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Reflection

After Action Report

What did I learn from this HW assignment?

Class 27

Enthalpies, 
Heat Capacities

Heats of Formation,
Oh My!
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Review of Energy Balances

∆𝑯ሶ ൅ ∆𝑬ሶ 𝑲 ൅ ∆𝑬ሶ 𝑷 ൌ 𝑸ሶ ൅𝑾ሶ 𝒔
• Enthalpies needed to calculate heat or 

work terms

• Methods to calculate enthalpy (so far):
– Steam tables

– Graph (P-H diagram)

– Interpolation from 2 given values

• Needed: Method to get enthalpies for any 
species as a function of T & P

We Can’t Measure Enthalpy!

Things we can measure:

• T, yi, P, Q, Ws

• Last HW assignment had you fit H vs T
𝐻෡ ൌ 𝑚𝑇 ൅ 𝑏

• Today we will find a way to get 𝐻෡ for any 
species at any temperature.

• Idea: Measure Q, find Δ𝐻෡

3

4



3

Concepts

1. Enthalpy is a state function

2. Heat Capacities

3. Latent Heats (phase change) 

4. Heat of Formation

5. Calculating H as f(T,P)

Concept 1.
Enthalpy Is A State Function

• Enthalpy is independent of path

• Always talk about H from some 
reference condition
– Steam tables:

 𝐻෡ ൌ 0 at triple point

– Other tables are different
(e.g., in Table B.1,∆𝐻෡௙

௢ for H2 = 0 at 
25C)

– Don’t mix and match tables!!!

P

H

H is the same 
here regardless of 
path

Rankine cycle
(most common method to

generate electricity!)
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• 𝐻෡ ൌ 𝑓ሺ𝑇,𝑃ሻ d𝐻෡ ൌ డு෡

డ் ௉
𝑑𝑇 ൅  డு෡

డ௉ ்
𝑑𝑃

• 𝑈෡ ൌ 𝑓ሺ𝑇,𝑉෠ሻ d𝑈෡ ൌ డ௎෡

డ் ௏
𝑑𝑇 ൅  డ௎෡

డ௏෡ ்
𝑑𝑉෠

• Now define heat capacities:

𝐶௉ ൌ  
𝜕𝐻෡

𝜕𝑇
௉

,       𝐶௏ൌ
𝜕𝑈෡

𝜕𝑇
௏

• For ideal gases:
𝑑𝐻෡ ≡ 𝐶௉𝑑𝑇,       𝑑𝑈෡ ≡ 𝐶௏𝑑𝑇

• For solids and liquids:
d𝐻෡ ൌ 𝐶௉𝑑𝑇 ൅  𝑉෠𝑑𝑃

• For non-ideal gases:

𝑑𝐻෡ ൌ 𝐶௣𝑑𝑇 ൅ 𝑉 െ 𝑇
𝑑𝑉෠

𝑑𝑇
௉

𝑑𝑃

Concept 2.
Heat Capacities

Generally small

Not small

• 𝐶௉ ൌ  డு෡

డ் ௉
ሺlike slope of H vs T curve, prob 7.55ሻ

• ∆𝐻෡ ൌ ׬  𝐶௉ 𝑑𝑇మ்

భ்

• 𝐶௉ ൌ 𝑎 ൅ 𝑏𝑇 ൅ 𝑐𝑇ଶ ൅ 𝑑𝑇ଷ ൅⋯
• so

∆𝐻෡
భ்→ మ்

ൌ  න 𝑎 ൅ 𝑏𝑇 ൅ 𝑐𝑇ଶ ൅ 𝑑𝑇ଷ  𝑑𝑇
మ்

భ்

                

ൌ  𝑎 𝑇ଶ െ 𝑇ଵ ൅
𝑏
2
𝑇ଶ

ଶ െ 𝑇ଵ
ଶ ൅

𝑐
3
𝑇ଶ

ଷ െ 𝑇ଵ
ଷ

൅
𝑑
4
𝑇ଶ

ସ െ 𝑇ଵ
ସ

• For ideal gases:   Cp = Cv + R

• For solids and liquids, 𝐶௉ ≅ 𝐶௏

Concept 2.
Heat Capacities (cont.)

H

T

not linear

Cp

T

area = ∆𝐻෡

T1 T2
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A Practical View
• Wouldn’t it be nice to have a 

polynomial equation for H!

• H = a + bT + cT2

• This would not work for different reference 
enthalpies!

• Solution: Polynomial for Cp

– CP = a + bT + cT2 + dT3 (= dH/dT)

– Fit to thermodynamic data

– ∆𝐻෡
భ்→ మ்

ൌ ׬  𝑎 ൅ 𝑏𝑇 ൅ 𝑐𝑇ଶ ൅ 𝑑𝑇ଷ  𝑑𝑇మ்

భ்
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Caution!

• When getting a heat capacity coefficient 
from Table B.2, use the multiplier at the 
top of the column

• Example: Acetone
– a = 123

– multiplier = 103

(i.e., the actual number was multiplied by 103 to make it look nicer in the table)

– Therefore, a = 123  10-3 kJ/(gmolK)

DIPPR Format

Integrated form:

   
22

coshsinh 

























T
E
T
E

D

T
C
T

C
BACp

  


















































1212
12 tanhtanhcothcoth

2

1
T

E

T

E
DE

T

C

T

C
BCTTAdTC

T

T

p

11

12



7

Heat Capacity 
Example
Student volunteer needed!

Heat Capacity Example

Example: Enthalpy Change Using Heat Capacity
CO2 is heated from 20C to 600 C T1= 20 C
CO + 1/2 O2 ==> CO2 T2= 600 C
Heat capacity polynomial

a b c d T form
CO2 3.61E-02 4.23E-05 -2.89E-08 7.46E-12 C 1

Basis: 1 gmol of CO
Integrate heat capacities for products
CO2 2.67E+01 kJ/mol

Delta H = 2.67E+01 kJ/mol

Δ𝐻෡ ൌ න 𝐶௣𝑑𝑇
మ்

భ்

ൌ 𝑎 𝑇ଶ െ 𝑇ଵ ൅
𝑏
2
𝑇ଶ
ଶ െ 𝑇ଵ

ଶ ൅
𝑐
3
𝑇ଶ
ଷെ 𝑇ଵ

ଷ ൅
𝑑
4
𝑇ଶ
ସെ 𝑇ଵ

ସ
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I put an excel sheet with the heat capacity coefficients on 
the class web page

Heat Capacity Table
(collected from different problems and examples)

Cp coefficients
a b c d T Form DelH_f DelH_vap T_boil ( C)

acetone (gas) CH3COCH3 7.20E-02 2.01E-04 -1.28E-07 3.48E-11 C 1.00E+00 -216.7
acetone (liquid) CH3COCH3 1.23E-01 1.86E-04 C 1 -248.2 3.02E+01 5.60E+01
acetylene C2H2 4.24E-02 6.05E-05 -5.03E-08 1.82E-11 C 1 226.75
Air Air 2.89E-02 4.15E-06 3.19E-09 -1.97E-12 C 1.00E+00
ammonia NH3(g) 3.52E-02 2.95E-05 4.42E-09 -6.69E-12 C 1 -46.19
benzene C6H6(g) 7.41E-02 3.30E-04 -2.52E-07 7.76E-11 C 1 8.29E+01 3.08E+01 8.01E+01
benzene C6H6(l) 1.27E-01 2.34E-04 48.66
calcium carbonateCaCO3(s) 8.23E-02 4.98E-05 -1.29E+03 K 2 -1.21E+03
calcium oxide CaO(s) 4.18E-02 2.03E-05 -4.52E+02 K 2
carbon C(s) 1.12E-02 1.10E-05 -4.89E+02 K 2 0
carbon dioxide CO2 3.61E-02 4.23E-05 -2.89E-08 7.46E-12 C 1 -393.5
carbon monoxide CO 2.90E-02 4.11E-06 3.55E-09 -2.22E-12 C 1 -110.52
chlorine Cl2 3.36E-02 1.37E-05 -1.61E-08 6.47E-12 C 1 0 20.4 -34.06
ethane C2H6 4.94E-02 1.39E-04 -5.82E-08 7.28E-12 C 1 -84.67
ethylene C2H4 4.08E-02 1.15E-04 -6.89E-08 1.77E-11 C 1 52.28
hydrogen H2 2.88E-02 7.65E-08 3.29E-09 -8.70E-13 C 1 0
methane CH4 3.43E-02 5.47E-05 3.66E-09 -1.10E-11 C 1 -74.85
methanol (gas) CH3OH (g) 4.29E-02 8.30E-05 -1.87E-08 -8.03E-12 C 1 -201.2 35.27
methanol (liquid) CH3OH (liq) 7.59E-02 1.68E-04 C 1 -238.6 64.7
nitric oxide NO 2.95E-02 8.19E-06 -2.93E-09 3.65E-13 C 1 90.37
nitrogen N2 2.90E-02 2.20E-06 5.72E-09 -2.87E-12 C 1 0
n-pentane (gas) C5H12 (g) 1.15E-01 3.41E-04 -1.90E-07 4.23E-11 C 1 -146.4
n-pentane (liq) C5H12(liq) 1.55E-01 4.37E-04 C 1 -173
oxygen O2 2.91E-02 1.16E-05 -6.08E-09 1.31E-12 C 1 0
propane C3H8 (g) 6.80E-02 2.26E-04 -1.31E-07 3.17E-11 C 1 -103.8
sulfur dioxide SO2 3.89E-02 3.90E-05 -3.10E-08 8.61E-12 C 1 -296.6
toluene (gas) C7H8(g) 9.42E-02 3.80E-04 -2.79E-07 8.03E-11 C 1 50
toluene (liquid) C7H8(l) 1.49E-01 3.24E-04 C 1 12
water H2O(l) 7.54E-02 C 1 -285.84
water (steam) H2O(g) 3.35E-02 6.88E-06 7.60E-09 -3.59E-12 C 1 -241.83

Concepts

1. Enthalpy is a state function

2. Heat Capacities

3. Latent Heats (phase change) 

4. Heat of Formation

5. Calculating H as f(T,P)

15

16



9

Concept 3.
Phase Changes (pure substances)

∆𝐻෡௠௘௟௧ൌ 𝐻෡௟௜௤ െ  𝐻෡௦௢௟௜ௗ (tabulated)

∆𝐻෡௩௔௣ൌ 𝐻෡௚௔௦ െ  𝐻෡௟௜௤ (tabulated)
∆𝐻෡௙௥௘௘௭௜௡௚ൌ  െ∆𝐻෡௠௘௟௧

∆𝐻෡௖௢௡ௗ௘௡௦ൌ െ∆𝐻෡௩௔௣
Also we could find ∆𝐻෡௦௨௕

T

H

liquid

ice

gasHmelt

Hvap

Slope = 
ଵ

஼ು

Remember that for a pure substance, T is constant during a phase change

• The heat of phase change is called latent heat, which comes from the fact that 
the temperature does not change during phase change

• The heat required to merely change the temperature of a substance is called 
the sensible heat
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Kopp’s Rule:

kp
elementk

kp CC ,


 

where k = moles of element k in molecule

So for solid phenol, C6H5OH,
C = 6
H = 6
O = 1

Cp = 6*7.5 + 6*9.6 + 17 = 119.6 J/(mol∙C)

(Dippr = 129 J/(mol∙C) at 25C)

Only use this out of desperation!
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Other Estimation Formulas

• Trouton’s rule (8.4-3)
Hv = f(Tb)

• Chen’s equation (8.4-4)
Hv = f(Tb, Tc, Pc)

• Clapeyron equation (8.4-7)
Hv = f(P*)

• Watson’s correlation (8.4-8)
Hv vs. T using Tc

Only use these equations out of desperation!

Simplifications

• Sometimes we get  lazy and assume an 
average heat capacity for some 
temperature range

𝐻෡2 – 𝐻෡1 = 𝐶௉ 𝑇ଶ െ 𝑇ଵ
• We will use this on exams!

– I am not testing you on integration skills
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Concepts

1. Enthalpy is a state function

2. Heat Capacities

3. Latent Heats (phase change)

4. Heat of Formation

5. Calculating H as f(T,P)

Concept 4.
Heat of Formation

• Wanted: Common reference state for all species!

• Can use ∆𝐻෡௙
௢ as a reference at 25C, 1 atm

• Good for reaction chemistry

• ∆𝐻෡௙
௢ = 0 for species whose natural state is 25C, 

1 atm
– N2, O2, H2, C(graphite)

𝐻෡௜ ൌ  ∆𝐻෡௙,௜
௢  ൅න 𝐶௉,௜ 𝑑𝑇

మ்

ଶହ℃

Tabulated in Table B.1
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This equation is the “magic bullet” 
to solve all energy balances

௜ ௙,௜
௢

௉,௜

మ்

ଶହ℃

Python Example
(Find 𝐻෡ேுయat 700°Cሻ
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Python Example
(Find 𝐻෡ேுయat 700°Cሻ
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Balances

∆𝐻௦௬௦ൌ 𝐻௢௨௧ െ 𝐻௜௡

∆𝐻௦௬௦ൌ ෍𝑛௜ 𝐻෡௜
௢௨௧

െ ෍𝑛௜ 𝐻෡௜
௜௡

𝐻෡௜ ൌ  ∆𝐻෡௙,௜
௢  ൅න 𝐶௉,௜  𝑑𝑇

మ்

ଶହ℃
 

Note that for a chemical reaction, the number of moles of each species (ni) changes

෍𝑛௜ 𝐻෡௜ ൌ෍𝑛௜ ∆𝐻෡௙,௜
௢ ൅ ෍𝑛௜ 𝑎௜ 𝑇 െ 298 ൅ ෍𝑛௜ 𝑏௜

𝑇ଶ െ 298ଶ

2
൅ ෍𝑛௜ 𝑐௜

𝑇ଷ െ 298ଷ

3
൅⋯

where ai, bi, and ci are the heat capacity coefficients for species i

෍𝑛௜ 𝐻෡௜ ൌ෍𝑛௜ ∆𝐻෡௙,௜
௢ ൅ ෍𝑛௜ 𝑎௜ 𝑇 െ 298 ൅ ෍𝑛௜ 𝑏௜

𝑇ଶ െ 298ଶ

2
൅ ෍𝑛௜ 𝑐௜

𝑇ଷ െ 298ଷ

3
൅⋯

Two Methods to Get H

1. Path Method

2. Hf
0 method

1

4

𝐻෡௜ ൌ  ∆𝐻෡௙,௜
௢  ൅න 𝐶௉,௜  𝑑𝑇

మ்

ଶହ℃

32

𝐻ସ െ 𝐻ଵ ൌ 𝑯𝟐 െ 𝑯𝟏 ൅ 𝑯𝟑 െ 𝑯𝟐 ൅ 𝑯𝟒 െ 𝑯𝟑

So compute H4 and H1 and subtract

29
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Example

Calculate the enthalpy change for acetone 
going from a vapor at 65C and 1 atm to a 
liquid at 20 C and 5 atm
A. Path method using Hvap at 1 atm and Tboiling

B. Heat of formation method

Example: Find H for acetone vapor at 65C forming 
a liquid at 20 C  and 5 atm (Path method)

1 Acetone (vapor)
65C, 1 atm

2 Acetone (liquid)
20C, 5 atm

H = H2 – H1 = ?

Acetone (vapor)
56C, 1 atm

1a

𝐻෡ଵ௔ െ 𝐻෡ଵ ൌ න 𝐶௣,௩௔௣௢௥𝑑𝑇
ହ଺℃

଺ହ℃

Acetone (liquid)
56C, 1 atm

1b
𝐻෡ଵ௕ െ 𝐻෡ଵ௔ ൌ െ∆𝐻෡௩௔௣

Acetone (liquid)
20C, 1 atm

1c

𝐻෡ଵ௖ െ 𝐻෡ଵ௕ ൌ න 𝐶௣,௟௜௤𝑑𝑇
ଶ଴℃

ହ଺℃

𝐻෡ଶ െ 𝐻෡ଵ௖ ൌ 𝑉෠௟௜௤∆𝑃

𝐻෡ଶ െ 𝐻෡ଵ ൌ 𝐻෡ଵ௔ െ 𝐻෡ଵ ൅ 𝐻෡ଵ௕ െ 𝐻෡ଵ௔ ൅ 𝐻෡ଵ௔௖ െ 𝐻෡ଵ௕ ൅ 𝐻෡ଶ െ 𝐻෡ଵ௖

𝐻෡ଶ െ 𝐻෡ଵ ൌ න 𝐶௣,௩௔௣௢௥𝑑𝑇
ହ଺℃

଺ହ℃
൅ െ∆𝐻෡௩௔௣,ହ଺℃ ൅ න 𝐶௣,௟௜௤𝑑𝑇

ଶ଴℃

ହ଺℃
൅ 𝑉෠௟௜௤∆𝑃

31
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Example: Find H for acetone vapor at 65C 
forming a liquid at 20 C  and 5 atm 
(Hf

o method)

1 Acetone (vapor)
65C, 1 atm

2 Acetone (liquid)
20C, 5 atm

H = H2 – H1 = ?

𝐻෡ଵ ൌ ∆𝐻௙,௩௔௣௢௥
° ൅න 𝐶௣,௩௔௣௢௥𝑑𝑇

଺ହ℃

ଶହ℃

𝐻෡ଶ ൌ ∆𝐻௙,௟௜௤
° ൅න 𝐶௣,௟௜௤𝑑𝑇 ൅

ଶ଴℃

ଶହ℃
𝑉෠௟௜௤∆𝑃

𝐻෡ଶ െ 𝐻෡ଵ

ൌ ∆𝐻௙,௟௜௤
° ൅න 𝐶௣,௟௜௤𝑑𝑇 ൅

ଶ଴℃

ଶହ℃
𝑉෠௟௜௤∆𝑃 െ ∆𝐻௙,௩௔௣௢௥

° ൅න 𝐶௣,௩௔௣௢௥𝑑𝑇
଺ହ℃

ଶହ℃

𝐻෡ଶ െ 𝐻෡ଵ ൌ ∆𝐻௙,௟௜௤
° െ ∆𝐻௙,௩௔௣௢௥

° ൅න 𝐶௣,௟௜௤𝑑𝑇 ൅
ଶ଴℃

ଶହ℃
𝑉෠௟௜௤∆𝑃 െ න 𝐶௣,௩௔௣௢௥𝑑𝑇

଺ହ℃

ଶହ℃

െ∆𝐻௩௔௣௢௥௜௭௔௧௜௢௡ 𝑎𝑡 25℃

See Excel Sheet

Path vs Hf
o method
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Bottom Line

You Should Know Both Methods to Get H
1. Path Method

2. Hf
o method

Remember that H is just part of energy 
balance

∆𝑯ሶ ൅ ∆𝑬ሶ 𝑲 ൅ ∆𝑬ሶ 𝑷 ൌ 𝑸ሶ ൅𝑾ሶ 𝒔

35
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Taboo Equations
3rd Edition

• Page 451: 9.5-1a and 9.5-1b

• 1st Eqn. on page 457

• Page 463: last equation (under section 5)

4th Edition

• Page 506: 9.5-1a and 9.5-1b

• 1st Eqn. on page 511

• Page 519:  last equation (under section 5)

37
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Problem Solving (pp. 361-362)

1. Solve material balances (mass or moles)
2. Write energy balance (drop appropriate 

terms)
3. Choose reference state(s)
4. Table of ni & Hi in and out (or mi, Ui, etc.)
5. Find Hsys or Usys

6. Find W, Ws, Ek, Ep as needed
7. Solve energy balance

Homework Problems

https://cft.vanderbilt.edu/guides-sub-pages/blooms-taxonomy/

8.4

8.11

8.14

39
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QUIZ

1. What is meant by the statement that “enthalpy is 
a state function?”

2. What is a heat capacity?

3. For water, draw a graph with temperature on the 
y axis and enthalpy on the x axis, starting from 
ice and proceeding to steam, labeling the 
different portions of the line.

4. How do you use the heat of formation to 
calculate enthalpy? (eqn. needed)

1. What is meant by the statement that “enthalpy is a state 
function?”

– H is not dependent on T & P path

2. What is a heat capacity?

– Change in enthalpy with temperature

3. For water, draw a graph with temperature on the y axis 
and enthalpy on the x axis, starting from ice and 
proceeding to steam, labeling the different portions of the 
line.

4. How do you use the heat of formation to calculate 
enthalpy?

T

H

m
el

tin
g

bo
ili

ng

ice
water

steam

𝐻ሺ𝑎𝑡 𝑇ଶሻ ൌ Δ𝐻௙
଴ ൅  න 𝐶௣𝑑𝑇

మ்

భ்ୀଶହ℃

T

H

liquid

ice

gasHmelt

Hvap

Slope = 
ଵ

஼ು
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