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Summary of the 15t lecture

e Stoichiometry

e Extent of reaction

* Fractional conversion of key component
* Stoichiometric matrix

e Balance of chemical elements

e Selectivity, Yield

e Reaction rate definition



"oroiyesiov" the material element (Plato)

Stoichiometry "uezpa@ " the count, the quantity
2NO —> N, + O, closed (batch) system
I N
Atoms of oxygen N%o +2n9 = Nyo + 2N,
Atoms of nitrogen NYo + 207 = Nyo + 2N,
nﬁ,o+2ngz Nyo + 2N, nﬁ,o+2n;2 Nyo + 2N

-2 1 1
-2NO  + 0, + N, =0
Symbols for species NO =A, 0,=A, N, =A;
Stoichiometric coefficients v, =-2 v, =1 vy =1

v. >0  products

v.A =0 v, =0 inerts

v, <0 reactants




5 . nNO B nNO . (noz _ngz) . (nNz —n'(\)lz)
-2 1 1
n.—n’
5 —
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From the definition of the reaction extent follows:

1. The reaction extent has the dimension of moles (number of molecules)
2. The reaction extent value depends on stoichiometry of reaction

3. The reaction extent is an extensive variable



Reaction extent for a single reaction in closed (batch) system

t=0 t>0

n° | —— n Closed system

v.>0 products

N
Y viA =0 v, =0 inerts
i=1

v. <0 reactants




Example

2ZNO - N, + O,

A, =NO,A, =N, A =0,

v, ==-2,v,=1v, =1
A
vi=(-2 1 1),A= A
)
Matrix notation
(A



Fractional conversion of key component, j

X

X = T
fmax
£ _mmber of moles of key
max component in limits
. (chemical equilibrium or 0)
n;’ -n.
=0 n_n_o i — X. = XE(O,].)
i i =] J n? J
_ é: _ Vi _ Vj ni0 o nl > J
fmax o n? Vi n(j) 0
n, —n,
v, Nz 100 — X €(0,100)
n
J
n(J) \ ] v )
9a:)(J_Cfrw—_)(j— > n.=n __'nJXJ
Vj Vj




Stoichiometric matrix in the case of several reactions

N
ka'Ai:O k =1, NR
i=1

reaction /ciox\ponent

Stoechimetric matrix has NR rows and N columns

( Vi Vi Vin \ ( A1 \

1% 1% U V4 A

v = 21 22 2N ,A _ 2
VNR,l VNR,2 VNR,N \AN)

vA =0



Number of moles of i-th component consumed or created in k-th reaction :

o

N — Ny
Molar extent of k-th reaction : gk —
Vii
NR
Number of moles of i-th n =n. + Z v é
components: I I ki@ k
k=1
Matrix notation 0 T
nN=n +v &
(n (8
n:| N2 | no:\nz |§:| <, |
. I L
| L J | |
My ) ny \ Snr J

ki

0
_ni



Problem 1.1

Oxidation of ammonia on Pt-Rh catalyst

NH, + 1.25 O, — NO + 1.5H,0 (1)
NH,+0,  — 0.5N,0 +1.5H,0 ()
NH, + 0.750, — 0.5 N, + 1.5H,0 3)

Task: To write down the stoichiometric matrix.

A, A, A, A, Ag Aq
Reaction NH, O, NO N,O N, H,O
(1) -1 -1.25 1 0 0 1.5
(2) -1 -1 0 0.5 0 1.5
(3) -1 -0.75 0 0 0.5 1.5




Molar balance table of component in closed (batch) system

Component t=0 t >0
NHs n; n=n’—(&+&,+¢&,)
O, ng n,=n —1.25¢ — &, - 0.75¢,
NO n, n,=n, +¢&
N,O n? n, = nJ +0.5¢&,
N> ng n, = n +0.5¢&,
H,O ne N, =N +1.5(5 +&, +&,)
)2 26 n’ ini°+0.25(§1+§3)

e.g. molar fraction of NH,
nlo_(érl'*'éz"'é:g)

6

> n’+0.25(& +¢&,)

i=1

Y. =




Independent reactions

Set of NR reactions in reaction network is independent if

Rank(v)=NR
or

number of independent reactions = Rank(v)



Problem 1.2

NH, + 1.25 O, = NO + 1.5H,0 (1)
NH;+0,  — 0.5N,0 + 1.5H,0 )
NH, + 0.750, — 0.5 N, + 1.5H,0 (3)
2NO >  N,+O, (4)

Task: To calculate the number of independent reactions.

We determine the rank of stoichiometric matrix by Gaussian elimination:

(-1 -1.25 1 0 0 15} (-1 -125 1 0 0 1.5)

I—l -1 0 05 0 15 I 0 025 -1 05 0 O I
— —
I—1 075 0 0 05 1.5{ I 0 05 -1 0 05 0 I
L0 1 2 0 1 0) (0 1 2 0 1 0
(-1 -125 1 0 0 15) (-1 -125 1 0 O 1.5)
I 0 025 -1 05 0 O I I 0 025 -1 05 0 0 I
— —>
I 0 0 1 -1 05 0 I I 0 0 1 -1 05 0 I
L0 0 2 -2 1 0) (0 0 0o 0 0 0

Rank(v)=3 - only 3 reactions
are independent



Extent of the reaction in a flow system

= F
Lreerr |
Inlet molar flow rates Outlet molar flow rates
[mole of i-th species/s] [mole of i-th species/s]
N
Z vi.A =0 k =1, NR Open (flow) system in a steady state
i=1

NR . . 5
F=F +kai‘§k é:k:Tk

k=1 4
F., Fi°-outlet, Inlet molar flow rates of i-th species [mole/s]

¢, —extent of k-th reaction per unit of time [mole/s]

7 — mean residence time [s]

. ) (e

SLETE S
RIS

KFN LFNJ LgNR



A reaction is at steady-state if the concentration of all species in each
element of the reaction space (i.e. volume in the case of homogeneous

reaction or surface of catalyst in the case of catalytic heterogeneous
reaction) does not change in time.



Balance of chemical elements

(Dc; D

Z vi.A =0 k =1, NR Open (flow) system at steady state

j

O, =0,
D, CD‘}-outIet, inlet molar flows

of J-th chemical element [mole/s]

O
O

N O P o

|
I NEL - Number of

(
|
,®° |
chemical elements
LCD NELJ



Formula matrix E

NEL elements - NEL=3

N components+ |N H O
i} R FE
0, 0 0 2
NO 1 0 1
N,O 2 0 1
N, 2 0 0
H,0 0 2 1

Formula vector of NH,4

There are no creation or annihilation of chemical elements in chemical reactions:

‘( Vi1 Vi, e Vi \H( E.

| Vo Vo e Von || E,,
vE =08 | |

Var:l VYinr2z ot VRN LEN,l

E

12

EN,Z

1,NEL

2,NEL

N,NEL

o O

N——

- NR

NEL



Molar* weight (relative molecular mass) of i-th species:

NEL
M. = E;m,
j=1
M=Em Atomic weights (relative atomic mass) of j-th element
(M) m )
M 2 m,

M = .m =

My ) \Myec /

and we have for molar weights of species

vM = vEm =0
because vE =0

*The mole is the amount of substance of a system which contains as many elementary
entities as there are atoms in 0.012 kilogram of carbon 12.
Avogadro constant = 6.022 141 29(27) x 1023 mol! (http://www.nist.gov)



http://www.nist.gov/

Balances of atoms in batch and flow systems
Closed (batch) system:
n=n°+v'g
E'n=E'n°+E'v'E=E'n°+(vE) ¢=E'n°
Open (flow) system at steady state:
F=F°+v'g
E'F=E'F°+E'vg=E"F°+(vE) ¢ =E'F°
because vE =0

Finally

These equations are used

T T 0
E (n -n’ ) =E (n — n) =0 in data reconciliation tasks
— around chemical reactors.
T %) =T o _ The last equation (flow
E (F F ) = E (F F ) =0 system) is valid only at
steady state.

—



Problem 1.3

Selective reduction of NO, by C;Hg Steady state,
FO = unknown
i i stoichiometry
> of reactions
NO NO, cO CsHg Co, H,O 0, N,
F'[umole/min] 4563 0.1845 0 2.943 0 0 90 0
F, [umole/min] 2.2905 2.3355 0 2.898 X X X X
Calculate the missing outlet molar flow rates
E'(F°-F)=E'
1-NO | 2-NO, | 3-CO {C3H8 5-CO, | 6-H,0 |(AF1 \|_\ KNown
N 1 1 0 0 0 0 | AF, |
(@] 1 2 1 0 2 1
C 0 0 1 3 1 0 | AF, | [ AF
H 0 0 0 8 0 2 | | '
i | AF, |
i ) 1 | AFs |_<
El AI:KNOWN + EZAFUNKNOWN = O I AF I
6
T T
EZAFUNKNOWN = _ElAFKNOWN | AF7 | >_ unknown
T\t T Tyt AF.
AR nknown :_(Ez) B AF iown = QAFyown Q= _(Ez) E, LAF8J_/ !




We obtain using Excel (homework 1)

(0 0 -1
0 0 0
Q=
-0.5 -1 0.5
-0.5 -05 O

and taking aF, = -(E}) E]AF, = QaF, we have

NO NO, CO C;Hg CO, H,O O, N,
F'[umole/min] 4.563 0.1845 0 2.943 0 0 90 0
F,_[umole/min] 2.2905 2.3355 0 2.898 0.135 0.18 88.76 0.061




Selectivity

Moles of a particular product generated per mole of key reactant consumed

Yield

Moles of a particular product generated per one initial mole of key reactant

Ammonia oxidation

Component t=0 t >0
NH; N n=n] - (5 +&,+ )
O, n n,=n; —1.25¢& — &, - 0.75¢,
NO ny n,=nd+¢&
N,O n n, = ng +0.5¢&,
N, ne n, = ng + 0.5¢&,
H,O ne Ne=nS+1.5(& +&, +&,)
< __mrs &
NO—NH,

(& +&,+&) (6,+&,+4;)
n, +¢& (ng:o)f_l

Y = =
n

1 1



(IUPAC Gold Book = rate of conversion)
4
S max d 5 1 d r]| I -1
de I = MOIE.S Closed system
e d I V. d { of uniform
i I pressure,
temperature
and
r — d fk composition.
« =
0;0 t dt
Rate of generation (consumption) of component A,
d n. d 5 one reaction
R, =—=v.—=v.r = = vr
! dt dt
NR d 5 NR several reactions
k —_
Z V. = > Vih = R =yv

Reaction rate




We measure usually the rates of generation (consumption) of
components R and we want to calculate r

R*" ~v'r = Objective function Q (r)= (Rexp - vTr)T (Rexp - vTr)

minimization of Q(r) = least squares solution of overdefined system (N>NR)

Tyt exp
r:(vv ) vR

Problem 1.4
Steam reforming of methane (5 species, N=5, 2 reactions, NR=2)

1 2 3 4

CH, + H,0 ¢ CO + 3H, (1)
5
CO +H,0 < CO,+ H, 2)

Measured R : (-0.97572, -2.88778, -1.02127, 4.832804, 2.078537)" (mol/s)

V:(—l -1 1 3 0) w! :(12 3) (WT )-1 -0.10256 -0.02564 0.179487 0.230769 -0.07692
Lo 1 -1 1 1J Lg 4J 0.076923 -0.23077 -0.38462 0.076923 0.307692

r) (0.94619)

(
erJ ) L1.99546J



Specific reaction rate

dé
The reaction rate " is, like< , an extensive property of the system, a specific rate (intensive

property) is obtained by dividing a¢ by the total volume, mass, surface of the system:
dt

Reaction rate per volume

1 1d& 11 dn,

rV = —f = = m0|e.m_3.5_1
V. VvV .dt Vv dt
oo_1 _1dg,
v v dt
Reaction rate per mass
1 1d 1 1 dn.
r,=—r-= g = ' mole.kg s
m mdt my dt
1 1 dé,
e = =

m m dt



Reaction rate per surface

1 1d& 11 dn,

[ =—r= = mole.m *.s™
S sdt Sv dt
1 1dé
s =~ =T
S S dt

Reaction rate per active center (turnover number)

1 1 d¢& 1 1 dn 9
b = —I'= = S
Nps N, dt  n. v dt
1 1 d¢&,
sy = — I =
’ n n dt

RS RS



Central problem of APPLIED CHEMICAL KINETICS

r = function (T ,C,,C,,...C,,, P,catalytic activity, transport parameters,....)

Rule 1: The rate function r at constant temperature generally
decreases in monotonic fashion with time (or extent or conversion).

Rule 2: The rate of irreversible reaction can be written as

r=k(T)g(c,.c,,..c)

Rule 3: The rate constant k depends on temperature (Svante
Arrhenius, 1889):

E

K(T) = Ae RT

Rule 4: The function g is independent of temperature:

N
0(C,,CprenCy ) = CCs et = T
i=1

Rule 5: When a reaction is reversible:

r=r,—1 =k, (T)g, (¢, CprCy )~ Ky (T)G, (€1, 0Ty )



Problem 1.5 (homework 2)

In flow catalytic reactor the synthesis of methanol is carried out

The inlet mass flow rate of CO is 1000 kg.ht of CO and the inlet flow rate of
hydrogen is supplied so that the inlet molar ratio H,:CO is equal to 2:1. 1200 kg of
the catalyst is placed in the reactor.

The outlet mass flow of CO is 860 kg.h-1.

To determine:

1. Mean reaction rate per mass of catalyst in mol.kgl.s?.

2. If specific internal surface of catalyst is 55 m2.g-1, calculate mean reaction rate
per surface of catalyst in mol.m=2.s-1,

3. If per 1 m? of catalyst contains 10'° active sites, calculate mean reaction rate
per active site in sL.

4. Calculate inlet and outlet gas mixture composition in molar fractions.

Data:

Mco=28.010 kg.kmol-t
N,=6.0221413x10%2 mol-! (Avogadro number)



CO=A,H,=A,,CH,OH = A,

T
v=-2,R=-2r Fractional conversion of key component
L]_J L]_J 1= key component
NR , . " - £ _(Fi—Fi[’\/(—Fl"\:)F_Fo_v_iFOX
Fi:FiO+ZVki§k:>Fi:Fi0+Vi§:> 1_§MAX_L Vi JL‘GJ T Vll l
k=1
r— 5 I:| B I:|0 r é: FI B |O = é: I:i B Flo
M = = Iy = — = y = =
Mear ViMear S V|S s Vilgs

. F° 1 : L (FY¢
- ° =] = — F S F ar —1 = = ° =
1 CO Fl yl 3Flo 3 1 1 ( )5 y1 3F1° +(_2)§ Fl Fl (1 Xl)
2F° 2 _ o 2F° +(-2)¢ o o
- 2F° === F,=F +(_2)§ = — F,=2F -2F X,
2 H2 1 y2 3Flo 3 2 2 y2 3F10+.(_2)§
0 F,= Fo+(+1)E | _ 3 F. = F°X
- 0 3 3 = 1 1
3 CH3OH . y3 3F10+(—2)(§ 3
> F°=3F° 1 F =F°+(-2)¢ 1 F =3F°-2F'X,
) (860—1000)/0.02801/3600 .
i=1¢ = ) =1.38839 mol.s
_1.38839 4 04— 1.38839 " P
r, =—————=1.157x10 " molkg s, r, = S =2.104x10 "mol.m s
1200 55x10°x1200
_ 1.38839x6.0221413x10% .
Mes = =1.267x10 " s

55x10°%%x1200x10"



(1000 - 860)

X, = =0.14
1000
1-CO oot y, = Flo(l_xol) - 2% 03162
3F° 3 3F° - 2F°X, 3-2X,
’ °_2F° 2(1- X
2-H2 y;’=@=E y2=2F10 2F10X1= B=X) 46324
3F° 3 3F° - 2F°X, 3-2X,
F°X X
3-CH30H 0 Y, L1 L 0.05147

CBF°-2F°X, 3-2X,

> 1 1



Uverejnéné materialy jsou urCeny studentim Vysoké Skoly chemicko-
technologicke v Praze

jako studijni material. Neéktera textova i obrazova data v nich obsazena
jsou prevzata

z vefejnych zdroju. V pfipadé nedostateénych citaci nebylo cilem
autora/l zamérné poskodit event. autora/y pavodniho dila.

S eventualnimi vyhradami se prosim obracejte na autora/y konkrétniho
vyukoveho materialu, aby
bylo mozné zjednat napravu.

The published materials are intended for students of the University of
Chemistry and Technology, Prague as a study material. Some text and
image data contained therein are taken from public sources. In the case
of insufficient quotations, the author's intention was not to intentionally
infringe the possible author(s) rights to the original work.

If you have any reservations, please contact the author(s) of the specific
teaching material in order to remedy the situation.



