Chapter 11



1.	(a)	Anode (Pt electrode):	Fe2+ � Fe3+ + e-



			Cathode (Ag electrode):	Ag+ + e- � Ag(s)



	(b)	Anode (Ag electrode):	Ag(s) + Br- � AgBr(s) + e-



			Cathode (Cd electrode):	Cd2+ + 2e- � Cd(s)



	(c)	Anode (Pb electrode):	Pb(s) + SO42- � PbSO4(s) + 2e-



			Cathode (PbO2 electrode):	PbO2(s) + SO42- + 4H+ + 2e- � PbSO4(s) + 2H2O



2.	(a)	� EMBED Equation.2  ���



			� EMBED Equation.2  ��� = -0.059 V



	(b)	� EMBED Equation.2  ���



			� EMBED Equation.2  ��� = -0.512 V



	(c)	� EMBED Equation.2  ���



			� EMBED Equation.2  ��� = 2.10 V



3.	The Nernst equation for this electrochemical cell is



� EMBED Equation.2  ���



	Substituting know values and solving gives the concentration of I- as



� EMBED Equation.2  ���



� EMBED Equation.2  ���



-0.6755 = log[I-]



[I-] = 0.211 M



4.	In acidic solutions Zn dissolves due to the reaction



Zn(s) + 2H+ � Zn2+ + H2(g)



	for which 



� EMBED Equation.2  ���



	In principle, any metal for which Eo is less than 0.00 V should show similar behavior.



5.	To find the selectivity coefficient we plot the electrode’s potential versus the concentration of salicylate.  As shown here



�



	we find two linear regions.  For low concentrations of salicylate the electrode’s potential is nearly constant as it responds to the fixed concentration of benzoate.  For higher concentrations of salicylate the electrode’s potential is determined by the concentration of salicylate.  The selectivity ratio is the ratio of the concentrations of salicylate and benzoate that yield identical potentials.  The concentration of benzoate is 0.10 M.  The concentration of salicylic acid is found using the intersection of the plot’s two linear sections.  This is conveniently determined using the regression equation for the linear segment at low concentrations of salicylic acid



E = 198.2 + 2.5log[salicylate]



	and the regression equation for the linear segment at higher concentrations of salicylate



E = 20.33 - 52.90[salicylate]



	At their intersection the potential is the same for both linear segments; thus



198.2 + 2.5log[salicylate] = 20.33 - 52.90log[salicylate]



	Solving for the concentration of salicylate gives



55.40log[salicylate] = -172.47



[salicylate] = 7.71� EMBED Equation.2  ���10-4 M



	The selectivity coefficient, therefore, is



� EMBED Equation.2  ���



	To maintain an error of less than 1% we require that



KA,I� EMBED Equation.2  ��� [benzoate] ≤ 0.01� EMBED Equation.2  ��� [salicylate]



(7.71� EMBED Equation.2  ���10-3) � EMBED Equation.2  ��� [benzoate] ≤ (0.01)(1� EMBED Equation.2  ���10-5)



[benzoate] ≤ 1.3� EMBED Equation.2  ���10-5 M



6.	Cocaine is a weak base alkaloid with a pKa of 8.64.  Below a pH of 8 cocaine is protonated and is present as its conjugate weak acid that, presumably, is active at the membrane.  Above a pH of 9 cocaine exists primarily in its unprotonated base form, which does not show activity at the membrane.  The membrane’s potential, therefore, decreases sharply above a pH of 8.



7.	This urea-selective electrode uses an ammonia gas-sensing electrode that, in turn, uses a pH electrode.  The potential of the pH electrode is (see equation 11.9)



Ecell = K + 0.05916log[H3O+]



	The inner solution of the ammonia electrode (see Table 11.4) contains a fixed concentration of NH4+.  The acid dissociation constant for NH4+ is



� EMBED Equation.2  ���



	Solving for [H3O+] and substituting back into the equation for the potential of the pH electrode gives



Ecell = K´ - 0.05916log[NH3]



	where K´ includes Ka and [NH4+].  In the solution between the two membranes [NH3] is directly proportional to [NH4+] by the same Ka expression.  In addition, [NH4+] is directly proportional to the [urea] in the outer solution; thus



Ecell = K´´ - 0.05916log[urea]



8.	The Nernst equation for a pH electrode is



Ecell = K + 0.05916log[H+] = K - 0.05916pH



	Solving for pH and substituting into equation 11.13 gives



� EMBED Equation.2  ���



Ecell = K + (0.05916)k[urea]



	What is interesting about this result is that the potential is a linear function of [urea] instead of a logarithmic function.  The reason for this has to do with the kinetics of the enzymatic reaction and the presence of a buffer that maintains a constant buffering strength.  For additional details see Ruzicka, J.; Hansen, E. H.; Ghose, A. K.; Mottola, H. A. Anal. Chem. 1979, 51, 199-203.



9.	A plot of potential versus the concentration of penicillin is shown here.



�



	(a)	The response appears to be linear for concentrations between 2 x 10-3 M to 1 x 10�5 M (or �5.00 ≤ log[penicillin] ≤ -2.70).



	(b) Linear regression over the range of concentrations from part (a) gives the equation for the calibration curve as



E(mV) = 331.4  + 47.76log[penicillin]



	(c)	Substituting in the sample’s potential gives the concentration of penicillin as 1.1� EMBED Equation.2  ���10-4 M.



10.	The calibration curve and equation are



�



E = 67.56 + 42.36log[K+]



	Substituting the potential for the sample and solving for [K+] gives the concentration of K+ as 0.41 mM.  Because the serum sample was diluted by a factor of 10 (1.00 mL Æ 10.00 mL), the concentration of K+ in the original sample is 4.1 mM.



11.	A plot of potential versus pH is shown here.



�



	Linear regression gives the equation for the calibration curve as



E = 427.4 - 65.46pH



	Substituting the measured potentials for the three samples gives the pH values as  (a) pH of tomato juice = 3.98 ; (b) pH of tap H2O = 6.9; (c) pH of coffee = 4.67.



12.	The following two equations apply to this standard addition



0.102 = K - 0.05916log[NO2-]



� EMBED Equation.2  ���



	Subtracting the second equation from the first gives



� EMBED Equation.2  ���



� EMBED Equation.2  ���



� EMBED Equation.2  ���



0.697[NO2-] = 7.692 ppm



[NO2-] = 11.03 ppm



13.	To determine the concentration of F- we must find an appropriate way to plot the standard additions data.  The Nernst equation for the electrode is



� EMBED Equation.2  ���



	where Co is the concentration of F- in the original sample, Vo is the volume of sample, Cs is the concentration of F- in the standard solution, and Vs is the volume of the standard addition.  Dividing through by -0.05916 and taking the inverse log gives



� EMBED Equation.2  ���



	Rearranging leaves us with



� EMBED Equation.2  ���



	A plot of (Vo + Vs)10-E/0.05916 versus Vs will be a straight line with a slope of



b1 = 10-K/0.05916(Cs)



	and a y-intercept of



b0 = 10-K/0.05916(CoVo)



	The concentration of F- in the sample, therefore, is



� EMBED Equation.2  ���



	(a)	The following table summarizes the data to be plotted where Vo is 0.05000 L.



 Average Potential (V)� Vs (L)�(Vo + Vs)10-E/0.05916��-0.0807�0.00000�1.156��-0.119�0.00100�5.237��-0.133�0.00200�9.208��-0.142�0.00300�13.321��-0.148�0.00400�17.143��-0.153�0.00500�21.211��

	The resulting plot and linear regression results are shown here.



�



(Vo + Vs)10-E/0.05916 = 1.205 + 4003Vs



	The concentration in the sample as analyzed is



� EMBED Equation.2  ���



	Because the tap water was diluted by a factor 2 in its preparation, the concentration of F- in the tap water is 1.20 ppm.



(b)	The following table summarizes the data to be plotted where Vo is 0.02000 L.



 Average Potential (V)� Vs (L)�(Vo + Vs)10-E/0.05916��-0.055�0.00000�0.170��-0.082�0.00100�0.511��-0.094�0.00200�0.854��-0.102�0.00300�1.219��-0.108�0.00400�1.606��-0.112�0.00500�1.955��

	The resulting plot and linear regression results are shown here.



�



(Vo + Vs)10-E/0.05916 = 0.1543 + 359.3Vs



	The concentration in the sample as analyzed is



� EMBED Equation.2  ���



	The concentration of F- in the toothpaste, therefore, is



� EMBED Equation.2  ���



14.	(a)	When using external standards the matrix of the sample and standards must be the same; thus, the concentration of NaCl in the standard solutions of KI must be sufficient to match that of the samples as prepared.



	(b)	To use a standard addition, a sample of iodized salt is prepared and its potential measured.  The sample is then spiked with a known volume of a standard solution of KI and the potential remeasured.



15.	The conversion of picric acid to triaminophenol is an 18e- reduction (see page 502).  To solve we use Faraday’s law



21.67 C = (18)(96485 C mol-1)N



N = 1.248� EMBED Equation.2  ���10-5 moles picric acid



	Because we analyzed only a 10.00 mL portion of the original 1.000 L sample, there are 1.248� EMBED Equation.2  ���10-3 moles picric acid in the sample.  The purity, therefore, is



� EMBED Equation.2  ��� 



16.	To solve we combine equations 11.23 (Q = nFN) and 11.24 (Q = it); thus



it = nFN



	Substituting known values and solving for N gives



(0.0846 A)(386 s) = (2)(96485 C mol-1)N



N = 1.692� EMBED Equation.2  ���10-4 mol H2S



	The concentration of H2S, therefore, is



� EMBED Equation.2  ���



17.	For the titration to be feasible the standard state potential for the reaction must be positive; thus



� EMBED Equation.2  ���= +0.536 V -� EMBED Equation.2  ��� > 0



	The “formal” standard state potential for the H3AsO4/H3AsO3 half-reaction, however, is pH dependent as shown here



� EMBED Equation.2  ���



� EMBED Equation.2  ���



	At a pH of 7 the potential is +0.145 V and titration reaction’s potential is favorable.  For a solution of 6 M H+ (pH ≈ -0.8), however, the potential for the titration reaction is an unfavorable +0.60 V.  Another way to view this is with a ladder diagram.  For the titration to be feasible the areas of predominance for the analyte, H3AsO3, and the titrant, I3-, must not overlap.  The ladder diagrams shown here, which correspond to pH levels of 7 and -0.8,



�



	clearly demonstrate that the titration is favorable at a pH of 7 and unfavorable at a pH of �0.8.



18.	Using Faraday’s law we find that



� EMBED Equation.2  ���



n = 1.00



19.	The Nernst equation for the Fe3+/Fe2+ half reaction is



� EMBED Equation.2  ���



	where the subscript x = 0 is included as a reminder that the potential is determined by the concentrations of Fe2+ and Fe3+ at the electrode’s surface.  For the reduction of Fe3+ we know, from equation 11.35, that the current is proportional to the difference between the concentration of Fe3+ in bulk solution and the concentration of Fe3+ at the electrode surface.



i = KFe3+{[Fe3+]bulk - [Fe3+]x=0}



	We also know, from equation 11.36 that the cathodic limiting current is



il,c = KFe3+[Fe3+]bulk



	Combining these two equations leaves us with



i = il,c - KFe3+[Fe3+]x=0



� EMBED Equation.2  ���



	For the oxidation of Fe2+ at the anode, a similar treatment gives



i = -KFe2+{[Fe2+]bulk - [Fe2+]x=0}



il,a = -KFe2+[Fe2+]bulk



i = il,a + KFe2+[Fe2+]x=0 



� EMBED Equation.2  ���



	where the negative sign is included because the sign for an anodic current is the opposite of that for a cathodic current.  Substituting back into the Nernst equation gives



� EMBED Equation.2  ���



� EMBED Equation.2  ���



	(b)	When i = 0 the final equation from part (a) becomes



� EMBED Equation.2  ���

	

� EMBED Equation.2  ���



� EMBED Equation.2  ���



� EMBED Equation.2  ���



20.	The calibration curve and equation for this data are shown here.



�



	i = 0.1478 + 0.01967(mg S)



	Substituting the current for the sample gives a result of 82.5 mg S, or a concentration of 82.5 mg/mL. Thus, there are 82.5 mg S/mL.



21.	The calibration curve and equation for this set of external standards is shown here.



�



il = 3.2 + 62.10[K3Fe(CN)6]



	Substituting the limiting current for the sample, we find a concentration of 7.10 mM.  The purity of the sample, therefore, is



� EMBED Equation.2  ���



22.	Letting CA be the concentration of Sb in the vial containing 5.00 mL of 4 M HCl, we have the following equations for the sample and standard addition.



� EMBED Equation.2  ���



� EMBED Equation.2  ���



	Solving both equations for k and equating gives



� EMBED Equation.2  ���



0.362CA + 4.524 = 1.112CA



CA = 6.032 ppb Sb



	The amount of Sb collected from the individual’s hand, therefore, is



(6.032 ng mL-1) � EMBED Equation.2  ���5.00 mL = 30.2 ng Sb



23.	For the internal standard we have



� EMBED Equation.2  ���



	Solving gives a value for K of 1.117.  For the sample, we have



� EMBED Equation.2  ���



	which gives [Tl+] as 3.68� EMBED Equation.2  ���10-4 M.  The %w/w Tl in the alloy, therefore, is



� EMBED Equation.2  ���



24.	Let CA and CC be the concentrations of ascorbic acid and caffeine, respectively, in the 100-mL volumetric flask.  For the standard additions analysis of ascorbic acid we have the following two equations



� EMBED Equation.2  ���



� EMBED Equation.2  ���



	Solving both equations for k and equating gives



� EMBED Equation.2  ���



0.0333CA + 8.3333 = 0.0683CA



CA = 238 ppm ascorbic acid



 	The amount of ascorbic acid in the tablet, therefore, is



� EMBED Equation.2  ���



	For the standard additions analysis of caffeine we have the following two equations



� EMBED Equation.2  ���



� EMBED Equation.2  ���



	Solving both equations for k and equating gives



� EMBED Equation.2  ���



0.0924CC + 18.476 = 0.1956CC



CC = 179 ppm caffeine



 	The amount of caffeine in the tablet, therefore, is



� EMBED Equation.2  ���



25.	The calibration curve and equation for this data are shown below.



�



i = -5.600 + 1.772(ppb Sn4+)



	Substituting the current for the sample we obtain a concentration for Sn4+ of 75.5 ppb.  The concentration of Sn4+ in the original sample, therefore, is



� EMBED Equation.2  ���



26.	The calibration curve for this data is shown below



�



	Linear regression gives the equation for the calibration curve as



i = -0.490 + 8.615(mg glucose/100 mL)



	Substituting the current for the sample gives a glucose concentration of 2.796 mg/100 mL; thus



� EMBED Equation.2  ���



27.	First, using the equation i = kC, we calculate the values of k for each analyte at each potential.  For example, at a potential of -0.385 V, the value of k for Pb2+ is



� EMBED Equation.2  ���



	The following table summarizes these values (with units of ppm-1).



�k at -0.385 V�k at -0.455 V�k at -0.557 V��Pb2+�26.1�2.9�0��Tl+�3.9�11.75�1.6��In3+�0�0�57.25��

	To find the concentrations of Pb2+ and Tl+ we use the following two equations



60.6 =  (26.1 ppm-1)(ppm Pb2+) + (3.9 ppm-1)(ppm Tl+)



28.8 = (2.9 ppm-1)(ppm Pb2+) + (11.75 ppm-1)(ppm Tl+)



	Multiplying the second equation by 26.1/2.9 and subtracting from the first equation leaves us with



-198.6 = -101.85(ppm Tl+)



ppm Tl+ = 1.95 ppm ≈2.0 mg/mL



	Substituting a concentration of 1.95 ppm for Tl+ back into the first equation gives the concentration of Pb2+ as



60.6 =  (26.1 ppm-1)(ppm Pb2+) + (3.9 ppm-1)(1.95 ppm)



ppm Pb2+ = 2.03 ppm ≈ 2.0 mg/mL



	At a potential of -0.557 V we have



54.1 = (1.6 ppm-1)(ppm Tl+) + (57.25 ppm-1)(ppm In3+)



	Substituting in for ppm Tl+ and solving for ppm In3+ gives



54.1 = (1.6 ppm-1)(1.95 ppm) + (57.25 ppm-1)(ppm In3+)



ppm In3+ = 0.89 mg/mL



28.	A plot of sensitivity versus pH is shown here.



�



	Also shown is a ladder diagram for NH4+ with the buffer region highlighted.  The sudden drop in sensitivity above a pH of 8.3 corresponds to the conversion of NH4+ to NH3.  This cannot explain the increase in sensitivity from a pH of 6.2 to a pH of 8.3, which must be due to the enzyme’s behavior.



29.	To solve we must establish the relationship between the eight measurements and the seven groups in which the trace metals are divided.  Let’s identify the eight measurements as



				a - filtration: ASV–labile														e - UV: ASV–labile

				b - filtration: total																	f - UV: total

				c - ion–exchange: ASV–labile											g - ion–exchange/UV: ASV–labile

				d - ion–exchange: total															h - ion–exchange/UV: total

		

	The following relationships hold where each letter and roman numeral represents the associated concentration for a trace metal.



				a = I + II + III																			e = I + II + III + IV + VI



				b = I + II + III + IV + V + VI + VII								f = I + II + III + IV + V + VI + VII



				c = II + III																					g = III



				d = II + III + VI + VII															h = III + VII



	Using these we can write the following equations to determine the concentrations of trace metals for each group, where Ctot is the total concentration of trace metal in all groups.



				Ctot  = (b + f)/2																		I = a - c



				III = g																							VI = d - c - h + g



				VII = h - g																					IV = e - a - d + c + h - g



				II = c - g																						V = Ctot - I - II - III - IV - VI - VII



	For Cd2+ we have Ctot = (0.28 + 0.28)/2 = 0.28 ppb; thus



III = 0 ppb				VII = 0.02 - 0 = 0.02 ppb				II = 0.21 - 0 = 0.21 ppb



I = 0.24 - 0.21 = 0.03 ppb			VI = 0.26 - 0.21 - 0.02 + 0 = 0.03



IV = 0.26 - 0.24 - 0.26 + 0.21 + 0.02 - 0 = -0.01 ppb



V = 0.28 - 0.03 - 0.21 - 0 - (-0.01) - 0.03 - 0.02 = 0 ppb



	The negative concentration for IV represents experimental error.



For Pb2+ we have Ctot = (0.50 + 0.50)/2 = 0.50 ppb; thus



III = 0 ppb			VII = 0.12 - 0 = 0.12 ppb			II = 0.33 - 0 = 0.33 ppb



I = 0.39 - 0.33 = 0.06 ppb			VI = 0.43 - 0.33 - 0.12 + 0 = -0.02



IV = 0.37 - 0.39 - 0.43 + 0.33 + 0.12 - 0 = 0 ppb



V = 0.50 - 0.06 - 0.33 - 0 - 0 - (-0.02) - 0.12 = 0.01 ppb



	The negative concentration for VI represents experimental error.



For Cu2+ we have Ctot = (0.40 + 0.43)/2 = 0.415 ppb; thus



III = 0 ppb			VII = 0.10 - 0 = 0.10 ppb			II = 0.17 - 0 = 0.17 ppb



I = 0.26 - 0.17 = 0.09 ppb			VI = 0.24 - 0.17 - 0.10 + 0 = -0.03



IV = 0.33 - 0.26 - 0.24 + 0.17 + 0.10 - 0 = 0.10 ppb



V = 0.415 - 0.09 - 0.17 - 0 - 0.10 - (-0.03) - 0.10 = -0.015 ppb



	The negative concentrations for V and VI represent experimental error.



30.	Lead forms several stable hydroxy-complexes, such as Pb(OH)3-, that shift the reduction potential to more negative values.



31.	To show that the reduction is reversible we plot the potential versus� EMBED Equation.2  ���, which should produce a straight-line with a slope of -0.05916/n and a y-intercept of E1/2.  The following table and figure show the results for this data.





Potential (V vs. SCE)�� EMBED Equation.2  �����-0.345�-1.537��-0.370�-0.680��-0.383�-0.247��-0.393�0.091��-0.409�0.643��-0.420�1.005��

�



	Linear regression gives the equation for the line as



E = -0.390 - 0.02948� EMBED Equation.2  ���



	From the slope we find that 



� EMBED Equation.2  ���



n = 2.01 ≈ 2



	From the y-intercept we find that E1/2 is -0.390 V.  To characterize the lead-hydroxy complex we plot DE1/2 versus log[ligand] where DE1/2 is the difference between the half-wave potential for Pb2+ in the presence of ligand to the half-wave potential for Pb2+ in the absence of ligand.



[OH-] (M)� (E1/2)c (V)� (E1/2)nc (V)�DE1/2 (V)�log[OH-]��0.050�-0.646�-0.390�-0.256�-1.300��0.100�-0.673�-0.390�-0.283�-1.000��0.150�-0.689�-0.390�-0.299�-0.824��0.300�-0.715�-0.390�-0.325�-0.523��

�



	Linear regression gives the equation for this line as



DE = -0.3718 - 0.08890log[OH-]



	From the slope we find the value of p for the complex Pb(OH)p2-p; thus, for n = 2 (a 2 electron reduction)



� EMBED Equation.2  ���



p = 3.01 ≈ 3



	and the complex is Pb(OH)3-.  From the y-intercept we find the value for b3; thus



� EMBED Equation.2  ���



b3 = 3.71� EMBED Equation.2  ���1012



32.	For this standard additions analysis we have the following two equations



� EMBED Equation.2  ���



� EMBED Equation.2  ���



	Solving both equations for k and equating gives



� EMBED Equation.2  ���



20.88CCu + 0.522 = 30.72CCu



CCu = 0.0530 mM = 5.30 x 10-8 M



The concentration of Cu2+ in sea water, therefore, is



� EMBED Equation.2  ���



33.	For this standard additions analysis we have the following two equations



� EMBED Equation.2  ���



� EMBED Equation.2  ���



	Solving both equations for k and equating gives



� EMBED Equation.2  ���



0.2741CA + 0.06854 = 0.4185CA



CA = 0.47 mM



34.	The standard additions calibration curve and equation for this data are shown here.



�



ipeak = 15.52 + (4.47� EMBED Equation.2  ��� 108)[V(V)]



	Solving, we find that



� EMBED Equation.2  ���
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