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Chaper 2. Work, Heat and Energy : The First Law

2.1 Work and The State of a System
1. Historical Notes :

(1) 1783 # > Lavoisier—" %f phlogiston theory (E{F ATk T%’?} caloric theory (substance of heat,
constant in universe, flows from warmer to colder bodies)

(2) 1798 & > Ben Thompson (Count Rumford)i} Miinchen, boring ()% ”ET

(RRBE T )
T’JJJE[EJF?*J’E O By Jfﬁ‘ R e QF’T}’;W%A
test—> o5 H [ PERFUTS 0 F AL V&) lﬂéi% NER
O % 57 = FA ST
test—> 1799 Humphry Davy H! 2| VBfzsfip) > UJ‘?F’*EF PR B (0 4 B (l“fﬁf LB
VG (e R 2R f'%i_j' FER) -
SR TR LIRS SR
IS ETVHE 2 il » 536 joule |(F' ?F4.184 joule)
(3) 1840 # » HEEI [ (&7 mechanical system f[1FE4E <"
TPFEVET D e T s (PSP R B S A
(4) Julius Robert Mayer » 1814 & & » ZEH|7 1=
1832-1838 = g 28] £ ([EH 28] }F [R5 (TR S [°‘3'3£LF@
FF”TP (A E | F‘fid'[”[% S FL PSRV
1840 £ i » £ (Surabaya) PR T (R ERALET)

_ it %W FITIRLT > PTG D On SR SR
Y L YRR R N

FIH] L RUE T o o)
#1842

* momentum ~ work - energy Fﬂlﬁdﬂ’l' , WJ@E
» Annalen der Chemie and Pharmazie } £ <& ﬁ??l/ :

El365mﬁ'“ ETs N VPl ﬁlfg jj’j.[»’*’“‘ VupEIeC (0 % 1°C)
RIS ENY R {1 cal #3.56]

(5) James Prescott Joule

1818 & £ 4% Manchester [{f3/T > < HIkL brewer > [t Dalton > 20 Z[[ | e | 1 8%

1840 # Q=T"Rt(J) > ?Eﬁff_ilf‘ PE R RS E’@T&?ﬁ@@]ﬁ + B8l paddle JpEL -
1849 # Royal Society ﬁlﬁ?j ”On the Mechanical Equivalent of Heat”

TTZ a1l 11 H, 0l = 1 ca‘ =4.154]

% ‘E[T# H4.18J

2. Work
(1) Zv]S VIR (755 macroscopic BN
based on empirical law » f/mﬂj?, LIy RE
T f@é%’ni"J%ﬁ&’ﬁﬁﬁjﬁ I~ ﬂﬁ'ﬁ%%“‘jf i IJE’W ; WIFET%%{JF&’%W
(FURL ¥ F'1 microscopic {148 » i’ [ JAELTAHFIFATR N -
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(2) Work 7 & ¢

Carnot : weightx height lifted = work

Coriolis : work done on the object (= force) x distance the object is moved (in the direction of the force)
) [ =F, ] 2 work

A EFL B R ) > Bldw=F-dr = |- ‘dr‘ cos

@ T-gi%E 4 work done on the system 151~
] I} system Fgf[1-= > i) work £f energy .V — 7€
PRI system "S55t (=0 > ] work £ ET
@ infinitesimal process : F [*i 5]

w=[F-ds = [(Fudx+ Fdy+ F,dz)

L\N
line integral , iﬁ% path #i 7}
Al work kL Py vs. Vi ™ Vi 55

® ¥} closed fluid system (]! : piston)

F
= dw=F dz =" gdz =P dV
P A

ext ext
ext

i_Pext ’ _" Z Popposmg ‘Fly Psystem

i
5atm |[«———2 atm 2 atm [«—— 5 atm
> 5=, w=—2 AV, ELET [ < ESHE, w=-5AV, EL -

@ Free expansion : w=10
® Reversible work sicMaximum work [V &,

(A) R, =R,

ﬁ’y |dw, =-PdV
®) ]
path fL well defined

work H[[£% path ™ PV R (D g fif)

0 .rV nRT |4 .
¥fidealgas: w,,, =—JPdV=—j ” dV =-nRT ln72 ok Eq. 2.1-13 6 il

2 J—
S5FvdW gas: P = nRT_gj wreV:nRTan1 b—nza .1
Vb ¥ V,-b

® Work = path ¢ I Fﬁ%
AT+ e P initial » final state
Yt [FPETY work” o Jl[fI#H1 “history” »
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gl Pex N
reversible I‘, reversible
f N f
| ] o
0 % \ 4
. . irreversible
irreversible
work T [ﬁj ’ ['E:T—‘[Jii_ﬁ'[ﬁj final state
Al + work kL state function
3. Hdpr
intensive.| extensive
hydrostatic P 14 —PdV
surface ¥ A ¥ d4
elongation 4 L fdL
electrical ¢ 0 ¢ dO
gravitational v m v dm
4. Exact differential
ge=e B odf (x, y) = M(x, y) dx + N(x, y) dy

(ﬁ‘ﬁ‘fg: ‘}-’))x _ (awgi ¥

e o-(2) el

)‘f . HI df it exact

j dy H[JES exact

parg, (2 |-[ 21
“ axay ) | oyox

@ Ldf =2 path E'F,j%

J.pathl df =A+(B+C) ,

df £ exact, [

® $df =0

i f b state function

df =(A+B)+C

path 2

@ f(x,yz)= df =Ldx+M dy+Ndz

oM oL
E'”(aylz (El,;(aly

_(8_Nj (%) _[oN
e ), ez )3

|

jx,z
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2.2 Heat
FIFpY * % heat A1 temperature #! 32 11%
Z|[| Joseph Black (1728-1799) ‘jul THAEE ST HI

(F175%] heat £L “imponderable fluid” (-3 AL iy J,S'EA) g Tt e
1. dg =CdT C : heat capacity
=cmdT ¢ : specific heat (capacity), m : mass

molar heat capacity
Com=Cp/n  (const. P)
Cym=Cy/n (const. V)
C AR ERT PR T it F )

g=[dg=[CdT = CAT if Cconstant F AT ]

2. phase change : & T=0 ff! (7% | q(latent heat), (1} “‘E%'Jf > [REVERENE 1)

]+ -+ 0°C,latm, q=79.72 calg” H5 333.5 kikg"
100°C, latm,” q=539.55calg” -F 2257.5kl kg’
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2.3 Internal Energy : The First Law of Thermodynamics

1. First Law 7 278 1[IVt -
(1) For a closed system and for any process that begins and ends with equilibrium states,

A Uis definedas AU =g +w and is a state function, H[] : §dU =0
N

internal energy ﬁ‘} thermodynamic energy
(2) ik sophisticated fUFIE ¢ (pl1 “7” pUIRETE)
If the state of an otherwise isolated system is changed from A to B by the performance of work, the

amount of work required depends solely on the initial and the final state, not on the path.
P E3 dU = dw,
Bkl dw (path dependent, *|d#5) 7t special case "t dw (path independent, ™| d %)
g VERI@ELg=w , —w=AU - w

diathermal

ST
i
(3) For an isolated system, A U=10 -> Energy is conserved for the Universe.

(4) It is impossible to construct a perpetual motion machine to produce work by a cyclic process
without any change in the surrounding.

Bl T\F'J—thﬁl\F[[;i |
“Perpetual motion machine of the first kind” & % ElfJ'F’J‘ZE fif £l ]IIBLIS‘FEIU’FFEE R %

g
2. <Note>: @ 1% law fi'jif ER B VEE £S5 L

7 2 — = 2

IE”?J?y‘I_“J FI y Etotal :I/g+mOC +U

Ny e __internal energy
gravitational potential

TR DO bR e 3

#f closed system » [I[| £, = U + constant
@ 1% law FﬁﬁﬁfjﬂA U 0ZEU. L a6t
® ©fideal gas, U = %RT FURL T 2V e

#-3]] : ideal gas . isothermal process AU=10
“classical” molecules :

Tt ﬁfj’?ﬁr’\ » rotation oI % i » vibration " T Eifel
[RIfF= {U z% RT  for diatomic or linear polyatomic gas

U~=3RT  for nonlinear polyatomic gas

< FEHD [ H SRR SR TR (R
& P e[JF/%[ [“5HS (GEEVRB()
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2.4 Calculation of Amounts of Heat and Energy Changes

1. Heat Capacity Cy
dg=dU -dw=dU + P _dV

ext

=dU (ifdV =0)

9 (dg), =(dV), = [ff; j dT =C,dT

Note: [I#5E PV work 7} A5
jE'I"EJ (e F_, =)
Hldg, =dU

o (&), A3
or or ),
gﬁ% simple system (I[]: [{[=PV )

2. Dependence of AUon Tor V'

U(T,V) for 1-component system
T FLICEIFE - 2577 2nd law J[]H1 U (S, V)§EG o

dU = (an dr + (an dV - %} ideal gas (a—Uj =0
or ) oV ); oV );

heat capacity  internal pressure

3. Joule Experiment

oU
1843 =+ > Joule FENH]| —
oule ﬁﬂj(m/}

T

Internal pressure

ou oT \ (oU

el e P :_:“JCV
oV ); ov ),\er ),

Fﬁ'?‘,ul =0 forideal gas

U <0, |l (Z—gj >0

cooling on expansion

£1 Joule coefficient 4, = (8T)
ov )y

system = Zf + water bath
q=0 [HaeEs
w=0 [X free expansion
_(oU a
(2] - (Yar), __ 4

oV a%T)V ¢, o

HERH, P=22atm, 7] 16 86, 27, s iA

4

m.:h.

2EZH K Figure 2.5

43 %‘
4a

Note: [ZUj d7’ T kldg

only constant V' E?J: +RL

=~ forvdW gas

T

&y
iiw
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2.5 Enthalpy
L g H

:E'ﬁﬁ?fﬁfj‘?} constant P *3%15 » P=P_, if heat is added slowly
dg=dU + P dV =dU +d(PV)=d(U + PV) for /s

5 enthalpy (*ff, ) H=U+ PV, *1}L state function

Il (dg), =(dH ), for simple system

simple system

e A AP

P or ), \eor ), \or), or ), \oT )y

'(aUJ (an [an } (GVJ (auj

=l —=|+ = || = |+ P = | =| —

\ar ), \ov )\or), or J, \oT ),
=_P+(Z—(;)J 6—Vl =idealP~(g—Z]P FIJE | 2nqlaw, ]

&
o AF

oT
—T(a%f)f _aIT
(aV B

Kr

2. Joule-Thomson Experiment oP )v

1852-62 *F

) (2) (el

oP ). (a%H)P == Cp

T
Joule-Thomson coefficient , 1, = (Z_Pj for ideal gas , u;; =0

1,2 Fﬁ—j& initial * final ; R, L f%?[gbﬂi@
q=0, lﬁﬁﬁ%lfuzo,vm_o

TBw=-RV,-V)=+RV,

Fli%wz P Vee = V) = =B

w=PV, —PV, =—A(PV)=AU ([X ¢=0)
AH =AU +A(PV)=0

22EZHAK Figure 2.8

Ly BT cooling on expansion
(=7 Ar, H, ® He 9t > room temp. .V u,, >0

7
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inversion temp.

723 K 195K
F‘EFIJ 3(&[ %‘?ﬂ

448 K

{IF#T (84" ] vaporization )

4, (K/atm) 0°C T,
He -0.06 448 K
N, 0.266 621 K
H, -0.03 at 298 K 195 K
CO, 1.369 1500 K
C,HsCl 5.22

3. YT kL simple system ¢

PREFE )BT

/K
upper T;
400 A
Hit >8 Hr =0
>
Hir N,
200 lower T;
i H,
He
i i P/ atm
200 400

YT

AU=g+w+w (W t@%ﬁi)

EJ?J PV

(simple system)
(O constant volume * q, =AU —-w' gy =AU
(@ constant pressure g =AH —w g, =AH
(3 adiabatic ‘[ﬁﬁ}d“ 'PVwork | w=AU—-w w=AU
2.5A W H 551
1. Internal Pressure (G_Uj
ov );
= Eldeal Eﬁ » F[ interaction potential
‘ ‘ T B‘,lﬁ‘_
\)[;T/ ’E*t expansion Eﬁ r A
.41 - PTS'F' SRV~ HY BT )

e ELAE
ov ). \aor),

AN

[/ IIT .

[FifEl vdWgas,

AN N
" ideal P Teal P
_RI_RT  a_a
= .
PPV b Eop (@] :T[R+
RT \V ov ).

p_RT BRT
Voo

ideal PH[|P®¢ T, =% T— %453 F |7 T

P Iy [12‘
i_BR B'R

Vo ov? Vj

!

B

(&)

RTZ( J
y? \dT

5 ]



2. @ E PV

au {a_Uj dn(a_Uj ar
or ), ov ),

dU = C,dT + {T(G—Pj = P}dV
or ),

?

o D] .
EHIER oV A [ P (] PAV )

[ﬁjfﬁl (-P>V,dV >dP) »

PREISC ) BR 5 2 mm e

fNIF= AU = C AT > FUT ¢
O Cvj\ﬁ}ﬁTﬁlﬁ,
oU
dV=0 & |— | =0
= f [anT
(® 1< phase change

(FII’I#‘;‘:T ideal gas, Ay=chT )

I»A
o 'l a=0, P:VR—T , PV=RT+Pb

y-RL.s, T((W]

or
oHY
Al (El =b

“excluded volume

=V-b

P

SVAW,P =S P b)Y =VRT ~a(V ~b)

%77 (P = constant)
tH 3PV*dV —=2bPVdV = RV*dT + 2RTVAV —adV

AN RV
(d_ij _3PV2_2bPV -2RTV +a
V_T(d_Vj Ay RTV?
ar ), 3PV —2bPV —2RTV +a
3PV? —2bPV? —3RTV +aV
3PV —2bPV —2RTV +a

UM a=0, ff RT=P(V'—b)

oT ). 3PV2_2bPV —2PV?+2bPV
=b, A3

V_T(aV) _3PV®-2bPV* 3PV’ +3bPV*
P



2.6 Application to Ideal Gas
Ideal Gas J/ [%#7 :

U(T) function of T only » F[JSF (8 %V)T =0 (GC%V) =
T

H(T) function of T only » F[JSF (8% P)T =0 (8(:%]3) =0
T
- (2

(2] (2)-(2)4213)-
ov ), ov . \or ) \av ),

j _(
P

LGP

oV

PREFE )BT

Fs L1, 1) AT=0 =AU =AH =0
= [~ PV =—[PdV =- "RT 4y = —nRT In 2
reversible  ideal gas !
=—w=nRT ln5 B nRT lnﬁ
(P2, V2) 1 F P,
>V Jubiii i V£ — §% =T
f/[ TR RIS & 2/ 25 [ LR V587 i
(2) Reversible Adiabatic Process
Py &P V1, Th)
g=0, AU=w
isotherm CdT = P dV = —PdV = - gy
ideal gas ﬂ ideal gaSV
reversible
) C
24 [=rdr =] Rav
o T V
IFlAsAp 5 isotherm 7+ fRES C, = constant
el G, ln£+Rln£:O, lnizi lnﬁ
T 4 6N

(52 PV = nRT ™ %)

-R R _
= = = 1y ( or ideal gas)
L) " v v ¢ 3
fE! L_5h (for ideal gas) » PV, =PV,
T 14
L -y
P, [l] =[ij 1 et Lz(ij
1, i N

T
ﬁy AU:WZCV(TZ_TI) (Tzlfluﬂ?w:’{;&)
AH=CP(T2 _Tl)
fﬁéﬂ;‘ [(REIEpIEVE ] 327 918
AR > B IREREE Y R
10
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(3) Irreversible Adiabatic Process
P, K[t = Py iz, FEF] const.

Pat p, Proeunm
\\\‘ =74
P> Hh%"'«,(Pz, Va, T7)
14 14
=[PV ==P,(,-¥)=AU
. 3 3 RT,
l@r%cv :ERt iconstant * H Cy (7, Tl):—Pz(Vz—Vl),ER(Tz—T):—RT +P—L P
5 3 P,

~RT, =R, +?2RT1

1

(O ! reversible adiabatic expansion £ :

P Pl less work done — less cooling

P, 0,
rev. adiabatid rev. isothermal ® i/,H%\ 2 =0, HIY; >
: — ‘/ ﬁ? PAV Tkl zero » PAV =PV,
0, [T, =0.6T, TfEBOK

| E— TR,
; /\\ X 7 3 Sl B 5
: : [REL =RT, J/Hugﬂ@”f’b RT,
2 2
v, \ Vs A A
CV CP

irreversible adiabatic

c.f. reversible E?Jj »P,—>0,T,>0

11
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2.7 Application to Non-Ideal Gas

gty
4 (Y%) 0. 1)
HlpE
AU:jCVdT+j[T(5%T)V—P]dV vdwW : P—%—%
- jCPdT+j[V—T(5%T)P]dP
For vdW gas, (GU/V) (6 8T) P=T-%—P=%
(a%P)T =r-T ( %T)P ~
(1) Reversible Isothermal Process
f
AU =0+ %de—%i Sy oy B
Ua
W= J.ﬂxth——IPde—I(%—%jdV \ ‘ ‘ o
A [L 1 ] \/[;T/
4 —b v, n g"ﬂ[a{ A ﬁaﬁv‘sﬁ E\[ < [EH-1deal gas J/F[ s
g=AU-w=RT In’2=° \& w [l T q I et :E@ﬁﬂm%dl
Vi=b PRIET, [ ]sdRd 5 internal P

IE 751/7\—\*5*' T lﬁl@[ cl?‘TE;l

AH =AU +APV) =24+ 9 ifrpte _ 4| [gp Lo
v,V %

ST e b V.-b ¥,
_~2 2 bRT( W T oy g B
B V1 V,-b V,—b V,-b V,-b
(2) Reversible Adiabatic Process
q=0,AU =w

C,dT + T(a—Pj — PV =—P, dV =—PdV
or ).,

TEI%CV constant, C,d7 =-T (GPJ

\%
Car={2) o
T or ),

dv

12
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for vdW gas , %dT:—idV, ln£=——ln

|
j [Pz +"ZJ(V2 ~b) S (P+%](V—b)y = constant

13



2.8 Calculation of Enthalpy Changes of Process without Chemical Reaction
1. f T VA

(1) constant P: f\'H.“]“‘(Z—I;j =C. AH = ICPdT
P

p
A. 1dealgas, C, :yR
B. = 4¥f1C, #E5 Co(T) = a+bT+T— L34 p.1212 (Table

i AH:ja+bT+%dT

—a(T, T )+~ b( 12)—{%—%}

2
(R A] atany T, BI%]! C(T) W8~ T Hf
C. graphical method F‘} numerical interaction

G

Ty T,
D. #5& phase change

A H ﬁ‘fﬂ' vapH (ﬁ”l 0 BH fl‘fﬁﬁ vap)

OH
2 tant V', J||7f | —
(2) constan [l (GTJV

(aﬂ) [8Hj (aHj (apj (6Hj a
— | ==+ = | = | =C+|—| —
or ), \oT ), \aP).\oT ), oP ). K
o oT
:CP(I_MTK_TJ ) ﬂJT:(EjH
” m{v (%) 1]}
oT ), Kk,

2. [f& P VA {™ at constant T
OH . oV
B @i v-1| L =v(-ar
(GPJT HyrCp F s [aij ( )
PV 1
5L virial equation, z=——=1+ B(T )—
RL q Y )

V:E+B(T)RT RT+B(T)
P PV P

14
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(aH)T _RT, B(T)- T[E +aB—(T)j = B(T)- T(aB—(T)j

P

P P oT oT
W:B=b- Eu[@_f’j :b_L_T( azj:bf_a
RT OP ). RT RT RT

3. B IR A |

(1) ¥ : 1mole Ar (1atm,300K) — (20 atm, 400K)

P
20T 13777
! EE[%_’— path a F% b f5"
(atm) | | i . , B
. T 2 ideal gas 7] a g
— ; T
300 400

(O constant P, AHzgR-AT:§x8.314x10022078.5 Jmol™

(@ constant T, (a—Hj :B—T(a—BJ
oP ), oT

{7 * F] vdW equation,

6_]—1 _ L a a _b_2a
OP J+ RT RT RT

3
Z3219x10° x10° —2x 2130310 6 0195 4 mol
8.3145% 673
ol
AH =(20-1)x(=0.0172) €-atmx(0'082j J
8.314 ) /-atm
=19x(~1.745)=-33]
ﬁ#@%—@ =2045 Jmol™
(2) Irreversible V5] : latm, —15°C ™% , “Js5dilF
273 A 5> B Cp TRET [ydsig 2
273 B . -1 _ -1
7| o o @ [ C((dT =76.17K " mol ' x15 =1140 J mol
@ 18.02 gmol 'x (—333.5)Jg '= —6010 J mol '
258 | < F

® [C,(sMT =37.15 1K " mol ' x15 = ~557 J mol "

AH = D+@+3®= -5427 Jmol™'

15
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2.9 Enthalpy Changes for Chemical Reactions
1. { exothermic FvZ' |, AH <0
endothermic [FZ' | AH >0

1 equation F=y ZC: v.F, =0
- f]%']\,—Formula for ith species
7B

—: for reactant

+ : for product

HlAH = Z v.H, (i)

2. 7t standard-state
(1) liquid ﬁ? solid : pure substance at 1 bar and 298 K
(2) gas :1bar [ ideal gas (84E, # “i% &, ([}l correct for non-ideal effect)

H

ideal gas — ¢==-------- + < standard state

0 1 bar P

AR ) g |
3. Ao standard-state enthalpy change S EF A Figire 2,10
D Dd 37188 Al
AH(i)

C

At = Y (8, ()

4. T —dependence

AH(T,)= AH(T)+ jTT AC,dT

5. adiabatic reaction

AH;—;WEL@@(* 22K Figure 2.11
AH, =AH,+AH, =0

AH, = jTT ;vicp ()dT = -AH,

16
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2.10 Energy Changes of Chemical Reaction
1. AU =AH -APV zaps (e V?E'%?
~ AH —(An)RT An : gas ,_'/ mole g¢feh [~

2. Bomb Calorimeter
constant V [V @&

it Cy, AT - ¢q = —CV(AT):AU
2
AH = AU+(An)RT
(£~ @ product & fliii—"> Tl %
@ AH(T )T L constant — H| C,(T) {1~
® PTAL T bar, [HST-EIT
(@ heat of combustion of wire

C WA= C/H AU, =0
I 1g | BT, AU BIfEL A — D, H[JAU
5 AU + AU =AU,
i s - _ T, Product
1§ S i AU = =AUy = L] €, 4T
— ,[ = _IAE Reactant
Reactant  Products M I, 2 AU =AUy = .[ Cy dr

3. Average Bond Energies ([ I't |7

: il
f: H H
=’ +H, - H—cl—cl—H
/ N
H H H H

g} Table A.9, ’fi@’i%CZC 613 475 C—C =348 kimol™
H—H 436 2C—H —(2x413) kImol™
= —125 kJmol™ B[E—134.5 kJmol™

Sidney Bensen : Bond Group Additivity Rule

2x(Cd)(H,) :2x6.78 =13.56 keal mol™
2x(C)(H;):-10.2x2=-20.4

+ 0.8 gauche correction
AH =-33.16 kcal mol™" =-138.7 k] mol™'
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