
Experiment 9: Thermodynamic Characterization of the Decomposition of Ammonium 
Carbamate 

 
Purpose: Determine the reaction Gibbs free energy, enthalpy, and entropy for the dissociation of 
ammonium carbamate. 
 
Reading: J. O. Olmstead, III, and G. M. Williams, Chemistry, 5th Ed. Chapter 17.4-17.5 
 
Introduction 
Carbon dioxide from fossil fuel combustion contributes to global climate change by increasing 
the greenhouse effect. A current active area of research is to find methods to sequester CO2 from 
power plants and industrial processes to prevent the escape of CO2 into the atmosphere. One 
possibility is to inject liquid or super-critical CO2 into salt domes or spent oil wells deep under 
the surface of the earth. Another possibility is to find sequestering chemicals. CaO is one good 
example of substance that combines with CO2. In fact CaCO3, as limestone deposits in the 
oceans, are one of the large scale reservoirs for CO2 in the environment. The industrial process to 
producing CaO is by heating limestone, CaCO3, to 825°C. The fuel costs to reach this 
temperature are large. In addition, since the source of CaO is from limestone, no net CO2 
reduction is possible. Research is on-going to find alternate substances that readily react with 
CO2.1 The reaction of CO2 and ammonia produces ammonium carbamate. The reverse reaction, 
the dissociation of ammonium carbamate, is the subject of this experiment:2 

 

 NH2CO2NH2 (s) →← 2 NH3 (g) + CO2 (g)      (1) 
 

Numerous amines related to ammonia are also under study for carbon capture and sequestration. 
For example, methanolamine, HOCH2NH2, is used for stack-gas CO2 removal. The stability of 
ammonium carbamate is in part the result of the formation of an ionic solid composed of 
ammonium and carbamate ions, Figure 1. 
 

 
Figure 1: The reaction of NH3 and CO2 produces an ionic lattice of ammonium and 
carbamate ions. 

 
   The partial pressures of the NH3 and CO2 resulting from the decomposition of ammonium 
carbamate are related by the stoichiometry: PNH3 = 2 PCO2. The total decomposition pressure is 
P = PNH3 + PCO2 = 3 PCO2. Solving for the CO2 pressure in terms of the decomposition pressure 
gives PCO2 = P/3 and then PNH3 = 2P/3. The equilibrium constant, starting from pure ammonium 
carbamate is then: 
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In other words, the equilibrium constant is completely determined by measuring the pressure 
above the solid. 
 



Theory 
The Gibbs free energy of a reaction is determined by the reaction enthalpy, ∆H, and entropy, ∆S: 
 

 ∆G = ∆H – T ∆S         (3) 
 

where T is the absolute temperature in kelvins. Assuming the system and surroundings are at the 
same temperature and pressure, the entropy change of the surroundings is ∆Ssurr = – ∆H/T. The 
two terms in the Gibbs free energy keep track of the entropy change of the chemical reaction 
through the T ∆S term and the resulting entropy change of the surroundings, ∆H = – T ∆Ssurr. For 
narrow temperature ranges, ∆H and ∆S are sufficiently constant that a plot of ∆G as a function of 
T gives a straight line with a slope of –∆S, Figure 2a. 
   The Gibbs free energy and the equilibrium constant of a chemical reaction are related by: 
 

 ∆G = – RT ln Kp         (4) 
 

where R is the gas constant, R = 8.314 J K-1 mol-1. Substitution of this last relationship into Eq. 3 
for ∆G and dividing by –RT gives: 
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Over moderate temperature ranges a plot of ln Kp as a function of (1/T) gives a straight line with 
slope –∆H/R. Using Eqs. 3-5 the thermodynamics of a chemical reaction are completely 
characterized by measuring the equilibrium constant as a function of temperature; the reaction 
∆G, ∆H, and ∆S are all determined. 
 

 
Figure 2: (a). The slope of a plot of ∆G vs. T is –∆S. (b). The slope of a plot of ln Kp vs. 1/T 
is – ∆H/R. 

 
Procedure 
   The apparatus for measuring the decomposition pressure of ammonium carbamate is quite 
simple. Roughly 0.5 g of the solid are placed in a test tube to which an electronic pressure sensor 
is attached using a one-hole rubber stopper, Figure 3. A 600 mL beaker of water serves as a 
constant temperature bath. The pressure is measured at four different water bath temperatures. 
However, air is present in the test tube along with the NH3 and CO2 produced from the 
decomposition, The measured pressure, Ptot, is the sum: 
 

 Ptot = Pair + P  or solving for P: P = Ptot – Pair    (6) 
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The air pressure at room temperature, Pair,RT, is measured using an empty tube. The pressure of 
the air in the tube is then calculated at the temperature of the measurements, Pair,T, using the ideal 
gas law: 
 

 Pair,T = Pair,RT (T/TRT)         (7) 
 

where TRT is room temperature in kelvins. 
 

 
Figure 3:  Decomposition pressure measurement using an electronic pressure transducer and 
temperature probe from a stirred water bath. 

 
Apparatus: 
15x125 mm Test tube     Vernier Pressure Sensor 400 
Size 00 one-hole rubber stopper   Vernier temperature probe 
600-mL beaker     0.5 g Ammonium carbamate 
Magnetic stir bar      (“for decomposition” grade) 
Stirring hot plate 
 
 

�!  

Chemical Safety:  The ammonia released by ammonium carbamate is an inhalation 
hazard. Handle the solid in a hood until enclosed in a test tube. The solid is 
considered corrosive. Wash with soap and water after accidental contact with the 
skin. However, using standard safe laboratory practices, ammonium carbamate is not 
considered a significant hazard. 

This experiment is done in pairs. 
 
Measure Pair,RT 
1. Start Logger Pro. The pressure transducer and the electronic thermometer should be 
automatically recognized. Pull down the experiment menu and slide right on Change Units, Lab 
Pro 1: Pressure Sensor 400, and select mmHg. Measuring the pressure in mmHg provides a 
convenient and efficient use of the resolution of the pressure sensor. 
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2. Practice attaching the test tube to the pressure sensors using the one-hole rubber stopper. Make 
sure the stopper is firmly attached, to avoid air leaks. Try to reproduce the initial pressure 
reading that is obtained. The pressure will be roughly 900 mmHg and should be constant. 
Practice until you can reproduce the same initial pressure within ± 20 mmHg. Place the test tube 
with attached pressure sensor and the electronic thermometer into a 600 mL beaker of room 
temperature water. Stir on an unheated magnetic stirring hot plate. Record your initial pressure 
and the corresponding temperature when stable readings are obtained. Make sure the lip of the 
test tube is dry. Remove the test tube from the pressure sensor. 
 

Fill the test tube with Ammonium Carbamate and Determine Ptot at Room Temperature 
3. Make sure the test tube is dry. The solid ammonium carbamate should be a coarse powder. If 
only chunks of ammonium carbamate are available, powder the solid in a mortar and pestle. 
Place roughly 0.5 g of solid ammonium carbamate in the dry test tube. You don’t need to know 
the mass, an example will be available in the lab so that you can use visual inspection to estimate 
the amount. Return any excess ammonium carbamate to the stock bottle and close tightly. 
 

4. Attach the pressure sensor using the same amount of force that you used in step 2. Place the 
test tube with attached pressure sensor and the electronic thermometer back into the beaker of 
room temperature water. Stir with a stir bar.  
 

5. We don’t need the time dependence of the pressure, only the equilibrium pressure is required. 
However, the strip chart capability in Logger Pro allows us to easily determine when equilibrium 
has been reached. Start recording data and determine the pressure and temperature when the 
system is at equilibrium (roughly 400 sec). Leave the test tube attached to the pressure sensor for 
subsequent measurements. Don’t detach the pressure sensor. 
 

Measure the Dissociation Pressure at Three Additional Temperatures  
5. Fill the 600 mL beaker with warm water from the tap. The temperature should be in the range 
of 24-26°C. Leaving the heater on the stirring hot plate off, determine the new equilibrium 
pressure and temperature, repeating step 5 at this slightly higher temperature. 
 
6. Fill the 600 mL beaker with warm water from the tap. The temperature should be in the range 
of 32-34°C. Turn the heater on the stirring hot plate on to ~10% (or to the desired temperature if 
available), so that the water temperature remains constant. Determine the new equilibrium 
pressure and temperature, repeating step 5 at this slightly higher temperature. 
 
7. Fill the beaker with hotter tap water, this time in the range 36-38°C. Turn the heater on the 
stirring hot plate on to 20-30% (or to the desired temperature if available), so that the water 
temperature remains constant. Repeat the pressure measurement as before. 
 
Clean-Up 
8. Dry the lip and exterior of the test tube before disconnecting the pressure sensor to avoid 
wetting the ammonium carbamate. Return the remaining ammonium carbamate to the stock 
bottle and close tightly (refrigerate overnight). Leave the pressure sensor open to the atmosphere 
to avoid any build-up of ammonium carbamate in the interior of the sensor. 
 

9. Fill the 600 mL beaker with room temperature water and leave the filled beaker on the bench 
top to equilibrate with the room in preparation for the next lab section. 
 



Calculations: Set up an Excel spreadsheet to complete your calculations with columns: 
1. Tabulate the measured temperatures in °C. 
2. Convert the temperatures to absolute temperatures in kelvins. 
3. Calculate the air pressure at each temperature using Eq. 7. 
4. Tabulate the measured total pressures. 
5. Calculate the decomposition pressure using Eq. 6. 
6. Convert the pressures to atmospheres (or bar if you prefer). 
7. Calculate the equilibrium constants using Eq. 2. 
8. Calculate the reaction Gibbs free energy using Eq. 4. 
9. Calculate 1/T. 
10. Calculate ln Kp 

 

Construct the two required plots. Use the linest() function to determine the slopes and the 
standard deviation of the slopes. Calculate the reaction entropy and enthalpy and corresponding 
standard deviations. Remember that the standard deviations scale in the same way as the 
corresponding parameters. For example if you multiply the slope by R to get the final result, you 
must multiply the standard deviation of the slope by R to get the final standard deviation (consult 
the Error Analysis Handout on the lab Web site). To check your calculations, using the reaction 
enthalpy and entropy calculate the corresponding reaction Gibbs free energy at 25°C, Eq. 3, and 
compare the resulting ∆G to the ∆G calculated from the equilibrium constant at the closest 
temperature in your Excel table. 
 
Report 
You produce your own report form for this laboratory. Consult all your previous lab reports for 
examples of the required style. The report should contain your partner’s name and: 
 

1.  Introduction:  Give a brief introduction. In the introduction state the purpose of the 
experiment and the principle means that you are going to use to achieve that purpose. The 
introduction should be just two sentences. You should not discuss the experimental procedure 
nor the calculations that will be necessary in the Introduction. 
 

2.  Theory:  Reference the lab write-up for the theory. 
 

3.  Procedure:  Report that the equilibrium constant was determined as a function of temperature 
by measuring the decomposition pressure. Give Eqs. 6 and 7 with an explanation of why the 
correction for the pressure of air is required. State the manufacturer and model of the pressure 
sensor and data acquisition interface. This section should require only four or five sentences. 
 

4. Results:  Report the room temperature air pressure in the test tube and corresponding 
temperature. Provide a table containing the results at each temperature: T (K), decomposition 
pressure (atm or bar), equilibrium constant, reaction Gibbs energy (kJ mol-1), 1/T (K-1), and 
ln Kp. (Formal tables should not look like Excel spreadsheets.) In a second table for each of the 
two plots that you construct, give the slope and intercept and corresponding standard deviations 
for the slope and intercept, the final result (∆S or ∆H) and the corresponding standard deviation. 
Attach a copy of your Excel spreadsheet to your report. Also include the two plots with 
appropriate (numbered) figure captions, including clearly readable axes labels. Make sure that 
each table and figure have captions and that each table or figure is referenced in the body of the 
text within the Results section. The captions should summarize the content of the table or figure. 
The captions on the figures can be hand written. Report all values with appropriate units. 
 



5. Discussion: 
 (a).  Purpose accomplished: Restate the purpose as a completed goal (this sentence is just the 
introductory sentence for the first paragraph of the discussion). 
(b). Final Results: State the reaction enthalpy, entropy, and Gibbs free energy at 25°C. (Give 
each number in a form such as: 12.34 ± 0.56 kJ mol-1 or 12.34 ± 0.56 J K-1 mol-1. Of course, 
your order of magnitudes will probably be different.) 
(c).  Factors that influenced the precision of the data: 
    Give the measurement that is the predominant source of random error for the reaction entropy: The 
pressure is determined to three or four significant figures. The temperature is determined to four 
significant figures, since the temperature is converted to kelvins (e.g. 302.4 K). As a result the 
pressure is the predominant source of random error. Your final results are probably only good to 
two significant figures. If so simply state that “the experimental uncertainties in the 
thermodynamic parameters exceed the measurement errors.” State that “repeating the experiment 
at a wider range of temperatures is required to narrow the experimental uncertainties.” 
 (d). Answer the following questions in your discussion as a way of summarizing the results:  
   i. Is the reaction enthalpy or entropy driven? (in other words which term(s) favor products?) 
   ii. Is the sign of the entropy change consistent with the reaction stoichiometry? (hint:which 
state of aggregation makes a bigger contribution to the change in entropy of a reaction?) 
   iii. As the temperature increases what happens to value of the Gibbs free energy? Does the 
reaction become more or less spontaneous with increasing temperature? 
   iv. Is the shift in Gibbs free energy with temperature consistent with LeChâtelier’s principle? 
   iv. What conditions favor carbon capture and sequestration using ammonia? 
 

6. Literature Cited: Give the citation for this lab write-up including the last accessed date. 
 
Attach copies of your Excel spreadsheet and your two plots as Figures. 
 
Checklist: 

Use complete sentences and provide the proper number of significant figures and units. 
All Figures and Tables must have captions. 
Refer by number to each figure and table in the body of the text of your report. 
Acknowledge any data that were not taken by you and your partner (if you had a partner). 
Captions start with Figure # or Table # and then a concise description of the contents. 
You can write the captions by hand in black pen on attached sheets. 
Answer all the questions in the Discussion section of the write-up. 
Your report should read smoothly with no abrupt interjections of data.. 
Exclusive of attachments, your report should be less than two pages. 
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