The bold sans-serif texts are the problems as given.

1 Stoichiometry

Problem 1
Consider the following set of reactions
ACH, + 0y 5 2C,Hg + 2H,0
2CH, + 0y > 2CH;0H
2CH30H + 0y > 2CH,0 + 2H,0
2C,Hg + 305 > 4CH,0 + 2H,0

(a) Show, that there are 3 key components within the system!
The number of key components is the number of species minus rank of the element species matrix.

Nspecies - Rg(ﬁ) = Nkc
First build the element species matrix:

‘CH4 Oy CsH¢ H>O CHsOH CH0

s_| CT 1T 0 2 0 1 1
=~ lol o 2 o 1 1 1
H| 4 0 6 2 4 2

Calculate its rank using the Gauss method:

10 2 0 11 10 201 1
B=(0220111]=(02 011 1
4 0 6 2 4 2 00 -2 2 0 -2

This shows we have 3 linearly independent equations, that is Rg(B) = 3 = Ny (number of non-key compenents)

Nspecies - Nnkc — Nkc =6—-3=3

The number of key components is 3.

(b)  For the chosen key components CH,, O, and C>Hg the following changes in amount of substance
have been measured:

Ancg, = —8mol, Anp, =—12mol, Anc,u, = 3mol

Calculate the changes in amount of substance of the non-key components using the element species matrix!
This can be solved by using the relation:

B-An = 0
AnCH4
10 2 11 2202
= 020111 An?gﬁ
4 0 6 4 2 2
Ancr,oH
Anch,0
—8mol
1020 11 ;;;TOZ
— 20 1 1 1 Ao o
40 6 2 4 2 2
Ancrson
Anch,0



Now splitting this into equations of an equation system ...

—8mol + 2 - 3mol + Ancp,om + Ancu,o = 0
2. —12mol + Anp,o + Ancra,om + Anca,o = 0
4. —8mol + 6 - 3mol + 2Ang,0 + 4Ancu,om +2AncH,0 = 0

.. one can solve the system. Rearranging gives:

Ancr,on +Ancu,o = 2
Ang,0 + Ancu,on + Ancu,o = 24
2Anm,o0 + 4AncH30H +2Ancm,o = 14

This can be written as a matrix again which makes it easier to solve it by using the Gauss method:

0O 1 1 2 1 1 1 24
1 1 1 24 |~ 0 1 1 2
2 4 2 14 0 2 0 —-34
This gives:
2Ancu,on = —34mol ~  Ancp,om = —17mol

—17mol + Ancm,0 =2 ~ Ancm,o = 19mol
Ang,0 —1Tmol +19 =24 ~ Anpg,0 = 22mol

(c) Calculate the number of key reactions and give a set of them!

To do this, we need to write the given reactions in matrix form. Note: The stoichiometric coefficients on the
left are to be negated!

The Gauss method is used again to calculate the rank of the matrix.

‘C’H4 Oy CyHg HO CH3sOH CH;0O

Ji -4 -1 2 2 0 0
NT = II | -2 -1 0 0 2 0
II7T| 0 -1 0 2 -2 2
IV | 0o -3 =2 2 0 4
-4 -1 22 00 -4 -1 2 2 0 0
B 0 1 2 2 —4 0| 0 1 2 2 -4 0
- 0 -1 0 2 -2 2 | 0 0 2 4 —6 2
0 -3 -2 2 0 4 0 0 4 8 —-12 4
-4 -1 2 2 00
B 0 1 2 2 —4 0
- 0 0 2 4 —6 2
0 000 00

This shows us, that Rg(N T) = 3 ~ hence we have 3 key reactions. We will build them from the last step of
the Gauss elimination (negative v on the left and positive on the right side).

ACH, + 0y 5 2Cy,Hg + 2H,0
4CH30H 2 Oy 4 20,Hg + 2H,0
6CHsOH 2 2C,Hg + 4H,0 + 2CH,0

(d) Calculate the extents of reaction with the changes in amount of substance given in (1b) and use
them to determine again the changes in number of moles of the non-key components!



We know the relation IV - £; = An; and use the transposed matrix from (1c) skipping the 4th reaction which

T
had been found to be linearly dependent with reaction 3. Since N7~ = N we can use it.

—4 =2 0 —8mol

-1 -1 -1 ¢ —12mol

2 0 0 ! 3mol

A& o= 2 0 2| ? B Any
0 2 -2 3 Ans

0 0 2 Ang

Now writing this as an equation system in matrix form, we get:

-4 =2 0 -8

-1 -1 -1 -12 N
2 0 0 3|
2 0 2 Ang |
0 2 -2 Ans Ny
0 0 2 ATLG

Let’s now split the matrix into the upper three (N; ~ key components) and the lower three (N3 ~ non-key
components) matrices. Of which the latter one needs to be calculated. Since it is possibly easier to read, let’s
write

-4 -2 0 -8 —46 - 28 = -8
Ni=| -1 -1 -1 =12 | ~{ —1&-16-1 = —12
2 0 0 3 26, = 3

One can easily see the first solution and the other solutions just depend on that first one:

26=3 ~ & =15
—4'1,5—252:—8 s 52:1
—1-1,b—1—-1&=-12 ~ & =95
Now it is easy to re-calculate the 3 non-key components again, using No.
2-1,542-9,5=Ang ~ Ang=22mol
2-1-2-9,5=An5 ~ Ans=—17Tmol
2-9.5=Ang ~ Ang = 19mol

Since this is the same result as above, we are done ;-)



Problem 2
An unknown system with the species CHsOH, Oy, CH20, H>0O and CO is investigated.

(a) For the so-called formula conversion An;; = v;; the following formula is valid
B-N=0

Assume the number of key reactions and key components being equal and give a set of key reactions!
NOTE: Choose the stoichiometric coefficients of your chosen key components in such a way, that there is
only one key component left in each equation!

First let’s set up the element species matrix and determine its rank:

| CHsOH 0O, CH,O H,O CO

C 1 0 1 0 1
B = (0] 1 2 1 1 1
H 4 0 2 2 0
10 1 0 1
= 0 2 0 1 0
00 -2 2 -4

Hence Rg(B) = 3 and therefore we have 2 key components (N, — Rg(B) = Ni.). Now we build up N, which
yields:

B-N =0
Vgl Vig Vil Vig
V21 V22 1 01 01 1 0
= B-| v31 m2 |=(1 2 1 11 V31 V32
V41 V4.2 4 0 2 2 0 V41 V4.2
Vsl Vs2 0 1

The choice for v9 1, V22, V5,1 and vs o is done because of the condition that each key component shall only
appear once per key reaction.

We now split the problem into two parts (one per reaction) - and we also use the matrix (B)we got by us-
ing the Gauss method (this allowed because the matrix is the same anyway, it just looks differently - sure, one
could also take the original matrix, but this would require more work):

V1,1
10 10 1 1

E & = 0 2 0 1 0 V31 =0
0 0 -2 2 —4 7%
0
Vi2
10 10 1 0

B Ny = 0 2 0 1 0 v3o | =0
0 0 -2 2 —4 V472
1

Now writing the first one as an equation system:
vii+rr = 0
> 2% ] = =2 ~ V11 = 2
721/3,1 + 21/4,1 = 0 ~ Va1 = V31

This yields the first reaction equation now (check again if it’s balanced — it is!):

2CH>0 + 2H>0 — 2CH30H + Oy



Now do the same for the second reaction:

vig+urzes = —1
~> 1/472 = 0 ~> ]/1,2 = 1
—21/372 + 21/472 4 ~» V32 = —2

The resulting reaction equation looks like this:

(b) Calculate the changes in amount of substance of CH;OH, CH>0O and H>O with given Anp, = 10mol
and Anco = 2mol!

Because the relation An;; = v;; allows us to interchange the values for the stoichiometric coefficients v and the
change in amount of substance An, we can employ the already known relation:

B-An=0
A?’Ll Anl
1 01 01 Ang 1 01 0 1 10mol
1 2 1 11 Ang | =11 2 1 1 1 Ang =0
4 0 2 2 0 Any 4 0 2 2 0 Any
Ang 2mol
Let’s now develop the equation system from the matrix:
1 01 0 1 Any +Ans = —2mol
1 211 1 |~ Ani + Ansg +Ang = —22mol
4 0 2 2 0 4Anq + 2Ans +2Ang = 0mol

Now writing this in matrix form while skipping column 2 and 5 (i.e. the given components Ang and Ans) again
will make things easier:

Column ‘ Aniy Ans Ang Result

1 1 0 =2
M = 1 ! 0 -2 =0 0 1 —20
1 1 1 —22 0 —2 2 8
4 2 2 0
Ang = —20mol
~ Ans = —24mol
Any = 22mol



Problem 3

Consider the following set of reactions:

RK 1: A;+ Ay — A3+ Ay
RK2 A2+A3—>A4+A5
RK 3: Ay + As — A4+ Ag

There are three key reactions within the system. Calculate the changes in number of moles An,, Any and
Ang, when the following changes have been measured:

Any = —1mol
Ans = —2mol
Ang = 2mol

HINT: Set up the matrix of stoichiometric coefficients and make use of the extents of reaction. We
already know the relation:

N-§ = An,
I II III
A -1 0 0 ﬁzl
Ay | -1 -1 -1 & An2
ﬂ = A3 1 -1 0 3 fj = 52 ; Ani = 3
—_ — An4
Ay 1 1 1 &3
Ang,
As 0 1 -1 An
As| 0 0 1 0
-1 0 0 Anq —1mol
-1 -1 -1 ¢ Ang Ang
1 -1 0| 51 | Ang | | —2mal
11 1 52 | Ang | T Any
0 1 -1 8 Ang Ang
0 0 1 Ang 2mol
Writing this equation system as a matrix makes things easy again:
Ay | —1 0 0 -1 &L =1
As 1 =1 0 =2 |~ & =2
Ag 0 0 1 2 & =3
Now let’s calculate the missing (non-key) changes in amount of substance:
A2 -1 -1 -1 An2 —fl - 52 - 53 = ATLQ = —6mol
Ay 1 1 1 Ang ~> +E&E+E =Ang = 6mol
A5 0 1 -1 A?’L5 fz — 53 = An5 = 1mol



Problem 4

The following species are involved in a set of reactions:

A1 = CGHG; A2 = Olg
A3 = CGH5CZ; A4 = HCI
A5 = 06H4CZQ; A6 = C@HgClg

Calculate the changes in number of moles An;, Any and Anyg, when the following changes have been
measured:

Ansz = —2mol
Ang = 1mol
Ang = 2mol

HINT: Use the element-species matrix. The number of key components has not to be calculated.
Just set up the element-species matrix (B):

Anq Angq
‘ A1 A2 A3 A4 A5 A@ An2 A’I’LQ
| c|je6e 0o 6 0 6 6 |, | Ang | _ | —2mol
B=lmle o 5 1 4 3 |?287| Any [~ Any
cit) o 2 1 1 2 3 Ang 1mol
Ang 2mol
The following formula is to be used:
B-An=0
Writing this as an equation system an rearranging gives:
6An; = —6 ~ An;= —1mol
~> 6-—1+Any, = 0 ~ Ang= 6mol
2An, = =12 ~ Ang = —6mol



2 Thermodynamics

Problem 1

During the production of synthesis gas, the conversion to water gas is a side reaction:

CO(g) + HoO(g) = COz(g) + Ha(g);

the equilibrium is adjustable by the reaction conditions.

The reaction is carried out at constant temperature in a closed vessel until equilibrium is reached. Following
thermodynamic data is given:

1. Standard molar heats of formation:

. _ kJ
CO(yg): AHY = —111.%
COs(g): AHY) = —393kL
HyO(fl):  AH} = —283kL
2. Vaporization of water:
HyO(fl) = H:0(g):  AH,, = —+41k5
3. Constant pressure heat capacities:
Ac, = A+ BT+CT?+DT? with [T] =K and [Ac,| = —2L-
leal = 4,184J
Species Coefficients
A B C D
COq 4,728 1,754-1072 | —1,338-107° 4,097 -107°
co 7,373 | —0,307 - 1072 6,662 1076 | —3,037-107°
H>0 7,701 4,595-1074 2,521-1076 | —0,859 - 10~
H, 6,483 2,215-1073 | —3,298 - 1076 1,826 -107°

(a) Calculate the standard enthalpy change on reaction AH}Q2 using the given thermodynamical data!
(Consider the molecules’ state of aggregation!)
Using the following relation, we can easily calculate the reaction enthalpy:

N
Z ViAHf,i
i=1

= —(—111)—(—283 +41)— 393 +\O/{M]

AHY,

—_— mol
CO(g) H20(g) CO2(g9) Hz(g)
_ _goX
mol

Hence the reaction is exothermic (i.e. it produces heat).

(b) In which direction is the equilibrium shifted in response to the following changes within the system?

1. Feed of further CO

Removal of a fixed amount of CO, out of the vessel
Feed of further H,

Addition of a catalyst

Increase in temperature

e o & b

Increase in pressure



The solution can be easily determined by using the different K, and some basic chemical knowledge:
1. — In favor for products, use K.
2. — In favor for products, use K.

«— In favor for educts, use K,

- W

= No change. Catalysts only speed up or slow down reactions. The equilibrium is never affected!

5. « In favor for educts, use K,. The reaction is exothermic and therefore produces heat itself. Adding
heat shifts the equilibrium!

6. = No change, use K. There is no change in volume during the reaction. Hence the partial pressures of
all species should be the same and the quotient remains constant.

(c) Calculate the enthalpy change on reaction AHp 1000 for a temperature of 1000 K using the given
thermodynamical data!

We will have to calculate the reaction enthalpy at a given temperature upon the basis of the already calculated
standard reaction enthalpy:

T
AHR(T)=AH% + | Acy(T)dT

To
Given the function for Ac, we have:
kJ 1000
AHRg 1000 = *407+/ (AR +Br T+ Cgr-T?+ Dg-T?)dT
mol 208
kJ
= 0 (Ar+Br T3 + Cr - 72508 + Dr - T ")

For the constants A, B, C and D, given for each species, we apply the following formula to get the overall
constants Ag, Br, Cr and Dg:

N
Zp=> viZ; where Z = [A, B, C, D]
=1
Let’s calculate:
Ap = —7,373—7,701 + 4,728 + 6,483
= —3,863
Br = —(—0,307-107%)—4,595-10"* +1,754-1072 4+ 2,215 - 103
= 0,0223655
Cr = —6,662-107%—-2,521-1075—-3,298-107¢+1,338-1075
= —2,5861107°
Dp = 3,037-1072+0,859-1072 +1,826-10"? + 4,097 - 10~°
= 9,819-107°

Now it is possible to calculate the final result (partially without units):

1000
/ (AR+BR~T+CR'T2+DR'TS)LZT
2

98
1000 1, 51000 _5 1, 311000
— 3,863 TI}0" +0,0223655 - 5 T2[,00" + ~2,5861 107 5 77|
1 1000
-9 4
+9,819-107" - 1 T 208

1 1 ]
= 3,863 (1000 —208) + - (0,0223655 - (1000 — 208%)) + 5 (~2,5861 - 10~ - (1000° — 298%))



1
+7 (9,819 - 1077 - (1000* — 298*))

= —2711,826 + 10189, 67707 — 8392, 208349 + 2435, 391472 = 1521, 034193%

1, 521034193@ =6, 364007065k—J
mol mol

Now plugging this into the above equation:

1000

AHR,IOOO = AH}% + / ACP(T)dT
298
= —4Ok7<] + 6, 364007065k—J
mol mol
kJ

= —33,635992935——
mol
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Problem 2

The heat tonality of the experimentally not realizable formation of methanol from the elements (see the
equation) cannot be measured directly:

C(s) + 2Ha(g) + 50s(g) " CHOH(f1),

but the heats of combustion of carbon, hydrogen and methanol can be measured calorimetrically:

AHY
e

C(s) + O2(9)

Hy(9) + 502(0)

CO2(g)
AHY, ,
—

HyO(f1)

3 AHp 5
CHsOH(f1) + 50a(g) “=** 2H;0(f1) + COa(g)

(a) Calculate the enthalpy change on reaction AHY, of the formation of methanol from the elements!
NOTE: Represent the methanol’s formation reaction by a linear combination of the three combustion
processes.

We have know formula to calculate the enthalpy change on reaction from the formation enthalpies:

N
AHY =Y v AHY,
i=1
Furthermore we know, that AH OJ- for any element is zero. Let’s use this, since it will cancel out several
unknowns (following the sums in form yiAH}) Pk

Form. from elem.: AH% =-1-0—2-0-— % 0+1- AH)(C),C’HgOH
RK1: AHY, :-4.0—1-0+1-AH%a%“*AH?0@::_aﬁggf
RK2: AHY}, :-4-0—%-0+1-AHﬁ&O«»AH%ﬁO=—%%£%
RK3: AH%3:,4‘AH%mmHfg.o+2¢u¢ﬂp+1ﬁmﬁc@

For the third equation we now know the two remaining unknowns AH? .o and AH }) co,» hence the equation
» 412 B 2
look now like this:

kJ kJ
RK3: AHY, :AJ~AH%cm0H+2~—%%;£Z+1~%m3ﬁa
kJ kJ kJ
_ 0 _ 0
= —AH} oo = 570—=5 =393 = —~AH} oo — 963——
kJ kJ
~  AHp 5+ 963E% :fAHﬁmﬁM¥:47%;£i+%BEa
kJ
0 —
2 AHf7CH3OH = *239@

Now we’ll have to use the equation ("Form. from elem.”) from above to get the result for AHY of the formation
of methanol from the elements:

1
AHY = ~1:0-2-0-3-0+1-AH}cp,on
keJ
AHS = AHOC = —-239—
R f.CHsOH 39m0l

(b) Is the reaction in problem 2a exothermic or endothermic? methanol from the elements!

NOTE: Represent the methanol’s formation reaction by a linear combination of the three combustion
processes.

The result (AHY, = —239 kT clearly shows, that this reaction is exothermic.

mol
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Problem 3

The temperature dependence of the balanced reaction:

! Alts 0 kJ
50x(9) +502(9) = S0s(9), AHp=-99—
is of decisive importance for the production of sulphuric acid.

The standard molar Gibbs free energies of formation are known:

k
SOs : AG(} :7300—J
mol
k
SO3 : AG(} :7371—J
mol

(a) Calculate the standard Gibbs free energy change on reaction AGY!
We use the following relation:

N
AGY, = Y uiAGy,
i=1

1
= —1-AGts0, + (—2> “AGyo0, +1-AGy 50,

kJ 1 kJ kJ
- _(_ Ty (2. A 371 2L
( 300m01) (2 Omol )+ (=37 mol)
——
zero for elements!
k
mol
(b) Calculate the standard activity equilibrium ratio K0!
GY% =-RT -InK,
G
~> _ﬁ =In Ka
GO
Ko = --£
- exP( RT)
0 Gk _71&]1 28,6570884721009
K, = —— | = — me = = 2790071872271, 74
~ fa exP( R-298K) PP\ T8 s 208K | € ’

This means, that the standard activity equlibrium shifts the balance to the product’s side:

KO _ [SO?)]

— 2 — 2 79007187227174 - 10*2
* [SO:] O]

(c) Calculate the activity equilibrium ratio K, for the following temperatures:
T = 713K; 733K; 753K; 773K; 873K; 973K; 1073K; 1173K

Using the relation from (b), we could easily determine K, for changing 7" if we knew Gr(T):

0
K, =exp <—](;:;> = exp (— G;(j?))

This is not the case, hence we have to use another relation:

dinK, AHY Ko T AHY,
¢ = = din K, = RiT =InK, — InK?°
T rT2 ~ 7 /Kg . /T RT? . 1 Ba

12



Rearranging it gives:

T 0
AH
_ 0 R
tha—ana—|—/TO T2 dT
Moving the constants out of the integral:
AHY (T dT AH? 1"
In K,(T) =In K° R./ & KoL 2ER 2
nKo(T) =K+ —p T2 MRt TR T\,

Now plugging all known variables in and calculating for each given temperature yields:

-99000-L 1"
o Ko(T) = 28,6570884721000 + oyt - — 7,
mol-K 298
In K, (713K) = 28,6570884721009 + V005 . 11 = 5,39935029229595
8,314 TI3K 298K
In K, (733K) = 28,6570884721009 + V005 . 1] = 4,9436685107031
’ ,314—J 733K 208K
In K, (753K) = 28,6570884721009 + 005 L1 = 4,51219293264772
’ ,314—J— TH3K 298K
In K, (773K) = 28,6570884721009 + 005 . L _ 1 = 4,10304468075303
3144 TI3K 298K
In K, (873K) = 28,6570884721009 + 99000*"@ L 9 33850496807352
8,314 873K 298K
In K, (973K) = 28,6570884721009 + 99000’"105 L 0,936666122024645
’ 8,314_—J— 973K 208K
In K,(1073K) = 28,6570884721009 + P00z L _L__ 0870368781479
’ 8,314_J 1073K 298K ’
In K, (1173K) = 28,6570884721009 + 99000’”{’! ! L 1,14995845098055
83142 173K 203K
K.(T13K) = exp (5, 30935020220505) = 221, 262613469784
K.(733K) = exp(4,9436685107031) = 140, 283939879604
Kq(753K) = exp (4,51219293264772) = 91, 1214227140278
Ko(T73K) = exp(4,10304468075303) = 60, 5242844733766
K. (873K) = exp(2,33850496897352) = 10, 365727887841
K. (973K) = exp (0,936666122924645) = 2, 55146096592772
Ko(1073K) = exp(—0,203879368781479) = 0,815560747340286
K,(1173K) = exp (—1,14995845098955) = 0, 316649925596806

This shows us, that the equilibrium shifts to the left (educts) when adding heat to the exothermic reaction.

13



Problem 4

Consider the following gas-phase reaction in equilibrium

RK1: A1+2A2;\3A3

with standard heat of reaction AHIOM, A, being H,, and all species behaving like ideal gases.

(a) Calculate the standard heat of reaction AH}%1 when there is given a second reaction
RK2: Al + A4 = A2

with the standard heat of reaction AHY, , = 100-£Z and the following standard molar heats of formation

for A3 and Ay:

kJ
AH? ., =20——; AHY, =50
3 mol fa

R
mol

We need to employ the already known relation:

N
AHY =Y vi- AHY,
1=1

This is a simple linear equation system. We know several of the variables, so let’s start:

kJ kJ kJ
K2): AHY,=100—— = —1- —1)-50—= +1-AHY AH?, =150——
(RK2) R.2 Oomol W—QJF( )5Om0l+ r2 f2 50mol
Al A"
4

So, why is AH (]3,1 = 07 Because Hs is an element and this is one condition for elements!
Now we can calculate AHp, ;:

k k k k
AH% 1=—1-0+(-2)- 150—J +3- QO—J = (=300 + 60)—J = 7240—{]
’ ~—— mol mol mol mol
Ay —
Ao As

(b) Does it favor the formation of educts or products in the reaction (RK1), when the partial pressures
p1 and p, of the species A; and A, are both 25% of the total pressure p?
For the following relation
N
KP = Hp?i7
i=1

and under the condition, that the overall pressure must be 100% (p = p1 +p2 + p3 =1 =0,25+ 0,25 4 p3 ~
ps = 0,5 =50%) we get

o P4 _ 05 05
T plop2 0,250,252 0,258

Ky, =p5 - py' py?=p3-p;" py

Hence the equilibrium shifts in favor for the products (i.e. —).

(¢) In which direction is the equilibrium shifted in the case the reaction is endothermic and a catalyst is
added?

First of all, the reaction is exothermic. So this question needs not to be answered. And anyway, the addition
of a catalyst does not influence the equilibrium. It just speeds up or slows down the reaction.

14



Problem 5

The isomerisation reaction

kJ kJ
A= Ay AHY, = 18,98M AHY, =11, 93@

is in equilibrium at standard conditions, the equilibrium conversion X7 is 0,45.

(a) Calculate K? and K? using the stoichiometric table.
The stoichiometric table can be found in the Summary or can be built.
First of all we assume a batch system.

1/1A1 + I/2A2 =0

Species 150 Ani = —:Tink.oXk n; = Nio + Anl
Ay nig —n10X1 ny = nig — n1oX1
Ay n20 — 10Xy ng = ng — 210Xy
Sum | ngumo - nsum = nsumo — (1 + 22)n10 Xy

We know, that nag = 0 before the reaction starts. From the power law we know KO = HN e

. n;
=1 G and ¢; = T,
hence:

KO—elgC_n2 V. _m
@ ! 2 C1 %4 ny ny

Now from the stoichiometric table and the condition cog = nog = 0 we know:

K02 _ ng — 2 omo- X1 —PFene- X1 -2 X0 1.X; 0,45 0,45 _ 0.815T
a_nl_ Tllo—’fll()'Xl _(1—X1)-n10_ 1—X1 _1—X1_1—0,45_0,55_ ’
(b) Calculate the standard heat of reaction.
We already know how to do that:
al kJ kJ kJ
AHY = AH;;=—1-18,98—— 4+1-17,93—— = —1,05—
R ;y 5 mol + mol mol
(c) Calculate K, at a temperature of 400 K.
T 0
AH
mK,(T) = K] &ar
n ( ) A, + T RT2
L 400K -1 05ﬁ
In K,(400K) = In0,8181 + / ——mol——qT
208k 8,3145—=— - T2
Moving the constants out of the integral we get:
. —1050-L, A0k . —1050-L [ 170K
In K,(400K) = 1n0,8181+ 7"1;1/ 75 dT =1n0,8181 + 7"3‘” {}
873145m 208 K T 8,3145m T 208 K
10,8157 + — 205z ! !
= n — [
’ 8,3145—— \ 400K 298K
_ 1 1 1
=1 181 —126,285405—= [ —— — —— | = —
n0, 818 6,285 O5K <298K 400[() 0, 3087337099
K. (400K) = 0,7343763011
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3 Microkinetics

Problem 1

In a laboratory experiment, 500m! of a solution of 2kmol/m? ethylene oxide (A4;) in water was mixed with
500m! of water (Az) containing 0,9% (w/w) sulfuric acid:

A+ Ay — Az

The concentration of ethylene glycol (A43) was recorded as a function of time. From this data determine
the reaction rate constant.

Time | Concentration of Aj
0,0 0,000
0,5 0,145
1,0 0,270
1,5 0,376
2,0 0,467
3,0 0,610
4,0 0,715
6,0 0,848
10,0 0,957

From the definition of the rate of reaction we get:

1 dCi o dC3 o C3(t0 + At) — Cg(to)
v, dt Codt At

From the stoichiometric table we know:

Vi
Ci = Cip — chkoXk ~ 1 =c10 — 10X
K

From c39 = 0 we can derive:

V3
€3 = C30 — ;610X1 =c10X1 ~ ¢ =co—C3
1
r=k-(cio—c3)" ~ logr=logk+_ xr log(cip—c3)
~ = =~
Y a b T

The value for r can be calculated at different points in time, since we have the data for ¢z and c¢1¢ from the
given table. Plotting logr against log(cig — ¢3) in an X/Y-diagram allows us to estimate logk (i.e. a) and &
(i.e. b). Where a is the distance from the X-axis to the curve and b is the (mean-)inclination of the curve.
NoTE: There is also the integral method available, but I believe that in this case it is better to use the differential
method.
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Problem 2

Consider the following reaction scheme, where A* is an activated molecule of the species A.

A3 product

Derive the formula for the rate of the third reaction as a function of the concentration of A and the rate
constants by

(a) formulating equations for the reaction rate of each partial reaction assuming elementary reaction,
Reaction rates:

T1 = k‘l 0124
ro = kacaca-
rg = ksca-

(b) formulating an equation for the production rate R,4-,
Production rate for every species:

Ra- = 11 —ro—13= k1) — kacacar — kzca-

(c) formulating an expression for the concentration of A*, assuming R4+ = 0 and
Concentration of A*:

0 = klci — kocacar — kaca~
klc2A = kocacar + k3ca-
klci = Cp* - (kQCA —+ k’g)
klci
cpr = @ ——H—
k‘QCA + k‘3

(d) formulating the formula for r3.
Reaction rate for reaction 3:

k‘1C?4
> kaca + ks

17



Problem 3

Consider the following set of homogeneous reactions

Ay
2
/!
Ay + 24, 5 Aq
>
As
with the reaction rates
kmol
r = 120 3 ) o = 51"3
m3-s

(a) Formulate the equations for the reaction rate of each partial reaction assuming elementary reaction!
Use the power law:

kmol
T1 = klclcg = 120$
m° - S
To = kQCg = 57’3
1
rs = k3€3 = 57’2

(b) Calculate the net rates R; for all species assuming the concentration c3 of species A; being constant!
Calculate the net rate using R; = Zjvil Vij = Tj

R = -n

R2 = —27‘1

Rg = T1 —ToQ—7Ts3
Ry = 1m

Rs = 13
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Problem 4

The description of a homogeneous catalyzed reaction

1
Al + Ay = Ay 2 A+ Ay
2

follows enzyme kinetics, in which the homogeneous catalyst is represented by A4,5.

(a) Form the equations for the reaction rate of every partial reaction assuming elementary reaction!

ri = kicica
ro = kacia
r3 = kscio

(b) Give the net rates of the changes in amount of substance of 4;, A5, A3 and A;s!

Ry = —-ri=-kce

Ry = —ri+re+1r3=kacia—kicica + kscio
Ry = kzcio

Ry = 11 —7ro—r3=kicico — kacia — k3ci2

(c) Determine the reaction rate of the formation of product assuming a (not?!) neglectable amount of
A5 being bound in the complex A5 during the reaction and

1. step 3 to be rate determining!

2. the steady state hypothesis to be valid for 45!

17 not” was in the original script, though it makes no sense. The text without ”not” makes sense.
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