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ELE WERANFEMSUFTE
Chapter 2 The Basis of Chemical Thermodynamics and

Chemical Equalibrium

R BRI, RN T, MO

§2-1 HWEHRAFHERERES

The Systems and States of Chemical Thermodynamics

— WERNFNFSFTER :
FERE T SOV, AT 2 B — LG m @ 4 UM BUSE — N, a. e RAER
Ri? b. RFIEFEZRK? c. 2KEEFFIGELIL? d. BT AFRELR Sk ) - 2
e. JSSALEE QA ?
1. AR 5 B VG L
av o d B TAERI IR, 1M by e )& T8 )5 H &
WA TIE R BN TT ), PREE DL R A B e = R A2 1k
2. FER:
(1) A 2230 ) 2 i A 27 OB H R B A2 AT S 46 )
) o—— R — .
(2) W R AR TR € 56 R A2 SRSIERMRAN J7 [a) AT DA K SRR B BE i ik
LT A ay d —— 3SR e
XA 58 R N A ORI i o T s e e s LR I, XS e A T LA
Bep AEoR, HTRVE B RIE
3. JRBRME
XTSRRI, RIGOURL 7 BV BT (R ok A2 TR I 1, B LIS TRl
FURT R IG 7s FNIE SRR O RS, B AN 75 ) ot 45 44 77 ThI () TR
A2 AT T ZAAIE T 0] AR AT I TR, NI B 7 A e R ) Tl e ] R
.\ {KBAFMIFE (System & Surrounding)
1. & X (Definition) : ZERSZFH, BIRE N TN R NER: SEREVIFHK
F1%) & [ 50 23 PR N A B5G
2. A M3I (Classification of system)
(1) WA & C(opened system) : KR SHELZ AIBEA e EACH, XA H.
(2) HHAME R (closed system) : KR EGMIE L A REREACH, LW ZH.
(3) MMk &R (isolated system) : AR ST M BELREEACHe, X Lo
(4) ISZAR R BARZE ., (B2 — P 2 e @K 77, RO RISk, it
R R, “FiH” =R+ M5
N T AR R TR BPIRAS, FRATT 20T R E ) — LeAR 4

REESTEE M, ok b )
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=\ KEFIRTSER L (States and State of Functions)
1. & (Definition) : PER RIS ZIRES VI BLEFR IR R EL
an, XTFEAESAE, po Ve Ty nffiE2 T, WARPRESHHE T, HBT
pV =nRT W, RAE=AFEMSL, FHEDRGE S, A - NMEEML T .
DRTHRAS B B A RS R H BRI o
TR ML IR R A, FONIRES . LB RIRS REUS IRESBHGE A
[7] ) PN )
2. I (Process) Fli&f%: (Path)
(1) FEAN TSR RS, AR RPPIRS 2 KA, XM RR R . ARARTFR N
A, IR BIFPRETRRNES
(2) LIS L7 SRR AL
3. WA E AR A (Characterization of state function) : HIER TR RFPIRAS, MHIE
FIHRESPIBRETLR, pv Vs TEHEYHEBEAZRE RS, FRAETFIIIALR U, H,
Sy G B R IRAS KA
0. A#E (Internal Energy) N#R A IIFEE
1. EX: WRRRBERANTIIOE NSRS, EANIEERBIAE3IN 25
& RIS I F g
2. WHERMERM—FER, Frile RERTARE . B AR IRAS K3
3. WREMIZEXT BE 2 OiE & CRUATRTANRD |, B G ER EAE R — R 4axt & B 2
AR —HE . (HIFERRATR GO AR &E: AU= Uy — Uy, 2-435, 1-1G%&
4. PRSI A RE R R R, BIAUG=/(T)
4 T=constant, HJAT=0H, AU=0.

A TEE IR pl = %Nﬁz “2 it =F,

" PV=nRT (WHE—FHS) , .. AU=APV=AnRT
Frbl, X F—EMYR I ENEAESIE: ApV=AU=nRAT

§2-2 MAF¥E—=FEMHPME

First Law of Thermodynamics and Thermochemistry

ey Ry, SUbd e E S EE REEMASET A, WAZHE, ER
e —FE A N 5 — R, B0 N — RS 2 5 — ik
— RNFE—EE:
1. BEEMIFFS (The symbols of energy)
() Pz e . AN IRAED I N+, AR+ YRR SMEDI N —, W)
SRR — GHENIE, HATD
Q) T HE . RN N+, RRRBA 4+ HEEREDI A —, &
RN — (—H—H#NIE, —H—HATD .
EATERE ERFT—8, EAEDIRNA T EAER. ERNTRES, RAEHL7 BT
FHUE .
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2. —EBRRERAE SR

() = NMEBEAED), ARSI RAE AT, MM NE,
YUu=Upx & AU=Ux-Uz=0

() WR— MRS I A AR e, AT HAE D),
Mg=0, - AU=w (WE L) , B#FE  AUI=-w (B2 1)

Q) HWIER SN TR AE RS W, TAETD), BMIPFRRI g, Blw=0
SAU=q CHIHL, Ak E—F0

4) —IER T : AU= AU + AU>
T AU=qg+w (EE) HE AU=g-w (¥ E)
L, XN AREEEATER, HSg—8. K& TR SERT)

S BRI SE FAE D) () 1F G5 A8 I BT 5 L EE 1

3. MNFE - ENREN: AU=q-w

(D) BB w Al VBT AT, JAT— BRACFREZIK D) (expansion work) 2 4M)
IFRNAERT (w) . HERAT— R A N RER (w =0) , BIR*E
JEREMK T . X RHERBIEIE R KT CGfEE. EE) MR E R B EIk
RUARAR1E, 4 Ny + 3H, = 2NH3, NHs(g) + H2O(1) = NH; - HoO(aq) > #F H /R
KDALYy HEEINEERT, 1% E—ERERA:

AU=q-p,(V,-V)=qg—-p,AV

() Mt AfEdFRIE T, H py, AR pR? HBEZ, A AlEEKIIKRN S
R WE TR ? AR R L FRAHAME DI I 2 /b 5k R A S AE D Re /1 1K/t
PN M2

Sample Exersis 1: 1HIE T, E/7410°Pa ff) 2m’ BAES K, $KHUESNE Sx10° Pa gk,
HEPP IR, R, ZSERET 2
p v, 10° _n

Solution: ‘4=, s=—== 2m? S Vo =4m?
p, V. 5x10° 2

1

Sow=p,x(V,-V,)=5x10"x(4-2)=10"Pa-m’

Sample Exersis 2: 1HIE~, E/7410°Pa ff1 2m’® BARSAHEAT B BN, BEL3A R NIEF)
5x10°Pa [E i ik, A H, ZSRED 202
Solution: " p, =0 C(HHEK) w=0
MAZWRE AT DU Y, AR RIIGSASHAME, HEh TR AR, wAR, Fred
WASRIRES K. B g WA RRERE, FOVENTES @A K. B LA R R 1)
AN 2 2RI — IR RO 2 AT )25 — B R IRHE
(3) s T LR A R 1 3 RARER A
a. WHARRME TR 4ms = TEAMNE () Wi 2528 F B gt AT AR RIZUR R
Hw=p,-AV=p,-AV
b. R EEMIIAE K G4 A2 — N RME (FI ] 3R
HECE LTS N ERAIRAT R, SR R AR S — T NER, AT R K
JEIREANE, B
Py — Dy =Ap S w=p, AV =(p,—Ap)- AV =p, - AV-Ap-AV =p, -AV
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4. PIJFHE—EHENAUR: AR, REEAREEA R KK, SE RIS
R RER R T ER . AP — RN N — PR 56 — KL AT RE . Bl
F—IIKHL, WA NI T ZARTREE A4, KT A DRI & .

W AU =g—wrh, CMINFEAEZHRE, Wlqg=0, BIER—MHTERNR—
ANBIEERE, AR B R A B A feAGRAED), (AU ARG RE, S Uka 35
KAOLE, WHAMASHE, WAU =0, #Hw=0, FrCUAREE KK EAED,
GEAED), XANINRRAGREE, RAMHEU K, ABAHUMEE A 2] 5 R A &,

R A O TR R AR, A REK I i)

5. g LR AR
(1) Za#EH HZMK (adiabatic free expansion) :

VR, Sog=0 XUHHEK, Sop, =0, lw=0, SLAU=0
(2) AR IZK (isothermal expansion of ideal gas) :
VHMBSEKAU=£(T), HTHEER, AU=0, .q=w
—. 1EEEM (Isochoric Condition) THILFERNH (gv)

1. B2 RNAE R A a8 WIHEAT, I RONARONTE RS [N FLFARNIRR Y TE 2R SR
TINN v

2. EERFMT, AV=0, HKEAAIRIERRD), Mw=pAV =0, J.q.=AU

3. EARFZM RN ETARRNGEIENE. AU=q, >0, N2RHRT
(endothermic) ; AU=¢qy <0, RNEHHH (exothermic)

=. 1EE&% (Isobaric Condition) THILFERNI (¢,)

1. fEfERERE S RN, BRI N . HRGER R AT B SO, RIRA gpo
2. A ROV — AR VS 2% AT o A I RONIRT SRR AR AN, 81 G0 S R AN AR
YR R BGRAR B SO, BCE RN R R An(g) RN s {HAA B ORI JE AR AR AR
AR, W: 2Ha(g) + Ox(g) == 2H0() » HARFIAELM 67 T+ — 0.036 Tt

BB S NLAE — AN I ZE AR AT, TR ZEXMA R INE R ItE N Tatm o 58

BRI, w=p-AV =1x(0.036—67) = —67L-atm = —6.79kJ - mol

1.987 =242cal, 1L-atm = 8.314
0.08206 0.08206

AT AEEE B EEKID (PY) , FATGI PR ES R E—A4 H (enthalpy)

M. #%% (Enthalpy)

1. B R E— WA, g-w=AU, plEEN, ¢g=¢

Sq, =AU +w=AU+p-AV =AU +A @V)=AU +pV)

(1L-atm = =101.3J )

A H=U+pV S.AH=gq,
fER AR () BHEE R Q) WHIEERY). 3) 5k,

2. fEMERFM R RBGE TR
3. AH5AUMKA:

() fE—ERE T, —EBEREWEESAE, T alEEr, AU=0,

ApV=p2Vo—p1-V1=0 SAH=0
(2) X FAn(g) # 0 ML 2E R NI F: BT ApV=AnRT .AH= AU+ AnRT
Sample Exercise: 7E 298K i, S BaC(s) + 402(g) — 2B20s(s) + COxA(g) K
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AU=-2850kJ - mol™!, >Rt AH .
solution: “An(g)=1- 4=-3,

" AH = AU + AnRT = —2850kJ- mol " + (—3)x 8.314x 298x 10 kJ - mol ™

=-2857 kJ - mol™!

§2-3 PpHF

Thermochemistry

IR — T VR E R, AMUFHEERER A 28, 1 H 2RI e R R
i, AF NI 2E 08 BT IR

A EATT (bomb calorimeter) & HISRME AL B (8 2.1) o #E & E 4
CERIBAARD TAES A, RANGEEES, @B IEa, G EE AR, FHAHR
FERIF R R ER e . I —Fh TR E RGO R SRS . AT, KA DA — R
WP SNSRI o BB RO RS SOV R, 538 FRONTE SN 4

Thermometer
Ignition
Stirrm‘\‘») wires { ‘

Insulating _|
container

Reactants

in sample
Steel
bomb

Fig. 2.1 (left) A commercial bomb
calorimeter. (top) Schematic of a bomb
calorimeter. The reaction is carried out
inside a rigid steel “bomb” and the heat
evolved is absorbed by the surrounding
water and the other calorimeter parts. The
quantity of energy produced by the
reaction can be calculated from the

temperature increase.

— ERGERNRNE
1. AR, NFRONAERES (Enthalpy of formation)
(1) %X TEFREIREA 1atm &, HHARE AR A 1 mol (A InT R Bi#k, FRoNAE

() ERE: a. BIRRESZIRAEZFIE T ARNBRERPRES, b, —ERAM

I moltt &%), c. IWE—MN25C (298K) .
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GYEH=U+pV, BT U KX ETIERIE, I MLAEP 400k B I0i2Rk A3,
TR E — NS IR AE: FEFR BRI — D RRT,  HReAa € i 55

(4) FRAEBEIRAERFA(A ¢ He ) f— formation, m — BE/RTE,  “ =7 — TR IR DL .
. 1
(5) Forid Hz(g)+502(g) ==H0() ArHy o =—285.84kJ - mol!

C(s) +2S(s) CSx(g) A fo,CS,(g) =+108.7 kJ - mol™!

FRFRTTLE, BOAREGERE RN, eSS RNY . RS ER AT
%o VFZWIIRAE 298K B bR BE IR AR G RT DAFE (3840 2% F ) (The Handbook of
Physical Chemistry) £ %,

B B R R, BHER R, WERAR MRS, ST AR T R 5 CART
FM S A — A, RRIEET.

1. WBE (A.Hn ) (Heat of combustion)

VFZ AT CAER B BB, BT AR sl dt— R mT DU Ik s8Rk e o i AL AR
ML B G RG (AVF 2 AN RERA RS, AT UR RS R T B 5 I R A

(1) & X: 15 298K Al 1atm ', 1mol #)Jfi 58 & MALe ) R A &L (ERRRFARL

Bi) , BRI RREABIABRS . LA cHn %7K, ¢ —combustion.
Q) ERE: EEBREEE: C>C0x(g). HoH,0(1). Cl->HCl(aq). S—S0x(g). N—Na(g)
%,

() He—sufhy: hAS . WAL FHER BERE. SRS RESE, HRT LUK ILRHE.
=\ EHE®E (Hess’s Law) (XFRAREEMEER)

SSRGS RS AS M 72, (A 28 i RS PR BE R UBL, il C + 1/20, —— CO 1 S
MG COLE R FT AR MM HE A 1 CO [ oMo (HFRATT AT LA B AN S -
C+0,==CO0z, CO+ 120, == CO2 KK tHA T4 % 1mol CO [ M F#. 1840
4, Hess iR¥EM 2 FRAF M REEE R, 2T HMesd. ZeRERFE — e
Fett, XF R — B R LR AR R A B

1. Hess’s law states that if a reaction is carried out in a series of steps, AH for the reaction will

be equal to the sum of the enthalpy changes for the individual steps.
2. fE298K. latm F, W2 RIHIHIEE, FROMFRIER SRS, FIA Hn "R
3. ABUAA o Ho TS5 1025 RS RS FRA « Ho S TR K R

AcHn" =Y AH T —> AH T

m( ) m( M)

Sample Exercise 1: CLANZBREIIREIA « Ho ©=—-1297 kJ - mol™!, 3R 2K il AR L.
Solution: CaHa(g) + 5/20a(g) —— 2COx(g) + H:0(I)

#RE, AH  =-393.1kI-mol” AHZ  =-2855k] mol’

m,COo,(g) mH,0()

HAHn =Y AH, " - AHS

m( ) m( R BA)

&
m,C,H ,(g)

=AH S +2xAH S —AH

m.H,0() mco,(g) ~ SrilmcH, (@)

SAHy =AH
SANHS L C=ANHS 4 2xAH Y —AHY

m.C,H ,(g) m,H,0(I) m,CO, (g) m,C,H, (g)

= -285.5-2x393.1—(-1297) = 225.3(kJ - mol )
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Sample Exercise 2: 15 Ha(g) Ml CeHo(1)IBRIFEINA ¢ Him O N-393 kJ - mol™'. -285.5 kJ - mol™
F-3269 kI-mol ™. 3K: 6C(rm + 3Ha(g) — CeHo(DIIA  Hn 2

Solution: C(s) + O2(g) — CO2(g) (1) AiHn™=-393 kJ-mol™!
Ha(g) + 1/202(g) — H20(1) (2) A2 Hm”=-285.5KkJ - mol™!
CsHe(l) + 15/202 — 6COx(g) + 3H20(1) (3) AsHyn"=-3269 kJ-mol™!

(1) 6+ (2) x 3- (3) #3: 6C(s) + 3Ha(g) — CeH(1)
W AHn? = 6A1 Hy® + 3M Ha — Ay Hn™
= 6x(=393) +3x(~285.5)— (=3269) = 54.5 kJ'mol™!
ORI TR SR SRR IR E IR R Ge . IX U BH FH AR AR TR
R BEAZAE S S BRI BRI T 25 A2 SV IR R Jpe %
[F AT DU —TF, PR RACKR S B 4 5 FH AR AR s B A 75 7 & T ?
4. BRBERA H O 505 RS R SR A H 22 AT R

AH@ ZA Hm(& sty ZA m(iﬁm

Sample Exercise 3: The enthalpy of combustion of C to CO» is —393.5 kJ-mol™!, and the enthalpy
of combustion of CO to CO; is —283.0 kJ-mol™!. Using these data, calculate the enthalpy of
combustion of C to CO.

Solution: C(s) + 1/202(g) — CO(g)

AHP=AHS —AHY =-3935-(~283.0)=—110kJ- mol '

m,C(s) m. CO(g,)

Sample Exercise 4: Carbon occurs in two forms, graphite and diamond .The enthalpy of

combustion of graphite is —393.5kJ - mol™" and that of diamond is —395.4kJ - mol ™'

Calculate A, Hx" for the conversion of graphite to diamond.

Solution: C (graphite) - C (diamond)

AHS=AHS _—AH —393.5— (=395.4)=+1.9kJ- mol '

m(graphite) m(dldmund)

§2-4 HAFF_RE

The Second Law of Thermodynamics

FESE—0r, FRATC VR #7255 — e e 8 M e fb 22 SO R AR 1K 7 TR REEAT (PR
fEo ERATLIAESHEI)E, X2 AHLAI R 5 A E 2 i A T,
HATHE AU A R R ERE), R FIHIIEIZ L. R MBI 25— €
HE—RE, o AR AT 20 00 0 45 H R 18 ke A

v BAFP TR F EFRE
AM%%%%ﬂmﬁ&M:

1. KERMNEFRATE, KAZE (AR NAHE, HAR=0/, KL
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2. miEETRMRE, WRIL—ANML, BRIGRSE TR, EZE (Ap) NHHE.

3. HNEIEDERIED AL S HERNERZE (AT o HAT=08], LT F.

4. XFALZEN: Zn + CuSOs(aq) —— ZnSOu(aq) + Cu # ¥ Zn — Cu Hith,
e=@.—, N, Me=0, BFTH.

s b RE R, A4 N, Ho SR G, #5400

' N, H, gy BEEREIE, RAREASIKE BFORKIRE . 1M A Kkl

FETC A 5 9 o
6. JEZIRIE

IRNERE I K ERIH, RN R AR B3 T
| s EI0SRAE B AR R BRI T H Sh MR LA R
CR=UCRE g, L e BURRIINEZE RIS, ATTARALSEAT Wi 3%
SRR A—— T R AR AR 11
C3HeNeOs —22— CO, +2CO + 2H,0 +3Na + Hy - (HIA[AES 3CO + 3H20 + 3N»)
A Hn®=-12681 kJ-mol™!

“HR” RTREEEMAER FRE®E “ac” 7. ARSI IEDR, HiA—
EARM, HEHMEAFEEI A, S UIE, B8 RIHABLXSA KL, T~ EXT
EAEDIE A Re KA.

WA AT X N TR R—RAH<O R , RMNELREE K317, 76 100 4F
I8 P ANk & ) M1 R, SRR T AR REAS DI SR, (HANAT . 54

7. H0(s) Y25 IO R H K, HAHa"=+6.01 kJ - mol™ >0.
8. KI(s)A[¥E T /K, 1HAHn > 0,57 AAHE BT AH >0 8<<0 SRABrL R0 H K1

T EASRIR R AT E B RS RE G — 1 AE, DAV T, R H SR [FRRE .
it DA B2 ) FR RGN AN S A 22 S 82 T 1R S B A 4
—. ;RELE (Disorder) F1%F (Entropy)

M TS S o, BATATCLE R, Now Ho 7R H = WIRELE /DN (RIESIERND , 24
PR CAE, Now Ho RN 248, IEBVEEELR T, 2R51RIRELE MG ;s 61 6 i
TR BIFTJEIAR(g)>0, FrLARELESE K. 61 7. 4] 8 H, WA T &R N7 S
[H20() ]8R 13 T [KH (aq) + 1 (aq)], VEELEZEHRIE A,

MBI A EiR 5, ATUAS IR EI0 AR, BREREENE TR
7y WNEFZNTEMTT. &2 SMANGIRRUIMSAED), BIIGIAR R, FATESN T
PIPERT, AT DAMEVREL B R PR B PR A

1. AR R T, B RERESRFERRIRELERE Ry mitT, miRELERD rid i

FEANTTRESEIL I o
2. HIRELEA B ERORRT, A R BPPEDIRES, Xl BRI FREI R FE
3. /i (Eentropy) —— —AMHIHPRAEREL (S

The correspondence between entropy and disorder was first quantified by the Austrian
physicist Ludwig Boltzmann (1844-1906) , 7E Vienna, /1% %% S = klogw {E
Boltzmann 1%, log &/xAHAXTEL.

(1) B3 R RIEALE D —FhELE, R RIVREL R, MR I .

The more disordered a system, the larger its entropy.
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(2) RIEA.: S=kInQ. k -Boltzmann’s constant , Q(w) -possible arrangements.
KNQEA AL, Pl S AL kAL —3: T - mol ! -K™!

R 8314
k=—-=

=———=1381x10" J-K™!
N, 6.022x10"

(3) Bk : FEIMSAA RS, BRSPS o2 R0 R B, oA
JIFHE R — R RIATE A RO g e R e
(4) FEINSL AR R, AL 1) PR (1 48 -
a. ASuniv=ASsys + ASsurr =0
b. ASuniv = ASsys + ASsur > 0

Reversible process.
Irreversible process.
HaeEARRLZ, HARTER . FEH LA BIEINE (Unlike energy, entropy is not
conserved; ASuniv is continually increasing.) o

C. ASuniv=ASsys + ASsur <0 Impossible
()M (R %
a. WH:
() FE—FiE, ARPTES: S(g) >S01) >S(s);
H20(g) H0(1) H0(s)
SO mol ! K 188.7 69.96 3933
(i) 7 FROR, e, SEBCK;
CH4 CH, CsHg n—CsHio n—CsHi
Res _
> (J'fnl)‘)l K 186.15 229.49 269.81 310.03 345.40
(iii) XA MR S, XA S, JRELE N, SN,
C(CH3)s (CH3),CHCH,CHj3 CH3(CH,);CHs
SO - mol ™ - K 306.4 343 348.40

(V) X FHIES I RS, HAn(g) =01, ASAIR/DN, An(g) > 01,

AS>0, An(g) <ORf, AS<0,

b. Ak

() #E: SRRBERMHIERZ, BILEBK, AS<Q

(i) WE: AR, R AR 22 5 AR RAR KR EL BT (HAEAR & iR

T, FERERREERARAL, A SR R ELEE U X N AR A, TIIAS o< T,
XU R R R R IR ELEE R A, FEM 0. TR KRR,

(6) A (AS) KL :

a. AS=Qu /T, EFRTET, RIS TG SRR 45 1 R 1 #

BERULIHRE . Hlft T SWRREE, ERRELSMAS

A BN T R AR SR SEI A S B A S FI AR R TR .
b. &R, FESEF: AS=AwH/T

EAASFE T . AS=AweH/ T

100°C

filn 1mol H,O(1)

——>1mol H,0(g)

www . kaoyancas . net

Avap H: + 40.67 kJ : mOl -1
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3
AvapS=AvapH/n=%=109.03 J-mol™!-K™!

4, Py B AR e ?
=\ #3}/& (Absolute Entropy)

—/MERNEEEE SR AEEA . BT MARELEM R, /£ latm . 25°C
W, RATHA BN ARG AT, FAERFET, ANEHAEE — € FRELE .
XFERRA T AAH — /N TR AL bR —— 582G 17 BIARE

1. 1% =% (The third law of thermodynamics)

() BUR: FELENT RN, ARTAFR . EESAEY RS T . ROAERR R 17
E—MRELE, =1, M S=knQ=0. HESRFEMRE, EHEERE
THERSE, 5 S BRI E B A AT, MBSO A i T e

() ke T=0W, B Russh#fis ik 7. Bl se3e ki d 2 48 ik G
GRRE, I H A MO . R T A, o TR AT — B, L
S Fanfgk, W CO. NO %%, 1 0 KK Al geit A Wi LA EHES
NONONO -+++* , B# NOONNOON -+-+--, XEEHA L ILAER] — ik, ARERR
RTEFRTCER E ik, BI So 7 0.

TR =0, AT DU E V) PR RS T 40 45

2. FRAEAEXTHE (Standard absolute entropy)

(1) X EFREIERER latm F, Tmol ¥ FIFLE R, FRONIZIII AR LX),
FHTES St B Smaosk F75 o

(2) PRUELXT IR IR RIS, RIS REL, SAS=Su—Sko 2 Sy

=Sok=0 " AS=Su, HIASnsk = Smvsk

(3) fE25°C, latm F, XfT—AN MR

ArSmgsx = Zsmgzm,@ﬁi% - ZSmj%8K,( SRR
(4) VEE A
a. PR EL R AN S T
b. L EVIRIbRELRT AN SE T AR E B Y A Tmol A& W 1 5 B 55 2% 5

oA @O o S @B _A o &
SAS, —Sm,ta%_zsm,% S Suam = AS, +ZS

m, H

d. HFASS B EEUA KR, AR NAS ANBEEEE A, B

ArSnﬁ %ArSm%gK
Sample Exercise: R T 1 P ANk 2 I B ArSim o
1 1

Hg(l)+502(g) — HgO(s) (1) Hg(g)+502(g) = HgO(s) (2)

= - . -1. K- & _ . -1. K- — . -1. K-
EUH1 S, = 76.17 - mol - K1, S =205 -mol ' - K, ST =175] - mol - KT,
S o =7021-mol ™ - K~!

1

: & &k

Solution: XJ T (1), A,S :Sﬁgo(s)_sm,Hg(l)_E mﬁ(g)

1
= 70.2—76.1—5>< 205=-108J - mol ! - K™!
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1
- 3 & _ o Qo __o©
T RBL Q) ASY =8 500 = Snine 2Sm,oz<g>

T m

1
= 70.2—175—5>< 205=-207J -mol!-K!

TETERATTR 2 e 0 3 R BRE A T AT ISR R 3ROSR T ), ASRER B
I T 1) o RO — R 2 SR LR R ARSI . S IS 0L P k4T, IR H 54N RA
e He. TR, FATLAGI AN PPIRES R EB—H HAe, RABER . &E% 0T
TR H IR (EEE R SOV R DT ] .

. S5METEMHAEE (The Gibbs Free Energy)
HHE— Rl T 298K, 1.01x102%kPa iif, N B4 5 HIbRAERS N

o mol ! - K- & _ R
Smﬂczm(g) =219.45] -mol ! - K, S o = 188.74) - mol ™' - K7,
8.7 csony =160.707 - mol = - K1, i+ 5B C,H,OH(l) —"*—C,H, (g) +H,0(g) Kbz
HERZZ -

Solution: ArSuaosk = 219.45 + 188.74 — 160.70 = +247.49 J - mol ™! - K~
%N AR Y IEAE, RETS HIWTZ I N AL A KT T2 At BINZ RN A IE R .
fEE NET. FRASAS FIR AL B 75 8 Rk T, DRSNS NIk R,

AT HFE 298K 1.01x10%kPa v, S C,H,O0H(l) ——C,H, (g) +H,0(g) i

AcHrn 208k = 41KT - mol ' >0,  FHMRHCKR %SRS [ R HEAT IS ? BARRE. TRUABIAM 1
WKZ K%
1. FEEEEAE LT A RS IS O p( = AH ) B2 A FE 8 J5«
(1) VHFEIR RIREL R R T H I RE & . X e BAEFIR KT T: AQ=TAS
(45 BRI L S AT BUBAE piy = iy )
Q@) ATAEXS (EFRAEHD , FAISHHIIAAG
S Op=AH=AQ+AG=TAS+ AG G - Gibbs free energy
BIFESRIR . SEHEN, A2 SRR #ks BOAZ A 46 T ) bl AR AR A0 n 06 738 3 I I8 38 4 1) 4
&, WAV LIRE AT, 193] F K Gibbs-Helmholtz equation.
2. EATH — e 227772 3\ (Gibbs-Helmholtz equation)
AG=AH-TAS=A(H-TS) SG=H-TS
7£298K. 1.01x10%kPa . X F— MUK : AG29sk = AdmSosk — TASmosks M
FH ZEEB K AR IR KT, AiGrhosk = 41-298%0.2475 = -33kJ'mol ' <0, fTLA
FEVZSFAE N, FHIERBTT BT, RAEF.
3. EARIRAEIRTS, R R B R MR PR RE 4 -
Gibbs(1839-1903)7E 3 [H HE & K 28— MR1GFHE 2247, A 1871 2] 1903 47,
fiFEAE IR & R A HOE R A fbdE
(1) [P RN IEBbRHE 2 B B T iR /). MER] . <fEfEiR. 1EET,
RN, TR EESEhR TR AR EA 2, MZ B B AR
RN ATMNIR TN, A BEAE S — SOSIREAT, A2 S R 2 AR B K R
(2) Ifboth 7" and p are constant, the relationship between the sign of AG and the

spontaneity of a reaction is as follows:
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a. If AG is negative , the reaction is spontaneous in the forward direction.

b. If A/G is zero , the reaction is at equilibrium.

c. If A:G is positive ,the reaction in the forward direction is nonspontaneous; work must
be supplied from the surroundings to make it occur. However, the reverse reaction will

be spontaneous.

4. fEAH. ASAFMEHLT, WX H A 5 BRI (p= o

AH AS AG=AH - TAS < N, V] fi1]
— + VoSSl EARMNREE R, W) 1E SO 7 )3T
+ — 7Kz A IE TEARMNREE R, R3S N 7 ) 33T

T<AH/ASH NIE | KRR (SAH/AS) R385 N7 [ BEAT
T>AH/ASK hfc | @& (>AH/AS) , [FIERBTT BT
T<AH/ASW hfic | KRR (SAH/AS) , [FIERRTT BT
T>AH/ASE HIE | @&iEE (SAH/AS) , AR BT FEEHT
5. Standard free-energy changes #rifE H FH gL
(1) #R#ELE R H B BE (standard free energy of formation for substances) -
a. T G=H-TS, 1 HWEXNETIEME, # G X BI%mE

b. Just as for the standard heats of formation, the free energies of elements in their

- -

standard states are set to zero.

State of Matter Solid Liquid Gas Solution Elements

Standard state Pure solid | Pure liquid latm Imol-dm™ 0

(2) We are really interested that the difference in free energy between reactants and products.

o
A G z A m. (products) z A m, (rcactants)

Sample Exercise: Using the standard free energies of formation tabulated in Appendix, calculate

AG for the following reaction at 298K: 2CH30H(l) + 302(g) ——2COx(g) + 4H20(g)

. - _ - B _ & — -
Solution: Ame,CH3OH(l)_ —166.2kJ - mol™!, A G © =0.00, AG 7, e —394.4kJ - mol™!
o - _
NG oo =—2286k1 -mol™, AGT=2xAGE +4xAGT  -2xAG S

=2x(—394.4)+ 4x (-228.6)— 2x (—166.2) = —1371 kJ - mol!

EMERAM T, X G=H- TSWIARUEE: AG=AH-TAS

TERSIHAFHERAS . AGey = AHm” — TASwy RHTAG, AH, ASEIRE T BHME. 4

AHr =~ AHaosks ASt =~ ASrosk i, Gibbs FFEHN: AGr =AHaesk “— TASrosk
6. Gibbs-Helmholtz J5 & 1M

(D) ATRASRAG S NG RS (T o XFAH S5AS fF5 M FIE N, 2 80® ik MR
FEbt, FEEMNEEREHEAR (BMIEEERIHR) KA, BAHEIXA AR
FRNEEHIRIE . 2AG=0, MAG=AH-TAS=0, ..T= AH/AS=T,
TERFAEIRAE T, T o~ AcHm3osk /ArSm3osk

Sample Exercise: CUAl: SOs(g) +  CaOf(s) CaSOu(s)
Ame%SK kJ - mol™ -395.72 -635.09 -1434.11
Sm2osk J - mol™! - K 256.65 39.75 106.69
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SRAZ L) 1)t
i O © < =
Solution: ArH m At‘H m,CaS0 ,(5) _AfH mCaO(s) At‘H m;S0,(g)

= —1434.11 - (~635.09) — (~395.72) = —403.3 kJ - mol!

ASE=SE ST T _106-39.75-256.65=—189.71 J - mol ! - K"

m,CaSO4(s) m,CaO(s) m,SO3 (2)

SR Ty = AdHm3osk /AcSmosk = —403.3 / —0.1897 = 2123 (K)

VAHRT <0, A SyT <0, SOZRNRRIRE KR, BITE 2126K LR, %N A H
ZNA] TGRS, BRI IS L4 A K, B SR RS, TSR SOs 2
HHEA A B SOz, SO it — A A BRAE R SOs. TEAK T 2126K I, H KA
CaSO4, MM SO; [f & fEREAE H, YHER T SO X =SS M5 4%,

) NI/ FRAEXHED 1 N AR B N T, 35 A 17 75 f
TAS—T5AH AT LAZNG, BIAG ~AH. AT CLE SR FHAH S WAL 2 [ S5 1] o
V2 [N AR T IX AR50, DRI I WA 2 S 87 BRRAN 77 ) 3R AT 7 SRAR K 5 8.

Zn + CuSO4(aq) = ZnSO4(aq) + Cu,  C(graphite) T O2(g) —— CO2(g)
Fir AR 2 TR B2 B R, F R RIRAE Tkt
Q) MRS TR E HEEEML (AG) (HHEBE)
AEFRAEIRZS R E B AS AT 1 Van’t Hoff Z5iF 5 FE 0K R :
A Gt =A,Gut + RTInQ

K QOISR B RS A AR 2y . oA BAHHRE GRS FIAH R
T BIERAR 5 5% I M IR 20 T GRFRAR) BOMSHIR . (RHERD AR IR 7 F e fi 2
Poo S S A Al [ 4k fe aligiAds, TIREERL 1 R i, S TAE— 4 OB

(p /p%)" x1
aA(aq) + bB(1) — dD(g) + eE(s) Q=—">——"—
(c,/c®) x1
Sample Exercise: LRI MW: Na(g) + 3Ha(g) = 2NHs(g) » AfGnﬁ;gK(NH”g) =—-16.48kJ-mol ',

Wi: £ p, =100kPa. p, =p, =1kPa. T =298K I}, &HERFZETHAK?

Solution: A G.%. =2A.G 5. =2(~16.48)=-32.96(kJ-mol )

r— m,298 m,298
Hﬂ Van’t Hoff 77%'335 A an%%K =A rG[;fﬁzrggK + RTIIIQ

(Pw /P2) - (1/100y

MinQ=1In = =4,
(P /2 )Py 2 2) (100/100)(1/100)°

So A Goos = —32.96 + 8.314 x 107 x 4.606 = —21.55 (kJ-mol™") <0
A R LA H R

EAFEERIIE, BRAEAE B Ar Hinos FURRVEEAS B FTREAr Gondos B AN F 1S HEIRES -
R E L p©, 298K MRS BB I A e A ZAE bR e # 2 L p©, 298K FARE HLR
(A 1 B RS N BAEARAER . BN AAEE R ER R Y-

ArGri9s = AHin3os — 298 xASim3os

DL T[] — B, % SO S AN A e A b 5% 1R — A, BRI A Hnoss  BRIEA: Ginos
MARIRM, BUNFTES AR A G AT LR RIE 5
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§2-5 ¥ T4

Chemical Equilibrium

In the laboratory portion of your chemistry course, you have had the opportunity to observe a
number of chemical reactions. After a certain amount of time many of these reactions appear to
“stop”---colors stop changing, gases stop evolving, and so forth. For example, we can consider the
inter conversion of the gaseous nitrogen oxides.

When pure frozen N>Oj4 is warmed above its boiling point (21.2°C), the gas in the sealed tube
turns progressively darker as colorless N2O4 gas dissociates into brown NO> gas:

N204(g) — 2NO2(g)
colorless brown
Eventually the color change stops even though there is still N2O4 in tube. We are left with a
mixture of N2O4 and NO; in which the concentrations of the gases no longer change.
—. WZEF% (Chemical Equilibrium)
1. The condition in which the concentrations of all reactants and products cease to change with
time call chemical equilibrium. (Fig.2.2 a)
2. AEAPHTIEE S (The Characterization of equilibrium) (Fig.2.2 b)

. [&]o Equilibriurn achiesred ! kf[g] Equilibiurn achiewed
o (4] irates are equal)
ﬁ +!
: i) %\ /B
g
0 0
Titre — Titne —»
fal ki

Figure 2.2 Achieving chemical equilibrium for the reaction A B. (a) The reaction of pure compound A,

with initial concentration [A]o. After a time the concentrations of A and B do not change. The reason is that (b) the
rates of the forward reaction (ki A]) and the reverse reaction (k[B]) become equal.
Chemical equilibrium occurs when opposing reactions are proceeding at equal rates:
Forward reaction: A——B rate = kr[A], Reverse reaction: B ——A rate = k.[B].

At equilibrium: kr[A] = k:[B], rearranging this equation gives.

Bl _k&
[A]

= constant

3.t P RIA (The general equilibrium equation)

k
AT Ae) + Ble) =, C(9) + D(g) i &

T

(1) BB b e B oA HE e B, P

@ = & = constant (T=c)

k.[A][B] =k [C][D
:[A][B] = £ [C][D] AIB] &
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(2) e Bk e Sy Wb AT, Tl O

| ‘ [CIQl_ &
i A@+ AR < ==C)+ Q) ®3757k4
0 [AID] &,
Q(g) +B Al@+De @=————==—-

&)+ Ble) =5 7= Al®)* D& [QIB] &,

Net reaction: A(g) + B(g) === C(g) + D(g)

kAT
[C]

[A][D] @ = ik—z =constant

H(). Q)FixRIH =015
g N [B] [AIIB] &, £,

_k
1 k.,
Q) PR IS A S BTG R, mEHRG Bl E BT RN K.
@) X T — RN pA +¢gB <= mC+nD 15

[C]'[D] =constant , I Mzconstant
[A][B] 202
(5) HFEE: a. e PEREAMPE R RABRT e tb = e,
b. SRR A AR IR B 2 — AN, A P AT R IA U A B R ok .

n: CaCOs(s) -~ CaO(s) + CO2(g) » [COz] = constant, Pco, = constant

c. X CaCOs(s) + 2H'(aq) ====Ca*"(aq) + COx(g) 1 + H,O(1) 1
Cla(g) + 2Br (aq) ===2Cl (aq) + Bra(aq), L%k =050 51k
[Ca™] peo, [B,][Cl |’
———— ;= constant, — ;= constant
[H'] Po, -[Br ]
4. P2 (The equilibrium constants)
(1) iR b sUR U HE, RO R HL
a. “PHTRIEX LR EZE RN I AL PN K.
b. PRIk Ao R 8P B, O K.

c. “PTRIEN AR XA 2 I T H B, FOVREG TEHEL M KRR,

(2) A2 Al BUIR M 2 ESPAT RN X T R BT RO, @FE),
wEHTEA@=0+®@ K; =K K>,
hEFERX@=0-©®@ K3 =Ki/K>,
WEHERO=nxD K, =K', W¥HBEXO@=>1/nxD K,=+K,
(3) Kpv Ke 5 K Z IR F
K =K -(RT)" Cop =cRT), K =K_-p”, K =K, -(ﬁ)“
P
Y An(g) =00, H K=Ke=Kxo
@K, KMNSEEFHAR, MK, KNSEREGFR, SaELK. KAMUGE
A, HS BER XK.
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G) XN T pA+gB === mC+nDT 5

w LTOY et s R 50T, Wiy, % CTPL g
[AT[BY' o [AV[BI
W, R B ST, B EET L i—a%«c W, R A

AT, HZRIXBFEAIL.
5. FRETH %0 (Standard equilibrium constant) —— — M EENE
FERTT BT IR, I RRREE T 5 K NS Z
(1) WA AR A 7 2 R BRI A 50, ORI W8, 0ME KT, SRR
JP R BRI, MOVAR-PFETE R SRRy bR P A
QK7 5 KX 5

o KZ-TT i of=tmovan’ s K[,
5 B

K TToun® - pe=ionase K Tow"
B B

b. ARk PG RN, IR T LA B
= MEFEER K © 5A:Gn"BI% % (The Relationship of Standard
Equlllbrlum Constant and A,Gn )
. B Van’t Hoff i 7 #8: AcGmt = Aer,T + RTInQ " UAHEH: Y NIA 214
i, AGn=0, HINRRE 0=0 =K =
AGmr==RTInK ©
WATX A EFIMEK T, WEAER KT, WASR K. o TXE— SN
R4, H—NEHNARE: LR BER—A R S f, &R AR P .
(R AGm 1K IR D)8 3 AE SR RE L H e T T 1 A 2 B £ P i 2 8
ST MR B, MAGnT == RTInK, @5 % T s b2 i 1, mJAerﬁf:
- RTInK:™ 5 b PREHU, SRS RR, WAGsT = - RTInK ©.
2. HURIRG O ShRuETArH B K kBT EH R S RS R B 7;277['@
HAGnT = AGut + RTInQ 1 AGum't =- RTInK © 13
AGmr=-RTInK " + RTInQ =RTIn(Q /K )
(1) O<K i, AGm1<0, H% (spontaneous) ;
(2) O>K “if, AGn1>0, dEH K (non-spontaneous) ;
3)O0=K T, AlGm1=0, V4 C(equilibrium) .

Sample Exercise 1: Write the equilibrium expression for K+ K7 and Kp+ Kp% for the

following reactions: (a) 203(g) <=—— 302(g) (b) 2NO(g) + Cla(g) =<=—= 2NOCI(g)
3 3 3 3
c c, lc© | p&
Solution: Kc=%, ﬁ:%; pzp_(z)z, ;@“:(poz p )2
Co, (co,/c¥) Po, (Po,/ P )
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K = Choc K= (Cnoar /¢ )’
‘ 2, e /e o) ey, /e )’
Cer, "Cno (cc12 ¢ NO
K = PRoc . K°= (Pyoc/ PE)’
! Pci, 'plio ! (pc1z /P ) (Pro /p©)?

Sample Exercise 2: A 1.00dm” flask is filled with 1.00 mol of H and 2.00 mol of I, at 448°C.
The value of the equilibrium constant K. for the reaction Ha(g) + I»(g) <= 2HI(g) at 448°C is
50.5. What are the concentrations of H>. 1> and HI is the flask at equilibrium?
Solution: PR, Ho M T xmol - dm™

Hx(g) + I(g) = 2HI(g)
Al (mol - dm™)  1/1 2/1 0
P (mol - dm™) 1—x 2-x 2x

(2x)’

=———" =505, 3 x=0935 B 2323 (AEHE, &%)
(1-x)(2—x)

<.[Hz2] = 0.065 mol - dm™ [I] =1.065mol - dm™=  [HI]=1.87 mol - dm™
Sample Exercise 3: 7E25°C. latm [, N.OsF1 NO» F#JEA YIS N 3.18g-dm .
K () IRESMEIKTFEIS TR (2) EiXFA T, NoOs FIBMRE: (3) NO2 AT N2O4 1157
JEs (4) M N0y === 2NO» ] K,
3.18

1x1

Sloution: (1) f1 pV = %RT 8 M, ==—x0.08206x298=77.76 (g-mol)

SORE SRR RN 77,76
(2) W NoOs I R EN a
N2O; === 2NO;

¥] & (mol) 1 0 92
%D,_ me S =S —7776 @S a=0.183
SEHTRT (mol)  1-« 2a |
TS ER =1- o t2a =1+«
2 _
3) pa =—% % p, =0309atm) p., =—2 x p. =0.691(atm)
S - R 2,7 -

PRo,  (0.309)°
Pro,  0.691

=0.138

@ K, =

Another Solution: B3 MR H K Ko 2 1L A28 3.182 N2Os 1 E 714 po

3.18
np =
P =",

% 0.08206x 298 = 0.8453(atm)

N204s == 2NO»

¥ & (atm)  0.8453 0
TS (atm)  0.8453 - Px 2P 5.0.8453-p 42 p =latm .. p_=0.1547atm
(2x0.1547)"

LK =(2p) (p,—p,) = =0.1386

0.8453 -0.1547
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Sample Exercise 4: N [ IRfFEAIER, — K 2H S AR 0.5 Hy KA R
HEE O2o ST ATHBESTEAKRT IxXI0 M EAIE, 75 298K, 101kPa N, ik
fEZK B HIE (99.5% Ha, 0.5% O2) #id ki, KA 2Ha(g) + Ox(g) —— 2H20(g) B
SN Ao 1K) S i SRR Al ot A ik B 5K 2

Solution: M ZEHHEZR AT, & H0 ISR BERAE R AT A MAEA G ) =
—228.59kJ-mol™", R Z5 ) i B b AR BE O 5 A B 1 ER AR AR

al 457180

AG
AGT=20G5 y =—457.18 kI -mol”" S KP = eXp(—ﬁ) — et42% 1 38%10%

rom £~ m,H O(g) -

B4R 100mol FRFS 4 99.5mol Hyw 0.5mol Qs N JF A 2 P, O, T4 nmol, M
2Hx(g) + O2g) = 2H20(g)

2| A (moD) 99.5 0.5 0
RPM5E4A: (mol)  ~(99.5-1)  ~0 ~1 VK, T>>1, WEERMNEL.
ST A (mol)  (99.5-1)+2n  n 1-2n ng=99.5+n

KN EE p=p© FrbA

K= xi[zo B [1-21/(99.5+n)]’ 3 (1-2n)*(99.5 +n) 1
v x;: "X, 98.5+2n_, n (98.5+ 2],1)2’1 100n
99.5+n" 99.5+n

= 1.38x 10%

n~73x10" <<1x10°°
UL, SR e ik B R, A R E R I .
=\ ZtFEFLHPEZ—CFEFEHI75) (The Dependence of Factors of
Chemical Equilibrium — Shifts of Chemical Equilibria)

Le chatelier’s principle can be stated as follows:

When we disturb a system at chemical equilibrium, the relative concentrations of reactants
and products shift so as to undo partially the effects of the disturbance.

If a system at equilibrium is disturbed by a change in temperature, pressure, or the
concentration of one of the components, the system will shift its equilibrium position so as to
counteract the effect of the disturbance.

FATCLST PR T, TG 22 T 0 TH SRR € B U W R Ak 2 P A R 3R

1. XL 2E P4 5200 (The dependence of concentration on equilibrium)
Sample Exercise 1: 7E 830°CHI, CO(g)+H.0(g) === Ha(g) + COx(g)J K. = 1.0, #ilf
W [CO] =2 mol-dm=3, [H0]= 3 mol-dm=. ] CO #4k N COHIH R NL 7 L
PR R AFOIA 3.2 mol-dm™ ) HoO(g). FUGA ST, CO FifhF /b2

_[H,][CO,]

Solution: K,
[COJ[H,0O]

CO(g) + H2O(g) == Ha(g) + CO2(g)
¥ & (mol-dm™) 2 3 0 0
PR (mol-dm™) 2 —x 3—x X X

2
X

K =—=100 f#F x= 1.2mol-dm™
2-x)3-x)
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SCO MR N (1.2/2) x 100% = 60%
CO(g) + H:O(g) = Ha(g) + COAg)

¥ & (mol-dm™) 2 6.2 0 0
P (mol-dm™) 2-y 62—y y ¥
2
— Y 100 f#73 y=1.512
(2-y)6.2-Y)
SCOMEALE  (1.512/2) x 100% =75.6%
B
CO(g) + H2O(g) === Ha(g) + COx(g)
F— P (mol-dm™) 0.8 1.8 2 1.2
%P (mol-dm™3) 0.8z 5-z 124z 124z

(12+22=(08-2)(5-2) 144+24z=4-582 fi#15 2=0.312
S COMEMEN (12+40312)/2=0.756=75.6%
Q) fE—EIRE T, BRI IE (s NI EED P47 In) 1E S B T7 1) #
.
Q) =R E A — N B 2 A R E Ml &, DRSS — R AR
2. EJI AP 5200 (The dependence of pressure on equilibrium)
Sample Exercise 2: “T#7/A % : NoOa(g) <= 2NOx(g), FEFIEEM latm Ff, NoO4 [ fiF
THCN 50%, i8] A7 03] 2atm B, NoOu(g) I B iR T H % /b2
Solution: ¥ NoOs(g) A n mol, HEMEE Na
N204(g) <=—= 2NOa(g)

& 4 (mol) n 0
“FAES (mol) n-(1-a) 2no
2c
s
K =—2>*= ta
Pro, 1z
l+a

4 p, =latm, p, =2atm, o, =0.5,

0.25 o

4o’ 4a;
2 pl\g’ ’ =
2

1—

x2 13 a2=0.378

5
— 2
1-025 1-a}

Sample Exercise 3: & M JEE, FAMEAMBE/RE )Y 1:3. ££ 400°CHI 10atm ik
FPATEE, AR 3.85% I NHs (V%)
K1) )R Ny + 3H, === 2NH; ] K,»
(2) WREAFE] 5% NHs, SEFEZK?
(3) W HK R AV SRR N #] 50atm, A5 NH; KA E 280N % /b2
Solution: (1) "% ZEARL, .~ Ho fl Ny FIRFR 2 b 5 BE AR B2 U],
SOPETR Hy i N =301, EARAEREANSE. REA, FREREEH
1-3.85%=96.15%, HH1 Ha b 3/4, Noii 1/4
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1
w =10x3.85% =0385atm, p, =—x10x96.15 % =2.40atm
‘ 4
3
pH:=Zx10x961596=721aUn

2 2
0.385
K =P ( > 1.65x107"

r Py - p;l 2.40%(7.21)°

() A EEF] 5% NH;, WEERIENp
1 3
JUES} P =0.05p, py :ZX 0.95p, p, = ZX 0.95p

(0.05)° p*

- 3 =1.65x10"  f#f3 p=13.3(atm)
= x0.95px(=x0.95p)°
A P (4 p)

(3) # py =50atm , U p +py +py =50atm H p, =3p,

Dy = 50—4le
50-4p.)’
g #:1.65“0*“
(Bpy) Py
50 —4x10.62
844 p, =10.62atm .".NH; ] V% = #: 15.04 %

(2) fER FEAZRIS, SERIE Sy, Pl SR EE R Bk 1K 07 [ # 3) .
(3) RN J& SAR S T B D OV T & AERRIE T e bR F )y, 2%
FER SRR I Z 2 i .
3. XL AT I (The dependence of temperature on equilibrium)
(1) R R ECTAT B K A, TREE . R SCRRT, R BRSSP R
(2) bRUEPH B KT SR THIE R
H A Gu=—RTInK ©HI A Gni= AHn ETA Sy ©
T 298K~ T [X [ A Hyy ORI A (S SEAGFFALE S~ RTINK 2 A Hp 5= TASn &

AHZ1 ASE AH
Bl In K = — m( ) TR"‘, PLIn K% 1/ T 1E18, 2—4%HE% rm

o

A Hn ©<0, UlJTT VKLV, MBI RS TV K, AT RS
FHAHR >0, W T, K, KBRS T KV, RN BT S
(3) FhEr B, e P M W AT R Bl
(4) RBEAE Ti—~ TR EE XM, A Hino R A Sy HEA AN

AHT1 ASE AH®
i an;GL:_ cim () g S @, In K‘@‘ m(_) @)
R T R R

) KY AH_ 1 1. AHS1 1
O — @ A h—t=-—"(—-—)= ‘“( -
K R T T T, T
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a. CH1A Hn @ FI3E—EE FIRFEES K, KRGS —NREE TR P6 5
K &

b. WISE T PIFOREE R FEPEE KT K T, KRG A He

1
Sample Exercise 4: 7E 298K i, <% NO(g) + 502 (g) === NOx(g) 1

AGi& =-34.85k]-mol™!, A HiE =-56.48kJ-mol's X5 Kossk Al Kssix HOME (%
SEAE 298-598K VEFE P A Hn @ A3

ﬁ Ha ln 298K

34.85x10° )
Solution: AG Y =-RTIK,; K2 =—"""—— f#% K =128x10°
8.314x298
K2 AHZ 1 1 ;
= —om(———) G Kk =138
KSR 598 298

(6) XTI, Th i B P OV IR AR, (HEA ARG, TIRERIR L, wT BN

et A, (R R S AR B A S Ng A 0 TR AR, Thani i, R
JSE3E FE AN A ZR A vy, (B S S A A e B i

Hot and Cold Packs

Certain types of hot and cold packs employ solution reactions. The
most common cold pack utilizes solid ammonium nitrate and water.
When the dividing partition is broken, ammonium nitrate solution
forms. This process is highly endothermic:

NH,NO,(s) = NH, "(ag) + NO, (aq) AH® = +26 kJ-mol

The endothermicity must be a result of comparatively strong cation—
anion attractions in the crystal lattice and comparatively weak ion—
dipole attractions to the water molecules in solution. If the enthalpy
factor is positive but the compound is still very soluble, the driving
force must be a large increase in entropy. In fact, there is such an
increase: +110 Jsmol K. In the solid the ions have a low entropy,
whereas in solution the ions are mobile. At the same time, the large ion
size and low charge result in little ordering of the surrounding water
molecules. Thus it is an increase in entropy that drives the endothermic
solution process of ammonium nitrate.

One type of hot pack uses anhydrous solid calcium chloride and
water. When the dividing partition is broken, calcium chloride solution
forms. This process is highly exothermic:

CaCl,(s) = Ca**(ag) + 2 Cl (a AH° = —82 kJ-mol !
2 q q

With a 2+ charge cation, the lattice energy is high (about 2200 kJsmol ');
but at the same time, the enthalpy of hydration of the calcium ion is ex-
tremely high (—1560 kJsmol ") and that of the chloride ion is not in-
significant (—384 kJsmol™'). The sum of these energies yields an exother-
mic process. By contrast, there is a slight decrease in entropy (—56

Jomol K ™') as the small, highly charged cation is surrounded in solution
by a very ordered sphere of water molecules, thereby diminishing the en-
tropy of the water in the process. This reaction, then, is enthalpy driven.
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A A Closer Look Entropy, Disorder, and Ludwig Boltzmann

The entropy of a system is related to its disorder. The fact
that we can assign a definite value to the entropy of a system
implies that disorder can somehow be quantified. The cor-
respondence between entropy and disorder was first quan-
tified by the Austrian physicist Ludwig Boltzmann
(1844-1906). Boltzmann reasoned that the disorder of a par-
ticular state of a system, and thus its entropy, is related to the
number of possible arrangements of molecules in the state.

We can illustrate Boltzmann's idea by using the poker
hands shown in Table 19.1 ¥. The probability that a poker
hand will contain five specific cards is the same, regardless
of which five cards are specified. Thus, there is an equal prob-

19.1. However, the first hand, a royal flush (the ten through
ace of a single suit), strikes us as much more highly ordered
than the second hand, a “nothing.” The reason for this is clear
if we compare the number of arrangements of five cards that
correspond to a royal flush to the number corresponding to
a nothing. There are only 4 poker hands that are in the “state”
of a royal flush; in contrast, there are over 1.3 million nothing
hands. The nothing state has a higher degree of disorder than
the royal-flush state because there are so many more arrange-
ments of cards that correspond to the nothing state.

We used similar reasoning when we discussed the
isothermal expansion of a gas (Figure 19.4). When a stop-

ability of dealing either of the specific hands shownin Table  cock is opened, there are more possible arrangements of

TABLE 2.3 A Comparison of the Number of Combinations that Can Lead to a Royal Flush and to

a "Nothing" Hand in Poker
Number of Hands that
Hand State Lead to This State?
ag | [} apm|
L]
.V Royal flush 4
” * =
] y i) ¥
rz—-——\ - (B & r
L R b ¢ ’0 b«
¢ A A : : "Nothing” 1,302,540
=3 E ¢ 4. 'Y " ’[;. 1 0
the gas molecules, as depicted in Figure 19.5. Thus, theran-  strange as it seems to us now, was an unpopular viewpoint in
domness is greater when the stopcock is opened. Likewise,  physics at the beginning of the twentieth century. In poor
there are more possible arrangements of the H;O mole-  health and unable to endure continual intellectual attacks on
cules in liquid water than in ice (Figure 19.6). Hence, liquid ~ his beliefs, Boltzmann committed suicide on September 5,
water is more disordered than ice. 1906. Ironically, it was only a few years later that the work of
Boltzmann showed that the entropy of a system equals ~ Thomson, Millikan, and Rutherford led to acceptance of the
a constant times the natural logarithm of the number of  nuclear atom model. === (Section 2.2) Although Boltzmann
possible arrangements of atoms or molecules in the system: made many contributions to science, the connection between
S=kInW (197]  entropy and disorder is arguably his greatest, and it is in-

scribed on his gravestone (Figure 19.13 ¥).
W is the number of possible arrangements in the system

and k is a constant known as Boltzmann's constant. Boltz-
mann’s constant is the “atomic equivalent” of the gas con-
'stant R. It equals R (usually expressed in joules) divided
by Avogadro’s number:

B R __ 831J/mol-K

"N 602X 10°mol’

A pure crystalline substance at absolute zero is assumed 5 k log W
iohave only one arrangement of atoms or molecules; that is,
W= 1. Thus, Equation 19.8 is consistent with the third law of
thermodynamics: If W = 1, then S = kIn 1 = 0. Atany tem-
perature above absolute zero, the atoms acquire energy, more
amangements become possible, and so W>1and 5> 0.

Boltzmann made many other significant contributions
1o science, particularly in the area of statistical mechanics,
which is the derivation of bulk thermodynamic properties
large collections of atoms or molecules by using the laws
of probability. For example, the molecular speed distribu-
tions shown in Figure 10.18 are derived by using statistical
ics; such plots are known as Maxwell-Boltzmann dis-
rbutions. Unfortunately, Boltzmann’s life had a tragic end-
ing. He strongly believed in the existence of atoms, which, as

V Figure 2.4 Ludwig Boltzmann'’s gravestone in
Vienna is inscribed with his famous relationship between the
entropy of a state and the number of arrangements
available in the state (in Boltzmann's time, “log” was used

=138 X 10" 2J/K to represent the natural logarithm).
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