
 化學反應式的平衡

 限量試劑與產率

 化學反應中的能量變化
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1

CaCO3(s) + 2HCl(aq) 

  CaCl2(aq) + CO2(g) + H2O(l) 

Mg(s) + FeCl2(aq)  MgCl2(aq) + Fe(s) 

1-1 1-1

 1-2

1
6



oxidation number

1-1

H2S OH

Cu2 2

0 Cl2 Cl 0

 Cu2 2

0 H2S H 1
S 2 1 2 2 0

OH H 1 O 2 1 2 1

 0 H2 P4 H P 0

 IA IIA

1 2 3 NaCl MgO Al2O3

 1 NaF CaF2

CH 1 7



 1  

H 1 H H2O 1 NaH 1

 2

H2O2 O 1 KO2  O  

1
2 OF2 O 2

16

VIA 6 1-2 6

6 6

2 2

2

A VIA 6
6 2

H He

Li Be B C N O F Ne

As Se Br Kr

Na Mg Al Si

Ga Ge

P S Cl Ar

K Ca

Hee

FF NNeNe

C

S
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 1-3

 1-4 N2H4 N  

2 3 H2 H 0 1

CO3
2 (aq) + 2H (aq)  CO2(g) + H2O(l) 

N2H4(s) + H2(g)  2NH3(g) 

( 4 )

( 2 ) ( 3 )

( 4 ) ( 1 )( 1)( 2)

( 1) ( 1)( 0 )

( 2) ( 2)

S

S

(1) H2S (2) S8 (3)SCl2 (4) Na2SO3 (5) SO4
2

  S x

(1) H2S 1 2 x 0  x 2
(2) S8 0
(3) SCl2 x 1 2 0  x 2
(4) Na2SO3 1 2 x 2 3 0  x 4
(5) SO4

2 x 2 4 2  x 6

P

(1) P4 (2) PO2
3 (3) H3PO3 (4) H4P2O6 (5) PO4

3
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2

Fe3O4 Fe

8 3 FeO�Fe2O3 Fe

2 3 Fe3O4 Fe2O3

1 2

C2H5OH

2 2

F O N Cl C H

C C 2 C H 2 C

O C O H O H

1 C 7 4 3  

3 C 5 1 1 C

(1) C3H6O

(2)  

(3)  2
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Cr2O7
2 (aq) + Cl (aq) + H (aq)  Cr3 (aq) + Cl2(g)

 

Cr2O7
2 Cr 6 Cr3 3 Cr2O7

2 2

Cr3 Cr3 2 6

1 2 Cl 2 Cl

1 0 1 2

Cr2O7
2 (aq) + 2Cl (aq) + H (aq)  2Cr3 (aq) + Cl2(g)

 

6

1 2 3

Cr2O7
2 (aq) + 6Cl (aq) + H (aq)  2Cr3 (aq) + 3Cl2(g)

1 2

3 2

6 3 01

( 1 2) 3

( 3 2) 1

6 3 01
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C2O4
2 MnO4

Mn2 CO2

  (1)  CO2 2
MnO4 (aq) + C2O4

2 (aq) Mn2 (aq) + 2CO2(g)
7 3 2 4

(2) 

2MnO4 (aq) + 5C2O4
2 (aq) 2Mn2 (aq) + 10 CO2(g)

7 3 2 4

(3) 
2MnO4 (aq) + 5C2O4

2 (aq) + 16H (aq) 2Mn2  (aq) + 10 CO2(g)

(4) H2O H

2MnO4 (aq) + 5C2O4
2 (aq) + 16H  (aq) 2Mn2  (aq) + 10 CO2(g) + 8H2O(l) 

(5)  

2 5

5 2

 H

OH 6

Cr2O7
2 2 6 Cl 6 8 H

14

Cr2O7
2 (aq) + 6Cl (aq) + 14H (aq) 2Cr3 (aq) + 3Cl2(g)

 H 14

7 H2O

Cr2O7
2 (aq) + 6Cl (aq) + 14H (aq) 2Cr3 (aq) + 3Cl2(g) + 7H2O(l)

 

O 7

7 O
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Al2(SO4)3

Cr2O7
2 (aq) + Cl (aq) Cr3 (aq) + Cl2(g)

Cr2O7
2 Cr 6 Cr3 3

3 3 2

Cr Cr3 2 6 Cl

Cr2O7
2 (aq) + 6e   2Cr3 (aq)

 6 3

2Cl (aq)  Cl2 (g) + 2e

 1 0

H

OH H H2O
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8 6

14 H 14 H 7

H2O

Cr2O7
2 (aq) + 6e  + 14 H (aq) 2Cr3 (aq) + 7H2O(l)

2Cl (aq)  Cl2(g) + 2e

6

2 3

Cr2O7
2 (aq) + 6Cl (aq) + 14H (aq)

2Cr3 (aq) + 3Cl2(g) + 7H2O(l)

1-5

O2(g) + 4H (aq) + 4e   2H2O(l) 

H

pH

1-2

 1-6

H2O2(aq) + 2H (aq) + 2e   2H2O(l) 

 1-7

H2O2(aq) O2(aq) + 2H (aq) + 2e  

pH [H ] pH [H ] 
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MnO4
2 MnO4 MnO2

  (1) 
MnO4

2 (aq)  MnO4 (aq) + e
MnO4

2 (aq) + 2e   MnO2(s) 
(2) 

MnO4
2 (aq) MnO4 (aq) + e

MnO4
2 (aq) + 2e + 4H (aq) MnO2(s) + 2H2O(l)

(3) 
3MnO4

2 (aq) + 4H (aq)  2MnO4 (aq) + MnO2(s) + 2H2O(l)

C C6H8O6

C

C6H6O6

H2O2 H2SO4 HNO3 KMnO4 K2Cr2O7 SO2

X2 X Cl Br I Ce4

H2O2 H2C2O4 H2S SO2 SO3
2 Fe2 Sn2

X X Cl Br I

1-6 1-7 H e :

2H2O2(aq)  O2(g) + 2H2O(l)

H2O2

50% 50% :

I2(aq)  IO3 (aq) + I (aq)

I2
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1

limiting reagent

2
16



F 19.0 Cl 35.5

(1) 

(2) 

(3)  0.800 mol 2.10 mol

  (1) Cl2(g) + 3F2(g) 2ClF3(g)
(2) 
(3)                                   Cl2(g)  +  3F2(g) 2ClF3(g)

 0.800 2.10 0
 0.700 2.10 1.40

                                                                                          
 0.100 0.00 1.40

92.5 g mol 1.40 mol  1.30 102 g

H O

(1) 

(2) 

(3)  10.0

H 1.00 O 16.0

1-4

CH 1 17



2

yield

  100  

2NaHCO3(s) Na2CO3(s) + H2O(l) + CO2(g) 

1.00 mol 0.500 mol

0.250 mol 50.0%

Sertraline

1-4 6

100% 1

0.0384

 

100
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6
30%

Fe2O3(s) + 3CO(g) 2Fe(s) + 3CO2(g)

(1) 1597 g Fe2O3 Fe

Fe 55.85 C 12.01 O 16.00

(2) Fe 939 g

   (1) Fe2O3

1597
(55.85 2 16.00 3)

10.00 mol

  Fe2O3(s) + 3CO(g) 2Fe(s) + 3CO2(g)
1

10.00
1 10.00 2 x

2
x

x  20.00 mol

  Fe 55.85 20.00  1117 g

(2)   
939
1117

100%  84.1%

C6H10O4 C6H12 O2

2C6H12(l) + 5O2(g) 2C6H10O4(s) + 2H2O(l)

(1)  21.04 g 48.00 g C

12.01 O 16.00 H 1.008

(2) 

(3) 29.0

(4) (2) (3)

CH 1 19



1-5

3
20



law of 

conservation of energy

1-10

2H2O(l) +   2H2(g) + O2(g) 

Nature
2000

0.5

Nature
2000

0.5

CH 1 21



1

enthalpy

1-6 bomb 

calorimeter

1 

H :

H

H 0 H 0
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1

molar heat of combustion 1-11

1-12 1-13

H 0

Mg(s) + 1
2

O2(g) MgO(s) � H 602 kJ 

H2(g) + 1
2

O2(g) H2O(l) � H 285.8 kJ 

C(s) + O2(g) CO2(g) � H 393.5 kJ 

1

molar heat of formation

1-11 1-12 1-13

standard state

1 bar 1 atm 1.013 bar

standard heat of formation Hf  

H  

CH 1 23



1-3 25 1 atm

0

0

0

1

molar heat of solution

1-14 1-15

KNO3(s)  K (aq) + NO3 (aq) H 34.8 kJ 

NaOH(s)  Na (aq) + OH (aq) H 44.5 kJ 

H2O

H2O

25 1 atm

H2(g) N2(g) Na(s) C(s) C(s) S8(s) S8(s) C2H2(g) NH3(g) CO2(g)

kJ mol 0 0 0 0 1.9 0 2.0 226.7 46.1 393.5
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1

molar heat of neutralization

56.7 kJ mol 1-16

HCl(aq) + NaOH(aq)  NaCl(aq) + H2O(l)

H 56.7 kJ 

1-16 1-17

H (aq) + OH (aq) H2O(l) H 56.7 kJ 

56.7 kJ

1-7

1 

IUPAC 1982 1 bar 1 atm
298.15 K 1 atm

CO(g) C2H5OH(l) C2H4(g) C6H12O6(s) MgCO3(s) CH4(g) NO(g) H2O(g) H2O(l)

110.5 277.7 52.3 1260 1095.8 74.8 90.2 241.8 285.8

CH 1 25



1 17.3 J 1.00

20.0 mL 3.10 

4.18 J g  

1.00g mL

1 

Hc

4.18 J g 1 g mL

  (1) A 1 Hc

 m  s  T

50 mL 1 g mL 4.18 J g 31.0 25.3
50 mL 1 g mL 4.18 J g 25.3 20.2 Hc 25.3 20.2

Hc 25 J
(2) B HCl NaOH

[ 50 mL 1g mL 4.18 J g 27.5 21.6
50 mL 1 g mL 4.18 J g 27.5 20.9

25 J 27.5 21.6 ]
 2.8 103 J

(3)  HCl NaOH 0.05 0.06 mol HCl
 2.8 103 J 0.05 mol 56000 J mol 56 kJ mol

 56.7 kJ mol 1.2%
4.18 J g 

50.0 mL
20.2

50.0 mL

31.0

25.3

HCl(aq) NaOH(aq)

1.00 M 1.20 M

50.0 mL 50.0 mL

21.6 20.9

27.5

A 1 B HCl NaOH HCl

26 I



2

P 1 bar

1-18

CH4(g) + 2O2(g)  CO2(g) + 2H2O(l)

H 890 kJ 

1 mol 2 mol

1 mol 2 mol 890 kJ

2 mol 2

1780 kJ

2 mol 2

1780 kJ

CH 1 27



1-19

6CO2(g) + 6H2O(l) C6H12O6(s) + 6O2(g)

H1 2815.8 kJ 

1019 kJ

1-19 6 1014 kg

3 1012

1-20

C6H12O6(s) + 6O2(g) 6CO2(g) + 6H2O(l)

H2 2815.8 kJ 

1-19 1-20

1-8

H1 H2

� －�
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1-21 1-22

H2(g) + 1
2 O2(g) H2O(l) � H1 285.8 kJ 

H2(g) + 1
2 O2(g) H2O(g) � H2 241.8 kJ 

44.0 kJ mol

1-23

H2O(g) H2O(l) � H3 44.0 kJ 

1-9 H1 H2 

H3

H1 H2 H3
� －

� －

� －

CH 1 29



3

1840 G. H. Hess 1802 1850

Hess' law

� H

1-24

C(s) 1
2 O2(g) CO(g) H1 110.5 kJ 

10

C12H22O11 342 5646 kJ

5.00

1-3 25 1atm

270 g C6H12O6 180

  6C(s) + 6H2(g) + 3O2(g)  C6H12O6(s) � H 1260 kJ

270 g
180 g mol

1.50 mol

 1260 kJ mol 1.50 mol 1890 kJ

30 I



393.5 kJ 283.0 

kJ 1-25 1-26

C(s) + O2(g) CO2(g) H2 393.5 kJ 

CO(g) + 1
2 O2(g) CO2(g) H3 283.0 kJ 

1-25 1-26 1-24

H1 H2 H3

 393.5 kJ 283.0 kJ 110.5 kJ

1-10

393.5 kJ  

H2 H1 H3

H2 H1 H3� －

� －

� －

CH 1 31



1-27

C(s) + H2O(g) CO(g) + H2(g)

H1 131.5 kJ 

525.0 

kJ 1-28

CO(g) + H2(g) + O2(g) CO2(g) + H2O(g)

H2 525.0 kJ 

1-29 393.5 kJ

C(s) + O2(g) CO2(g)  H3 393.5 kJ 

131.5 kJ

131.5 kJ 1-29 1-28

 C(s) + O2(g) + CO2(g) + H2O(g) CO2(g) + CO(g) + H2(g) + O2(g)

1-27

1-27

1-29 1-28

H1 H3 H2 

393.5 kJ 525.0 kJ   131.5 kJ
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C6H12O6 C2H5OH 1-3

  C6H12O6 C2H5OH CO2 1260 kJ 277.7 kJ  
393.5 kJ

6C(s) + 6H2(g) + 3O2(g)  C6H12O6(s) Ha 1260 kJ a

2C(s) + 3H2(g) + 1
2 O2(g)  C2H5OH(l) Hb 277.7 kJ b

C(s) + O2(g)  CO2(g) Hc 393.5 kJ c

b c 2 a

C6H12O6(s)  2C2H5OH(l) + 2CO2(g)

H ( 277.7 2) ( 393.5 2) ( 1260 1) 82.4 kJ

CaCO3

178.1 kJ CaO CO2

635.5 393.5 kJ CaCO3 kJ

� �

1-8

CH 1 33
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KEY POINT
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KEY POINT

  

  

  

  

  

  

  

  

   
 

100 

  

  

  

  1

  1

1 bar

Hf  

  1

  1
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Exercise

  

   

      

  

 8  10  12  16  20

  

 10%  25%  50%  75%  100%
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 2  1  0  1  7

  

 4   3  

 2  2  

   1

400  

NH4NO3(s)    H2O(g) + N2(g) + O2(g)

  NH4NO3

 4 6  3 5  1 1  0 2  2 1

  

 

 

 N

 

 

  

 8  9  12  16 18

400
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  AC2 + B  AB + C2

AB

 25.0%

 33.3%

 45.0%

 66.6%

 78.2%

  

 AC2

 AB

 B

 C2

 BC

  

    

 

  IUPAC H

 0 1 atm   1 atm  0 K 1 bar 

 298.15 K 1 bar  1 bar

H2O2(l)   H2O(l) + 1
2

O2(g)  � H1 98.0 kJ

2H2(g) + O2(g)   2H2O(l)  � H2 571.6 kJ

40



  

 � H2

 � H2

 285.8 kJ

 1 571.6 kJ

 1 98.0 kJ

   kJ

 473.6  383.8  187.8  187.8  383.8

  

 4KO2 + 2CO2    2K2CO3 + 3O2

  0.16 mol

KO2 0.10 mol CO2

 KO2

 4.8

 

 

 

NaHCO3 84.0 C6H8O7 192

CO2

44.0 Na3C6H5O7 258 1.92 g 0.84 g
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  0.01 mol  0.01 mol

 1.28 g

  

 

 

 0

 

 

 Ostwald process

 (1) N2(g) + 3H2(g)    2NH3(g)

 (2) 4NH3(g) + 5O2(g)    4NO(g) + 6H2O(l)

 (3) 2NO(g) + O2(g)    2NO2(g)

 (4) 4NO2(g) + 2H2O(g) + O2(g)    4HNO3(aq)
  1 50 2 3 4 90 95 70 56.0

N 14.0 H 1.01 O 16.0

 2 NO 7.20 mol   3 NO2 1.71 mol

 4 HNO3 1.20 mol   1 NH3 2.00 mol

  30%

  CH4(g) CO2(g) H2O(l) Hf
 

74.8 393.5 285.8 kJ

 C(g) + 2H2(g) CH4(g)                  Hf 74.8 kJ

 CO2(g) C(s) + O2(g)                   H 393.5 kJ

 2H2(g) + O2(g) 2H2O(l)                H 571.6 kJ 

 CH4(g) + 2O2(g) CO2(g) + 2H2O(l)      H 890.3 kJ

 H2(g) + 1
2

 O2(g) H2O(g) 285.8 kJ
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NaCN HCN

Na [ Au ( CN )2 ] NaOH

 Au(s) + NaCN(aq) + O2(g) + H2O(l) Na [ Au(CN)2 ](aq) + NaOH(aq)

 Na [ Au (CN)2 ](aq) + Zn(s) Au(s) + Na2 [ Zn(CN)4 ](aq)

  Na [ Au (CN)2 ] Na2 [ Zn (CN)4 ] Au Zn

 1 2  2 1  2 2

  3 1  3 2

  

 Au

 Zn

 6
 1 0.5

 1 Na [ Au ( CN )2 ] 4

  Au [Au(CN)2] Au
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 LINE

C

Na2S2O3

  C

  C 6 C

  

  C C6H6O6
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  S4O6
2  I

  LINE
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