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Kinetic investigation
From data to rate expressions

Experiments, measurements
and required information

(SRS

number of _ number of
measuredspecies/ |computed extents

Least-squares
Problem

|
c(t) i
Least-squares 4
Problem .
- : Transformation -

Nlw, "sﬁ(rﬁgf) ©) 4
Ualt) | Uolt) % (6,0, 0)
Ch g
(1) Simultaneous approach :_ d(') I"ig."., & ti
————— e — ?f_ e o;:k:\‘ ngi}dt
5 Incremental approach ° ¥,
= rate-based ™, i
ri(t) |
o Incremental approach

extent-based

1. Computation of extents

Least-sqjuares - I S

2. Individual identification of rate expressions Problem .
Estimation of rate parameters Rate expression candidates >y

e — Fat: data regarding the global reaction system _ ' !

e — Lean: data specific to a single reaction __1_~
— E?cperimental data flow number of _ number of Library of
—- Simulated data flow measured species| ~ |computed rates rate expressions
=== |nformation flow

i} ldentified rate expression
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Homogeneous reaction systems
Balance equations

Homogeneous reaction system containing S species, R independent
reactions, p inlets and 1 outlet

Mole balance for S species

() =N V() r(6) + W, u, (1) — 22 n(e), n(0)=n,

m(t)
a7 _ qout(t)
=N" V(t) r(t) + C, a,(t) v(t) n(t)
(Sx1) (SxR)Rx1) (Sxp)px1)
b n, u
Mass m, densityp, volume V and concentrations c ",

m(t)=17 M, n(t), p(t)=¢(n(t),M,, p,), V(t)= m(t)’ c(t):ﬂ

p(t) (t)
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Homogeneous reaction systems
4-way decomposition into extents

Assumption: rank([NT W no]) =R+p+1

X, | | S
n—Y¥, X, [=|M,|n
A |a

Vessel extents of reaction x. and of flow (x.. and x

OUt)

u

x =SN' Vr+STWmum —out x,(0)=0,
ﬁ” o, m
C=MINTVE+MIW_u — -ty X, (0)=0,
%,—J ;,_/ m
|
A= qON Vr+q0Wmum °“t/1 A(0)=1
01 R 01 Xp
Xout = 1-4 Xout (0) =0
X, =0,
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Homogeneous reaction systems
4-way decomposition into extents

Assumption: rank([NT W, no]) =R+p+1

X, | | S
n—Y¥, X, [=|M,|n
A |a

Vessel extents of reaction x. and of flow (x, and x

OUt)
u

X, =V r——2x, x,(0)=0,
y  — _ﬂ =
xir.) — uir;J m xin xm (O) 0
A=——2L1 A(0)=1
m
Xout :1_1 Xout (O) :O

n n
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Reconstruction:  n(t)=n,+N" x, (t)+W, x,(t)—-n, x,,(t)
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Homogeneous reaction systems
Reaction Variant (RV) form

When rank([NT W_n })<R+p+1

*Compute x, and x, , usingu., u, .and m
¢ —y — Jout _
X, _l:Iin m X, X, (O) 0
).(out :Oww(l_xout) Xo t(o):O

*Compute n®Y (RV-form of n)

n" (t)=n(t)—n,—W, x, (t)+n, x_, (t)=N" x,(t)

in ““in 0 “out

*Compute x, from n*Y

X, (£) =N"™ (£) =N" (n(t) ~n, =W, X, (£) +1, x,, (£))

0 “‘out
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Gas-liquid reaction systems
Assumptions

p, gasinlets Gas outlet

Gas-liquid reaction system containing p,
inlets and 1 outlet in the gas phase, and
p, inlets and 1 outlet in the liquid phase.

Gas phase
ng' mg

The two phases are connected with p, |
mass transfer rates( . By convention, a Mass transfer
positive sign (+) is assigned to a mass b, liquid nlets + N
transfer from the gas to the liquid. W, ,u,, | ¥

Liquid phase
n@' m€

Assumptions:
e the gas and liquid phases are homogeneous
e the reactions take place in the liquid bulk

e the mass transfer is described by the two-film theory
with no accumulation in the boundary layer
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Gas-liquid reaction systems
Balance equations

Mole balance in the Liquid phase

b, (0 =N V,(0) r(t) + W, £(0) + W, u,, () — 22D 0 ), 0 (0)=n,

Mole balance in the Gas phase

() =—W,, £(t) + W, u,(t) - “m—(g) n,(t), n,(0)=n

g0

Mass m,, density p,, volumes V,and V,, and concentrationsc,

m,(t)=1; M, , n,(t), w(t)zr;?:—&, Cg(t):%

1% (t):¢(c€(t), M, ,, pfi) Vg(t)zvtot_vz(t)
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Gas-liquid reaction systems
5-way decomposition into extents

Assumption: rank([NT W, , W ngﬂ):R+pm+pé+1

in,?
xr SEO
T
ng % 3 );m,f — :\\::r_lw_v,léo n(
in,? in,?0
A ] a
Vessel extents of reaction x. and of flow (x,, and x_,)
)-(rzvf r_Mxr xr(o)zoR
u m,
xm,f = é/_ ;:’t'f xm,f xm,f (O) - Opm
ljout,f
x/nﬁ = in,é_ m in,t xin,é (O)ZOpZ
o 7 2,(0)=1
2{ — __out, —
4 m( 4 4
Xout,ﬁ =1—ﬂ,€ Xout,é (0) = O

ReconStrUCtion: nf (t) = nZO +NT xr (t) + Wm,ﬂ xm,ﬁ (t) +vvin,€ xin,f (t) _nZO Xout,( (t)
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Gas-liquid reaction systems
Reaction & Mass-transfer Variant (RMV) form

When rank([NT W, , W nm})<R+pm+pK+1

in,?

*Compute x,,, and x u
v _ uout,é _
X ,=u_,——2Llx x,,(0)=0

in, ¢ in,¢ mf in,¢

,using u and m,

out in,l 2 Zout,l
Py

u

v __ Tout/t _
Xout,( - (1 o Xout,f) Xout,ﬁ (O) =0
mf

«Compute n;""(RMV-form of n,)

n," (t)=n,(t)-n,-W,, x, ,(t)+n, x,,.,(t)=N"x (t)+W,_, x,_,(t)

in,¢ ““in,/ 70 “out,t m,l “"m,t

«Compute x_and x_, from n;""

{ . (t))} B |:NT Wm,f :|+ nSMV (t) - |:NT Wm,f :|+ (nf (t) Ny~ ‘Nin,e Xin, 0 (t) TN Xoue,s (t))

xm,ﬁ (t
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Individual identification of reaction rates
from the extents of reaction

Identification of the rate expressionr, and estimation of
the associated kinetic parameters 0. for each i-th reaction
by comparing the computed extents x,; (t) and the
simulated extentsX, ,(t) of reaction

3 u,, t) . -
Xr,i = Vf (t) rl (ei' cf (t)) - mt’g(g.)) Xr,i (t) Xr,i (O) =0
14
Simulated extent %, ;(k)

A ) l’ ming, [[x.,i(-) — % ()]

. Computed extent x, ;(k)
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Incremental identification
using spectroscopic data

Homogeneous Gas-liquid
reaction systems reaction systems
Calibration step F...=2(C.Y,) Fo, =2(C..Y,.)
Numbers of moles n(t)=F,a,(t) n, (t)=F,a,(t)
. ~ _cT A _xr(t)___ SEO -
Extents using n X, (t) =S, n(t) x,,(t)) | M), n,(t)
using A" or A, x, (t)=N"/" (t) xx’(z) = N W, ] " (t)
L m,( _

Extents can subsequently be used for model identification

F,., is the prognostic matrix (S x L) from calibration,a, (t) =a(t)V, (t) with dimension (L x 1)
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Homogeneous reaction systems
Acetoacetylation of pyrrole

The acetoacetylation of Pyrrole (A) with Diketene (B) catalyzed by Pyridine (K)
involves seven species (S = 7). Four reactions (R = 4) produce 2-acetoacetyl
pyrrole (C), Dehydroacetic acid (D), Oligomers (E) and a By-product (F).

Rl: A+B X5 r, = k,C,C,C, 1.1 10 0 0 0
R22 B+B—L>50D r, = k,cac, N=| 02 01 0 0 O
s s e -k ESEREE
R&: C+B—>F r, = k,C.CoC,

Cin'qinl | 3 3

The experiment is performed in a
CSTR, assuming a constant density,
with oneinlet (p = 1) and one outlet.
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Homogeneous reaction systems
Acetoacetylation of pyrrole

Pure Component Spectra : F, =

E’ (S=7xL=1000)

A: Ayrrole B:Dikétene | | c:2lacetoacetyl | | D: Dehydracetic . E oI”go

ny 4 T 0o Iy

500 Wavenumber [cm™] 1500 500 Wavenumber [cm™] 1500 500 Wavenumber [cm™] 1500 500 W mb [m] 1500 500 Wavenumber [cm™] 1500

ol

Absorptivity [L mol?]

=i

— | F:By-product | Kt Pyridine noise = N[ 0, 0.1% max (E) |
g | (i 1 '
2 | |
& | |
>
g1
4 I, .
2|, II| i | !'.,;.H' ’J%
et e_r_[cm‘l] 1500 500 Wavenum ber [cm‘l] 1500

Calibration set (10 spectra):

o | 1 A A i PR s
500 Wavenumber [cm™] 1500
noise =N[ 0, 0.1% max(C,) E |
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Homogeneous reaction systems
Acetoacetylation of pyrrole

x,(t)=$ Fpmgav( ) [mol]

1.8 : :

T | — S|mulat|on .
rank([N C, no]) =6=R+p+1 vV * experiment i R2

. -f"a-"‘-:" ]

_-..:."-".
S
-._: -:.;I’

s . : i R

0 1 :l.”,‘ '. ‘—mx .ﬂ_ﬁﬁ, 1
in’ 0 prog 0 ;!,gﬂ " :wwwwmﬁ.m .~ R4

qg Time [min] 145

> [ ] eeow

; 0
145 F — E+ 0.8

prog M.,pﬁe’&' X,
Wavenumber [cm™] Time [min} I *-.*“i'ﬁ‘w
it
‘:{.ﬂ&_r.ﬁ“a
0 %
a, (t)=a(t)v(t) S,
i A
e
. ' R
n0|se=N[O, 3% max (c(t)) E] s _
— 5|mula_1t|on w'f"';*ﬂ'v,.r .1
08 e experiment FEE X
0 Time [min] 145
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Homogeneous reaction systems
Acetoacetylation of pyrrole

Fitting of each extent individually

Simulation Fitting
0.45
Model k Model k Cl (99%)
Rl M1 0.0530 E :M1 0.0525 0.0516-0.0534
PCR :M1 0.0536 0.0528 -0.0543
PLS : M1 0.0536 0.0528 —0.0543
R2 M2 0.1280 E :M2 0.1287 0.1269-0.1304
PCR: M2 0.1294 0.1278-0.1309
PLS : M2 0.1294 0.1278-0.1309
R3 M3 0.0280 E :M3  0.0280 0.0276-—-0.0283
PCR : M3 0.0280 0.0276 —0.0285
PLS :M3  0.0280 0.0276-0.0285 __ fitting
e experiment
R4 M4 0.0030 E :M4 0.0029 0.0027-0.0031 0
PCR : M4 0.0030 0.0028 -0.0032 0 Time [min] 145
PLS : M4 0.0030 0.0028 -0.0032
M1: r=kc,c,c,, M2: r=kcic,, M3: r=k c,, M4: r=k c.c,c, r, ke,c, kc,c, ke ,c, ke ,c.c,
PCR and PLS calibrations performed with 7 factors ssq 2.802 0.114 0.100 0.064




) ACO 0 HNIQ ABORATOIRE D’AUTOMATIQ
FEDER DE LAUSANN AUTOMA ONTROL LABORATOR

Gas-liquid reaction systems
Chlorination of butanoic acid

The reaction of Butanoic acid (BA) with chlorine (Cl,) involves seven species
(S=7). Two reactions (R = 2) produce a-mono-chloro-butanoic acid (MBA),
o-di-chloro-butanoic acid (DBA) and Hydrochloric acid (HCI). Ethanol (EtOH)
is used as liquid solvent and Air is initially present in the reactor.

R1: BA + Cl, —" 5 MBA + HCl L= KiCoaaCr/Cosn
R2: BA + 2Cl, —=*> DBA + 2HCl r, = k,r,c

2 2 1 %o

Species in the Liquid phase (S,=6): BA, Cl,, MBA, HCl, DBA and EtOH
Species in the Gas phase (S,=3):  Cl,, HCI, (Air)
Transferring species (p,, = 2): Cl,, HCI
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Gas-liquid reaction systems
Chlorination of butanoic acid

Liquid phase
One inlet of BA (p,= 1) and one outlet p, =1 gasinlet Gasitf'ut-
The density changes with the composition W, Ui, Ut
The outlet is regulated to maintain the Gas phase
mass of the liquid constant Y a, Hal, (air)
Mass transfer
Gas phase +, Ll v, =10m’
One inlet of C/, (p, = 1) and one outlet p, =1liquid inlet | _
The outlet is regulated to maintain the W,r Ui o4 "Bf\qtgf F’Rj’;i\
total pressure at 10 bar H\C/,’DBZ,’A, croy )| Hauid outlet
uout,ﬁ
kR I
5 0 0.0141 1 0
o= 181 w,=|9 9 n,= 0 W,,=| 0 W, =0 1
0 / 0 0O 0.095 0 O O
100 0 0 kmol

“kmol
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Gas-liquid reaction systems
Chlorination of butanoic acid

Pure Component Spectra: F,=E" (S, =5xL=1000)

- a, MBA r’HC/ DBA

S | . [ | . ‘ [ | W .

: VLU | MJJUW

=) i\ \ jJu AU A LN
500 Wavenumber [cm™] 1500 500 Wavenumber [cm™] 1500 500 Wavenumber [cm™] 1500 500 Wavenumber [cm™] 1500 500 Wavenumber [cm™] 1500

The pure spectrum of EtOH is treated as background spectrum noise = N[ 0, 0.1% max(E) |
Air does not absorb

Calibration set (10 spectra):

b
Wav

noise = N[O, 0.1% max(C,) E]
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Gas-liquid reaction systems
Chlorination of butanoic acid

A" (t) [kmol] x, (t) [kmol]
15 o a VIBA 16 -
T — simulation _+R1
rank([N Wm,f \’vin’( n£0i|) | e . | experiment th_x "
:5<R+pm+p/+1:6 x f'"a.__ﬁ .................. HC/
T | DBA
15 | T BA
0 Time [min] 300

N .y .)’.f., . ) . 4
T ~ RMV oI SR LI L YT P TIL TSR J © ¥ )
|:N Wm,f :| nf (t) 0 Time [min] 300
>

.;:i' +
300 F =E
’ ro 15 . S
500 prog e X,
I A'-M-.' ' 1
i Ti i x ,(t), X t) |k -
Wavenumber [cm™] ime [min] ”"[( )' ouu( ) [ g] ! r"_,..-""
0 1400 ] o
1500 [ { xin,f I o
ey
— 1 e,
a,(t)=a(t)Vv(t) | T
| "'\.1“
. | 3 F N“‘N-‘
n0|se:N[O, 3% max(c(t)) E] + Xy X 10 e
-— simulation e
0 [ 15 e experiment "‘m,-‘ﬁ Xm,[,HC,
0 Time[min] 300 0 Time [min] 300
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Gas-liquid reaction systems

Chlorination of butanoic acid

Fitting of each extent individually

(,MBA "’

Simulation Fitting
Model k Model k Cl (99%)
Rl M1 1.358 E :M1 1.335 1.310-1.361
PCR : M1 1.353 1.331-1.374
PLS : M1  1.353 1.331-1.374
R2 M2 0.100 E :M2 0.119 0.037-0.201
PCR :M2 0.128 0.049 -0.206
PLS : M2 0.128 0.049 -0.206
M1: r=Kkc, €, q+/C M2: r=KC,3uCl e o mion

0,8A% 1 ,cl,

PCR and PLS calibrations performed with 5 factors

1,8A% ¢l

15

T 71R1
/‘f
7 -
o
g
e /;' e
- ,}’ -
/.‘
;/r
_/
S — fitted
! e computed
0 .
0 Time [min] 300
n kCBACCIZCMBA kCBACCI2 kCCIZ szACa2 Crviga
ssq 159.4 147 .4 11.6 8.1
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Conclusions

Extent-based incremental identification
edecouples each reaction from other reactions and mass transfers
*allows investigating each reaction individually
°leads to model reduction:
Homogeneous reaction systems: S >R+p+1
Gas-liquid reaction systemes: S, >R+p_ +p,+1

Extension to spectroscopic data with calibration

erequires computing a minimum number of concentrations (liquid phase)
Homogeneous reaction systems: R
Gas-liquid reaction systemes: R+p,,

or requires an additional source of measurements in the liquid/gas phase

Outlook: is a calibration-free approach possible?
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Thank you for you attention
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