CHEMISTRY 6, ENVIRONMENTAL CHEMISTRY
PROBLEM SET II

1) At a wavelength of 600 nm, the molar extinction coefficient of sea water is approximately 4.9 x 10-5 M-1cm-1.  (The molar concentration of water is 55 M.)

a) At what depth in meter is the intensity of incident sunlight reduced by a factor of 1000?  What relevance does this result have for the biosphere?

b) Would a diver need a flashlight for a dive to a depth of 5 meter below the surface?  50 m?

2) This thought experiment (Gedanken Experiment) will explore some of the consequences of the phase diagram for water which result from its remarkable hydrogen bonding.  Recall that the slope, dp/dT, of the boundary between the liquid and ice(I) phases is  negative and has the value (S((fusion)/(V((fusion) where the thermodynamic quantities are evaluated at the normal melting point.  Relevant data at 0.0(C:  (S((fusion) = 22.0 J/K-mole), d(liquid) = 0.9998426 g/cm3, d(ice) = 0.91671 g/cm3.

In our Gedanken Experiment, a cylindrical hole is drilled in a bed of rock, the hole is filled with liquid water at 0.0(C, the filled cavity is sealed with a tightly fitting plug.  Suppose that the temperature drops by 10(C to -10(C (14(F, still balmy weather by Chicago standards).

a) If the hole were not plugged, what would happen to the water and its volume when the temperature dropped?

b) However, the hole is plugged?  What happens to the water?

c) Calculate (V((fusion) = V((liquid) - V((ice) in m3/mole from the densities provided above.  Then estimate the minimum pressure change, dp, required to maintain the water in the liquid, low-volume state.  Compare the result with atmospheric pressure, 101375 N/m2.  [Hint: Since dp/dT = (S(/(V(, it follows from calculus that dp = ((S(/(V()dT.

d) What happens if the rock cannot sustain this pressure change?  Roman engineers utilized the answer to this question.

3) Thermodynamic data at 298.15 K relating to the solubility of noble gases in water, i.e. for the simple "reaction" X(g) ( X(aq), are provided below.

a) Provide an explanation for the trend in the solubility data.

b) Account for the signs of the enthalpy and entropy changes.

c) Will the solubility of an inert gas increase or decrease with an increase in temperature?  Briefly explain.

X      (G((kJ/mole)   (H((kJ/mole)    (S((J/K-mole)
He       19.7                     -1.7                   -71.8

Ne       19.3                    -4.6                    -80.2

Ar        16.4                   -12.1                   -95.4

Kr        15.1                   -15.5                 -102.5 

Xe        13.4                   -17.6                 -113.9

4) The chemistry of sulfur dioxide and water parallels that of carbon dioxide and water.   It is produced in large quantities from smelting operations and the combustion of coal and as a result is an important source of acid rain.  This problem deals with SO2 equilibria as a means of better understanding its own chemistry and that of CO2.
The chemical literature makes reference to sulfurous acid, H2SO3, the sulfur analogue of carbonic acid, which chemists surmised to be the product of the hydrolysis of SO2.
SO2(aq)  +  H2O(l)  (  H2SO3(aq)

Although the existence of carbonic acid has been well documented, no one has been able to detect H2SO3 in either the gas or aqueous phase.  Ab initio quantum calculations reported in the literature suggest that it is not a fictitious species but one with a high energy and therefore low abundance.  However, Hartree-Fock (HF) and Density Functional Theory (DFT) calculations with Spartan indicate that it is fictitious; they yield structures with imaginary vibrational frequencies.  In any event, it is safe to conclude that at the very least, SO2 in aqueous solutions is present overwhelmingly as sulfur dioxide hydrated by 6-7 water molecules.  Therefore, the name sulfurous acid can be assigned uniquely to a single chemical species, SO2(aq).  Following the notation used in the case of carbonic acid, one obtains this stoichiometric relation for the species in water:
[H2SO3]tot  =  [H2SO3*]  =  [H2SO3]  +  [SO2]

The following thermodynamic data at 298.15 K have been selected from the NIST Thermochemical Tables edited by D. Wagman.

species         (G((kJ/mole)   (H((kJ/mole)    (S((J/K-mole)
H+(aq)                 0.000                0.000                 0.00        

H2O(l)           -237.129           -285.830               69.91

SO2(g)           -300.194           -296.830             248.22

SO2(aq)         -300.676           -322.980              161.9
H2SO3*(aq)   -537.81             -608.81                232.2
HSO3-(aq)     -527.81             -626.22                139.7

SO3-2(aq)       -486.5               -635.5                   -29.

a) The data in the NIST tables for the hypothetical sulfurous acid, designated here as H2SO3*, can be easily obtained by combining data for other chemical species.  Which chemical species?  Briefly explain why.
b) Recall that the relationship between thermodynamic data and K is given by the expression K = exp(-(G(/RT).  Calculate the value of the equilibrium constants at 298.15 K for the following effective reactions that define the acid-base chemistry of SO2:
H2O(l)  +  SO2(g)  (  H2SO3*(aq)
H2SO3*(aq)  (  H+aq)  +  HSO3-(aq)

HSO3-(aq)  (  H+(aq)  +  SO3-2(aq)

c)  The ions in the above reactions have the same charges as the ions involved in the corresponding reactions for carbonic acid.  Hence, to first order, the multiplicative corrections for non-ideal solution behavior should be the same in both systems.  Provide estimates for the effective equilibrium constants of three reactions in sea water at 298.15 K. 

d) Compare the results from part (a) with the equilibrium data presented in class for carbon dioxide.  Given comparable concentrations in the atmosphere, which species poses greater problems for the biosphere?  Discuss!
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