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“Fun with Thermodynamics-!
./?./ Answer the following questions about thermodynamics. A P 2005 T:—wm B

) ] Enthalpy of Combustion,
Substance Combustion Reaction o 4]
AH,,,.,,at 298 K (kJ mol™)
Ren(D]  Ho® Hy(g) + 5 Oy(8) = H0() -290
Rn@| co Cs) + Oy®) = COye) 2390
ny@ CH;0H()) ~730

I o
space beloLs So 'H‘LO( sinte 25°C
(a) In the empty-box-in-the-table-abeve; write a balanced chemical equation Mc complete combustion of
one mole of CH;OH(/). Assume products are in th€ir standard states at 298 K oefficients do not need
to be whole numbers. . 730

| CH3OH(€) " % '219) - COZ«]) v 2 H"O/f’), <

(b) On the basis of your answer to part (a) and the information in the table, determine the enthalpy change for
the reaction C(s) + H,(g) + H,0O() — CH;0H().

KKV\ @ 'Hz “+ J’-i_ OZ —> H‘Lo Al".: fZQD (2] :
Rxn(D Cey+ O, — CO7 bH= -390 kT
Revievse

ot E COy 20> CHaprs 30, BH= 7307

Raxn(® ) 390 +730
DU= - Qo+ -590
Ha 20 30H "= 50 KT )
(c) Write the balanced chemical equation that shows the reaction that-is-used 10 defermine the enthatpy of
formation for one mole of CH;OH(/).

] Cesy + 2 Mgy + Z 1) —> CHs OH py

—

- —

(d) Predict the sign of AS® for the combustion of H,(g). Explain your reasoning. .

As® will be negahve since 15 moles gas (1 Ho+4 0,)
become [mole ot L:‘yw‘d; A'r’lju = ~|.5. " o ,
Since he number of gasmoleales decreases, enhopy A€ readd)
(e) On the basis of bond energies, explath why the combustion of H,(g) is exothermic.

H-H -+ J‘L(::C):d)—-b (H—-é—H)
The energy reiw«d o break. Imole B MH-14) bords and

3 mole ot (o=0) bonds must be |egs 1han 1he amount ot

oneryy re leased when 2 mol& ot H-0) bonda




A student performs an experiment to determine the molar enthalpy of solution of urea, H,NCONH,. The student
places 91.95 g of water at 25°C into a coffee-cup calorimeter and immerses a thermometer in the water.
After 50 s, the student adds 5.13 g of solid urea, also at 25°C, to the water and measures the temperature of the

solution as the urea dissolves. A plot of the temperature d;ta is shown in the graph below. 2010 A P
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(a) Determine the change in temperature of the‘solution that results from the dissolution of the urea.

(b) According to the data, is the dissolution of urea in water an endothermic process or an exothermic process?
Justify your answer.

The Aissoluhon must ke endotheemic. Srnce +he wWatty

Aecreased Hmptratre (OT,,, wao negahve), the urcs
must have ﬁfgo«w énP:;_y fam e HD w1+ dissalved.

(c) Assume that the specific heat capacity of the calorimeter is negligible and that the specific heat capacity of
the solution of urea and water is 4.2 J g™ °C™! throughout the experiment.

e nelude be; Sine
(i) Calculate the heat of dissolution of the urea in joules. -~ / /1€ lnde bc‘f h VM.’&&S& | |
(i) Calculate the molar enthalpy of solution, AH, m in kJ mol™%. . fL'e 'S P e 01’%(’1 cb )\OM 'j
B gy, SR (> - _
) {q/,.— MCAT|= (d1.959+ 5139)(4.27/9:¢)( 3.2 o) = ,30;.76 -

| HeNCOnHs (73003‘ , (i)

1) [ 5134 ucea /_'_'_"o_“_. = 0.03542 moles— Urea
)( 7. ) 60.055‘1‘3

(130436 T)($ee) _
0.08547 molea

(d) Using the information in the table below, calculate the value of the molar entropy of solution, ASg,, , of

urea at 298 K. Include units with your answer.
0 —~ 0 °
Accepted Value A C} - AH TAS
AHQ,, ofurea 14.0 kJ mol™! _bq ET/mole, = |Y.0 H - quk (AS?
mole

AH = [5,27 — ‘75 KT/MD/EJ(;;)

AG?, of urea —6.9 kJ mol™!

soln

AS® = 0070134 ET/mod K
ASe =] 0.0%01 By o | 700 Timot K |



oot (2010, conhid )

&» 1 (e) The student repeats the experiment and this time obtains a result for AH, of urea thatis 11 percent

below the accepted value. Calculate the value of AH soin that the student obtained in this second trial.

(4.0 kT/ma )(0.11) = 1.SY ETImole (o do 140(84) = [2.5 )

arc C(fko( vadwe

T

cm—y

4.0 kT - ISYer - 12.'-16'7/25 K
mole molo [ mole |

(f) The student performs a third trial of the experiment but this time adds urea that has been taken directly
from a refrigerator at 5°C. What effect, if any, would using the cold urea instead of urea at 25°C have on

the experimentally obtained value of AH?2,, ? Justify your answer.

AHSD’LHLH;V\ wonld be lﬁ:ﬂi_f.

uSn}\y cold urta wonld nake +—¢ HAnat Hmpw%urc
f urea /Mo even lower, so the ma.ym'?‘udc 7+ AT

wonld be lwylr (or"T wonld decregse MDfC")
CAuS;}\i lary,er value fo /2/ M/AH/.

. Aluminum metal can be recycled from scrap metal by melting the metal to evaporate impurities. ( 20 (5 A{D)

(a) Calculate the amount of heat needed to purify 1.00 mole of Al originally at 298 K by melting it..The
melting point of Al is 933 K. The molar heat capacity of Al is 24 J/(mol-K), and the heat of fusion
of Al is 10.7 kJ/mol.

® heed Solid AR fom 299K 4o 933K
Q=MCAT = (100 mole) (24T fmot-k ) (233 L-248k) = [S240 T
@) mel selid at 433 K | & 1S.24 KT
= = (] le )(10.3 kT \ = j0.2 KT 1524 +I103=75
q AA*(‘FIASl"l [/ 00 mo >( 7‘—’;:") 10 7 z

| ) o126 K¢
(b) The equation for the overall process of extracting Al from Al, O, is shown below. Which requires les‘ |
energy, recycling existing Al or extracting Al from Al,0, ? Justify your answer with a calculation.

A1203(S) - EAI(S) +%02(g) AH® =1675 kJ/mOlrxn fe Cyclin
Y g A\
|

b75 KT $ entryy.

Amole AL

My 0
€39S kT > 2b kT, SO extrachny M Eom1 U275

ta\eo moe ealy reCycling ve vm? i

= <0}5:'2'5-)Lj—/lvr\r\ol.t'_ Al



2NO(g) + Oy(g) — 2 NO,(g) AH® =-114.1KJ, AS®=-146.5JK! (ZOOI AF’)

~Z. The reaction represented above is one that contributes significantly to the fgrmation of photochemical srpo?
A posi Tive 5{me i 4 J{ftan
(a) Calculate the quantity of heat released when 73.1 g&l/NO(g) is converted 1o NO,(g).

: Imole Y. | kT B N —
= 9¢ = k1

(b) For the reaction at 25°C, the value of the standard free-energy change, AG®, is ~70.4 kJ.
/‘ (i) Calculate the value of the equilibrium constant, K , for the reaction at 25°C.

(i) Indicate whether the value of AG® would become more negative, less negative, or remain unchanged

as the temperature is increased. Justify your answer.

AGo= —RTn ey || BY° = BH-TAS?

VL ASe s nega‘hve So o4
Ke{r ¢ T T increasto-, * ‘- 1AS”
> -( 7o400T) pill bec(,mc & larger Pa«:;hve

@amlk)(quz) number, s0 ALo sl
- 6%““5 = 21894 *10" become eSS n{f;m‘)ve,

\(&izl‘g\.a *)D‘L‘% 2o 35Falk

(c) Use the-data in the table below to calculate the value of the standard molar entropy, S°, for O,(g) at 25°C.

Standard Molar Entropy, S° AS.DN" = 2 SF (NOI) - 2 SF [NO) -” S"F (02)

(K mol™)

o || 65 = 203401 3 ) 202047 ) - S
Nozg) 240.1 _SF (_Qi) B o ‘_' _:T_/ K ]

-1, of the nitrogen-oxygen bond in
d) Use the data in the table below to calculate the bond energy, in kJ mol™!, o
@ NO, . Assume that the bonds in the NO, molecule are equivalent (i.e., they have the same energy).

2(N= o) + 1(0= o)——%?(o——N—-O)
DHEp= Z bords boken DX - § xds  AH

Bond Energy
(kJ mol™1)

Nitrogen-oxygen bond in NO 607

Oxygen-oxygenbondin O, | 495 Bo\en™  AN=Q)+ I 0=0)

Nitrogen-oxygen bond in NO, ? > 2(b0)+1 (44s) = P09 LT y Sf) ol
Forme qﬂvr:o) = fo v -

-11] k= 1769 KT —H X X=4550 > [45( FT/mg




CsHsOH(s) +7 0,(g) ~ 6 CO,(g) + 3 H,0(Q) (AP \4‘18)

When a 2.000- -gram _sample of pure phenol, C¢H sOH(s), is completely burned according to the equation above,
64.98 kll{)jOl{leS of heat is released. Use the information in the table below to answer the questions that follow.

Standard Heat of

Formation, AHy, Absolute Entropy, S°,
Substance at 25°C (kJ/mol) at 25°C (J/mol-K)
C(graphite) 0.00 5.69
CO,(g) -393.5 " 213.6
H,(g) 0.00 130.6
H,0(%) —285.85 6991
0,(8) 0.00 205.0
CsHOH(s) 7 144.0

(d) _Calculate the molar heat of combustion of phenol in kilojoules per mole at 25°C.

l
(20004 CiHsoH )( q,ﬁfz"gj = 0021251 mole GHgOH

6498 KT reltrsed . 3p53.32 —> 3058 k7 reltased
02125 moles pe mole of- Co HsOH.

) - _ Sovne books
AHc = 8058 kT imole < ° oo} AHcomb.

o DHc = (-3058 eTimole [ £ °C

(b) Calculate the standard heat of formation, AHf°, of phenol in kilojoules per mole at 25°C.

"305732 = 6(-3935) +3(29595) - X -7 (0)

X= -160.693 — [-/40.9 ILT/moIeJ




1998 conthd @Lg Cbn)f\d)

(c) Calculate the value of the standard free-energy change, AG °, for the combustion of phenol at 25°C.

AGo= AH° - TAS® BH® = -3057(72)T/mste
acc e pm‘(a)

AS°nn= 6(212.47 fyuptk ) + 3(6291) - | (14th0) -#(205.0) = -§7. 4/59——
AGe= AHO-TIS® = (3557, (1)L ) ~0a8 K )(~, 087 6(7) Zy¢ )

= -3031.594
)

LA‘T, 0> -3032 kT /mole |

(d) If the volume of the combustion container is 10.0 liters, calculate the final pressure in the-container when the
temperature is changed to 110.°C. (Assume no oxygen remains unreacted a(&ﬁt’aﬁ products are gascoﬁ)

CittsOyy+ #0249y — GCOZ:J)* 3H0¢gy, /

= 0.1912599
Imole pheast moley
Jas—

(2.000 g ((,HS-OH)/ [ms le & +3) moles 900
Q'f.nzs’j)

PV=nRT

P> nKRT _ (01912599 mole) (087 J'?’%"tl)(%’é‘ 33 K)
14 10.0 L

= 0.60140 atm 7

I'ﬁa. 251 a‘f;"« J




Fun with Thermo, Continued! + Ll I.-' 0”1' + | |g 7‘ 7 /MGL‘_’, ¢ l(.

6. H,0, <------- > H,0, AH’rxn = +4Z9k.l AS rxn = + 118.7 J/mole-K

a. Determine the sign of AH rxn and the sign of AS°rxn, based on what is happening in this process.

Expl h
Tnis el shows The vaporizahtn o HeO,

\/alam?:aho/l IS eadothbrmiC, so AH s posifive. ]
moleoof g0 Increase (Amja‘, +1) So entopy ihcreasd; mf

295,15 K)(. 1187 T/mle k) =8. 604,

(5.6 FTmole)
c. Calculate Kp for this reaction at 25°C.
K "A(zo "YBOQ(,T/M‘U’ ~ ~34733

p=e R = (mwg)(qu:sn) = e = 003!022

b. Calculate AG°rxn at 25°C.

AGG - AH TS = Hyp K

now

d. Write an expression for Kp for this reaction, in terms of the appropriate pressure(s) or concentration(s). 0 ‘03 l f
€SI W€
[( Pﬁww — aka, the Vapy
Wi 1mp /,eJ

¢. Based on the Kp value, what is the equilibrium vapor pressure of water at 25°C? Report your answer in A f"" S }I?
atmospheres and in mmHg. (Note: the book value for the vapor pressure of water is 23.76 mmHg at this F&——L@

temperature.) 0 / | \ b
K= 203102 atm .. L 03/ atn| o

(-03102 am)/M”//— 2357 = [ 24 nm Hy|

f. Based on the values for AH and AS, calculate the temperature at which Kp = 1. Report in Celsius.

AG° = ~RTLp Keg = -RT 2, () =
AGP= AH°- TAS? =

44.0 vty = T 11§75,

T=370.6K o ‘5779”(,
g. The book value for (f) would be 100°C (aka the normal boiling point of water!) ? g
Why is your answer to (f) sllghtly different? [
o !

anA ASSUNJ ot these values  uece :mU,afadh

bratp?.  However, Atf’a«d ASe gre _nghH]
wtigf M mep(’faﬁm




g ¥ /mele
7. 2HI, <> Hyp+ Ly  AH'mxn= -5188kJ, AS'rxn=z 1653 J/mole-K

a. Determine the sign of AS°rxn, based on what is happening in this process.
Justify your answ

AS® must 13 nejahve ANgayg=-1. Sine mouﬂﬁgw decrease,
Pn‘)vo,y Aecreades,

b. Calculate AG'rxn at 25°C.

NGo= NA°-TAS® = (’5/??15177 (298,15 K)( - 1653 wz)

c. Calculate KX(Z this reaction at 25°C. - 2 50’58 kT ~ .-2 éo k—T
I( B ’QT‘ r 25"9 g ¢J7L 1—04
P e = 6 5 6‘1__{- qu IS = l. 0“,-”4 ’
e = DKr € = 2,949

d. Calculate Kp for this reaction at 80°C. ! P (_«,ng J

Assume that AH and AS are not significantly temperature dependent for part (d) and (e)

DGO = DH-TDS® =518 k5 — (35315 K)( - 14653 ._L) 2¢ L/%;L

% ~ DGO - 649s. 7. Fimile 2712
p= € BT = o 3T yausk) ~ €

Kp= 1094 ﬂ@ //] &,/09

sotcf [n bedwern Ve wlv sE rw’ey | SF mlé’a w%

e. Determine the temperature range for which th1s reaction is “thermodynamically favored.” / ] 64“ ) 0,
Report answer in °C, and be sure to say whether it is spontaneous above above or below the temperature you report.

‘o= QAH®°- ”mo = @-S‘o}VC-&VWM’\

~51.§8 KT= T (1653 £T/k) =5

T7 31385 k — 4Hp7 °C
Rxn 1s SPon fanéoua /Favore,;( /[Eejow: _L/ (97 OCJJ |




