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1.1

(1.1)

(1.1)
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"

"

(unit operations) "

(thermodynamics)

(chemical equilibrium)
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(chemical kinetics)"

.(chemical reaction rate)

2 (1: (conservation laws)
(momentum) (3
(energy balance) (mass balance)

(momentum balance)
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(2.1)

2.1
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A+B

A+B

(phases)
(homogeneous)
.(heterogeneous)

.(catalysts) "

(reversible)

(irreversible)

(parallel)

(consecutive)

(complex)
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(reaction order) "

(gas-solid)
(liquid-solid)
(gas-liquid-solid)

(gas-liquid)

liquid-liquid
q q

(solid-solid)

(fluid-solid)

( -

(vessel)

22
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(commercial plants)
(bench scale)

(pilot plants)
(1)
2)
3)
(tank)
(tubular)
(inert)
( )
(batch reactor)
(3.1)
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(3.1)

(semi-batch reactor)

(4.1)

()



(4.1) ()

()
(continuous flow reactor)
" (5.1)
(continuous flow stirred tank reactor) "
" " .(CSTR) :
) ( )
(

iy

(CSTR) (5.1)
25



.(tubular reactor) (6.1)

—
—
| l |
(6.1)
(isothermal)
( )
(nonisothermal)
(adiabatic)
( )
(nonadiabatic)
( )
(steady state) " "
- t C T P
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dP_o Al o 4G 9GS 4G
dt dt

(unsteady state) "
(start up) "
.(shut down) "

(plug flow) "
.(PFR)

.(ideal reactor)

.(nonideal reactor)

(CSTR)

(radial)

(axial)

"

.(perfectly mixed)

(piston flow) "

(plug flow reactor) "
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:(fixed bed reactors)

(7.1)
[29,27,18,15]

(7.1)

:(fluidized bed reactors)
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(8.1)

(generator)
[29,27,18,15]

:(slurry reactors)

(suspended)

.(slurry)

-:[29,27,18,15]
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(9.1)

:(trickle bed reactors) (

(trickling)
i7"

S H, + H,S (10.1)

A\

[29,27,18,15]


Amira
Arrow


LAl

(stoichiometric equation) "

e
N
(1.1) A 0
j o1
J
J (stoichiometric coefficient)
()
)
ok
2H,0 H,S 3H, SO,
4 321 j 4
J
-* (1.1)

4.1




(1.1) R

32

S
(2.1) ;'1 ijAj 0, i=1,2,..,R
N j
3H, N, 2NH,
H, CO, CO H,0O
H, 4, ,N, A4, ,NH; 4,,CO, 4, , CO A4, ,H,0
- (2.1)
11A1 12A2 13A3 14A4 ISAS 16A6
2 IA 1 22A 2 23A3 24A 4 25A5 26A 6
11 39 12 19 13 2’ 14 O’ 15 O’ 16
21 L, 0, 55 0, 5 Loos 1 5
24, — 34,-4, O
Ay, Ag—-4,-4, O
(
(independent reactions)
[24,1]



5.1

(advancement of reaction)

(extent of reaction) "
" / " (mole) " n

(fractional conversion) "

Gield) " v

(selectivity) " " /
1.5.1
(1.1)
IAI 2A2 3A3 SAS O
- 1
A (o) DAy (3 DAy e (¢/ DAg 0O
( )
N, (dr)
AN, , dN,, .. , dN
dN (3.1)
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4.1)

(5.1)

(6.1)

(7.1)

an, Ny - dN, dN,
1 3
- ()
dN dN, _ dN, _dNg _
1 : i )
- 4.1)
dN,
L Nj dN N] B Njo
i N j
Ny, 1 J N
N, t=0
Njo
(6.1)
N; Ny J
11
( %20 %80) 100

%25

3H, N, 2NH,
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NN

M) Nt 100

(1) N NH,

Nt 100 2(10)
Nu, 80 3(10)
Nn. 20 10

Y 12.5

(i=12...R)

(7.1)

(8.1) N. N

(7.1)

80 3
20
0 2
Nt
2
an @
80 , mol
50 , mol
10 , mol
% 62.5
J
Ri R
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8.1
; (25.1)

27.1) rook R
reactants ~ / products J
= [ Jl:
(elementary reaction)
- .(nonelementary reaction)

2A B 2C
r kC%Cs )
s sl 111 a bl 22
B A
r kC,CY?
(HBr)

H, + Br, k 2HBr
45



(collision theory)

)

(overall reaction order)

v

k Cyt, Cany

' 1/2
K CH2 (CBI2 )

K" Cyp/Cap
kl "
I. Br 2Br
k'
* kz *
2. B H, HBr + H
k'
3. H Br, * HBr+Br

(transition state theory)

18 27] (

46
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2NO 2H, N, 2H,0

r k(:ﬁocH2
(n 2 2 4 n 21 3)
H, NO

10.1

(molecularity) " "
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( )
(disappearance)
J

(28.1)

(10.1)

11.1

J
(appearance)
-J
(25.1) (24.1)
r
T
(component reaction rate)
J
T )y 7
r; (app)

J
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4.1)
-:(28.1)
A 2B 2C
C, B, A
- r

& app ar r

"B wp gl 2r

e app old 2r

B A
C
J
(29 1) (rj )disapp (Vj )app j 7
(disapp)
B A
C
) j
R
(0.1 (rj )qvp i "i
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.[28] (spontaneity of reaction) "

65

"
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2.2

(heat of reaction)

H  (enthalpy) T

(reactants) H (products)
-k H, T
(1 2) H, r H products ~ H yeactants
S
(2.2) H, JH
il
;o T J H
J
H}"
(exothermic) H,
.(endothermic)
P T H,
(standard conditions) H,
.(4.2) (3.2)
(1 atm)
(1 atm) T
25
(0) Hy
(2.2)

66



S

3.2) H® jH;?
jl
J HY
(heat of formation) H?
( Hp),
- (3.2)
N
(4.2) H? ;o HS
j ’
H;
H,° H? HS  (heat of combustion)
- H; 4.2)
N
H; ; HE
jl ’
4.2) H?
( He ) Hp
T
T
T* : 25 (1 atm)
25 (1 atm)
T
Hp HY
T
(1.2)
25 (1 atm)
H¢ [28,27,24]
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(1.2)

H f © H P © H p ©
(cal/mol) (cal/mol) (cal/mol)
AI203(s) -400492 | Fe304(s) -267298 | NO2(g) 7911
CaCO3(s) -288616 | FeCl2(s) -81688 | N20(g) 19610
CaO(s) -151787 | FeCl3(s) -95478 | N204(g) 2170
Ca(OH)2(s) -235676 | FeS2(s) -42590 | NOClI(g) 12359
CaSO04(s) -342850 | Fe(CO)5(1) -184986 | HNO3(1) 41610
CCl14(D) -30688 Fe203(s) -197295 | HNO3(g) -32279
CCl4(g) -22939 H20(1) -68317 | HNO3(aq) -49559
CHCI3(1) -32138 H20(g) -57798 | PCl3(g) -68593
CHCI3(g) -24660 H202(1) -44879 | PH3(g) 5471
CH4(g) -17889 HgCI2(s) -53608 | P4010(s) -713176
C2H2(g 54194 HgO(s) -21708 | H3PO4(1) -305681
C2H4(g) 12496 HgS(s) -13910 | C3HS8(g) -25023
C2H6(g) -20040 ICI(g) 4185 AgCI(s) -30355
C3HS8(g) -25023 KClI(s) -104367 | AgNO3(s) -29729
CH3OH(]) -57036 KCIO3(s) -95057 | C7HS8 (g) 11950
CH3OH(g) -48100 KI(s) -78368 | C6HI12 (g) -9960
C2H40 (g) -12190 C8HS8 (g) 35220 C2H402 (g) -116400
C2H50H() -66203 KOH(s) -101508 | NaBr(s) -86284
C2H50H(g) -56625 KOH(aq) -115286 | C6H14 (g) -39960
C4H10 (g) -30150 C5H12 (g) -35000 | NaCl(s) -08258
CO(g) -26416 MgCl12(s) -153347 | NaCl(g) -43359
CO2(g) -94052 MgCO3(s) -265694 | NaCl(aq) -97338
CS2(D) 21369 MgO(s) -143696 | NaOH(s) -101797
CS2(g) 27891 Mg(OH)2(s) | -220965 | NaOH(aq) -112127
HClI(g) -22062 MgS(s) -82694 | Na2CO3(s) -270254
HCl(aq) -39951 PbCl12(s) -85899 | SF6(g) -288951
HgClI2(s) -53608 NH3(g) -11040 | H2S(s) -4815
HgO(s) -21708 N2H4(1) 12101 SO2(g) -70960
HF(g) -65319 NH4CI(s) -75177 | SO3(g) -94589
HF(aq) -79499 NH4NO3(s) -87369 | H2SO4(1) -194546
FeO(s) -65008 NO(g) 21579 H2S04(aq) -217316
H;
(4.2)

68




(1.2)

CoHa(g) + H2O(l) - CH3CHO(g)

. H ; 25
T* 25 T
CH,CHO L, H,0 L, CyH,y !
- 4.2)

(0] (o] (6] (6] (o]
Hr, T* H},’ 25 OC Hf,CH3CHO Hf,HzO Hf,C2H2

Hp (1.2)
- 25 (1 atm)
H}”HZO 68,317 cal/gmol
Hy CyH, 54,194 cal/gmol

Hj cugcno 39,760 cal/gmol

H® o 39760 ( 68317) (54,194) 25,637 calig mol

(2.2)
- H?

CoHy(g) +302(g) - 2COx(g) + 2H20(g)

Hy 25

69



- 4.2)
D HY rw 2 H;,COZ 2 H;,HZO H;,C2H4 3 H]?,oz
H? (1.2) T+ 25°C
H},Coz 94,052  cal/gmol

H },Hzo 57,798  cal/gmol

H }’C2H4 12,496  cal/gmol

Hyo 0 @
H: 25 0c 2 ( 94,052) 2( 57,798) 1(12,496) 3 (0)
316,196 cal/g mol
3.2
[28 24]
- P T H;
H, f(T.P)
P T (2.2) H,
H, f(T.P)
H}"
- P T (2.2)

70



(5.2)

(heat capacity)

(6.2)

(7.2)

(8.2)

(9.2)

T*

(10.2)

r . J
J
dT p In dT P
- Cp
de c
ar pJj
- (5.2)
d H S
- J ij
dT P j 1
S
Cp J ij
j1
- (7.2)
d H, C
dT p
(9.2)
- T
T T
T*d H, T * Cp dT
(1 atm)
H? H ! C, dT
r r,T* T * p
25 ) T*
T
- Cp dT
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7.2

K (6.2)

.S H° G°

K ; 1.7.2
K (322)
GO
ST (322) K
d G
T G°
d K
(34.2) a L ar_
dT R T
(24.2)
(35.2) dG° ST
SO
d G
36.2 5°
(36.2) o
(28]
(372) G me TS
G° (@ G°/dT) (372) (362)
- (34.2)

85



HO

dInK
38.2
(38.2) o7
K
39.2 RIn—2%
(392) N
H.°
K
40.2 In—=%
402) N
(38.2)
T HS°
(18.2) (17.2)
T
(39.2)
[RIn(K,/K))]
T,
T
500
25
25
.(38.2)
(15.2)

RT?
T2 Tl
TZ flzr dT
&
H°
T2 Tl
He 11
R T, T
H°
T H°
(16.2) (15.2)
HY°
(38.2)
7, T,
(7.2)
(6.2)
T H?°



Cp (4.2)
-:[28,27] (13.2)
Cp, (keal/kmol °K) Hj  (keal/kmol)
@]1 atm , 25°C
3.381 +18.044 10°T-4.300 10°7T° ~ 17,889 CHy4
7.256 +2.298 10°T+0.283 10°7T° - 68,317 H,0
6.42+1.665 10°T—-0.196 10°7T° ~26,416 CO
6.95-0.196 10°T+0.476 10°T° 0 H,
(4.2) HY
- 25
Hy p« Hfco 3 H;,Hz H;,CH4 H;,Hzo
( 26,416) 3 0 ( 17,889) ( 68,317)
= 59,790 kcal/kmol CH, 250,161 kJ/kmol CH,
(15.2)
- (14.2)

(6.42) 3(6.95) 3.381 7.256 16.633

10°  (1.665) 3( 0.196) 18.044 2.298

19.265

10° ( 0.196) 3(0.476) ( 4.300) 0.283 5.249

- ACp (13.2)

Cp 16.633 19265 10°T

69.592 80.605 10T 21.962 10 ¢ 72

(18.2)

87

5249 10 * 7% . kcal/

o
r, T*

T+ 298K

K
, kI/ K

1




3 6
I 250,161  69.592(298) 80‘6025 10 (298)* 21'9623 10 (298)°
232,808

(17.2) I

- Cp

H®°  232,808+69.592 T 40303 10°7> 7321 10°7T°

- (38.2) H°
T i 372 673
pin Ky H232,808+69.592 T 40.3023 10°72 7321 10 °7°
K, T T
- 773 K 298 K
K 1 232,808 7.321 10 © "
In=73 272 +69.592 InT 40303 1037 22—~ 72
Ky R 2

298
Ky 529.112

In =63.644
K, 83136
K773 e63.644 — 4368 1027
K

298

K., 3.63 107 4368 10 15.856

500

25
500

2.7.2

88



(41.2)

(42.2)

(43.2)

(44.2)

(32.2)
(37.2)

G H°, T S9

(41.2) T
25

S;") Hi(’),T
25
HC, (15.2) (10.2)
S® (3.2)
(10.2)

~[28]
dH VdP  TdS
(/) dT
dH . ds

J T J

dT s dT P

(42.2) @dH , /dT )p (6.2)

ds,

C,.
pJ
dr p




(45.2)

T*

(46.2)

(47.2)

(48.2)

(8.2)

90

g TR
pJl LT T
(45.2)
T
So r Cp
T* T
0 ! dT
S,
(10.2)
c, (13.2)
T
S T dT
T* T
(15.2)
ml (T a7
(46.2)
472)
I
25
S
o St 1
HY
41.2)
Gy
K

(32.2)

(14.2)



500 (6.2)
(41.2) Gy
(32.2) K
Sp HY, (41.2)
H, T
(48.2) (46.2) S2 (15.2) (10.2)
-: (7.2) HY,

) HY, 232,808+69.592T 40303 10°7* 7.321 10° T’

Sr
Sy
Cp (49.2) T
.Sy (46.2) ACp
-:[28,24] S°
S° , (kcal/kmol K)
@1 atm , 25°C
44.50 CHy
16.716 H,0O
47.301 CO
31.211 H,
(7.2) Cp
- S° (49.2) T

91
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(pressure drop)

113

(conservation)

1.3



- (open fluid flow system)

accumulation
. input
output generation
(1.3)

(1.3) input — output = accumulation

(1.3)

\Y
(continuous functions) Vv
\Y t
6
- (1.3) (t=t t)
(2.3) (in) (ouwt) . t (acc) ‘ . ¢ (acc) ‘ -
()

LIaclf Tlg 26011 L eIk Hikasy KEEIA KUpiztl *

114



(out) (in)
.t (acc.)

(ordinary differential equation)
.(ODE)

.(PDE) (partial differential equation)

(2.3)

| 1(2.3)

v (2.3)

(2.3)

(generalized equation)

115



(batch)
(CSTR)

(PFR)

(2.3)

116

(2.3)



( )
j (2.3)
(out) (in)
( /) (mass per unit time)
(acc.)
- (2.3) ( )
(mass) j (mass) j ,
per unit time per unit time V'
(A -3.3)
massj|t ;o omass |, ,
(A -3.3)
(/)
1.2.3
Fe — 8 5
(2.3)
Nj v
F Fy R
N, (/)
v J
(2.3) M, ()
\ J

117



(4.3)

(6.3)

FM; EM; gpM; Vo 0 NM| - NM |

y
‘mol mass mol MAss | 1o time mol Mass
time mol volume.time mol mol
t t M,
. N.‘
. j‘ r t Jjlt
Fiy Fy (5)gyp V ltlmo p
dN |
Fio Fy g V i
(ODE)
-7 Dapp J
dN |
dt
- (5.3)
Fip Fy (0)gp V0O
(6.3)
(5.3)
.(shutdown) (startup)

118



(6.3)

F. F.
773 _J " Jo
{7:3) g " app
(6.3)
F_F,
/)0 G (7.3)
F; (
F, QG F, 0,C
0 0,:
- (7.3)
oc;, 9,C;
V J o Jjo
7 Dapp
0, 0
0,= 0
(93) 14 Qo (C] Cjo)
" app
9.3) 0,

119



10.3 — L
( ) Qo (rj)app
(space time) V/9,)
(10.3) N
(11.3) (€ Cp)
Cj Fl (rj)app
J G F
2.2.3
noL B b
Nj
(F, 0)
V- (3.3)
- (5.3)
(3.3)
dN;
0 0 (rj)app V ?
dN .
(12.3) s (r;)
Voodt S

120



13121



.(reaction mechanisms) "

139

1.4



10°

%100
[18,3]

24.1)

24



.(reaction mechanism) " "

(free radicals)

(ions)
A ¥ B+cC
AT AT
ky
A* "% B+cC
ks
A*
(1
(30.1) (27.1)
- (2

(rate controlling step) "

141



(steady state approximation) "

%

(r =20)
" " (1.4)
(cocl,)
k
co+cl, -, COCl,
k
r k Ceo Ca, k Ccoct,
rok Ccocé/l2 k Ccoc12Cé/122
2
k
1.c, ' o2cl
ki
* ko *
2. CI CO ) COcCl
ko
* k *
3. COCl (I, > cocl, +Cl
k3

142



(1)

)

3)

%k
Cl

4)

)

(1

r, ki€ 4Coo -koC =0
3) () (D
-: Cl*
, 1/2 1/2
CCI* (kl /kl )C’Cl2 Kl CC12
- cocr’
C , (blk)Col , KrCooC
cocl cl cl
- (4) cr’
¢ :K2K11/2Cg12 Ceo
Ccocl 2
COCI* Cl>k (5) (4)

kKK \C..C? - kK "*Cpory C
ron 38 88 co-al, ~H3% cocl,
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2(k,Cyyy -k Cppp) =0 Chr (k1 h)"?Cy)?
- (IV)
Cy» = (kZCBr*CHz)/ (%, Ciyp k3CBr2)
CBr*

Cype =Tk (k1 )" Cy,*Cit, 1/ (xCrpe KsCigyy)

. L ky(k k)P Cy PC
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(kG Ky CBr2 )

3~ Br,

145




6 /441



r=k C,

177

(iii
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(39.4) i (rA)app r (k; Cp Kk, Cy)
CA C'Ao CAOXA
CB C1Bo CBo X B CBO CAOX A
dC, CdX
(M Cgy/Cyy) (39.4)
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(40.4) th [k, @ X ) k(M X ,)]
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- XAe KC
(41.4) K¢ ki (M X,)
k2 (1 X,)
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43.4 A X, X
( ) df M XAe ( A Ae)
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In

1 X
XAe ° M
o/ ° SlopeZkl(A;—
(0]
(o]
:>
Time , ¢
(8.4)
A
A
f, min 0 36 | 65 100 160
Ca, mol/l 20 | 15 12 10 8
B
( )
Kk, Kk,
X 4. Cao Cae 20 5 0.75
C.o 20
(44.4)

(9.4)



¢, min 0 36 65 100 | 160

Xa 0 0.25 | 0.40 | 0.50 | 0.60 | 0.75

m[l (X,/X,)]| 0 | 041 |[0.76 | 1.10 | 1.61

(44.4)

1.8
16 1
&’ 1.4 -+
.ZS& 1.2 -+
X 0s
L . -
-_E 0.6 slope = 0.01
' 04
0.2
0 T T
0 50 100 150 200
t , min
(n 1) (9.4)
- k, . 001
ky M 1 ky 0 1 0.01
M X, 0 0.75
k, 0.0075 -
. (42.4) k,
k2 0.0075(1) 0.75 0.0025

r=0.0075C, 0.0025Cz -
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(10.4)

A+B 2C

f, min 0| 48 | 96 | 162 | 212 | 318 | 410

Cc,mol/l | 0| 1.38|2.75|3.81|4.45|5.15|5.42|5.80

k, Kk,
- A
C 5.8
c, C,, - 55 == 26
Ae A0 2 7
- A
X, Co, C, 55 26 0.5273
CAO
(45.4)
(45.4)
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(catalytic cracking)
(catalytic reforming)
(catalytic isomerization)

[29,26,10,4]
C - )
«c - -
(oxidation) (hydrogenation)
(polymerization)
C )

C®) +50,(® O @

ZnS(s) + % 0,(2 ZnO (s) +SO0, (g)

2NaCl(s) + SO; (g) + H,0O (g) Na,SO, (s) +2HCI(g)
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(extrapolation)

.(power law models)
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(13.8)
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