Energy and Phase Changes for a Substance – Heating/Cooling Curves
Example used heating curves for 18.0 g H2O from -25.0 oC to 125.0 oC

Heat energy goes into the vibration motion of the molecules in the solid phase, increasing their kinetic energy.  

Since temperature is a measure of the average kinetic energy, the temperature of the solid increases.  The rate of temperature increase depends on the heat capacity of the substance in the solid phase.  In this case, ice has a specific heat capacity of 2.09 J/g-oC ; 2.108 kJ/kg-K ; or 37.6 J (K mol)-1.
The specific heat capacity is substance specific!  

The solid continues to absorb energy so that the temperature can increase until it reaches the melting point of the solid.  In this case, for water, that is 0.0 oC. 



Q  =  m   x  Cp(s)  x  ∆T
here ∆T = Tf  -  Ti
At 0.0 oC, any heat added to the solid goes into partially breaking/overcoming interparticle attractions/ intermolecular bonds (H-bonds for water).  These may be chemical bonds or intermolecular attractions such as hydrogen bonds or van der Waals forces which include dipole-dipole interactions, dispersion forces, etc.
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The heat does not increase the kinetic energy of the molecules, so the temperature remains constant.  As long as there are H-bonds to break (as long as there is solid present), the temperature cannot increase.  The solid and liquid may be in equilibrium if they are both present at the same time.  The energy required to change from the solid to the liquid phase of a substance is called the heat of fusion or latent heat of fusion, Hfusion  [Hf], and depends on the substance and the quantity (mass).  Latent means “hidden.” For water, it has a value of 6.01 kJ/mole or 333.7 kJ/kg or 333.7 J/g.
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Q  =  m  x  Hf
After the total conversion into the liquid phase, heat energy, again, goes into the increasing the motion of the molecules. Now, being in the liquid phase, energy goes into the translational motion as well as vibrational motion.  The kinetic energy increases, as observed by increasing temperature of the liquid.  
The rate of temperature increase depends on the heat capacity of the liquid.  In this case, water has a specific heat capacity of 4.184 J/g-oC ; 4.184 kJ/kgK ; 1.00 cal/ g oC or 75.4 J (K mol)-1. The liquid molecules continue to absorb energy increasing in temperature until they reach the boiling point of the liquid.  In this case, for water, that is 100.0 oC. 
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Q =  m  x  Cp  x  ∆T    where  ∆T  =  Tf  -  Ti
At 100.0 oC, any heat added to the liquid goes into completely breaking/overcoming interparticle/ intermolecular attractions (H-bonds for water).  Again, the energy could be used in overcoming other intermolecular forces. 

The heat does not increase the kinetic energy of the molecules, so the temperature remains constant.  As long as there are H-bonds to break (as long as there is liquid present), the temperature cannot increase. The liquid and solid may be in equilibrium if they are both present at the same time.  The energy required to change from the liquid to the gas/vapr phase of a substance is called the (latent) heat of vaporization, Hvaporization  , [Hv],  and depends on the substance and the quantity.  For water, it has a value of 40.79  kJ/mole or 2,260 kJ/kg, or 2,260 J/g.
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Q  =  m  x  Hv
After all molecules are gaseous (vaporous) heat energy, again, goes into the vibration, translational, and rotational motions of the molecule. The kinetic energy of the molecules increases, and as a result, the temperature of the gas increases.  The rate of temperature increase now depends on the heat capacity of the gas.  In this case, water vapor has a specific heat capacity of 1.84 J/g oC ; 35.8 J (K mol)-1 (at constant pressure of 1 atm) or 1.84 kJ/kg K. 
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Q  =  m  x  Cp(g)  x  ∆T   where ∆T is Tf  -  Ti
The temperature can increase indefinitely, or until the substance decomposes (breaking covalent or ionic bonds), or the atom breaks down (forming a plasma).

The total energy needed is the sum of the five steps.  Notice the majority of the energy is contained in the vaporization step.  This is because intermolecular forces need to be broken completely to go into the gas phase. 


Qtotal  =  Q1  +  Q2  +  Q3  +  Q4  +  Q5

     =  940 J  +  6,010 J  +  7,520 J  +  40, 790 J  +  828 J

     = 56,088 J 


     =  56,090 J
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 Heating/cooling curve problems

Perform the following calculations. Show ALL EQUATIONS, conversions, units, labels, significance, and work in solving these problems.

All processes occur at a constant pressure of 1 atm.
1.
Calculate the amount of heat required to change 80.0 g of ice at -12.0 oC to steam at 114.0 oC.

2. 
How much heat is transferred in the process of completely melting a 1.60 kg block of ice starting at - 15.0 oC?  Is this process endothermic or exothermic?

3. 
How much heat is exchanged with the environment when a sample of steam with a temperature of 109.0 oC condenses to 3.60 mL of liquid water with a density of 0.997 g/mL at 25.0 oC?  Is this process endothermic or exothermic?

4. Calculate the amount of heat transferred when 2.0 L of water at 25.0 oC    (density = 0.997 g/cm3) is frozen to -10.0 oC.  Is this process exothermic or endothermic?

5. 
How much heat is required to completely melt a 7.80 g piece of copper metal from a 25.0 oC solid to a liquid with a temperature of 1,083 oC?

6. 
How much heat is released when a 75.0 kg sample of entirely molten iron, at 1,535 oC, is cooled to room temperature (23.0 oC)?

7. 
Calculate the amount of heat required to fully vaporize a 30.00 mL sample of mercury (density = 13.55 g/ mL) starting from 22.0 oC.  Is this process endothermic or exothermic?

8. How much heat is needed to change 57.1 mL of liquid ethanol at 20.0 oC to a gas at 110.0 oC? (Assume density of ethanol = 0.789 g/ cm3.)
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Table for use
	Substance
	Specific Heat (J/gK)
	MP (oC)
	Hfus (kJ/mol)
	BP (oC)
	Hvap (kJ/mol)

	Al(s)
	0.902
	660
	10.7
	***
	***

	Al(l)
	***
	***
	***
	2467
	294

	Ca(s)
	0.653
	839
	9.3
	***
	***

	Ca(l)
	***
	***
	***
	1493
	151

	Cu(s)
	0.385
	1083
	13.0
	***
	***

	Cu(l)
	***
	***
	***
	2567
	305


	Fe(s)
	0.451
	1535
	14.9
	***
	***

	Fe(l)
	***
	***
	***
	2750
	351

	Hg(s)
	***
	_38.8 
	2.33
	***
	***

	Hg(l)
	0.138
	***
	***
	357
	59.4

	C2H5OH(s), ethanol
	***
	_117
	5.02
	***
	***

	C2H5OH(l), ethanol
	2.46
	***
	***
	78.0
	39.3

	C2H5OH(g), ethanol
	0.954
	***
	***
	***
	***

	H2O(s), ice
	2.09
	0.00
	6.02
	***
	***

	H2O(l), water
	4.18
	***
	***
	100.00
	40.7

	H2O(g), steam
	1.84
	***
	***
	***
	***


*** indicates data not available or not applicable
