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Thermodynamics: is the science of the relationships between

heat and other forms of energy.

Thermochemistry: is one area of thermodynamics. It concerns

the study of the quantity of heat absorbed or evolved (given off)

by chemical reactions.

6.1: Energy and its units:

Energy: is the potential or capacity to move matter.
- Energy can exist in different forms, including heat, light, and

electrical energy, and these different forms can be

interconverted. Energy is a property of matter not material.

¢ Kinetic Energy: is the energy associated with an object

by virtue of its motion.

1
Ek: E m V2

kg.m?/s? = joule
Watt = joule/s

For example: A 100 watt bulb uses 100 joules of energy every second.




<+ Potentail Energy: the energy an object has by virtue of its

position in a field of force.

Ep: mgh , (m=mass, g=constant acceleration of gravity, h=height )

** Internal Energy(U): Is the sum of the kinetic and

potential energies of the particles making up a substance.
U=E + Ep
Etot:= EK+EP+U

¢ calorie (cal): (non-SI unit) the amount of energy required

to raise the temperature of one gram of water by one
degree Celsius.

1 cal =4.184]

An electron (mass = 9.11 x107%'kg) is accelerated by a
positive charge to a speed of 5.0 x 10° m/s.

What is the kinetic energy of the electron in joules? in
calories?

Ex = Yamv?

Ex=% x9.11x102'kg x (5.0x10° m/s)* = 1.13x107"7 kg.m?/s

or]

1Cal
1.13x10"7 ] x =2.7x10"® Cal.

4.184 ]



* Law of Conservation of Energy (first law of

thermodynamics):
- Energy may be converted from one form to another, but

the total quantity of energy remains constant.
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6.2:First Law of Thermodynamics; Work and Heat

Definition of Work (w):

Work is an energy transfer (or energy flow) into or out of a

thermodynamic system whose effect on the surroundings

is equivalent to moving an object through a field of force.

Definition of Heat (q):

Heat is an energy transfer (energy flow) into or out of a
thermodynamic system that results from a temperature

difference between the system and its surroundings.

- Change of Internal Energy:
AU=U;-U;
-Internal energy is an extensive property, that is, it

depends on the amount of substances in the system.

Other examples of extensive properties are mass and volume.



-Intensive property does not depend on the amount of

substance (color, density).

-Internal energy is also a state function.

-A state function: is a property of a system that depends

only on initial and final states, Such as temperature and

pressure.

-First Law of Thermodynamics:

AU=q+w
Work done by the system on the surroundings. -W
Work done on the system by the surroundings. +W
Heat absorbed by the system from the +q
surroundings. “endothermic reaction”
Heat absorbed by the surroundings from the -q

system. “exothermic reaction”




6.3: Heat of Reaction; Enthalpy of Reaction

- exothermic process (q is negative):

is a chemical reaction or a physical change in which heat is

evolved or is released from the system.

- endothermic process (q is positive):

is a chemical reaction or a physical change in which heat is

absorbed by the system.
Type of Reaction | Experimental Result on System | Sign of q
Effect noted
Endothermic Reaction vessel Energy added +
cools
“heat is absorbed”
Exothermic Reaction vessel Energy -
warms subtracted

“heat is evolved”




Ex.1:

The work done when a gas is compressed in a cylinder is 462].
During this process, there is a heat transfer of 128 J from the gas

to the surroundings. Calculate the energy change for this

process. Compressed means that the work is done on the
system so w must be +

AU = q +w Heat transfer from the gas to the surroundings
means that the rxn is exothermic so q is -

=—-128]+462]=334] ) LY il LIS A o 5y

MYy Sl o s

Ex.2:

A gas is cooled and loses 82 ] of heat. The gas contracts as it
cools, and work done on the system equal to 29 J is exchanged

with the surroundings. Calculate AU ?
system loses heat so q=-82]
system contracts sow =+ 297J.

AU=q+w=-82]+29]=-53]



Ex.3:

Ammonia burns in the presence of a platinium catalyst to give
nitric oxide, NO. In an experiment, 4 mol NH3 is burned and
evolves +170 kJ of heat. Is the reaction endothermic or

exothermic? What is the value of q?

4NH; (g) + 50:(g) = 4NO(g) +6H,O(1)

Heat is evolved then the reaction is exothermic, so the value of q
is -170 Kj

If 417 ] of heat is added to a system, and the change in internal

energy was 254 J. Calculate the work involved with the change.
A)-231]
B)-163]
C) 1067]
D)-1067]
E) 231]
ANS:B

%WZOA— i<, adde d lo ’H/\Q
53512144 means - ~+7
NO= %+w
954 = +Y[# +W

w= -1637Y



-Pressure-Volume Work:

w=-PAV

Consider the combustion of CH,

CH, (g + 20, =2 CO, g+ 2H,Oq,

The heat of reaction at 77°C and 1.00 atm is — 885.5 kJ.
What is the change in volume when 1.00 mol CH4

reacts with 2.00 mol O2?(You can ignore the volume of

liquid water). What is w for this change? Calculate AU for

the change indicated by the chemical equation.

Remember: ch.5

PAV=AnRT
"WRT mMRT (nFn)RT "
1- AV = Vﬁnal -V initial — p - p = p AV=An§T
(1mol—3mol)(0.08206 :Q'Zf";)@so K)
AV = ' = -57.44L

1.00 atm

Because the change is from 3 moles of gas to 1 mole of gas,
this represents a compression being performed on the

system->work is done on the system (+ve).

L bl

2- W=-P AV
=-(1.00 atm) x (-57.44 L) = 57.44 atm.L

1atm.L=101.3)

=57.44 atm.L x 101.3 = +5818 ] = +5.8 kJ
3- AU= q+w =-885.5 k] + 5.8 k] =-879.7 k]



- Enthalpy (H) and Enthalpy of Reaction

H=U+PV

- Because U, P, and V are state functions, H is also a state
function.

So, AH= H¢ - H;

AU =q+w=q-PAV =q- RTAn

An= number of moles of product gas — number of moles of reactant gases

M Jad)

q= AU +PAV =(U¢-Uj) + P(V¢-V;) = Ur-Ui + PV¢-PViq =
(Us+ PV - (Ui + PV;) =H¢- Hi

q = AH (at fixed pressure and given temperature)

-Enthalpy of reaction:

The change in enthalpy, AH, for a reaction at a given

temperature and fixed pressure.

AH = H (products) — H (reactants)



Ex.1:

Calculate the change in internal energy when 2 moles of CO are

converted to 2 moles of CO2 at 1 atm. and 25°C f(')(e’c? Fmﬁufe % ]lcmP'
2CO g+ Oz 2 2CO, AH=-566.0 k] /mol
AU = q-RTAn
An= number of moles of product gas — number of moles of reactant gases
=2-3=-1

R =8.314 J/K.mol, T=298 K

Remember :
AU = AH - RTAn
q=AH
kj ] 1kj
566 mol (8'314}{mol) ( 1000]) (298 KJ( 1) Jsi olaagll aagi a3¥ e
T oo Bods Lokl genll
=-563.5kJ /mol Sall 5l KTY

EX.2:
Consider the reaction:
C2H50H(1) + 302(g) = 3H20(g) + 2CO2(g) ,

AH= -1236 k].If the reaction mixture expands under constant
pressure and does work on the surroundings equal to 5.0 kJ, then
AU (internal energy change) for the reaction (in kJ/mol) is:

a) - 1231

b) - 1237

c) -1251

d) -1241

ANS:D

Con é\rw\}r W eure mepns M =7

w! ké o
NVESY RN

- 122645 = —\94\ kj|me

e) -1246



Enthalpy

6.4: Thermochemical Equations:

reactants

CHy(g) +205(g)

Heat given off
by the system
to the surroundings

AH = —890.4 k.l/msl

COs(g) + 2H,0(/)

products

H products = Hreactants

AH<O0

AH = Hp — Hr = negative
So, it is exothermic reaction
System gives off heat

890.4 kJ are released for
every 1 mole of methane

that is combusted at 25C
and 1 atm.

890.4 & j)tia 4tk alhy ol

Enthalpy

products

H,O(/)

A
Heat absorbed
by the system
from the surroundings

~ AH = 6.01 kJ/mol

H:O(.\')

reactants

H

products =11 reactants

AH>0

AH = Hp-Hg = positive
So, it is endothermic reaction
System absorbs heat

6.01 kJ are absorbed for every
1 mole of ice that melts at 0 C
and 1 atm

6.01 W )aia 4ABUal dalay Ul (ay

o) il e dal g Jga Jea) Glids
Jil




-The stoichiometric coefficients always refer to the number
of moles of a substance.

H,O > H.Oq AH=6.01 k]J/mol

-If you reverse a reaction, the sign of AH changes

H,O (1)9 H,O ¢ AH =-6.01 kJ/mol

-If you multiply both sides of the equation by a factor n, then AH

must change by the same factor n.

2H,0 () =2 2H.0 ¢ AH=2x6.01=12.0k]

- The physical states of all reactants and products must be

specified in thermochemical equations.

H,O ¢ - H.O o AH =6.01 kJ/mol

AH

cla (S all (i Ja) Lal Cilids,

H.O () 2 H,0 (g AH= 44.0 kJ/mol S Jil oy ) Jiladd




6.5: Applying Stoichiometry to Heats of Reaction

EX.].: ’g\u—)-‘)ﬁﬂ‘ \@B?M

How much heat is evolved when 9.07 x 10° g of ammonia is
L/'\/W-

produced according to the following equation? ( MW\ U{h = |7>

N 9 + 3H: g > 2NH; (g AH=-91.8 k]

5 4
r\:-ﬁ%};: ﬂ.ofl\C\D :5,33\“0 n’]ol

7

Imel JJHy = —al- 8 kT

53Y0 mo) M= X

-at%)(saxi0) _ e =¥
9

><II

6
_ —9.45x0 KY

Ex.2:

Given the thermochemical equation
2S50;(g) + Osg) — 25059 AH = —198.2 kJ/mol
calculate the heat evolved when 87.9 g of SO2

(molar mass =64.07 g/mol) is converted to SO3

n=rl o 27 (.37 mol
64.07



Ex.3:

How much heat (in KJ) is produced when 85.0 g of
NH3(g),(Molar mass= 17.0 g/mol), are oxidized according to:
4NH3(g) + 702(g) — 4NO2(g) + 6H20(g); AH=-1396 KJ

2. 698 0N=%2 =5 mol
b. 1745 [Z
c. 1047 t’\ W\O\ [U'I’\g, = -3 q()ﬁ
<
d. 1396 smol Ny = X
€. 2094 /y‘:._ _\?L{B k?
Ex.4: heak ?’o&qtecﬁ =\"PI5 kT, ANSB

In the following reacton: C2H50H + 302 — 2CO2 + 3H20, the
enthalpy change of the reacton is found to be AH°=-1250 k.
How many grams of oxygen molecules must (32 g/mol) be

reacted by this reacton to release 10%k]J of heat?

K3

A-914g 2 mol Oy = —250

q
B-835g x L lo K
C-768 ¢ o = 924 mo|l O,
D-711¢g _ —
b e 2!.1 - —3’2'- Q M-'?éZj
- 2g

ANS:C



6.6: Measuring Heats of Reaction
- Heat Capacity and Specific Heat

- The heat capacity (C) of a sample of substance: is the quantity

of heat needed to raise the temperature of the sample of

substance one degree Celsius (or one kelvin).

CA Ao a Ll 5 a Aq o ad 0 4 D) 48U (&
q= t "Basl g CAIS A3 ) M Bas) g A gl

-The specific heat capacity (S) (or simply specific heat): is the
quantity of heat required to raise the temperature of one gram

of a substance by one degree Celsius (or one kelvin) at constant

pressure. - - -
@\)518J\)34+J4@)SMJM\SJU;JM.}4$
_ dad 9" Bant g da gaenali A 3 Balal) (1
q=Sxmx At C=mxs m3as) g il




Ex.1:

Calculate the heat absorbed by 15.0 g of water to raise its

temperature from 20.0°C to 50.0°C (at constant pressure).

The specific heat of water is 4.18 J/(g -°C).

q=sxmxAt At=tr— ;= 50.0 C - 20.0 C=+30.0 C

=4.18 J/(g.C) x 15.0gx (+30.0C ) =1.88x10°].

:ﬁ.ﬂa.a ‘é‘ Jl:\i.'\g*
clbeall e 2
J ey




- Measurement of Heat of Reaction

-Heat of a reaction is measured in a calorimeter, a device used
to measure the heat absorbed or evolved during a physical or
chemical change.

-Calorimeters are considered isolated systems = Qsystem = O
Qsys = Qwater + Qeal + Qrxn =0

Qsys = O

Qrxn = = (Qwater + Qeal)

qwater — m X S X At

(cal = Cea X At



-Constant-pressure calorimeter coffee-cup calorimeter

AH = (rxn
Ex.1:

Suppose 33 mL of 1.20 M HCl is added to 42 mL of a solution
containing excess sodium hydroxide, NaOH, in a coffee-cup
calorimeter. The solution temperature, originally 25.0°C, rises to

31.8°C. Give the enthalpy change, AH, for the reaction: assume
that the specific heat and the density of the final solution in the
cup are those of water ( s ywaer=4.184J/(g.C))

HCI (aq) +NaOH (aq) 9NaCl (aq) T H.O )

q sys— q water T Qcal T q rxn

Qsolution=5 X M X At = 4.184 J/(g.°C) x 75 g x(31.8°C — 25.0°C)=2133.8]

¢ slaal) AL Uialls i
q sys = (solution T Jrxn =0 . . .
pLall ZBES 5 Ll ABES 6 5 J shanall ABUES 431 ) paudly LillSa

= m il:
g rxn =-( solution d
el sy JalS Jelall gla
s e adia Jge JSI {=_mMm :7”)‘5?'53
qrn=-2133.8] —» el s e 75

mol HCI = 1.20 mol/L x 0.033 L = 0.0396 mol

—2133.8 ]
= = -53884 J/mol = -54 kJ/mol
50396 mol 038847/ 54 kJ/
-AH = xn
bl Jardal) 43y
o L A Ly
JVsaally Sl glaa
Glual

qgcal

3392 90 (e L yiiay




Ex2.:

When 15.3 g of NaNO3 (85.0 g/mol) was dissolved in water in a
constant-pressure calorimeter, the temperature fell from 25.00°C
to 21.56°C. If the heat capacity of the solution and the
calorimeter is 1071 J/°C, what is the enthalpy change when 1

mol. of NaNO3 dissolves in water? The solution process is
Qsys = Qwater + Jeal + Qrxn
NaNO;(s) —> Na"(aq) + NO; (aq); AH = ?
Qealorimeter = Cea X AT=(1071]/°C)(21.56°C—-25.00°C) = —3684.2 ]
Qealorimeter = = Q rxn™? Qrxn = 3684.2 ]
The amount of heat absorbed by 15.3 g of NaNO3 = 3684.2 ]

The amount of heat absorbed by 1mol of NaNO3 is ?

(539 MG = 3439, 2T | mel Vallog =

%5 9 M,‘A)ng.?( 95
mU..uazc $Sﬁ

K=120447.8F

M
35



Ex.3:

When 0.0500 mol of HCI (aq) reacted with 0.0500 mol of
NaOH(aq) in a coffue cup calorimeter, the temperature of the
solution increases by 5.99°C. What is the enthalpy change for the
following reaction (in kJ)

HCl(aq) + NaOH(aq) = NaCl(aq) + H20(I)

Assume that the heat capacity of the calorimeter and its contents
is 465.4 J/°C. increases by = 4+

a) -55.8 d&reqSeS b:j - _ &
b) - 38.6

c) 38.6

d) -0.139

e) 55.8

ANS:A

2.0 = CAt B
- Yoy +s9q = 2787 )

%chnS - (‘ZSol. = -pr,,: _2727'3' — _Q?S?ET
“The \'\m(Li(‘g femclant 1S eiter UC\ or /U&C)H

gnce bolh are 0.05 mol

AH < _2-787”: R

S.05




=Constant-volume calorimeter Bomb calorimeter

AH ~ qrxn
Ex.1:

Suppose 0.562 g of graphite is placed in a bomb calorimeter with
an excess of oxygen at 25.0°C and 1 atm. pressure. The graphite

is ignited, and it burns according to the equation:
C (graphite) + 05 (g) - CO, (g)

On reaction, the calorimeter temperature rises from 25.0°C to
25.89°C. The heat capacity of the calorimeter and its contents
was determined in a separate experiment to be 20.7 kJ/°C. What
is the heat of reaction? Express the answer as a thermochemical

equation.
Qsys = Qwater T Jcal T Qrxn
q rxn = -qcal

qQ rxn=-C ca At =-20.7 kJ/C x (25.89 C — 25.00 C)=-18.4 k]

0.562
mol C = T = 0.047 mol

_ -184k] _ ,
©0.047 mol 3.9x 10°K]

C (graphite) + O, g 2 COyg ;AH=-3.9x 10> k]



Ex2.:

200 ml of 0.631 M HCl were mixed with 200 ml of 0.631 M
NaOH and the enthalpy of the reaction was -55.8 kJ/mol. Given
that the density of solution is 1.00 g/ml and its specific heat is
4.07 J/g.C . Calculate the increase temperature of the reaction

solution. (ignore the heat absorbed by the calorimeter).
HCl(aq)+NaOH(aq) = NaCl (aq)+ H20 (1)

A)1.58 C

B)2.27C

C)2.95C

D)3.64 C

E)4.33 C

There i no ity fcleat | snce MaOH S 1CI
‘/\W’Q H’\f cpme  elume mOl VY\olar{’j SO'HAQ Same molag

_ moles of Hel B AMeOH= 9s0 mlt 0-£3IM = 07125 mol

- hCQl’ Og (tOLC.,\"iO/l = -55-% K} )'bo]%mbl s_;gf’l
Z ol
vrn = g @L — ng\\g =l =M, Z M=9009
—4.04) = —mass ¥+ S % Sl

—Z04) = — oo * LfD?%Dt
A =433 ¢ AS:C



A bomb calorimeter has a heat capacity of 2.47 kJ/°C.
When a 3.74x107° mol sample of ethylene was burned in this
calorimeter, the temperature increased by 2.14 °C. Calculate

the energy of combustion for one mole of ethylene.

A. -5.29 kJ/mol 1@\ -~ C B(:,
B. 5.29 kJ/mol = Q.t{i] YA 9_[‘{ =5.224
C. -148 kJ/mol _z -
g = —
D. -1410 kJ/mol -Z <l
E. 1410 kJ/mol - - 52%
NMem= —5.296 - _[ioks) md
3.7Y xlp™>
Ex.4: AMS-.D

A lead (Pb) pellet having a mass of 26.47 g at 89.98°C was placed
in a constant-pressure calorimeter of negligible heat capacity
containing 100.0 mL of water. The water temperature rose from~ 7Cal = O

22.50°C to 23.17°C. What is the specific heat of the lead pellet?

glr?b: _%/MCBM e dorsh 0 0
La0 =((oco 9)(1:184T/5-C)(23- 17 C - 2250 c)
= 230.3) =7 Qg = ~ 928033 Q
—280-3 ~ (26-‘43‘$)CS)(22£?: - 39.9.8C)
5:0-\58'3"/3-°C e same ag Loater




-A 4.50 g sample of sugar C5H1005 (molar mass= 150.0 g/mol)
was burned in excess oxygen in a bomb calorimeter according
to: C5H1005(s) + 502(g) — 5C0O2(g) + 5H20(]) If the heat
capacity of the calorimeter and its contents was 16.0 KJ/ ° C, and
the temperature rose from 25.0 °C to 26.5 °C, calculate AH in
K/mol for the combustion reaction. % Yogn = —i |

a. -1600 SLoa\ st = [6)(25'5“25)
b. -960 =2Y I3 L -2 K]
c. -800 n:ﬂl_g_'?'- O.03 MOl

“% |50
d. -2400 BH _ _2\1 - —%OO [(T)na’
e. -1200 ©-63  ANS:C

-A bomb calorimeter has a heat capacity of 2.47 kJ/°C. When a
0.106 g sample of a compound was burned in this calorimeter,
the temperature increased by 2.44 °C. Calculate the energy of
combuston for 1 g of the hydrocarbon.

i N = - g cal

A)-49.9k]

B)-52.2 k] "ZCA > C N\t =<2- l‘f?)( Q-LH)
C)-54.5K] = 6.03 KT 2§ = -6
D)-56.9 Kj NH = —6-02 KS — -5% 'th_(j

o069
E)-59.2 k] ANS:D



6.7: Hess’s Law

“for a chemical equation that can be written as the sum of two or

more steps, the enthalpy change for the overall equation equals

the sum of the enthalpy changes for the individual steps”

C(graphite) + O,(g)

A
AH® = —110.5KkJ
Y
CO(g) +30,(2)
)
= 1
E AH® =
= | -393.5k]
H AH® = —283.0kJ

Y v CO,(g)

C (graphite) + 1/20, (g) =—> CO (9g) BH I

CO (g) + 1/20, (g) —* CO, (g) AH .
C (graphite) + O, (9) —> CO, (9)
AH;

AH;= AH\'('AHZ



Ex.1:

What is the enthalpy of reaction, AH, for the formation of

tungsten carbide, WC, from the elements?

W (5 + C (graphite) = WC

(1) 2W (9 +30:(9>2WO;(5; AH=-1685.8 k]
(2) C (graphite) + Oy > COx; AH=-393.5 k]
(3) 2WC) + 5059 > 2WO;(5) +2CO5(g); AH=-2391.8 k]

U 55 ¥ gall aae RS oldie Jalra sl Ll gl 1- @ AH @iy Aslaall (uSai 43) (Saa ALY (e £ gil) lgn

LgaSa a3 Ad) griiiiad Cidle Liially 3 99 ga 45NN Adalaally g gl gl Ll o3 Uiy A Aslaaly WIC I Lis J) gasd) g

(3) 2WO3g + 2CO209) —7 2WC) + 5024 ; pH=2391.35

pgehadd Wl a3 G 3 92 Aalaa Baoh (o Lgphadily g Lgahadil o 3Y 4d) giliied CO, A L Lphaa gl Uy ) Adalaally
2 @ 2 Udlaa o piaiad Jalaall Qi agdl 98

AH iyl g Lo g L La IS5 Adalacall JS G pudad Ad) e Ll 4l g

@) 9C + 9y — 2COscq 5 GH=—F37 KI

2.(4)(5) —+ %Cg\ = 2W0; ¢ DH=- 6553

2C + QO —> Q7g oH= -7 H

2 WOy + 90050 —> QWCiy+ BOyy M= +2291.8R)

27 IWe « 2C - QWC A =- 3]
Weg + C — wC NH= —Ho-5£F #




Manganese metal can be obtained by reaction of
manganese dioxide with aluminum.

4Al () + 3MnOs) =2 2ALO;5 ) +3Mn (o)

What is AH for this reaction? Use the following data:

2Al o+ % Oz () - 2AL,0;5); AH=-1676 k]
Mn ) + O g > MnOys); AH=-520 Kj

U _UZLES
X Sl'é“(s} —\-TQCD%&—%QA\,_OB (s) ’ DH= — 1676

9 + 30, =480z 5 DM =-33525
2XZ Moy « Opgg — MnOagy | att =-520 N

BMNO3 ey —> 2Mncyg 2+ Xseq) o BH=1560 KT

A s “‘39‘1—/5‘:\) > YAOs¢qy 5 pH=-32352 )
3M1Oq g — 3Mnte) + 205m) 5 DR= 560 K

({Al(g) +3Mn01(§) —QQ{A\Q,OP, cs\—\-BMmsJ
AH=—7VLEr




Using two or more of the following,
N2(g)+3/20:->N205); sH°=83.7K]
N+ Ong—>2NOg; AH°=180.4K]

1/2N2(g)+Ox)>NOy;:aH=33.2K]
1/2N,g+3/2Has NHainH=45.9K]
Determine aH® for the following reaction.

NOg+NO;)—>N205 M';[H‘/ Mg) '\—3/62(3] N;QNQ—@

a. -207.1kj

= -\9oY
b. 207.1kj Ri= - 2oy —> UA %

c. 39.7Kk] | DH=~d Y 200, — M"%
:’ 2349371(1; 2T 9 09+ 2 Vo> 24, 0
NGERECP Ay ANSWER:E

Ex.4:

Given the following thermochemical equations:

C2H60(1)+302(g)2>2C02(g)+ 3H20(l); AH=-710.5 K]

C2H40(l)+202(g) —22C02(g)+2H20(1); AH=-583.5 K]
Calculate AH for the following reaction (kJ/mol)
2C2H40(1)+2H20(1)=> 2C2H60(1)+02(g)

A)204 Y= -6 QCquO(t\ *'5/@9/6‘53 ejzc{ ﬂ/#é

B)114
C)404 pH=12 4 COL ey + 6RO -1 GHOYG,
D)407 s - 255 2C, 1,0 ut 2, 00— 2GHO Oy

E)254 ANS:E



6.8: Standard Enthalpies of Formation

-The term standard state refers to the standard
thermodynamic conditions chosen for substances when
listing or comparing thermodynamic data: 1 atm
pressure and the specified temperature (usually 25°C).
AHC is called the standard enthalpy of reaction

- An allotrope is one of two or more distinct forms of
an element in the same physical state. (O2 and O3),
(C: graphite and diamond)

-The reference form of an element for the purpose of
specifying the formation reaction is usually the most
stable form of the element under standard
thermodynamic conditions.

-The reference form of oxygen at 25°C is O,) the

reference form of carbon at 25°C is graphite (Cgraphite)

The standard enthalpy of formation (also called the
standard heat of formation) of a substance, denoted
AH?%, is the enthalpy change for the formation of one
mole of the substance in its standard state from its
elements in their reference form and in their standard

states.
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Fable 6.4

Substances at 25°C
Substance AH7 (kJ/mol) Substance AH7 (kJ/mol)
Ag(s) 0 H.O.(/) —187.6
AgClis) -~ 127.04 Hgdl) 0
Al(s) 0 I(s) 0
ALOA(x) —1669.8 HIl(g) 25.94
Bruh) 0 Meg(s) 0
HBr(g) —36.2 MgOs) —601.8
Ci(graphitc) 0 MgCO.(s5) —-1112.9
C(diamond) 1.90 Na(g) 0
CO(g) —110.5 NH,(2) —46.3
COs(g) ~393.5 NO(g) 90.4
Ca(s) 0 NO.(g) 33.85
CaOy) —635.6 N.O.(g) 9.66
CaCOu(s) ~1206.9 N.O(g) 81.56
Cly(g) 0 O(g) 249.4
HClg) —-923 O.(g) 0
Culy) 0 Oyig) 142.2
CuO(s) —~155.2 S(rhombic) 0
Failg) 0 Stmonoclinic) 0.30
HF(g) —268.61 SO.(g) —296.1
H(g) 218.2 SO(g) —395.2
Ha(g) 0 H.S(g) ~20.15
H.O(g) —241.8 ZnO(x) —347.98
H.O() —285.8 ZnS(s) —202.9
Table 6.2 Standard Enthalpies of Formation {at 25°C)*
Sstnceorin  AH7(dmo)  Sustnceorkon  AHj(dmol)  Sstmceorlon  AH] (o)
clg) 0 CHCHOGg) ~166.1 NHy(2} —45.90
: CH,CHOM) -191.8 :g(“(aq) -1325
Bromine ) .
Br(z) 119 Chlorine NOge) -
: = 1213 o .
Br(ag) 121.5 Clte) HNO(aq) -207.4
Brig) -219.0 Cliay) -167.2 ; S
Bry(g) 3091 Cl(g) -234.0 Oxygen
Bry(l) 0 Chig) 0 Olg) 2492
HBr(g) ~36.44 HCl(z) “92.31 0Jg) 0
0 2.7
Calelum Fluorine is) M
Ca(s) 0 Fig) .39 Silicon
Ca** (aq) 5428 Fiz) -255.1 Sis) 0
CuCOs, cakite) ~1206.9 Flag) -3326 SiCldh —687.0
CaOts) 6351 Filz) 0 SiFig) -1614.9
. HF() -272.5 SiO s, quartz) -910.9
Carbon !
Cle) 716.7 Hydrogen i Silver
Cls. diamond) 1.897 Hig) ~‘o-° Agls) 0
(s, graphitc) 0 H'(og) Ag'(aq) 105.6
CCldg) 9598 H'(e) LA AgBris) -100.4
cClyh) 1354 Hue) 0 AgCNs) -127.1
o) -110.5 H.0() ks AgF() -2046
CO4g) =3935 HO0 2858 Agl(s) -61.34
€O (ag) ~671.1 OH (aq) -2300 R
CSug) 1169 Todine Naiz) 1073
CSul) 9.70 I(g) 106.8 Nais) 0
HON(z) 135.1 T{ag) -55.19 Na*(aq) 2401
HON() 108.9 ') ~194.6 5
) Na‘'(g) 609.3
HCO; (ag) —692.0 15) 0 Nu;COLs) -1130.8
Hydrocarbons Hlig) 26.36 Nah( 5) 4111
CHyix) -74.87 Load NaHCO4s) —950.8
CHig) 5247 Phis) 0
CiHlg) -84.68 Pb** () -1.7 Eute
CHUD) 9.0 RO g Sig) 2770
Alcohols PhS( _%'3, S(s, monochinic) 0.360
CH,0H()) 2387 5 3% Si, thombic) 0
CHOH() M3 Nitrogen Sig) 1286
Aldehydes Nig) 7 SO.(e) ~206.8
HCHO(g) -117 Nilg) 0 H.S(g) ~20.50

Reference state means AH% =0
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Ex.1:

Which reaction corresponds to the standard enthalpy of
formation of NaHCO;(),AH% = — 947.7 kJ/mol?

A. Na(s) + 2H,(g) + 3/20,(g) + C(s, gr) > NaHCO4(s)

B. Na*(g) + H*(g) + 302(g) + C**(g) > NaHCO4(s)

C. Na*(aq) + H*(aq) + 30%(aq) + C4(aq) > NaHCO4(s)
D. NaHCO4(s) — Na(s) + 2H,(g) + 3/204(g) + C(s, gr)

E. Na*(aq) + HCO;(aq) > NaHCO4(s)

NaJ) St Reference state O ol (ridara A S sal) Juali Uy ALind) (o £ i) g
p¥ iy H oS all g Ly 98 e HaosSild H 01y (8) s Ll Al Lillay ¢ <
codia 30 Sl il Ly Qg s O dls afapile oSl C Js Lo o sl

3=

A » e‘;ﬁ

Ex.2:

Which reaction corresponds to the standard enthalpy of
formation of C4H3Br2NO2(1)?

A. 4C(s, gr) + 3H(g) + 2Br(s) + N(g) + 20(g) — C,H;Br,NO,(/)

B. 8C(s, gr) + 3H,(g) + 2Br,(g) + N,(g) + 20, (g9) > 2C4H;BryNO,(/)
C. 4C(s, gr) + 312H,(g) + Bry(l) + /2Ny(g) + O,(9) > C4H;Br,NO,(/)
D. 4C(s, gr) + 3/2Hy(g) + Bry(s) + 72Ny(g) + 720,(g) — C4H;Br,NO,(/)

ANS: C




The standard enthalpy of formation of sulfur dioxide
(SO2) is-296.9 kJ. What is AH for the formation of
16.03g of sulfur dioxide in its standard state from its
elements in their standard states?

(SO2 = 64.07 g/mol)

\603 = 0.25 MD\

A.74.28 k] N [ —

B.-296.9 K] 2 6407

C.-4,759K] \ Mol S0 = —29%T &
D. -74.28 k]

025 mol S = X

=—74.2% K&

Ex.4: ANS: O
- The value of AH? for the reaction below is -72 kJ.

H2 (g) + Br2 (g) = 2HBr (g)

how many kJ of heat are released when 80.9 grams of HBr

E. 593.6 K]

is formed in this reaction

A)-72 0o = L1
4
B) 0.44 e 20
C)72 2 mol ng; ~-79 &Y
D) 36 \mol {8 =
E) 144 = J—Bé

teleased ANS:D



-Way to apply Hess’s Law without needing to manipulate
thermochemical equations:
AHP° reaction = { Sum of all AH® of all of the products} —
{sum of all AH¢of all of the reactants}

-Consider the reaction:

aA +bB 2cC +dD

AH° reaction = (c x AH% (C)+ d x AH% (D))-(a x AH (A)+ b x AH% (B))
AH?° reaction has units of kJ because

Coefficients x heats of formation have units of mol x kJ/mol

AH = ZLAH;’ (products) X (moles of product) J— ZLAH;’ (reactants) x (moles of reactant)J

AH? rxn has units of kJ

AH® has units of kJ/mol

Ex.1:

Calculate AH® rxn using AH® data for the reaction

SOs(g 2 SOxg) +% Oz () substance AH%
SO3 (g) -396 KJ/mol
AH® =) | AH? (products) x (moles of product) |- AH? (reactants) x (moles of reactan
e Y| A# (products) x (mol fp?d ct)|- 3| a# (reactants) x (moles of reactant) SO2 (g) 297 K/ mol

AHO,?M :( AH;O CSOQJ 4‘—;-: BH}OD,B" AH_; &:)3
=(~297 x4 (9)) - (~3%)
A = 99 KY



Ex.2:

Calculate AH® rxn using AHdata for the reaction

4NHj; g+ 705 9 2 4NOyg + 6 H,O

Ao =(1 M@0 « ¢ clffu0) =
CY DKy (k) 7 sHP(G)

=@a¢3‘1 + 64 -295-9) — (Y Y4 -l-7%o)

substance AH®

NH3 (g) -46 kJ/mol
NO2 (g) 34 kJ/mol
H20 () -285.9 kJ/mol

- 2Fe) + 6H,Oq) —» 2Fe(OH); (5) + 3Ha (g

DKo =(2 s 300 0))
@INTEFYINIER)

~ (9 ~69.5
Aom = 321.3 KT
- CO:z g+ 2H,O0q) = 20; g + CH, g)

&Htfm =(9 M) +0H (CH%)) -
[ AH (con) + 0 AH (Ho0)

3*03 - ( 2§LO+ 6* '226‘8)

substance | AH%

H20 (1) -285.8 KJ/mol
Fe(OH)3 (s) | -696.5 kJ/ mol
substance | AH%

CO2(g) -393.5 kJ/mol
CH4(g) -74.8 kJ/mol
H20 (1) -285.8 kJ/mol

- (240 « ~79.3) =(-293.54 2% —235.3)

O A6 3 <\




-We don't always want to know AH°rxn, so we can use Hess’s
Law and AH°rxn to calculate AH; for compound where not

known
Given the following data, what is the value of
AH% (C,H;0,7, aq)?

Na+(aq) + C2H3OZ_(aq) + 3H20(1) - NaC2H3OZ-3H20(S)

AH°rxn = -19.7 kJ/mol

substance AH®

Na* (aq) -239.7 kJ/mol
NaC,H;0,3H,0 (s) |710.4 k]J/mol
H.O (1) 285.9 kJ/mol

0o 0 + o - o
AHem = D4 NaGH0, -21,0 ~( He Na + He G 00« 31 HgO)

~19F _ Zoy — (~2397 +3(2959) + &Hy GO0 )
7= 2o - (2397 + 8577 + 14 CoHG )

- 197 20T - g1g A, HeO,

—197= 90 9 - K Qom0

bHe Gy B0l = 121 ky/mol



Ex.2:

Calculate AH®¢ for FeO(s) using the informationbelow.

Fe;0,4¢6)+ COg =2 3FeOg) + COy ; AHrxn=21.9KJ

substance AH%
A.272.0Kk] Fe,Oy) -1120.9 kJ/mol
B. -816.0 k] COw -110.5 kJ/mol
C.-272.0kJ COu -393.5 kJ/mol
D. 26. '

26.00 ] 91.9 = (3 CHEEO + 2913 5) —~ (,1 1999 -0.5)
E.-38.601J 2197 = 3 MO + 8379
6
h\’{ﬂ = 27D IC'X ANS: €

Ex.3:

What is the standard enthalpy of formation of liquid
methylamine (CH3NH2)?

4CH3NH2(1)+ 1302(g)=> 4CO2(g)+ 4NO2(g) + 10H20(L )
AH°= -4110.4 K]

C(s) + O2(g) — CO2(g) AH°=-393.5K]

2H20(1) — 2H2(g) + O2(g) AH°= 571.6 K]

¥ N2(g) + O2(g) —NO2(g) AH°=33.10 K]

A) +3899.2 KJ/mol

B) -3899.2 KJ/mol



C) -47.3 KJ/mol
D) +3178.4 KJ/mol
E) +47.3 KJ/mol

ANS:C

Q CCs} + Og tq) > COj (a) AHDS —393-5 &Y

Moy = BH CO = (DHG C+ 8, O,)
-303.5= DH, @9 —( o +0)

BH; COg = —292%. 5

) 26,0 — WHa (1) + O3 (a) AH = -GALLERY

GH.b = (2xo +o) — (2% AH; Ha0)

AH;O Ho® = —2%5- 3

(C)ii N, +Oata) —> MOq (q) AH = 33.00 £3
32.|0= /5\’\,: No, -~ (li—\fo +o)
AHQg N02 = ?)2?\




UCR, UH; DR \3 O, (a) -2 qCOz (9)°¥ L( UOLUD + \DHzO(U
Morm= ~M\lo-Y kT

YoM = (P —3935 4 Y¥ B+ [O* 285 g) —
(4% BHS CHyHy + 13 40)

—Yyo-Y = (——lB?H +132:4 -2%6%)-%&1}'@[34)”1
~YoY = =42996 -YDHs CH MMy

199.2 = U NP R VA,

‘/‘SHE Q—Hg MH_«; = —LK:ZB ﬁ/mO{
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QUESTIONS:

-An endothermic reaction causes the surroundings to:

A- Warm up.

B-  Become acidic.

C- Condense.

D- Decrease in temperature.

E- Expand. ANS:C

-An endothermic reaction causes the system to:

A- Become acidic.
B- Warm up.
C- Condense.

D- Decrease in temperature.

E- Expand. ANS:B

-Use Hess’s law to determine the standard enthalpy of formation

for the following reaction

3C(s) +4H2(g) > C3H8 (g)

Use the following information:

(a) CsHgg)+ 50 >3C0O, + 4 H.Oq) ;AH® =-2219.9K]j
(b) Cis) + 029> COz e ; AH® = - 393.5k]

(c) Hy@+ 1/2 Oz (9> H.Oqy ; AH® = - 285.8 k]

3CO + YU —> Callg ~Le;  pH= 22194
3C + 205 —> o2 TR

10y +90,; =YH0 DH=I1Y3 .2

2AC + YHa — CaHg AH= -103.83 K




-Calculate the standard enthalpy change for the reaction:
2CsH 50y + 170, () 216CO (g + 18H,Oy. Given:

(a) 2C8H18(1) +250, (g) - 16C02(g) +18H20(1)
AH° = -11020 k]
(b) 2CO + 01 (g2 2CO, (g ; AH® = -566.0 k]

2C$ H[% 4 9509 — (6 COq + | HH20 (\H=—-\\020
6Co9 _SICO 302 A =Y593

2CoHip + HO1L — (6CO + \BH,0 = =610k

- To which one of the following reactions occurring at 25°C does
the symbol AH®¢ [H2S5O4 (1)] refer?

A) 2H(g) + S(g) + 40(g) > H2504 (1)
B) H2 (g) + S(g) + 202 (g) >H2S04 (1)
C) H2S04 (1) > H2 (g) + S(s) + 202 (g)
D) H2S504 (1) > 2H(g) + S(s) + 40(g)

E) H2 (g) + S(s) + 202 (g) > H2S04 (1) ANS:E

2
-AH° [HNO3 ()] 1 5 P2cq) +—(2~ Mycq) *7025‘639“”‘930)

-AH°([CO)]: Cegy « 'L'OZCQ) —2 Co(‘ﬂ)
-AH° ¢ [CO2 (g)]:

Cea+ Opeg) — TO2¢4

ALY (e £ o1 A ) g gl ) 6B jartl i ) ualind) cpuliBla ) 6365 a3




- 86.9-g sample of chromium (s=0.447]/(g. °C)), initially at
338.33°C, is added to an insulated vessel containing 189.9g
of water (s=4.18]/(g.°C)) initially at 16.17°C.At
equilibrium, the final temperature of the metal-water
mixture is 28.06°C. how much heat was absorbed by the
water? The heat capacity of the vessel is 0.220K]/°C.

A) 9.43K]
B) 15.2K]
C) 12K]
D) 6.82K]
E) 112K]
ANS: C

- .abomb calorimeter has a heat capacity of 2.47K]J/K.
When a 0.106-g sample of certain hydrocarbon was burned
in this calorimeter, the temperature increased by 2.14K.
calculate the energy of combustion for 1g of the
hydrocarbon?

A) -2.33x1073]/g
B) -0.560]/g
C) -4.99x1075J/g
D) -5.29]/g
E) -0.120]/g
ANS:C



- Given the following thermochemical data at 25°C and 1
atm pressure, 3/202(g)+2B(s)—>B203(s); AH® =-1264K]
03(g)+2B(s)—>B203(s); AH°=-1406K]

Determine H® for the following reaction at 25°C and 1 atm
pressure. 302(g)—>203(g)
A) +980K]J/mol
B) +284K]J/mol
C) -284K]J/mol
D)-980K]/mol
E) -2670K]/mol
ANS:B

-Given the data in the table below calculate H% (KJ) for the
reaction: 2CH30H(I) + 302(g) — 2CO2(g) + 4H20(I)
A) -1432

B) -1412 Substance AH%

C) -1452 CH3O0H (1) -249 kJ
D) -1392 CO2 (g) -393 K]
E)-1372 H20 (1) 286 k]

ANS:A



-Given the following thermochemical equation:
25(s) + 302(g) — 2S03(g); AH=-792 K]
S(s) + O2(g) — SO2(g); AH=-297 K]
Calculate AH(in KJ) for the reaction:
5O2(g) + ¥2 O2(g) — SO3(g)
A) -139
B) -99
C)-119
D) -109
E) -129
ANS:B

-In a process 455 KJ of heat were evolved and 656 KJ of
work were done on the system. Calculated AU (K]) for the
system is
A) 201
B) 601
C) 401
D) 501
E) 301
ANS:A



-When 3.50 g of sucrose undergoes combustion in a
constant volume calorimeter, the temperature rises from
25.000C to 29.000C. Calculate AH for the combustion of
sucrose in (KJ/mol) sucrose. The heat capacity of the
calorimeter is 3.7 kJ/°C. (The molar mass of sucrose is
342.3 g/mol)
C12H22011 (s) + 1202 (g) —12C0O2 (g) + 11H20 (I)
A) -5.07 * 10°
B) -1.45* 10°
C) +1.45* 10°
D) -1.48* 10°
E) +1.48 * 10!

ANS:B
-A system that does not work but which transfers heat to
the system has:
A)g<o0and AU >0
B)g>0and AU <0
C)q>0and AU >0
D)q<0and AU <0
E)gq<0and AU =0

ANS:C



-A system absorbs 25.8 k] of heat while performing 10.9 kJ
of work on the surroundings. If the final internal energy U
is 70.8 Kj What is the initial value of U?
A) 65.9k]
B) 45.9 K]
C) 75.9k]
D) 55.9 k]
E) 89.7 K]

ANS:D
-10.0 g of NaCl (58.44 g/mol) at 20.00 °C was added to a
calorimeter containing 200 g of water at 20.00 °C. The
temperature of the solution decreased to 17.30 °C. If the
specific heat of the mixture is 4.184 J.g'°C’, the density of
water is 1 g/mL, and the heat capacity of the calorimeter is
ignored, what is the heat absorbed per mole of NaCI?
A) 10.8 K]
B) 11.8 k]
C) 12.8k]J
D) 13.9k]
E) 14.9 Kj

ANS:D



-Consider the reaction:
C2H402(1) +202(g)2>2H20(1)+CO2(g); AH°=-875 K]
Calculate AHf for CO2(g), in kJ/mol

Substance AH®

H20 (1 -286 kJ/mol
A)-394 () )

C2H402 () | -485 kJ/mol

B)-344

C)-244
D)-244
E)-444

ANS:A
A sample of 1.43g of naphthalene (C10H8, molar mass=
128g/mol) was burned in excess oxygen in a bomb
calorimeter. The temperature of the calorimeter increased
from 20.28 °C to 25.95 °C. If the heat evolved from the
reaction was 5632 kJ/mol. Calculate the heat capacity of
the calorimeter.
C10HS (1) + 1202 (g) =2 4H20 (1) + 10CO2 (g)
A)11.1 KJ/K
B)20.9 KJ/K
C)4.4KJ/K
D) 18.4 KJ/K
E)9.54 KJ/K

ANS:A

Y e oS IS 30 g A 50 LAY
s agdY CAIST G spadauad) J g 43) imy
gl sl el 55 2a L5




-How much heat is liberated at constant pressure when 97.7 g of
calcium oxide reacts with 29.0 L of carbon dioxide gas,
measured at 1.00 atm pressure and 25.0 °C ?(R= 0.0821
L.atm(K.mol))

CaO(s) + CO2(g) — CaCO3(s); AH°=-178.3

A) -1.74*10*K]

B) -2.11*10* K]

C) -5.22*10* K]

D) -5.17%10° K]

E) -3.11*10°K]

ANS:B

-When 500 ml of 0.4 M Ca(NO;), is added to 500ml of 0.8 M
NaECaF, precipitates , as shown in the net ionic equation below,
the initial temperature of both solutions is 20 C, assuming that
the resulting solution has a mass of 1000 g and a specific heat of

4.18 J/(g.C).Calculate the final temperature of the solution.
Ca,(aq)+2F (aq)=>CaF,(s);AH= -11.5 K]

A)18.9C

B)20 C

C) 19.45C

D) 20.55 C

E)21.1C ANS:C



A 0.156 mol of methanol, CH30H, was combusted in the
presence of excess oxygen in a bomb calorimeter. If the
temperature of the calorimeter increased from 24.00 °C to
29.77°C and the heat capacity of the calorimeter and its contents
was 19400. J/°C, calculate AU for the reaction in KJ/mol.

A) -314 KJ/mol

B) - 789 KJ/mol

C) -718 KJ/mol

D) -121 KJ/mol

E) -69.5 KJ/ mol

ANS:C
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