identification framework that investigga model deficiencies and estimates
nonparametric functional relationships from concentratiata has also been proposéd®
The authors suggest adding a stochastic process to setegtethalances exhibiting possible
uncertainty. The mole balances with large fitted stochgsi@ameters are pinpointed as
having model deficiencies. The modeler can then refine theopited model equations in

the next iteration.

This paper will develop aimcremental identificatioapproach that relies on tiv@egral method
thereby combining the strengths of the incremental appréean handle each rate individually)
and the integral method (optimal handling of measuremeigtefo This endeavor will use the
concept ofextents of reaction and mass transfer

In a batch reactor, the change in the extent of a reactiowéndiy the change in the number of
moles of any species due to that reaction divided by the spomding stoichiometric coefficient.
Recently, Amrhein et &f! proposed a linear transformation that computes the extémesaction
from the numbers of moles in homogeneous reaction systethsniet and outlet streams. The
transformation uses only information regarding the stioictetry, the inlet composition and the
initial conditions, that is, it does not require rate exgress nor inlet and outlet flowrates. The
approach has been extended to compute the extents of reantlanass transfer in gas-liquid (G—
L) reaction systems by Bhatt et &%. using only information regarding the stoichiometry, thiein
composition, the initial conditions, and the knowledgelw species transferring between phases.

As already mentioned, this paper proposes a novel variafithe incremental approach for the
identification of reaction systems, which is based on thegral method. This novel incremental
identification approach uses the concept of extents anégmonds to Path "3" in Figure 1. It

proceeds in two steps as follows:

1. Data transformation. Measured concentrations areftraned, without explicit knowledge

of rate expressions, to individual extents of reaction aagdsnransfer.

2. ldentification of reaction and mass-transfer kinetiche Tate parameters of a candidate



reaction or mass-transfer rate expression are estimatedroparing predicted (using the

integral method) and computed (using the transformatigtergs.

In practice, concentrations of all the species are diffimutheasure on-line. However, a subset
of the concentrations and the flowrates can be measureschenfor such cases, it is shown that
the proposed incremental approach allows computing theichahl extents of reaction and mass
transfer using information on the inlet and outlet flowrates

The paper is organized as follows. First, models of homogesi@and G—L reaction systems
are briefly reviewed. Then, various procedures to comp@exitents of reaction and mass trans-
fer from measured data are developed; two cases are coedidepending on whether or not all
liquid-phase concentrations are measured. The next sategcribes the estimation of rate param-
eters from computed extents using the integral method. Téyeosed incremental identification
approach is illustrated in simulation through two reacsgatems, namely the acetoacetylation of
pyrrole in a homogeneous reactor and the chlorination adrmit acid in a G—L reactor. The last

section concludes the paper.

Preliminaries

This section develops the models of homogeneous and G—tigeaystems with inlet and outlet

streams.

Model of open homogeneous reaction systems

The mole balance equations for a homogeneous reactiomsyselving S speciesR reactions,

p inlet streams and one outlet stream can be written genlgrecsfollows:

Uou (1)

m(t)

A(t) = NTV() (1) + Witn(t) — 2nt), n(0) = no, (1)



wheren is theS-dimensional vector of numbers of molesheR-dimensional reaction rate vector,
Ui, the p-dimensional inlet mass flowrate vectag,, the outlet mass flowrat®, andm the volume
and mass of the reaction mixturd, the R x S stoichiometric matrixW,, = M\,*Vlvv\/in theSx p
inlet-composition matrix withM,, the S-dimensional diagonal matrix of molecular weights and
W, = [WL,--- . WP] with WX being theS-dimensional vector of weight fractions of theh inlet
stream, andy the S-dimensional vector of initial numbers of moles. The flowsat;,(t) and

U (t) are considered as independent (input) variables in Eqg. The way these variables are
adjusted depends on the particular experimental situatiorexample, some elements @f can

be adjusted to control the temperature in a semi-batcharaxtu,, can be a function of the inlet

flows in a constant-volume reactor. The continuity (or totalss balance) equation reads:

m(t> = 11[:-)uin — Uout; m(0> = Mo, (2)

wherelp is the p-dimensional vector filled with ones ama the initial mass. Note that the mass

m(t) can also be computed from the numbers of moles as:

m(t) = 1EMyn(t). 3)

Indeed, from the relationshidgMN" = Or (each reaction conserves mass) agl W, = 1
(the weight fractions of each inlet add up to unity), Eq. (2h de obtained by differentiation
of Eq. (3). Hence, the continuity equation (2) becomes rddah The concentration of thath

species can be expressed in terms of the number of moles @arndltime as follows:

Cs(t) = : Vs=1,...,S (4)

Model of open G—L reaction systems

The mole balance equations for a G—L reaction system aremtex$ in this section. The gas

and liguid phases will be modeled separately, with the ni@sssfer rate€ connecting the two
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phases. The gas phase cont&@pspeciespy inlets and one outlet, while the liquid phase contains
S speciesp inlets and one outlet. There apg, mass transfer steps taking place between two

phases. Let us consider the following assumptions:
(Al) The gas and liquid phases are homogeneous.
(A2) The reactor has a constant total volume.

(A3) The reactions take place in the liquid bulk only.
(A4) No accumulation in the boundary layer.

(A5) Mass transfer rates are considered positive from the gaetiguid. Hence, negative mass-

transfer rates are computed for species transferring frentiquid to the gas.

With these assumptions, the mole balances for the gas and ptases read:

Gas phase

Rg(t) = W gtinglt) ~WasZ (0~ 29 ng0).  ng(0) = o ©

Liquid phase

Ay (t) = NV () 1 (t) +Win Uin (1) + Wiy £ (1) — ni(t),  ni(0)=npo, (6)

wherens is theS;-dimensional vector of numbers of moles in thphasef € {g,l}, NtheRx §
stoichiometric matrix,R the number of reactiondyV,, 1 = Mv_%]fv‘vimf the S x ps inlet matrix
expressing the composition of the inlets to thphaseM,, s the S¢-dimensional diagonal matrix
of molecular weights, an\i\/imf = {W.}]f v“vip'jf} with \/“vl‘f1f being theS;-dimensional vector
of weight fractions of thé&th inlet to thef phaseu;, s the ps-dimensional inlet mass flowrate to the
f phase{ the pn-dimensional mass-transfer rate vector, apglithe vector of initial moles in thé

phaseW,,; = MV‘Vlf IVEm.f is theSs x pm mass-transfer matrix to th‘ephaselVEm_,f = [é}]f égn;}
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with é!;_f being theS;-dimensional vector with the element corresponding tokthetransferring
species equal to unity and the other elements equal to zero.

The relationships between mole fractions, concentramasnumbers of moles are:

_ Ngs(t) _
ys(t) = 1§jng(t)’ Vs=1,..,S, (7)
Co(t) = r\"/ls((tt)> Vs=1,..5. ®)

Note that the reactor masses(t) can be inferred from the numbers of moles as:

me(t) = 15 Mwene(t),  fe{gl}. ©)
Upon grouping the inlet flowratas, ¢ and the mass-transfer ra@sEgs. (5) and (6) become:

Y, - uOUtyg (t)

Ng(t) = WingUng(t) — me() ng(t),  ng(0) = ngo, (10)
O = N OO+ Wy Ta )~ ZH M0, 1i0) =g 1)

whereW,, g = [Wi, g, —Wmg| is @ matrix of dimensiotsy x pg, Wi, = [Wi, 1, W] @ matrix of
dimensionS x p, andu;, 1 = [U'Ef} a vector of dimensiops, with p; = ps + pm, f € {g,1}.
Throughout this paper, tHe reactions, and thp; extended inlets are assumed to be indepen-

dent, according to the definitions given in Amrheiral ! and Bhattet al.?2

Computation of extents of reaction and mass transfer

The transformation of concentration data to the extenteaction and mass transfer is presented
next for both homogeneous and G-L reaction systems. Notéhtharansformation of concentra-

tion data is performed without knowledge of the reaction mrags-transfer kinetics.
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Homogeneous reaction systems

For homogeneous reaction systems, two cases will be dissingd depending upon the available
measurements: (a) all concentrations are measured, andl{bd subset of the concentrations are

measured.

All concentrations measured: Linear transformation

Let c(ty,) be the concentrations measured at time ingigwith h=0,1,... H. LetV(t) denote
the volume measured at timé The numbers of moles(t,) can be computed a&(t,) c(ty). The
following proposition states the conditions to be able tmpate the extents of reactiog(ty,) from
n(tp) using the linear transformation proposed in Amrhetiml 2%

Proposition 1 (Linear transformation of n(ty))

Consider the following assumptions:
() N, W,, andng are known,
(i) rank([NT W, no]) =R+ p+1, and
(iii) n(ty) is available from measurements.

Then, the extent of thigh reactiorx. j(tn),Vi =1,...,R, can be computed as:

X.i(tn) = (Sp)in(tn), (12)

where(S})i denotes théth row of the(R x S)-dimensionalsiy matrix defined in Appendix A.

Furthermore, the extents of th¢h inletx, «(tn), k= 1,..., p, and the outlet extemnt(tn) can

LIn practice, concentrations are typically measured infeedly, whereas volumes and flowrates are available
nearly continuously. This leads to infrequent concerdratiata, denoted(ty), and frequent volume, inlet flowrates
and outlet flowrate, denotdd(t), ui,(t) andug,(t), respectively.
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be computed from(t,) as follows:

Xin,k(th) = (M 6)k n<th) ’
(13)

Xout(th) = 1—qgn(tn),

where(M () denotes th&th row of the(p x S)-dimensionaM | matrix. The matrice$/ o andqo
are defined in Appendix A.

(Proof follows from Theorem 2 in Amrhein et &})

Note that the transformation in Proposition 1 computes #tengs of reaction and flow from
the measured numbers of moles without the knowledge of amédtoutlet flowrates. However, the
inlet and outlet flowrates are required in the identificabbreaction and mass-transfer kinetics in

the next step.

A subset of concentrations measured: Flow-dependent appatch

Let na(ty) be the numbers of moles of tig available species at time instapt In practice, the
inlet and outlet flowrates can be measured frequently. ul.ét) andu,,(t) denote the inlet and
outlet flowrates measured at timeThe following proposition states the conditions to be able
compute the extents of reactiaf(ty,) from na(ty) using the measured inlet and outlet flowrates.
Proposition 2 (Flow-dependent approach: Use of £(t;,) and integration of u,(t) and Uy(t))

Consider the following assumptions:
() Na, Win a andng 5 are known,
(i) rank(Na) =R, and
(i) na(th), ui(t) andu,,(t) are available from measurements.

Then, the extents of reactiop;(tn), Vi = 1,...,R, can be computed in two steps as follows:

12



1. Compute the extenxs,(t) andA (t):

Rolt) = Ualt) — 2 xu(0), %0(0) = 0,
. (14)
Ao=-t=ho, a0-1
with
m(E) = Zyo(t) + MOA (1), (15)

whereA is a scalar dimensionless variable used to account for feeteff the outlet on the initial

conditions.

2. Compute the extents of reactinn(tn), i=1,...,R:
(1) = (NG s Patt) ~ WosXolt) Mo i) ). (16)

where(N}")i denotes théth row of the(R x S;)-dimensionaN}" matrix. (Proof see Appendix B)

Note thatA (t) = 1 for reactors without outlet stream. The numbers of molethefS, =
S— S, unmeasured specieg(t,) can be reconstructed using the computed extents of reaantitn
flow. If the initial conditions of the species that are not s@&d on-lineng, are known, the
corresponding numbers of moles can be reconstructed usengoimputed, (t,) in Eqg. (16) and

Xin(t) andA (t) in Eq. (14) as follows:
nu(th) = N-Ll;xr (th) +Win,u Xin (th) + nO,uA (th)7 (17)

whereNy is the known(R x §;)-dimensional stoichiometric matrix aMl;, , the known(S§, x p)-

dimensional inlet-composition matrix.
Remarks
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1. If Assumptions (i)—(iii) in Proposition 1 or 2 are satisfjghen the extents of reaction can
be computed from the measured experimental data. In the witrels, the measured data
is sufficiently informative in the sense that one can comphgereaction extents. However,
fulfillment of Assumptions (i)—(iii) does not provide anyditation about parameter identi-

fiability and the quality of the parameters computed from sneed data.

2. Note that, for situations where Assumption (ii) in Pragoa 1 does not hold, e.g. when

S< R+ p+1, the extents of reactions can be computed as per Propo2itio

Error in extents of reaction computed from noisy composition measurements

In practice, the numbers of moles are obtained from noisgewoimation and volume measure-
ments. Noise propagates to the computed extents as itledtrext. Leth = n + e, denote the
noisy value ofn, wheree, is a vector of zero-mean Gaussian noise with variaige;, that is,
en ~ N(0s, Zs«s). Since the errors in flowrate measurements are usuallygilelgliwith respect to
errors in concentration measurements, it is assumed théibthirates are noise free. Furthermore,
for the sake of simplicity, we also assume that the initialdibonsng are noise free. Since the
extents are linear functions of the numbers of moles, uebiastent estimates can be computed
from the numbers of moles as given next.

The mean and the variance of the extent ofitheeaction computed via linear transformation

are:

Epi(th)] = (Sp)in(tn),
varx:i(tn)] = (So)i Zs«s(SH)i» (18)

where H:| is the expectation operator and yais the variance operator.

Similarly, the mean and the variance of the extent ofitheeaction computed via the flow-
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dependent approach read:

EX.i(th)] = (Ny)i (na(th> — Wis.aXin (th) —No,a A (th>) ,

variii(tn)] = (NI); Zgus (N (19)

Egs. (18) and (19) show that the computed exierit,) is unbiased and its variance depends on

the variances of the measured concentrations.

Gas-liquid reaction systems

The objective of this section is to compute the extents oftrea and mass transfer from con-
centration measurements. Note that the extents of masddrazan be computed from either the
gas or the liquid concentrations. On the other hand, thenextd reaction can only be computed
from the liquid concentrations. Again, two cases are digtished depending upon the number of

species for which concentration measurements are availabl

All liquid-phase concentrations measured: Linear transfamation

Letn|(ty) be the numbers of moles of ti&especies in the liquid phase measured at time inggant
The following proposition states the conditions to be abledmpute the extents of reactigrity,)
and mass transfes,, (t,) from ny (ty) using the linear transformation proposed in Bleaial.>?
Proposition 3 (Linear transformation of n|(ty))

Consider the following assumptions:
() N, W.,;, W;,| andn,q are known,
(i) rank(N™ W, Wi, nio]) =R+ pm+pi +1, and

(iii) n(ty) is available from measurements.
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Then, the extent of thigh reactiorx. ;(t,), Vi = 1,...,R, and the extent of thith mass transfer in

the liquid phase,, ;(t,), Vj = 1, ..., pm, can be computed as:

X.i(th) = (So)ini(th), (20)

X j(th) = (Mp)j a(th), (21)

where(S],)i denotes théth row of the(R x §)-dimensionalS|, matrix and(M/,); the jth row
of the (p x §)-dimensionaM |, matrix, which can be computed using the algorithm given in

Appendix A. (Proof follows from Theorem 1 in Bhatt et%)

Similarly, if the measurements of all the species in the dasspng(t,) are available, the
linear transformation can be applied to compute the extetiiteojth mass transfex.q;(tn) in the
gas phasé? Note that the extents,, ;(t,) andx.,;(tn) are typically different as they represent
the mass transferred between phases, which is discounteédefamutlet flow of liquid and gas,

respectively.

A subset of concentrations measured in the gas and liquid plses: Flow-dependent approach

Letnga(th) andny 5(th) be theS; o- and§ s-dimensional vectors of available numbers of moles in
the gas and liquid phases at time instiantespectively. In addition, the inlet flowratag, (t) and
Uin,g(t), the outlet flowrates,,, (t) andu,yg(t), and the masses (t) andmy(t) are also measured.
The extents of mass transfer will be computed from infororaitemming from both phases,
namely pm, extents will be computed from the gas phase apdextents from the liquid phase,
with pm + Pm, = pm- Without loss of generality, it is assumed that g species measured in the
gas phase are involved in mass transfer.other words, the, transferring species are measured
such thatS;a = pm, species are measured in the gas phasepapdire measured in the liquid

phase.

2If some of theS; o species measured in the gas phase are not involved in mastetrahese species will simply
be discarded since they are not useful in the computatiomeoéxtents of mass transfer.
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The extents of mass transfer and the mass-transfer magneesritten accordingly. For in-
stance Xy, g and Xy, representpm -dimensional vectors of extents of mass transfer computed
from gas-phase measurements for the gas phase and thedipsd, respectively;, ; is the py -
dimensional vector of extents of mass transfer computed find for the liquid phasel g is
the (Sy.a X Pm,)-dimensional mass-transfer matrix associated withghemass transfers and the
Sy.a speciesW,, .. is the (§ a x pm )-dimensional mass-transfer matrix associated withgiye
mass transfers and tt&, species W, . is the (§ 4 x pmg)-dimensional mass-transfer matrix
associated with them, mass transfers and ti&, species. Furthermore, m‘g = [N} W14 be
the extendedS 5 x (R+ pm )]-dimensional stoichiometric matrix.

Proposition 4 (Flow-dependent approach: Use of fa(th), Ui £ (t) and U, (t), f € {g,1})

Consider the following assumptions:
(1) Na, Wirgga Weyi.ar Wing1.a Win 1 a, Win g.a @nd the initial conditions|o a andngo  are known,
(i) Sat+Sya>R+Pm
(i) rank(Na) =R, and
(iv) rank(Na) = R+ pm,

(V) ng7a(th>: n|7a(th)1 Uin, | (t), uin,g(t>' Uout,| (t), uoupg(t)' \Y (t), m (t) andnb(t) are available from

measurements.

Then, the extents of reaction and mass transfer can be cethputhree steps as follows:

1. Compute the extents of mass transfgf,(tn) in the gas phase from:

Xin,g(t) = Uin,g(t) _ u;:;géf;) Xin,g(t)7 Xin,g<0) = Opg,
) but,g (1
Ag(t) = - urng;g(f)) Ag(t% Ag(o) = 17 (22)
Wrrkg-,g-,axmg.,g(th) = Nga(th) — Wing.aXing(th) —Ngo.aAg(th)-
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2. Compute the extents of mass transfgf (tn) in the liquid phase:

bnt) = o) (A I ), 8n(0) = O

Xrgi(th) = Xmgo(th) — Sm(th), (23)

wheredm(t) is a pm,-dimensional vector expressing the difference in the @stehmass transfer
computed for the gas and liquid phases.

3. Compute the extents of reactigyft,) and mass transfer, (tn) in the liquid phase:

s = U (0= 4 %010, %01 (0) = O,
; Uout,| (t> -
)\|(t> = _WA| (t>7 A|(O) - 17 (24)
—r Xy (th>
Na = N a(th) = Win 1 aXinl (th) — Wigi.aXmg, (th) — Nio.a Al (th)-
X | (tn)

(See Proof in Appendix C)

Remarks
1. The differential-algebraic equation system (22)-(2#%) be solved as follows:

e Step 1:Since the matri3W 4. is full rank by construction, the differential-algebraic
system (22) can be solved to compute the extents of massarang,(tn) involving

the §; 2 species measured in the gas phase.

e Step 2:The corresponding extents of mass transfer for the liquabpix, (tn), can

be estimated from Eqg. (23).

e Step 3: Since the matridN, is full rank by Assumption (iv), thdR extents of reac-
tion x,(tn) and the remainingm, extents of mass transfey, | (tn) can be estimated by

solving Eq. (24).
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2. Assumptions (i)—(v) specify the minimal number of cortcation measurements and the
conditions that are needed to compute the extents of reaatid mass transfer. In other
words, the extents of reaction and mass transfer can be dethfsam subsets of the species

measurements, if Assumptions (i)—(v) are fulfilled.

3. Aswith homogeneous reaction systems, since the compxtedts are linear function of the
numbers of moles in the liquid and gas phases, they are wthiasG—L reaction systems

when the measured numbers of moles are corrupted with zeemi@aussian noise.

4. If the volumetric flowrates, r andd,, f, f € {g,1}, and the liquid volum¥, are measured,
then=2" can be replaced b in Egs. (22)-(24). Moreover, the masses of the two phases

need not be measured.

5. If the initial conditions of the species that are not meedwn-line in the liquidng, and
in the gasngo,u, are known, the corresponding numbers of malggtn) andng y(th) can be

computed fronx; (t), Xin 1 (th), Xin,g(th) s Xmi (th)s Xmg(th), Xm (th), A (th) andAg(ty) as follows:

MNu(th) = N{Xe(th) +Wint uXint (th) + Wi o Xmi (th) -+ Nio,u A (th), (25)

ng,u(th> = Wimg,u Xin7g(th> - Wm,gﬁu Xmg (th) + ngO,u )\g(th> . (26)

Special case: G—L reactors without outlet

The computation of extents of reaction and mass transfeG#dr reactors without outlet, such
as batch and semi-batch reactors, is discussed in thi®sech such a case, sinog, ;(t) =
Xmgj(t) and thusdm(t) = O, the gas and liquid phases can be treated simultaneouslgn\tfie
concentrations of all species in the liquid phase are meds&roposition 3 can be used to compute
the extents of reaction and mass transfer from measurements

Next, the case when a subset of the concentrations are nedasuhe gas and liquid phases

Ng,a(th : :
is considered. Lety(th) = galtn be aS;-dimensional vector of measured numbers of moles
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in the gas and liquid phases at time instgntwith S = §a+ S a. The [S x (pg+ P + pm)]-
dimensional extended inlet matrix of available speciegfsed asl\_/m,a:: Winga Winta Wials
whereW,, 44 is the (S x pg)-dimensional matrix associated with thg gas inletsW,, | 5 is the
(S x pr)-dimensional matrix associated with thee liquid inlets, andW,,, is the (S; X pm)-
dimensional matrix associated with thpg, mass transfers. Also, I} := IN; Wha be the
[Sa x (R+ pm)]-dimensional extended stoichiometric matrix in this case.

Proposition 5 (Flow-dependent approach for G—L reactors wihout outlet)

Consider the following assumptions:
() Na and\/T/ima are known,
(i) rank(Na) = R+ pm, and
(iii)) na(th), Uing(t), andu;,(t) are available from measurements.

Then, the extents of reactiop; (tn), Vi =1,...,R, and of mass transfey,;, Vi =1,..., pm, can be
computed in two steps as follows:

1. Compute the extents of inlet flaw, | (t) andXxi, g(t):

Xt (t) = Upni(t),  Xni(0) =0y, (27)

).(in7g(t> — uimg(t), Ximg(O) — Opg (28)
2. Compute the extents of thih reaction andth mass transfer:

Xi (th)

—
=
I

(l\_ly)i (na(th) - Win,g,aXin,g(th) —Win1.aXin| (th) — nQa) )
B (29)
Xm(th) = (NZ )R+ ] <na(th) —WingaXing(th) — Win | aXin, (th) — nQa) ;

where(NL")i and(N+ gy j are thath and(R+ j)th rows of thg(R+ pm) x Sa]-dimensional matrix
(NF).
(See Proof in Appendix D)
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The §  unavailable numbers of moles in the liquid phasg(ty) and theS;, unavailable

numbers of moles in the gas phagg(tn) can be reconstructed from the computed extents as:

Muth) = N{X(th) +Win g uXin (th) + W eXa (th) + Nio,uAi (th), (30)

ng,u(th) = Win,g,uXin,g(th) — W uXm(th) + ngQu)\g(th)- (31)

Estimation of rate parameters from computed extents

With the integral method, the rate parameters are estinbgtedmparing measured concentrations
and concentrations that are obtained by integration ofé¢hetor model using postulated rate ex-
pressions. In this section, the integral method is used tgpewe extents that are computed from
measured concentrations and extents that are obtainetbigyation of postulated rate expressions.
This can be donendividually for each extent of reaction and mass transfer.

For theith reaction, lek; andX,; denote theH-dimensional vectors of computed (according
to the procedures described in the previous section) andlaied (according to a rate expression
involving the parameter8; ) extents of reaction &l time instants, respectively. The following

weighted least-squares problem can be formulated to estithh@ parameters; ;:

min (X — K (Ori)) " Wi (X — R (1))

| Uout,| (t)
m (t)

st %i(t) =M(O)ri(c(t),6r) — %i(t), %i(0)=0, (32)

L U
9r7i < 6]’7i < 9r7i7

whereW, is an H x H)-dimensional weighting matrix; is the postulated rate expression for the
ith reaction, which is a known function of the molar concetidres ¢ (t) and thel-dimensional
unknown parameter vectdk ; that can vary between the lower boual:j and the upper bound
9%. The dynamic equation fog ;" in Eq. (32) results from the linear transformation in Bhatt e

al.?? Note thatc (t) needs to be reconstructed from tHemeasured values(ty,).
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Similarly, letx., ; andX., ; denote theH-dimensional vectors of computed and simulated ex-
tents of thejth mass transfer in the liquid phase, respectively. Thewhg weighted least-squares

problem can be formulated to estimate the paramégrs

r(yin (Xm1j = Xm1,j (Bmj)) " Win(Xmpj — X1 j (Bm,j))

m,j

St S i(t) = Zj(Ci(t), Colt), Bmj) — Xmijs %mij(0) =0, (33)

L . U
Omj < Omj < O,

whereW,, is an H x H)-dimensional weighting matrix, angj is the postulated rate expression for
the jth mass transfer, which is a known function of the measuredeuatrations; (t) andcg(t) and
the g-dimensional unknown parameter vecty, ; that can vary between the lower bound bound
61, ; and the upper boun ;.

Eq. (32) can be used to estimate the reaction rate paranretessiogeneous and G—L reaction
systems foi = 1,...,R. Eg. (33) can be used to estimate the mass-transfer ratmesms in G—
L reaction systems foy =1,..., pm- When only a subset of the concentrations is measured, the
unavailable numbers of moles can be reconstructed fronviikable measurements using Eq. (17)
for homogeneous reactors and Egs. (25) and (26) for G—-Liozesystems.

Integration of the differential equations (32) and (33)uiegs the knowledge of the concentra-
tions ¢ (t) andcg(t), which can be achieved by polynomial interpolation of theameed values
¢ (th) andcy(th), h=0,1,...,H. For exampleg(t) = E c(th) gh(t), wherec(t) represents a con-
tinuous function approximation of the concentratioh;g Hase the low-resolution date(ty) and
the basis functiongi(t). In this paper, “ode45” of MATLA@, which is based on an explicit

Runge-Kutta (4,5) formula, is used to integrate the difiéie¢ equations3

Remarks

1. Parameter identifiability: Identifiability of parameters implies uniqueness of the nad-

rameters determined from experimental da®everal methods can be used to check pa-
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rameter identifiability a prior?*=2’In contrast, a parametric sensitivity analysis can be per-
formed after parameter estimation to identify the paramseteat affect the fit the mos€
Moreover, the quality of parameter estimates can be evaluating statistical methods. For
example, the confidence intervals of the estimated paramed® be calculated using sig-
nificance testing or bootstrappirfg.In this paper, the function “nlparci” in the statistical
toolbox of MATLAB®, which is based on "asymptotic normal distribution of theapaeter

estimates", is used to compute the confidence inteR?als.

2. Error propagation from the computed extents to the estimatel rate parameters: Since
noisy measurements are used to comp(e andcg(t) and simulate the profiles;{t) and
X j(t), error propagation can affect the accuracy of the estimaaeaimeters. A numerical
investigation of the error propagation from the computegtm’ts to the estimated parame-
ters has been carried ottt.The main result is that the extent-based (integral) increaie
approach gives parameter estimates with tighter confidenegvals in comparison to the
rate-based (differential) incremental approach. The migalkinvestigation also indicates
that both incremental approaches introduce bias in pagnestimates, particularly in the

presence of large measurement noise or sparse data.

lllustrative simulated examples

This section illustrates the computation of extents of tieacand mass transfer from measured
concentrations and the estimation of reaction and massfaarate parameters. The acetoacetyla-
tion of pyrrole illustrates a homogeneous reaction systehile the chlorination of butanoic acid

is representative of a G—L reaction system.

Homogeneous reaction system: Acetoacetylation of pyrrole

Generation of simulated data: The acetoacetylation of pyrrole (A) with diketene (B) inved

one main reaction and three side reactiéhThe main reaction (R1) between pyrrole and diketene
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produces 2-acetoacetyl pyrrole (C). The side reactiorsdec(R2), the dimerization of diketene
to dehydroacetic acid (D); (R3), the oligomerization ofeténe to oligomers (E); and (R4), a con-
secutive reaction between diketene and 2-acetoacetyblpytw the by-product F. The reactions

R1, R2 and R4 are catalyzed by pyridine (K). The reactiorckiometry reads:

Rl: A + B -5 ¢
RZ2 B + B - D
R3: B — E

R&: C + B -5

N

from which one can write the stoichiometric mathix

FETREE:
N= 0-10 01 0|~ (34)
0 -1-100 1
The kinetic expressions are as follows:
ri = kicacsck (35)
r, = koChok
r3 = KksCg

ra = ksCcCrCk,

with the "true" parameter values used for data generaticengin Table 232
The startup of an isothermal CSTR is considered. The imtintentrations of the 6 speciks-

.
Fareco={03 1 01 001 O o} mol L~1. The species A and B are added continuously

.
through one inlet with compositioq, = {2 35 0 0 O (i molL~1. The volumetric
inlet flowrate isq, = 0.1 L min~1. Under the assumption of constant density, the volumetric
outlet flowrate isg,: = 0.1 L min~!. The volume of the reactor is 1 L. There is initially 0.5 mol

of catalyst in the reactor. The concentrations of all sgeare measured every 30 sec for 1 h. The
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measurements are corrupted with additive zero-mean Gawussise. The standard deviation for
each species is taken as 5% of the maximal concentratiorabsgecies, i.egs = 0.05c]'® for

s={A B,C, D, E, F}. The noisy concentration measurements are shown in Figure 2
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Figure 2: : Concentrations of the 6 species in the acetotiety of pyrrole. The solid lines
indicate the generated (true) concentrations, while thikena indicate the noisy measurements.

Identification of reaction kinetics: Since the concentrations of all species are measured and
rank([NT ¢, ng]) =R+ p+1=4+1+1=6, Proposition 1 can be used to compute the extents
of reaction from concentration data. The computed extesfteywn in Figure 3, are within the
95% confidence intervals that are calculated using the ntharsimulated “true” extents) and the
variance computed from Eg. (18) using the noise distriloutised in the data generation.

The next step is to identify the rate expressions from amloagéet of rate expression candidates
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Figure 3: Extents of (a) reaction R1, (b) reaction R2, (cttiea R3, and (d) reaction R4 computed
from measured concentrations. The solid lines indicatértifeeextents, while the markers indicate

the extents computed from noisy concentration measuremdiite dash lines indicate the 95%
confidence intervals.
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Table 1: Rate expression candidates for the acetoacetylatipyrrole. Candidateé&, rgs)' réz)

andrf) correspond to the simulated (true) rate expressions

Reaction R1: Reaction R2: Reaction R3:  Reaction R4:
rgl) =kz rgl) =ky rgl) =ks rgl) =Kkq

rgz) =Kkicp rgz) =kocCp rgz) = KkszCp rgz) =KkyqCp

rf’) =KkiCa rgg) =koC3 rég) =k3C3 rf) =kaCc

rf” =Kkjck r§4) =kocgCk ré‘” = KkzcgCk rf) =KkgcCk

rf’) =kqCaCg rgs) = kpC3ck rgs) = ka3 ck rf) =ksCaCc
r§6) =Ky caCk rge) =koCk rge) = kzCk rf) =ksCk CBCC
rf) =kyCgCk rf) =kgCk Cg
r§8) =KkycaCglk rfls) =ksCk Cc
1% =k 2 cs ry) =kack cac
{1 —kycacd r1% = kyeq Bee

given for each reaction in Table 1. Note that each rate egmmesnvolves a single unknown
parameter and thug 1 = kq, 62> = ko, 63 = k3, and 6, 4 = ks. For a given reaction, each rate
expression candidate is fitted to the corresponding cordmxtent using the least-squares problem
(32). For example, for the main reaction R1, the quality obfitate expression candidate%l),

rge) andr§8) is shown in Figure 4. CandidatéS) leads to the best fit foW, = Iy. Similarly, the
rate expressionlés), rgz) andrf) are identified as the suitable rate expressions for reacRih
R3, and R4, which are indeed the rate expressions used ferajerg the data. The true values,
the initial guesses, the estimated values and their 95%dmnde intervals are given in Table 2.

The estimated values are close to the true values.

G—-L reaction system: Chlorination of butanoic acid

The chlorination of butanoic acid (BA), which takes placéha organic liquid phase with ethanol

as solvent, involves two parallel auto-catalytic reacidimat consume dissolved LI The main
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Figure 4: Fit of three rate expressions to the computed exten

Table 2: Parameter estimation using the extent-basednvarl identification approach: True,
initial and estimated values of the four rate parameterstferselected rate expressiaé@, r§5),

r§f>, andrfle). The last column indicates the 95% confidence interval fere$timated rate param-
eters.

Parameter True value| Initial value | Estimated value Confidence interva

ki [L2mol~2min~Y] | 0.0530 0.8000 0.0531 [0.0509, 0.0553]

ko [L2mol2 min~1] | 0.1280 0.8000 0.1281 [0.1250, 0.1312]

ks [L min—1] 0.0280 0.8000 0.0279 [0.0276, 0.0283]

kg [L2 mol~2 min~Y] | 0.0010 0.8000 0.0010 [0.0010, 0.0010]
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reaction produces the desired prodaemonochlorobutanoic acid (MBA) and hydrochloric acid
(HCI). The second reaction produces the side produdichlorobutanoic acid (DBA) and HCI.

HCl is a highly volatile product that is found in both phaség.he reaction stoichiometry is:
Rl1: BA + Ch — MBA + HCI

R2: BA + 2Ch — DBA + 2HCI

Generation of simulated data: The rate expressions of the reactions R1 and R2 are:

ri = KiC gaCicl,+/C MBA, (36)

r, = koriccy,.

The mass-transfer rate expressions (in kb sre given by:

ZC|2 = kC|2 AS\/| MW,C|2 (Célz —q ,C|2)7 Célz = Q@C|2/HC|27

et = —Knctl AsVi Mwnct (G Hel — Cer),  Chicl = Phel/Hual, (37)

whereAs is the specific interfacial areag, andcy,c, are the equilibrium molar concentrations
at the interfaceg ¢, andc yc are the molar concentrations in the liquid bubg, and Hyc

are Henry’s law constants?c), and Zc| are the partial pressures in the gas phase calculated
using the ideal gas law from the numbers of moles in the gasephlt is assumed that the gas
side resistance is negligible. Since HCI transfers fromlithed to the gas, its mass-transfer rate
is negative. The values of the rate parameters are givenbte "2 The thermodynamic and
hydrodynamic parameter values are given in Appendix E.

The measurements are generated by simulating the tramgierdtion of a reactor with inlet
and outlet flows. The initial pressure in the reactor is 1 afime total pressure is regulated at 10
atm by manipulating the inlet flowrate of £&s shown in Figure 5a and Figure 5d. The gaseous
outlet flowrateu,,. g is constant at 3600 kgH. The liquid inlet flowrate of BAU,, ga is 324 kg

h~1, while the liquid outlet flowu,, is manipulated to regulate the liquid mass at 483 kg as shown
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in Figure 5b. It is assumed that concentration measurenoér@$, BA and MBA in the liquid
phase § o = 3) and HCI § 2 = 1) in the gas phase are available. They are corrupted wititivazld
zero-mean Gaussian noise with standard deviation equa&ltofZhe maximal concentration of

the corresponding species.

(a) (b)
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(¢ (d)

Vi [m?]
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Time [h] Time [h]

Figure 5: Noise-free measurements in the chlorination tdifmic acid: (a) Inlet flowrate of ¢l
in the gas phaseif 4 c1,) manipulated to control the total pressure, (b) liquid eufliowrate (1)
manipulated to control the liquid mass, (c) liquid volurivg (and (d) total pressureX;).

Identification of reaction and mass-transfer kinetics: The measurements include the liquid
volume, the inlet flowrate of G) the liquid outlet flowrate, and the total pressure are nreasu
(Figure 5) as well as four concentrations or numbers of m{fégure 6). Since the reactions
R1 and R2 are autocatalytic, they start slowly because tlmahof MBA present in the reactor
initially is small. This leads to accumulation of Jh the liquid phase (Figure 6a). After about
0.15 h, both reaction rates increase, which leads to a slemeakse in the amount of h the

liquid phase. The amount of BA in the liquid phase decreasas@ntarily to increase later since

the amount of BA added by the liquid inlet surpasses its rexthawa the reactions and the liquid
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outlet. Moreover, the behavior of1c| in Figure 6d indicates that the gas phase has reached

steady state after 0.2 h.
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Figure 6: Composition measurements in the chlorinatiorutdiioic acid: (a) Concentration of Cl
in the liquid phase, (b) concentration of MBA in the liquidgs®, (c) concentration of BA in the
liquid phase, and (d) number of moles HCl in the gas phasesdhalines indicate the generated
(true) compositions, while the markers indicate the noigasurements.

The stoichiometric and inlet-composition matrices cquogsling to the measured (available)

guantities are:

1 -1 1
Na = ;Wn,ﬁha:{o 0.0141 %;
2 -1 0

ang,g,a: |:—00274J ; Win,g,a: 0; ang.l,a: |:00274E| ; Win,l,a: |:00113} .

The measurements satisfy Assumptions (i)-(v) in Propmsii. Hence, the extents of reaction
X1 andx,» and the extents of mass transfgl ¢, andx,q+c can be computed as mentioned in
Proposition 4 and the results are shown in Figure 7. One $e¢s 4 is significantly smaller
thanx > (Figure 7a-b). Since HCI transfers from the liquid to the,gagc is negative and,

furthermore, it is nearly constant after 0.2 h due to thedstestiate condition in the gas phase
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(Figure 7c). The mass-transfer exteptc,, increases with time because of the large driving force
maintained by the consumption of{h the reactions. The number of moles o @i the gas phase
and the concentration of HCI in the liquid phase are recanttd from the available measurements
using Eqgs. (30) and (31) (Figure 8). Note that these recoctsirl quantities are required for

parameter estimation.
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Figure 7: Extents of (a) reaction R1, (b) reaction R2, (c) H@ks transfer to the gas phase, and (d)
Cl, mass transfer to the liquid phase. The solid lines indidadrue extents of reaction and mass

transfer, while the markers indicate the extents that angpebed from the noisy measurements.

The dash lines indicate the 95% confidence intervals.

The next step is to identify the rate expressions and the@sponding rate parameters. In this
example, we assume that the the mass-transfer rate expressie knowr. The reaction rate
expressions need to be identified from the set in Table 3. MNhatethe candidateé‘” andrg‘)
correspond to the true rate expressions. For a given reaasarh rate expression candidate is
fitted to the computed extent using the least-squares profd2). For Reaction R1, the quality of
fit of the four rate expression candidates is shown in Figur@éhdidaterf') leads to the best fit

for W, = I4. Similarly, for Reaction R2, the rate express'réﬁ is found suitable. The identified

3Additional mass-transfer rate expressions could be folsahdere3*
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Figure 8: Reconstructed compositions: (a) Number of mofe€lg in the gas phase and (b)
concentration of HCI in the liquid phase. The solid linesicadle the true compositions, while the
markers indicate the values reconstructed from noisy nreasents.

rate expressions correspond to the “simulated true" rgieeggions used for generating the data.
The true values, the initial guesses, and the estimate@valiithe rate parameters with their

95% confidence intervals are given in Table 4. True and estinealues of the reaction rate

parameters are very close to each other. However, therdas &lihe estimated mass-transfer rate

parameters, for which the true values lie outside the coetpabnfidence intervals.

Table 3: Reaction rate candidates for the chlorination ¢&oic acid. Candidate%"’) andrg‘)
correspond to the simulated (true) reaction rate expressio

Reaction R1: Reaction R2:
1 1 2
rt = kiG gacici, r = koo paclcy,
2 2
r§ ) =l Cly ré ) =k C1.BACI CI,
3 3
r§ ) =k C1,BACI CI, Gl MBA ré ) = kiko CI,BACEC|2 Ci . MBA
@) _ 4 _ ok
i =KiG BaC cl,/C MBA 5" = K2K1C BACI Cl, /Cl MBA
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Figure 9: Fit of four rate expressions to the computed extent

Table 4. Parameter estimation using the extent-basednvarial identification approach: True,
initial and estimated values of the reaction and mass{iamate parameters. The last column
indicates the 95% confidence interval for the estimatedmpetars.

Parameter True value | Initial value | Estimated value Confidence interval
ki [m3 kmol—4] 1.3577 1.8000 1.3488 [1.3250, 1.3726]
Ko [-] 0.1 0.0100 0.1002 [0.0877, 0.1126]

kei, [m s~ 0.666x1074| 2x1074 0.591x10~4 | [0.580x1074, 0.602<1074]

kncl [ms™Y 0.845<104| 2x1074 0.810x10~4 | [0.804x107%, 0.815<1074
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Conclusions

Being able to compute the extent of each reaction and each traassfer from measured con-
centrations without knowledge of the reaction and magsstea kinetics is of great help in the
investigation of reaction systems. This paper has propasaadcremental approach for the identi-
fication of reaction systems that uses the concept of exéentdhe integral method of parameter
estimation. The proposed approach proceeds in two stgprfiputation of the extents of reac-
tion and mass transfer from concentration measuremerds(jiiaindentification of the individual
reaction and mass-transfer kinetics from the computedextesing the integral method.

For homogeneous reaction systems, when the concentrati@bsspecies are measured, the
extents of reaction are computed in a straightforward maviadinear transformation of the num-
bers of moles. When the concentrations of only a subset dafiepare measured, additional
information is necessary, in particular regarding thetialed outlet flowrates, thus leading to a
flow-dependent approach.

For G—L reaction systems, a similar linear transformatimmputes the extents of reaction and
mass transfer from the concentrations of all species ini¢jugdl phase. When the concentrations
are available for only subsets of the species in the gas gndllphases, a flow-dependent ap-
proach computes the extents of reaction and mass transsei\ayg a set of differential-algebraic
equations that involves the inlet and outlet flowrates aeditjuid and gas masses. Proposition 4
specifies the minimal number of concentration measurenartghe conditions needed to com-
pute the extents of reaction and mass transfer.

Future work will compare the incremental identification eggch proposed in this paper (Path
"3" in Figure 1) with the one in the literature (Path "2" in kg 1). The differential method
in Path "2" requires time differentiation of noisy and sjgadata, which is a difficult task that
calls for appropriate regularization, while the integradthrod in Path "3" requires integration of
both low- and high-resolution data. A detailed investigatof the relative merits and drawbacks
of numerical differentiation and numerical integrationlviielp compare the accuracy and the

computational efficiency of the approaches. Moreover, firgposed to develop an appropriate
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metric to investigate the discrimination power of the tworamental identification approaches

with respect to competing rate expressions.
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Appendix A: Algorithm to compute Sg, Mg and o

The algorithm is written generically fd8 speciesR independent reactiong, inlet streams, the
stoichiometric matriXN and the inlet matriXV,,. It assumes rankKN™ W,,]) = R+ p, although it
can easily be extended to the case of fdNk W,,]) < R+ p.

Let’s first compute the matrice®, L , M andS, whereL is a(Sx p)-dimensional auxiliary

matrix, which fulfill the conditions:
Cl: TheSx Smatrix[N" L Q] is of rankS,
C2: The columns of) are orthonormal and span the null spacé\Ndf W, ],
C3: The columns ot are orthonormal and span the null spacé\df Q]",
C4: M'W,, = | p, which can be achieved by choosilg=L (W]L)™.
The following algorithm computes successively the mas@elL , M andS:

1. Apply the singular value decomposition (SVD) to the maN™ W,
[NT W, = U1S1V].

LetUy = [Uy1 U1 ], whereUy 1 andUy » are of dimensiosx (R+ p) andSx (S—R—p),
respectively. TherQ = Uy .

2. Note that rank[N™ Q]) = S— p. Apply SVD to the matri{N™ Q]:
IN" Q] = U2,V

LetUy = [Uz1 Uz 2], whereU, 1 andU; > are of dimensiors x (S— p) andSx (p), respec-

tively. Then,L = Uz».

3. ComputeM =L (W]L)™.
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4. ComputeS' = N (Is—W,,MT).
5. Using the initial conditiongg, the matriceg)g, So and Mg are defined as:

T T
r_ lsrpQ

=__>"h< 1 =S"(Is—noql), M§=MT(Is—noqp). 38
do 1T, ,Q'o So = S'(Is—nodp) 0 (Is—noQqp) (38)

Appendix B: Proof of Proposition 2

The numbers of moles of the available specigdy) can be computed from the volurvéty,) and
the available concentratiorg(ty). On the other hand, from Theorem 2 in Amrhein et8in,(ty)

can be written as:
Na(th) = N3 X, (th) + Wi a Xin(th) + No.a A (th). (39)

The statex;, (t) andA (t) can be computed from,(t) andu,,(t) using Egs. (14) and (15). Fur-
thermore,(N])* exists from the assumption raf,) = R. Hence, the extents of reactiar(ty,)

can be computed from,(ty) and the flow extents;,(t,) andA (ty) according to Eq. (16).

Appendix C: Proof of Proposition 4

The numbers of moles of the available species in the gas phags,) can be computed from
Cga(tn) as follows:nga(tn) = (Vr —Vi (th)) cga(tn). On the other hand, from Corollary 1 in Bhatt et

al.?22, ng a(t) can be written in terms of various extents as:

Nga(th) = —WmgaXmg(th) +WingaXing(th) +NgoaAg(th). (40)

Sinceu;, g(t), Uoug(t) andmy(t) are availablex, g(t) andAq(t) can be computed from Egs. (22)-
(24). Furthermore, since it is assumed that¥g = pm, species measured in the gas phase are

involved in mass transfew 4, can be partitioned a#/ 4, = [ng.g.a 0 and Eq. (40)

pngX(pm—png)]
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written as:

ng7a(th> = _ng7g7axmg7g(th> +Win7g7axin,g(th> + ngQa)\g(th)a (41)

which corresponds to the last equation in Eq. (22). Sinck (r‘an,gﬁgﬁa) = P, itS inverse exists,
and thepm, extentsx,, 4(t) can be computed.

Furthermore, sinc@, (t), m(t), Uug(t) andmy(t) are measured, they, extents of mass
transferxy, (t) can be computed from Eq. (23).

The numbers of moles 4(t,) can be computed from 4(ty) andVj (th) asn a(th) = Vi(th) ¢ a(th)-

On the other hand, from Theorem 1 in Bhettial.22, i a(th) can be written as:

Na(th) = NZX (th) + W aXe (th) +Win 1 aXin 1 (th) + Nig.a Al (th) (42)
—r Xr(th>

= N 4 Wingt.aXmg (th) +Win aXin,1 (th) +Nio,a Al (th), (43)
Xm|7l(th>

which corresponds to the last equation in Eq. (24). Singgt), Uy, (t) andm (t) are available,
X (1) and A (t) can be computed from Eq. (24). The pseudo inverse of m&ﬂjigxists since it
is full rank by assumption. Hence, the extents of reackigty) andx,,(tn) can be computed by

inverting the matriX\_l;, which proves the proposition.
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Appendix D: Proof of Proposition 5

The numbers of moles of the available specigd;,) can be computed from the volurkglt;,) and

the concentrationg(t,). On the other handi,(t,) can be written ag?

Rath) = NIX(th) +WinaXn(th) +Noa (44)

Xin7g(th>
= N-lz':-l Xy (th> + Win,g,a Win,l,a Wina Xin,| (th) + ﬁova (45)

Xm(th)
= N-lz; Xy (th> + Win,g7a Ximg(th) + Win7| ,a Xin,| (th) + Wm,a Xm(th) + rTQa (46)

—r Xy (th> —
Na X (th) + Win,g,a Xin,g(th) + Win,l ,a Xin,l (th> + No,a- (47)
Xm(th)

Sinceui, g(t) andu,  (t) are measured;, g(th) andx, | (t,) can be computed from Egs. (27) and
(28). Furthermore(lﬁ)+ exists from the assumption ra(‘lﬁa) = R+ pm. Hence, the vector
of extents of reaction, (tn) and mass transfeq,(t,) can be computed from,(ty) and the flow
extentsx, g(tn) andx, | (tn) according to Eq. (29). The firR elements of the computed vector
correspond to the extents of reaction, while the remaimpp@lements correspond to the extents

of mass transfer.

Appendix E: Data for the Chlorination of Butanoic Acid
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Thermodynamic data Henry constartigci, = He nci = 70.33 [bar n¥ kmol™1]
Molecular weights [kg kmoil]
Mwga = 88.12
Muwmpa = 12252
MwBA = 15697

Muct, = 71
MwHcl = 36.45
MwEtoH = 46
Liquid densities of pure species [kg 1
Pr1.Ba= 85917
P1.MBA = 108553
p1.oBa= 1070
P cl, = 1093
P Hel = 148626
P etoH = 790

Hydrodynamic data  Specific interfacial arédg,= 2549 [m~1]

References

1. Walter, E.; Pronzato, Lldentification of Parametric Models from Experimental Data

Springer-Verlag, Berlin, 1997.

2. Asprey, S.; Macchietto, S. Statistical tools for optimahamic model buildingComp. Chem.
Eng.200Q 24, 2161.

3. Montgomery, D. CDesign and Analysis of Experimenéth ed.; John Wiley & Sons, New
York, 2005.

4. Franceschini, G.; Macchietto, S. Model-based desigixpéements for parameter precision:

State of the artChem. Eng. ScR00§ 63, 4846.
5. Bard, Y.Nonlinear Parameter EstimatiomAcademic Press, New York, 1974.

6. Brendel, M. L.Incremental ldentification of Complex Reaction Systendctoral thesis,

RWTH Aachen University, Germany, 2005.

41



10.

11.

12.

13.

14.

15.

16.

17.

Bardow, A.; Marquardt, W. Incremental and simultaneantification of reaction kinetics:

Methods and compariso@hem. Eng. ScR004 59, 2673.

Brendel, M.; Bonvin, D.; Marquardt, W. Incremental idéoation of kinetic models for ho-

mogeneous reaction systerfthem. Eng. ScR00§ 61, 5404.

Marquardt, W. Model-based experimental analysis oftiirghenomena in multi-phase reac-

tive systemsChem. Eng. Res. De2005 83(A6) 561-573.

Michalik, C.; Brendel, M.; Marquardt, W. Incrementaéidification of fluid multi-phase re-

action systemsAIChE J.2009 55, 1009.

Bonvin, D.; Rippin, D. Target factor analysis for thentiécation of stoichiometric models.

Chem. Eng. Scil99Q 45, 3417.

Amrhein, M.; Srinivasan, B.; Bonvin, D. Target factoaéysis of reaction data: Use of data

pre-treatment and reaction-invariant relationshi@isem. Eng. Scil999 54, 579.

Prinz, O.; Bonvin, D. Monitoring chemical reaction gt using incremental target factor

analysislFAC Symposium ADCHEMyoto, Japan, 1994.
Levenspiel, OChemical Reaction Engineeringrd ed.; John Wiley & Sons, New York, 1998.

Froment, G. F.; Bischoff, K. BChemical Reactor Analysis and Desjgiohn Wiley & Sons,
New York, 1979.

Yeow, Y. L.; Wickramasinghe, S. R.; Han, B.; Leong, Y. KnAw method of processing the

time-concentration data of reaction kineti€@hem. Eng. ScR003 58, 3601-3610.

Hosten, L. H. A comparative study of short cut procediwmeparameter estimation in differ-

ential equationsgComp. Chem. End.979 3, 117-126.

42



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Schaich, D.; Becker, R.; King, R. Qualitative modelling automatic identification of math-
ematical models of chemical reaction systefdsntrol Engineering Practic001, 9, 1373—

1381.

Kristensen, N. R.; Madsen, H.; Jgrgensen, S. B. Devajgpihenomena models from exper-
imental data336th European Symposium of the Working Party on ComputsrdAProcess

Engineering Lappeenranta, Finland, 2003; pp 1091-1096.

Kristensen, N. R.; Madsen, H.; Jagrgensen, S. B. A metbodystematic improvement of

stochastic grey-box model€omp. Chem. En@004 28, 1431-1449.

Amrhein, M.; Bhatt, N.; Srinivasan, B.; Bonvin, D. Extsmf reaction and flow for homoge-

neous reaction systems with inlet and outlet strea&ShE J.201Q 56, 2873.

Bhatt, N.; Amrhein, M.; Bonvin, D. Extents of reactionass transfer and flow for Gas—Liquid

reaction systemsnd. Eng. Chem. Re201(Q 49, 7704.

Butcher, JNumerical Methods for Ordinary Differential Equatignslohn Wiley & Sons,
England, 2003.

Ljung, L.; Glad, T. On global identifiability for arbitra model parametrizationgutomatica

1994 30, 265.

Walter, E.; Pronzato, L. On the identifiability and digtilishability of nonlinear parametric

models Math. and Comp. in Sinl.996 42, 125.

Davidescu, F. P.; Jgrgensen, S. B. Structural paranugetifiability analysis for dynamic

reaction networksChem. Eng. ScR008 63, 4754.

Srinatha, S.; Gunawan, R. Parameter identifiabilityavigr-law biochemical system models.

J. of Biotech201Q 149, 132.

Turanyi, T. Sensitivity analysis of complex kinetic ®rms. Tools and applicationk.of Math.

Chem.199Q 5, 203.

43



29.

30.

31.

32.

33.

34.

Seber, G.; Wild, ONonlinear Regressignlohn Wiley & Sons, New York, 1989.

van der Heijden, F.; Duin, R.; de Ridder, D.; Tax, @assification, Parameter Estimation,
and State Estimation: An Engineering Approach using MAT@A,BJohn Wiley & Sons,
Chichester, 2004.

Bhatt, N.; Karimoglu, N.; Amrhein, M.; Marquardt, W.; Ban, D. Incremental model identi-
fication for reaction systems - A comparison of rate-basekkeatent-based approach€hem.

Eng. Sci2011, Submitted.

Ruppen, D.; Bonvin, D.; Rippin, D. W. T. Implementatidredaptive optimal operation for a
semi-batch reaction syste@omp. Chem. End.998 22, 185-199.

Zhang, J.; Smith, R. Design and optimization of batch semi-batch reactor€hem. Eng.
Sci.2004 59, 459.

Taylor, R.; Krishna, RMulticomponent Mass Transfetst ed.; John Wiley & Sons, New

York, 1993.

44



