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NMnaemeHTanyja Ha €JHOCTaBHA
AUJaKTUYKa CEKBEHIA 34 U3y4yBame
Ha XeMHCKaTa paMHoTexXKa, 0e3
IIPUMEHA Ha PUTOPO3HHU KUHETUYKU
U TEPMOANHAMHUYKH KOHIIEIITH

Ibymtuo IlejoB, UHCTUTYT 3a Xemuja

Isolated System Closed System Open System

Open systems

I exchange of energy

exchange of mater | 1§ systemboundaries

» Two cases:

/_l\ - The quantities of constituents may be

changed independently (the system
exchanges mass/substances with its
surrounding; no chemical
transformations)

- Chemical reactions occur within the
system (no exchange of mass/substances
through the system’s boundaries).
Changes in quantities of constituents are
not independent
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Single chemical reaction
Ve Ri+Vg Ry +--=Vp B +Vp P+

2 veRi=2vsP
O=Z:vpi|:’i _ZVRi R;

O:Zv.B. B, e{Pl=v, >0
~ B,e{R}=v, <0

st)=———= ni(t):ni,o +Vi§(t)

Where to start: characteristic
thermodynamical functions

)
dU =TdS —PdV 4 > Y,dX; + > sdn,

dH =TdS +VdP +>_Y,dX; +

dA=-SdT - PdV # > Y,dX,

dG =—SdT +VdP > _YdX,
i i

So far: analogously as in the case of an open

system exchanging mass with the surroundings!!!
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Where to start: characteristic
thermodynamical functions

dU =TdS —PdV +>_Y,dX; + > zdn,

dH =TdS +VdP + > _Y,dX; + > zdn

dA=-SdT —PdV + > Y,dX, + > pdn;| s

dG =-SdT +VdP + > _Y,dX; + > zdn,
BUT!!! WHAT’S THE (BIG) DIFFERENCE???

Changes in quantities of constituents are
NOT INDEPENDENT

Single chemical reaction
dU =TdS —PdV + > YdX, + > wv,dé

dH =TdS +VdP + ) Y,dX; + Y v, d&

dA=-SdT —PdV + > Y,dX; +>_ uv,dé

dG =-SdT +VdP + > Y,dX; + > mv,d&
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Single chemical reaction

du :rﬁs—Pdv +2Yidh+d52viyi S,V, X =const.
dH =TdS +VdP + > Y,dX; Hd&ED v, S,P, X =const.

dA=1SAT —PAV + Y Y,dX,+dEY vt | TV, X = const.

dG =-SdT +VdP + » Y,dX,+d& ) v,u, T,P, X =const.
(ST VAP Qe 2

Single chemical reaction

du =d§ZViﬂi | S,V, X =const.
dH =d§ZViﬂa | S,P, X = const.
dA:d§Zviyi ' TV, X =const.

dG=d&d vy 1 T,P, X =const.




Single chemical reaction

% . =Zi',viﬂi
%Jm,x =Z, Ay

Single chemical reaction

& :“_:E:\ﬁlh = A
o5 SV, X i

.l :'_:E:Vnui::’4
o5 S,P.X

- é%ﬁj :'_:E:VUui::’4
8§ TV, X i

- EEE) :'_:E:VUui::’¥
95 T,P.X i

De Donder &
van Rysselberghe
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Single chemical reaction

The AFFINITY

;4=—[@j <0
66 T,P.X

Gibbs energy, G

2.~
o5 T.P.X

Extent of reaction, &

#=0
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The most general thermodynamical
condition for chemical equilibrium

,4=—(§j <0
a§ T,P.X

Gibbs energy, G

#=0

5),.-
¢ )i px

Extent of reaction, &

The Reaction Gibbs energy

Ene: ut aG j Z
e o = 2. Vil
, ( o5 T,P,X i
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A particular simple example (but yet relevant)
A2B

nA(t): Nao —§(t) nB(t): Ng,ot+ f(’[)
dn, =—-d¢& dn, =d¢&
T,P, X =const.

dG = deT +VdP +2Yidxi]+2 v dé

dG = ppd & — p,dS = (/’lB —,uA)déj

A particular simple example (but yet relevant)
A2B
dG = 1zd& - d& = (/UB _:uA)dg

an
— =AG = g — i,
(85 T.P,X

So:

» ty < tp = AG < 0; A — B spontaneous
» Uy > Up = AG > 0; B — A spontaneous

» Uy = tp = AG = 0; Equilibrium



The Equilibrium Constant

oG
%), T

:E:Vnui::O
=’ +RTIna,

Zvi(y{’ +RT In ai):O

D v +RTY viIna, =0

The Equilibrium Constant

D v +RTY viIna, =0
D vt +RTY Ina =0

Zi:vi,ui"+RTInH(aiV‘ ), =0

Zvi ;
)= T

3/10/2019
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The Equilibrium Constant

Zvi .
InH(aiVi)e:_ iRTIu

Zvi/uio
[1(a) exp[ = }

Zvi i0
K, = l_l(aiVi )e = exp( i RTﬂ J

The Equilibrium Constant

Zvi ;
K, =TT )eeXp[ ‘RTﬂ }

Zvi:uio =AG®

K, =TTlar).= eXp[— AF;(T;OJ

AG°=—RTInK,

3/10/2019
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The Equilibrium Constant — in practice

Sy

! .
/e

V V V
P.a?.akk ...
K . aPl apz aP3

a VRy VR, VRs
a_R1 .aR2 .aR3

The complexity of the system:
included (wrapped) in the definition of
the relative activity a.

The Reaction Quotient — out of equilibrium

(@] =V, =AG=0
85 T,P,X i

=45 +RT Ing
Dy, (10 +RT Ina;)=A,G

+ RTY v Ina =AG

AG°+RT Y Inaf =A G

3/10/2019
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The Reaction Quotient — out of equilibrium

AG’+RT) Ina" =AG
AG=AG°+RT) Ina’
AG=AG°+RTIn]]a"

AG=AG’+RTINQ
BUT

AG°=-RTInK,

The Reaction Quotient — out of equilibrium
A,G=-RTInK,+RTInQ

AG=RT Ing
K

a

So, in other words, the direction in which the
reaction proceeds is determined by the ratio Q/ K,

Kg<1; AG<0; QT {Ri—{P}

a

Kg>1; AG>0; QY; {Pi—{R}

a

3/10/2019
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Homogeneous gas-phase reaction
(ideal gas mixture)
o= +RT In%
The water—gas reaction
,+CO,2H,0+CO
ArG° = +28.493 kJ mol™*
A4 =-28.493 k] mol™

Peo PHzO PP
pP° pP° co'H,0
AerArG°+RTIn Q= =
Q PHz PCOZ I:)HZ P002

PO PO

AkTHUBHOCT 1 \
to the right (cF-[op to the left

[A)-[B]*

ol [

aA+DbB = cC+dD

Consider the following reaction scheme:

PhOH,y + NHyg S PhOpuq + NHiug

and indicate if, in the two different systems described below, the molarity of each substance
indicated, undergoes modifications within time.

YSTEM 1
X [X] (mol/dm?) | INCREASE DECREASE | Nocuange | !DONOT
KNOW
PhOH g 1,50
NHy(agy 1,80
PhO (g 0
NHi*aq) 0

14
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"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" [l b} ’
Consider the following reaction scheme: [A]-[B]
PhOHuy + NHig 5 PhOfy + NHi'wp E !
and indicate if, in the two different systems described below, the molarity of each substance

indicated, undergoes modifications within time.

SYSTEM 2
|
L 1 | il 1
PhOH(q) 0
NHijaq) 0
PhOag) 0,980
NHi"aq) 3,50

All students indicated that in system 1, the concentrations of
reactants decrease, while the concentrations of products
increase. Conversely, in system 2, the concentrations of
reactants increase, and those of products decrease. Together
with acceptable answers (“The reagents are consumed, and
therefore their concentration decreases in favor of that of
products”; “In the course of the reaction, the concentration of
reactants decreases because products are forming, whose
concentration then increases”), there are some offering

AKTHUBHOCT 2

——————————————————————————————————————————————————————————————————————————————————————————————— F er o ’
[ExT
o {

and indicate if, in the two different systems described below, the molarity of each substance
indicated, undergoes modifications within time.

Consider the following reaction scheme:

PhOHpy + NHiag = PhOg + NHi'ug

SYSTEM 1
i

e N E———————————— ...
PhOHpg 0,180
NHiagy 0,780
PhO(ag 0,090
NHi*aq) 0

3/10/2019
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AKTHUBHOCT 2 e |

——————————————————————————————————————————————————————————————————————————————————————————————— SN
Consider the following reaction scheme: A BP
PhOHugy + NHigg S PhOag + NHiag l ! I]
and indicate if, in the two different systems described below, the molarity of each substance

indicated, undergoes modifications within time.

SYSTEM 2

PhOHq, 0

NHigag) 1,00

PhO'ag 0,450

NHa*ag) 5,80

Supporting Information). For both systems, 89% of students
identified the correct answer, and 11% proposed not acceptable
forecasts. Examples of acceptable answers for one or the other
system are “The PhO™(,) has no ammonium to react”, “Even if
one of the products is already present in a certain amount, the
reaction takes place toward the right and, as soon as NH,* will
be produced, the reaction will also occur toward the left”,
“Products become reagents of opposite reaction”.

For system 1, a student proposed that while reactants’
concentration decreases, that of ammonium ion increases; while
for phenate ion, the student did not know, trying to explain that

''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' “it depends on the yield of reaction; however, the reagents’ -~
} concentration decreases because they have to form NH,"". As

AKTHUBHOCT 3 .

——————————————————————————————————————————————————————————————————————————————————————————————— F er o ’
[ExT

Consider the following reaction scheme:

[
PhOHg + NHipg = PhOGq + NHiag l I ‘

and indicate if, in the two different systems described below, the molarity of each substance
indicated, undergoes modifications within time.

SYSTEM 1
1 T 7T
L | | | |
PhOH, 0,650
NHygoq) 0
PO g 0,780
NHy(ag) 0

For the first system, 83% of the predictions were correct,
11% were not acceptable, and 6% did not indicate any choice.

3/10/2019
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AKTHUBHOCT 3

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff e\ S
Consider the following reaction scheme: (Al
! ‘

PhOHuq + NHygg 5 PhOug + NHi'mg

and indicate if, in the two different systems described below, the molarity of each substance
indicated, undergoes modifications within time.

SY!

PhOH(q) 0
NHi(ag) 1,25
PhO(ag) 0
NHi*aq) 2,70

For the second system, 82% of the predictions were correct,
11% were not acceptable, and 7% did not indicate any choice.
Examples of acceptable responses for one or the other system
are “The chemical transformation does not happen because
there are no reagents for the opposite transformations”; “we do
not have a reagent, so the transformation cannot occur’; “a
reaction cannot occur between two reagents if one of them is
not present””. Examples of justifications for not acceptable
''''''''''''''''''''''''''''''''''''''''''''''''''''''' forecasts are “State of dynamic chemical equilibrium” and
4 “Reagents and products with lesser concentrations increase”. In
other cases, students did not offer any justification. In the case

AKTUBHOCT 4

Consider the following reaction scheme: F [€)= [p1* ’
(A [B]

PhOHug + NHing S PhOag + NHiGg

Kol Q
and indicate if, in the two different systems described below, the molarity of each substance I
indicated, undergoes modifications within time.

SYSTEM 1
I e
PhOH(q 0,150
NHsgaa) 0150
PhO g 0,150 )
For the first system, 40% of the answers were correct.
NHA G 0.150 Students stated that they cannot make predictions: “It is not

possible to determine anything because we do not know the
yield of the reaction”; “Everything depends on the yield of the
reaction, that is, the ratio between reagents and products, when
the reaction is ended”. This kind of assertion, discussed also
with the other stud indicates that some stud believe
they can use the concept of yield to have an indication of the
prevalence of the reactants compared to the products or vice
versa. Other examples of justifications are “I do not think we
have enough data” and “I do not have enough information”. In
this type of justification, we can see how students recognize
they do not have a suitable predictive criterion. This is exactly
what the worksheet aims to achieve. Forty-seven percent of the
responses indicate that concentration does not change, and
justifications are “The concentrations of reactants and products
} are equal, and therefore if the system is in equilibrium, the

amount of reactants and products does not change”; “In this

3/10/2019
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AKTHUBHOCT 4

———————————————————————————————————————————————————————————————————————————— [cl- o)
Constder the following reaction scheme: AP Bl
PhOHuy + NHipg S PhOGp + NEi'g I ! I]
and indicate if, in the two different systems described below, the molarity of each substance

indicated, undergoes modifications within time.

SYSTEM 2
PhOH 0250
NHi(a) 0,450
PhO'aq) 0250
NHi*aq) 0450

For the second system, 51% of the answers were correct and
the justifications acceptable: “We do not know in which way
the transformation takes place”; “We do not know whether, to
get the equilibrium situation, the direct transformation or the
opposite occurs”, Twenty-eight percent of the answers indicate
that the concentration does not change, and the justification is
that the system is at the state of equilibrium. Six percent of the
predictions are composite, that is, students indicate that the
concentration of certain substances increases, the other
decreases, and other still does not change; an example of a
response is “The first two concentrations decrease because they
are reagents; PhO™(,,) increases, but 1 do not know if NH*
increases or not because I do not know if it is at equilibrium”.
The second statement reveals that the student has not yet fully

"""""""""""""""""""""""""""""""""""""""""""""" understood that in a state of dynamic chemical equilibrium, the
} opposite reactions occur in the same system; thus, the
concentrations of reactants and products are interdependent.

AKTUBHOCT 4

77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 [c] [P}
Consider the following reaction scheme: [A] [B]
PhOHuy + NHig S PhOug + NHiwg I !
and indicate if, in the two different systems described below, the molarity of each substance

indicated, undergoes modifications within time.

SYSTEM 2
PhOH 0,250
NH(ag) 0450
PhOag) 0,250
NH4'(ag) 0,450

After the guided discussion, the conclusion is:

to predict the evolution of a system from whatever initial state, it is necessary to have a
predictive criterion.

3/10/2019

18



AKTUBHOCT 5

Consider the following reaction scheme:

Hzg + Iy S 2Hlg

and. based on previous considerations and on data reported 1 the table. propose a mathematical F o [or ’
relationship that gives a constant value and provide an indication of what has favored the formation [AF- B
of the products (three attempts are possible):

B g B

2 092 0,20 296
3 077 0,31 334
4 09z 02z 3,08
5 0,345 0,345 235
6 086 0,86 586

Twelve percent of the students were able to find the
expression of equilibrium constant within the third attempt.
Except in one case, which will be discussed later, the answers
indicate that students do not follow a particular logic in
achieving the mathematic expression. It is interesting to note
that a student, who was asked to explain how they got their
outcome, has derived the equilibrium constant following a
reasoning similar to that of Guldberg and Waage and van't
Hoft. By explaining that this reasoning is applicable only in the

case of elementary reactions, this student wrote that
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ky % [Hy)" x [, = k, x [HIT

wherea=1;b=1;andc=2

AKTHUBHOCT 6

Consider the following reaction scheme:

PhOHug + NHiag 5 PhOg + NHi'ug

""""" F [c)e [pJ* ’
and indicate if, in the two different systems described below, the molarity of each substance [A]e- [B]"

indicated, undergoes modifications within time.

Ke
SYSTEM 1
e S ————————————————

PhOH{aq) 0,150
NHigan) 0,150
PhO g 0,150
NH(ag 0,150

Knowing that the value of the equilibrium constant of the system, at the temperature of 20°C,
is equal to K¢ = 0.20, identifie a criterion that allows you to predict the evolution of the system.

Thirty percent of students used the data of initial

ition to calculate the equilibrium constant and obtained

it as a numerical value. They showed that the value obtained

was greater than the given value of the constant and stated:

“We are not in equilibrium because the constant is 1, not 0.20.

So, according to the formula, in order to have a constant equal

to 0.20, the concentrations of the products must decrease”; “By

calculating the constant with the data in the table, you get 1.

This means that, to obtain 020 for the equilibrium constant,

the value of the denominator must decrease, that is, the

concentration of products must decrease, which also influences

the denominator to increase, thus contributing to decrease the

value of the constant”; “Using the formula in the initial

equilibrium constant, I got K, = 1. I K, must become 0.20, then

the denominator (corresponding to the reactants) must

increase and the numerator (corresponding to the products)

————————————————————————————————————————————————————————————————————————————————————— decrease; therefore, the reaction is from the right to the left”.

} Twenty-eight percent of students failed the attempt to find a
predictive criterion, and 42% did not propose any strategy.

3/10/2019
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AKTUBHOCT 7

Consider the following two reaction schemes: m

2NHayg S Nz + 3Hzy
[€)= [P}
CaCO3x) 5 Calgy + COzg AP [B]
What difference do you see between the first and the second reaction scheme?

Concerning the first question, 83% of the students reported l ! ‘ I]

that a difference between the first and the second reaction
scheme is given by the different physical state of the substances
involved. Examples of resp are: “The reactions include
substances in different states”; “In the first (reaction scheme,
they) are gaseous and are solid in the second one”; “In the first
(reaction), there are only gaseous substances; in the second
one, there are also solid substances”. Three percent of students
focused their attention on other differences such as different
values of stoichiometric coefficients. Fourteen percent did not
answer.

Concerning the second question, 63% correctly wrote the
expression of the equilibrium constant for both the reaction
schemes, while not yet neglecting, as it might be expected, the
solids. Seventeen percent of students made mistakes in writing
the equilibrium constants (they forgot an exponent to which
elevate a concentration, used the plus sign instead of the
multiplication sign, or swapped the position of concentration of
the reactants with that of the products), and the remaining 20%
did not write anything. The questions raised in this worksheet
have a three-fold purpose: (a) to allow students to practice in
writing the equilibrium constant, (b) to show that solids
concentration should be omitted from the equilibrium constant,

and (c) to explain that in the case of gases, the constant can be
written in terms of partial pressures.

AKTHUBHOCT 8

Constder the following reaction scheme:

Fedtag + Agy S Agtag + Fetag F [l o) ’
[

The system, at the temperature of 20 °C, reaches a state of chemical equilibrium characterized
by a Ke equal to 0.313. Hypothesize if, in the system described below, the molarity of the

substances undergoes modifications within time. l ! ‘ I]

Fe¥ag 732107

Agea 0
A 1,00-10%

Fe?ag) 150-10%

Forty-six percent of students thought that it must be a
chemical change. Examples of students’ answers are: “a reaction
can only take place from the right to the left, as there is no solid
silver”; “The reaction takes place to the left”; “Q < K
therefore, the transformation takes place toward the right”. Ten
percent of students correctly pointed out that, even if the
comparison between Q, and K_ let them suppose that the direct
transformation should occur, in reality, by missing one of the
two reactants, the forecast is meaningless. Forty-four percent of
students did not answer. Most of the students’ answers,
combined with the high percentage of students who did not
answer, show that they have many difficulties in correctly
predicting the evolution of the systems. Therefore, activities of
this kind are essential to help them to face difficulties and to
develop a critical thinking. The conclusion proposed by the
teacher was: “the criterion of comparison between K./Q, has

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' limits. Therefore, before accepting, forecasts must be evaluated
> in light of the actual state of the system”.

3/10/2019
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THANK YOU FOR YOUR TIME AND
ATTENTION

QUESTIONS AND COMMENTS ARE
WELCOME!
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