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MOTIVATION

Practical systems seldom reach complete equilibrium due to (slow)
reaction kinetics

The reaction rate parameters of many suggested complex mechanisms
are often less well known

mechanistic (DKM) modeling is a nearly impossible challenge for
complex heterogeneous systems with many phases

= it would be advantageous to include reaction rate restrictions to
Gibbs energy minimization to allow for calculations of kinetically
constrained reactors
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MODELLING OF DYNAMIC MULTICOMPONENT SYSTEMS

O Solve time course for amount of moles vs. extents of reaction (§):

dn =vd§ ; &= (1)

O In DKM, a group of ODE’s used and solved as a numerical initial value
problem; parameters for all reaction rates required (e.g. CANTERA)

0 when solving min(G) for global minimum, the €'s are independent
variables, but components are conserved by mass balance constraints

O In constrained min(G) [CFE] the & = g(t) are solved from reaction rate
equations to be used as additional conserved guantities

O = in CFE differential-algebraic (DA) approach is used, rate parameters
applied for selected reactions only and a ‘timewise’ sequential min(G)
is calculated (e.g. ChemSheet/ChemApp)
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COUPLING OF REACTION AND CONSERVATION MATRICES

Example of 2 reactions: Constraints in the 2-component system:
" v/ 2 componen
oy + 20, © as components (o, a,)
N Ty v' 4 species (0L, 0Ly, OLgy OLy)
o O3z < O :
2 s 4 v’ 2reactions (ry, 1)
Reaction matrix Stoichiometric F(_)tri:nula rtr_1atr|x .
i with reaction constraints
formula matrix Use row permutations®*
Bl in [1, v] to convert v
_ 1 0 a . ) . 1 0 -1 0 aq
1 0| oy - 1 as constraints in C: 001 0 0fa,
— — a 1 2 0 O
L= 12 1 ZZ St CT=1 2 ai = o = = = CW'=, 5 12
B 3 00 1 0
0 1] a Lo3la 00 0 1 2

v includes constraints for mass balances and reactions
=> C(v) v applies extents of reaction as additional constraints in min(G)
v number of constrained reactions can be chosen (0<r <R)

") Blomberg & Koukkari, Comput. Chem. Eng. 35 (2011) 1238-1251.
Pajarre & al., Chem. Eng.Sci. 146 (2016) 244-258.
Koukkari & Paiva, Chem.Eng.Sci 179 (2018), 227-242.
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EXAMPLE: FLAME REACTOR FOR TiCl, OXIDATION

===
| | «=Superheated O, , AH(1000 C)
1600 C Key reactions KJ/mol
& | i TiCly(g) + 0,(g) « TiO, 4 +2Cly(9) -175
Cly(g) < 2Cl(9) +250
500 C
-gas

Cooling wate

900 = 1500 C

Reactor & Cooling
sections

4 TiO, is formed as a nanoparticle suspension — used as the white pigment (> 5 Mt/yr)

U exothermic main reaction compensated by endothermic side reactions
(chlorine dissociation, Ti,O,Cl, formation) and efficient reactor cooling



SYSTEM FOR DKM CALCULATIONS (TiCl, OXIDATION)
WEST 2007

S stem Overal | reactl on Table 6.2: Reaction medhanisn equations.
o) Mo Reaction AH gy © AT n [
g g s Thermal Decomposation
0, TiCl, + O, — TiO, (nanoparticles) + 2Cl, Rl TiCly = M = TiCly + Cl+ M w7 540x10 0 336
') R2 Teilly+M =Tl +Cl+M 427 T Y 3a7
IE': RI Tl +M—=TCl+Cl+M 507 A y s
C R4 Ti+Cl= Tl W05 L ) 0
; ; B5  Tallp + Ol — Tall; %7 LI ] i
Cl, Gas Reaction mechanism R&  TaCl+Cly = Tl 687 LI ) 0
CIO Abatrachion and Dheproporbonation
propo .
B TiCly + Clp = TiCly +C1 144 Loox10 0 0
CloO @ BA  TiClz + Clz = TiCly + C1 180 Lodx102 o a
Cl,0 B9 TiCl+Cly = L + Q1 %5 L00x10° 0 0
Ti R10 Ti+ Cl = TCl+Cl 162 Lodx10 0 0
I @ K11 Tl + TaCl = TiCly + TaCly 121 L 1003 [i] 0
TiCl R12 TaCl + Ti = TiCls + TiCl 18 LM 0 0
. R13  TaClp + TiCl = TiCl + T 17 1 0 0
TiCl, R14 2Tl = TiCl + T 103 1 0 0
TiCl R15 Clp + TWeCh = Cl + TO:Cly 95 Loox10™ o 0
3 / R16 Oy + TigluCly = Cl + Ty, 174 Loo=1622 o 0
T|C|4 R17 2Ty = TaClk + TCl 35 960x10" O 5
Ti | R18 Tally + TeCl = 2 TiCl, 85 L1013 [i] 0
OC 2 Ohardataon
TiOCly R19  TiCly = On = TaCly ¥ L0102 0 0
; R20  TeOCl: + OO0 = TiaCls + C1 15 Lo0x108 o a
T'OZCIZ @ B2l  TalpCl: + TCl: = 2 TiCh 7 ) 0
TiO,Cl, RZ? TROCly +Cl = T, 162 ) 0
. RZ}  TalCls + O == Tilh{ly 384 ) 0
TiClL,OCl @ B2 TaOuCly + Cl= Ti0uCly 17 ) a
Ti,O,ClI EX5 Ti:Clz + Cl= TCk + O &1 ] 0
L2 |3 R TeOCl: + 0 = Tk + Ok 108 ) a
Ti,O,Cl, RY TiClp + 0y — THOCh + O 152 Yo
Ti.O.Cl @ R28 Ti0:Cl + O — TOCk + Oz 289 » o
2725 B2 TiCly + Cl0 = TiCl, + O 118 y o
Ti,O,Clg RM  TiCl + ClO = TiClk + O 153 O
Ti.O.Cl B3l TaCl+ CI0 = TiCly + O e ) 0
2~3>2 ; R Ti+ClO=TiCl+0 136 ) 0
Ti,O5Cly \ i R_'Ch_ard _H\'d\f(\_/esh P R33 TiCl + O = TOCk + C1 28 o
T| O C| A dissertation submitted for t egree of B TaCly + ClLO = Tl + CHO 243 y a
T':é) a 4 Daoctor of Philosophy at the R3S Tally + CI0 = Tl + C1 122 Lo ) 0
i R TaOuCly + Cl = RO, = CI0 &0 L0 ) 0
Mavls UNIVERSITY OF - A —_— —
TIO CI CA BRIDGE k] mol cme miol™' = om” mel T = estimate
2 6 ‘n 1 e

Tio,(s)Solid . 51...67 reactions



DKM vs CONSTRAINED FREE ENERGY (CFE) APPROACH

Mechanistic (DKM) model:

O 6 thermal decomposition reactions, AH >0
O 12 abstractions and disproportionations, AH<O0

O 18 oxidation reactions, AH< 0
O 8 Cl/O-chemistry reactions, AH ><0
O 7 dimerisation & dimer reactions AH<O0

Q altogether 51 (67) reactions with estimated
reaction rate data*

0 23-28 ODE’s with time as independent
variable

*West &al., Ind. Eng. Chem. Res.46, (2007) 6147.
Karlemo & al., Plasma Chem .& Plasma Proc. 16, (1996) 59.

Thermodynamic (CFE) model:

] uses the reaction rate measured for the
TiCl,-conversion**

dfric,] | L —Ea
b k[Ticl, ] ,k_Aexp[—RT}

Eg = 7328 mol™ iy g _ n(TicCl,)
(TiCli0,~ 1:1) ng(TiCl, )

O apply &, (t) as a constraint in Gibbs energy
minimisation for TiCl, consumption:

! {

=

Ti

S
-

6 Tel, Te, moc, .o Cl

)

2 0 0 1 0o 0 1 2 0
Cw)={o 4 3 2 2 1 1 o0 ofc
o 1 1 1 0 0 o 1 ofr
0 D o o 0 0 o0 0 c

U assume all side reactions fast (LCE)

**Pratsinis & al., J. Am. Ceram. Soc., 70 (1990) 2158.
Koukkari & Liukkonen, Ind.Eng.Chem.Res., 41 (2002) 2931.



COMPARISON OF THERMODYNAMIC DATA

GLOBAL EQUILIBRIUM [MIN(G) CALCULATION];

GAS PHASE, P = 3 BAR; T = 1500 K; TiCl,: 0, ~ 1:1

A1 SpeEriEc

1.E+00
1.E-01
1.E-02 -
g M
— onomers
‘g 1.E-03 ]
L == Chlorides
St o 1E04 .
o e Dimers
2 [NC .\
1.E-05 Ti304Cl4(g)
LE-06 / \ \ e Ti506CI8(g)
1- E'07 l T T \ T T T
400 900 1400 1900 2400 2900
Temperature (K
West & al. P (k)
2007 1.00E+00 cllg)
ciz(g)
—— ci20(g) .
J. Phys. Chem. 42007, 111, 35603563 oo ot P. Koukkari &
. clo2(g)
A o0 Eduardo
1.00E-02 — 03(g) .
10" — Paiva 2017
— TiCI(g)
2 S 1.00603 — Tici2(e)
10 T — TiCI3(g)
Z — TiCl4(g)
g 3 o —— Ti2Cl6(g)
Em 2 1o00e04 —— TiO2(g)
|.'|:| —— TiOCl(g)
B 4 —— TiOCI2(g)
= 1.00E-05 Ti02C12(g)
—— TiO2CI3(g)
16 —— TiOCI3(g)
—— Ti202CI3(g)
. 1.00E-06 —— Ti202Cl4(g)
1a —— Ti202CI5(g)
—— Ti202CI6(g)
107 1.00E-07 . —— Ti203ci2(g)
400 800 1200 1600 2000 2400 2800 — Ti203CI3(g)
Tornparatum §) —— Ti304Cl4(g)

Temperature [K]

—— Ti506CI8(g)



COMPARISON OF DKM AND CFE KINETIC CALCULATION
MAJOR SPECIES

Mole Fraction

o

(M)

(4]
T

DKM West &al., 2007

-4

- -- o

4 6 8 10
Time (ms)

TiCI4

Ti,O.Cl,

TioCl
o

mole fraction

©
N

0.5

0.45

0.4

0.35

e
W

o
N
a

0.15

0.1

0.05

\\ CFE Koukkari &

Paiva 2016
\ -
O ——
/\ TiCl,
// Ti,0,Cl,
TioCl,
cl
5 10

time [ms]

TiCl, conversion
constraint:

% - —k[ricl,] ;

K A exp[_n'oRk_;_] /mol}

A=8.26-10"s™

Data from

Koukkari & Liukkonen
Ind.Eng.Chem.Res.,
41 (2002) 2931.



COMPARISON OF DKM AND CFE KINETIC CALCULATION
MAJOR SPECIES

0.6
0.5 g -
——Cl{g) CFE
——Cl,(g) CFE
——TiCl,(g) CFE
041 s
0, ——0,(g) CFE
L N ——TiOCl,(g) CFE
% 0l Cl, i _T|2026I4(g) CFE
= e ~==-Cl(g) DKM
e ) Cl,(g) DKM
)
= Ticl, ~~~-TiCl, DKM
021 e === === |0, DKM
Ti,0,Cl, -~ TiOCl, DKM
ittt " --=-Ti,0,Cl, DKM
0.1+ -
// 'I"/ TlOCI
s ',./'/ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2 ,,,,,,,,,,,,,,, g Cl
0 o i B i o L
0 2 4 6 8 10 12 14

time [ms]

O With only gas phase included, the two models appear in close agreement



COMPARISON OF DKM AND CFE KINETIC CALCULATION
MINOR SPECIES (SELECTION)

Mole Fractions Mole Fractions

0.5

Mole Fractions

(=T LN Y
T

= ]
T

DKM results

1073 T|2030I3

1 1 1 1
0.005 0.01 0.015 0.02

o

o
]
(%]
.
.

0.025

0.03

0 0.005 0.01 0.015 0.02
time [s]
T|C>2C:I2

0.025

0.03

0 0.005 0.01 0.015 0.02
time [s]

0.025

0.03

mole fraction

0.0025

0.002

0.0015

0.001

0.0005

CFE results
Ti304Cl4
TiO2Cl2x10*
Ti203CI3
2 3 4
Time [ms]

O minor species monotonically ascending in CFE (unless additional constraints are

applied)



aQ DKM and CFE give congruent results for the (gas
phase) kinetics

aQ How about model vs. experiments ?

aomv152 MID INTENSITY US TIME
DaTa FILE : 1MS2301 DATE : 23-JAN-1991 TiWE : 108:36
IBT [Al
- 35
- 36
E-124 Cloy - 29
_CIO" ';;
OCI(Z) X
i3
14
15 - .
2 3 188 \ 6808 789 g88 [Cycl
START @ 1 END aeL C-TIME ; 3.995 [s1

Karlemo & al., Plasma Chem .& Plasma Proc. 16, (1996) 59.


Presenter
Presentation Notes
Enter speaker notes here.



EXPERIMENTAL ARRHENIUS PLOT FOR TiCl, CONSUMPTION

Q Plug flow reactor measurements of TiCl, consumption with various residence times (700-900 C)

O = effective rate constant  kesr = A-exp (—E,/RT) E,~ 101 kJ-mol™*; A =1.59105s7; (TiCl,:0, ~ 1:5)

4 N

[TiCl,] data as c,; ¢;= ¢;(t)

n @)
\( AR

keff = f(T) )

independent of residence time

)

In{-1o{Co/Ci)/t}

- T L) Ll LE ) T ] T T -+ T n
0.86 0.91 0.96 1.07
10°/ T ( "K )

Fig. 4. Arrhenius plot of the oxidation rate of TiCls.

Pratsinis, J.Am.Ceram.Soc. 1990, 73, 7, 2158-62
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GAS PHASE MODELS CHECKED WITH EXPERIMENT
ARRHENIUS PLOT*

Q Plug flow reactor measurements of TiCl, consumption with various residence times (700-900 C)

O = effective rate constant  kesr = A-exp (—E,/RT) E,~ 101 kJ-mol™*; A =1.59105s7; (TiCl,:0, ~ 1:5)

Gas phase CFE calculations cross-checked with experiment

4 N

[TiCl,] data as c,; ¢;= ¢;(t)
15
c
(&)
— i =k Ja
t eff 1 T A
........... g
o / 0.5 “—-""‘“-::l'.':;g._._
R -::_H;a«l'.::., @]
k:-:fi “""-:.;:_ﬂ-'.:__ O
DKM West &al., 2008 = 0 TS,
4 N — v" Increasing deviation A T
= LT T T ____/'DKM V.V!th TiO(s) -0.5 with increase of
* | deposition rate . .
tamg g . residence time (tr)
1 % ~a | Experiments 1 v lines not coinciding
C (Pratsinis & al. 1990) [ker(t) not constant] 27
s ‘1.5
& DKM gas 0.87 0.92 0.97 1.02
i _ _ 3
& reactions without 10%(K/T)
TiO,(s) A tr=0.49 o tr=0.75
s 08 a5 .o deposition O =112 e CFE tr=0.49
wRr e CFEtr=0.75 ---- CFEftr=1.12
*Pratsinis, J.Am.Ceram.Soc. 1990, 73, 7, 2158-62
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CFE RESULTS WITH TiO,(S) FORMATION

CFE Koukkari & Paiva 2017 CFE _ DKM comparison

In(k.)

1.5 4
] i o @;EEEE%‘;E‘\E\\“\M‘ DKM (g+s)
__—— TiO,(s) entered, 3 lines coinciding 2
1 CFE(g+s)
B . EM
0.5 B S .
frrieea,,, . -.._. 3 /_“:‘ 2 ‘~
- u ¢ ﬂh\\\\
TiO,(s) dormant = -4 RN
\\\\\ DKM (g)
-0.5 -6 e
‘E\\\
_1 8 \,‘-—-.-
-10
L3 0.87 0.92 0.97 1.02
0.87 0.92 0.97 1.02
lUs(Kf’ﬂ 103(K/T)
- — - A tr=049 O tr=0.75 O tr=1.12 ——CFE/TiO2
A tr=0.48 o tr=0.75 O tr=1.12 (all residence times)

wweeeee CFE/ Gas —— CFE/TiO2 (all residence times)

0 Experiments only followed TiCl, concentrations in gas phase

= TiO,(s) 'entered’ seems to be the necessary & sufficient condition for agreement with
observation



Use In reactor
engineering & scale-up
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Flame reactor scale-up with the rate-constrained model

===
i . Superheated O ,
- =up 2 Reactor chemistry AH(1000 C)
kJd/mol
TiCl,(g) + O,(g) & TiO,{d +2Cl,(g) -175
Cl(g) © 2Cl(9) +250
Cooling water
N
|

Reactor & Cooling
sections

Q TiO, is formed as a nanoparticle suspension — used as the white pigment (> 3 Mt/yr)

0 exothermic main reaction compensated by endothermic side reactions
(chlorine dissociation, Ti,O,Cl, formation) and efficient reactor cooling

Objective: Perform reactor scale-up with good coupling of
thermochemistry and reaction kinetics and validate the model




Build-up of the industrial TiCl,-oxidiser model

_ Q=Q(X) e\ T=T(x), P=P(x)
Sand N Rt eIt SEIEIEH Sl JETCTEIEREEIR TR RIS >
(to remove
deposits from \ V=V(X)
reactor walls) Oz(g) T2
Cooling media flow G =G (T, Pn)

_ _ Gibbs energy z-d,-h -(Ta —Tg)
TICly(g) + Ou(@) > TiO, 4 + CL@) () | | (HSC) data - SR
available for all 0 4 "0 |n—4+
Cly(9) < 2CI(g) D | | species h-d 24, d h
Reaction AH AG Reaction rate equation * Ea A A
kJmol™* | kImol™ kImol™ s* (dm°mol™")*s™
I -175.4 | -104.1 | d[TiCl :
¢ [(;t J o {<+k\/lo2 |IT|CI4] ~71 |8.26-10* 1.4-10°
(1 250.3 98.2 | assumed equilibrium -

*TiCl, consumption rate measured by Pratsinis & al., 1990




VALIDATION OF NON-ISOTHERMAL ScALE-UpP CALCULATIONS

Choice of independent measurables for model validation:
T - T
T, > 1500 C
09 "'\__” NS
O direct temperature measurement N ??' N
(2 plug flow reactors) e "
..... pilot-cale. - process-cale. "
:=:“J ’ pilot-meas. ) process-meas.
I
M&)
: 827;, @Model ®Meas. |
Q heat transfer measurement from | #os/
o 0.5
the tubular reactor o %4
d o3
1

O plant historical trends for W
direct & indirect checks N s
L 2 Feed inlet pressure
20 | 2sand separator pressure
0] 3 Reactor tube heat rmvd
CFE scale-up performed for 2 industrial pigment producers 0] 4 Co0ling tube heat rmvd
(US & NL) | 14:57:30 15:22:30 lS:lIT:N thlli’:JO lS:JIT:.'!O 17:02:30

Koukkari P., Penttila K. and Keegel, M.: Coupled Thermodynamic and Kinetic Models for High-Temperature Processes, 10th
International IUPAC Conference on High Temperature Materials Chemistry, Part |, Forscungszentrum Julich, 2000, 253-256.



CONCLUSIONS

Immaterial constraints can be introduced to Gibbs energy minimization
to allow the calculation of kinetically controlled systems

reaction matrix serves as basis for new constraints for reaction extents
stoichiometric matrix includes all reactions
= CFE provides a viable and robust alternative for mechanistic kinetic

studies in complex multi-component — multi-phase systems; has also
small number of kinetic parameters

Assuming local chemical equilibrium (LCE) with TiO,(s) formation
agrees with plug flow experiments — encourages more research on
CFE/LCE method of multiphase systems
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Published applications of the G(§) [Ratemix*] method

Methanation Extent of methanation reactions
TiO2 production Oxidation of TiCls in furnace
Combustion Post-flame NOx generation

In-line PCC production Precipitation of CaCOs
Clinker formation in cement kilns
Phase equilibria during steel
solidification

Formation of C2,3S-phases & free lime (cement making)
Paraequilibrium phase diagrams

CHEMICAL ENCINEERING RESEARCH AND DESICN 115 (z016) 335-347 . Chem. Thermodynamics 72 (2014) 16-22

Contents lists available at ScienceDirect Contents liste availsbls at Scicncel inct

. . . . J. Chem. Thermodynamics
Chemical Engineering Research and Design

journal homepage: www.elsevier.com/locate/jct

journal homepage: www.elsevier.com/locate/cherd

Computation of steady state thermochemistry in Pafa'fqm“bmm phase diagrams W) ot
Totary kilns: Applicaﬁon to the cement clinker Arthur D. Pelton™*, Pertti Koukkari®, Risto Pa_]arre Gunnar Eriksson ©

- :ﬂ?f]'- If:llc: e d :U.I..lkul Thermoachimique, Dép. de Génde Chin e, Ecole Polytechnique, C.P. 6078, Suce. Centre Ville, Mantréal, Quéhec HIC 347, Canada
manufacturing process ettt Gl lnd 2, o o, 7. i

Vincent Meyer ®*, Alexander Pisch?, Karri Penttili®, Pertti Koukkari®

* LafargeHolcim R&D, 95 rue du Montmurier — EP15, 38291 St Quentin-Fallavier, France
b VTT P Rav 1401 FTN N2N41_UTT Finland
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Thank you for
your attention !
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