Reaction of Sulfites with Hydrogen Sulfide Ion

CF;SN(CHa),: yield 95%; IR 3000 (m), 2942 (s), 2890 (s), 2845
(m), 2804 (m), 1460 (s), 1285 (w), 1250 (m), 1202 (s), 1160 (vs),
1130 (vs), 1100 (m, sh), 1040 (m), 976 (s), 747 (m), 668 (m), 560
(m), 465 (m) cm™'; NMR ¢* 47.6 (septet, CF,); 7 7.05 (q, CHa);
Jerser, = 1.2 Hz. The mass spectrum contains a strong molecular
jon peak at m/e 145 as well as strong peaks for CF,SN™ (m/e 114)
and (CH,),NS™* (m/e 76).
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Stoichiometry of the Reaction of Sulfites with Hydrogen Sulfide Ion
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The aqueous reaction of sulfites with HS™ ion to yield S,05> ion is dependent upon [H*], and the stoichiometry of the
reaction has been investigated. A molar equivalency of sulfur to hydrogen has been found to be essential for reaction such

that if HS™ ion is the sulfide species, the protonated sulfite, HS
for the reaction should be written 2HS™ + 4HSO;™ — 38,0,

room temperature.

Introduction

Generally, the reaction of sulfites with sulfides in aqueous
solution is considered to produce thiosulfate ion with the
possibility of additional, more complex polythionates. Fur-
thermore, the reaction appears to proceed by a stepwise
mechanism and involves an unstable thiosulfurous ion in-
termediate.! The dependency of the overall reaction upon
hydrogen ion concentration, however, has not been adequately
determined.

Isotopic labeling experiments indicate the stepwise nature
of the reaction.”® Thiosulfate ion produced by the reaction
of H,S** with HSO;™ ion, SO;% ion, and SO, in NaOH has
been hydrolyzed in acid solution to recover the elemental
sulfur. Of the elemental sulfur recovered, 2/, was S pro-
moting the conclusion that 2/, of the sulfur originated from
the H,S, while the remaining !/; was provided by the sulfite
species. Equations 1 and 2 were suggested whereby elemental
sulfur is generated initially followed by subsequent addition
of the sulfur to excess sulfite ions.

2H,*S + SO, - 2H,0 + 2*°S + § %)
350, + 2%5S + S - 235850, + SS0,*" 1))

Foerster et al,%> had shown earlier that thiosulfate ion,
S,05%, decomposes in acid solution to yield HSO;™ ion and
elemental sulfur by an equilibrium reaction. Consequently,
sulfur adds to HSO;™ ion to produce S,0,2 ion, and eq 2 may
involve HSO;~ ion instead of the nonprotonated form, SO5>,

The two-step mechanism given by eq 3 and 4 is proposed
and has been investigated. The noteworthy feature of this

2HS + HSO,” » 35S + 37OH 3)

S + HSO,” - 8,0,%*" + H . @
mechanism is that HSO; is necessary in both steps. Adding -

"~ ion, may be considered the sulfite species, and the equation

+ 3H,0. Free SO;% ion will not react with HS™ ion at

eq 3 and 4 leads to the overall reaction given by eq 5.

'2HS" + 4HSO, - 35,0,% + 3H,0 (5)

Hydrogen sulfide ion, HS™, has been chosen as the sulfide
species for this investigation because it is the predominant
sulfide species present in solution in the pH range (~5-9) of
interest.

Experimental Section

A Fisher Accumet Model 120 pH meter in conjunction with a
combination electrode was used for all pH measurements. The pH-
measurements were made without undue delay to avoid contamination
of the electrode by HS™ ion.

Precipitated sulfur was identified from infrared spectra measured
using a Perkin-Elmer Model 457 infrared spectrophotometer. Carbon
disulfide solvent and a 0.1 mm NaCl cell were used. Spectra were
obtained with respect to air reference in the spectral region of 600—400
cm™ to observe the characteristic sulfur absorption at 466 cm™.

Potassium Hydrogen Sulfide, KHS, Solution. The KHS solution
used throughout this study was prepared by neutralizing H,S with
an equivalent amount of standard aqueous KOH.

The H,S was bubbled through KOH solution with nitrogen carrier
gas until the weight of the solution increased by a weight equivalent
to the neutralization products dictated by eq 6.  Nitrogen carrier

H,S + KOH - KHS + H,0 (6)

gas was used as a diluent to slow the neutralization reaction.

The KHS was determined by reacting the sulfide with excess
standard iodine solution and back-titrating the excess I, with standard
Na,S,0; solution using starch indicator for end point detection.
Standard HCI solution was used to acidify the iodine solution, and
the KOH was determined by back-titration of the acid with standard
NaOH to the phenolphthalein end point. Any HCI not recovered was
considered to have been consumed by the KOH and directly equivalent
to the KOH concentration. Since the determination of KHS produces
hydriodic-acid, HI, which is also titrated by NaOH, compensation
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Figure 1. Mole Ratio plots: (@) [H*] = l[SO3 1; (m) [H*] =
0.55[S0,%], adjusted for available [H*]; (X) [H*] = variable.

was necessarily made for that acidic component as predicted by eq
7.

KHS +1, > S + HI + KI N

The titrations for KHS and KOH showed the solution to be 0.9580
M with respect to KHS and 0.0361 M with respect to KOH. The
concentration of KOH was considered insignificant and was not
included in subsequent calculations.

Potassium Sulfite, K,SO;, Solution. Reagent grade X,SO; was
dissolved in water and standardized by titration with standard I,
solution to the starch end point. The standardization yielded 0.9000
M K;SO0;.

The standard solutions of HCl, KOH, NaOH, I,, and Na,S,0;
used throughout this investigation were prepared and standardized
by classical methods.

Reaction Mixtures. Sulfide/sulfite reaction mixtures were prepared
by pipetting appropriate volumes of standard KHS, K,SO;, and HCI
solutions in that order into 100-mL volumetric flasks, diluting as
necessary with water, and mixing. An aliquot from each mixture was
treated with zinc acetate to precipitate excess sulfide ion followed b
reaction with formaldehyde to complex excess sulfite ion. The S,05*
ion remaining was titrated with standard I, to the starch end point.5’

An additional aliquot was reacted with excess standard I, to measure
the total I, oxidizable species for a material balance in terms of total
sulfur. The excess I, was back-titrated with standard Na,S,0; to
the starch end point. The concentrations of sulfide ion and sulfite
ion were not determined individually because ZnSO, precipitates
nonquantitatively with the ZnS during the zinc acetate treatment.

Results and Discussion

Mole Ratio H*/S0,>" = 1.1. Consider the reaction given
by eq 5. If aliquots of HSO;™ ion are added to a stock solution
of HS™ ion, S,0,% ion will be produced in direct proportion
to the added HSO;™ ion until all of the HS™ ion has been
consumed. At the point when all of the HS™ ion has been
consumed, no additional S,0,% can be generated even though
more HSO;  ion is added. Also at that point, the ratio of the
molar concentration of HSO;™ ion to the molar concentration
of HS™ ion will be 2:1.

The proportionality constant between the concentration of
HSO; ion added and the concentration of S,05% ion produced
as defined by °q 5is ?/4 0r 0.75. Therefore, if the concen-
tration of S,04% ion generated is plotted with respect to the
concentration of HSO; ion reacted, a linear curve should be
obtained with a slope of 0.75. The slope should go to zero after
the point when all of the HS™ ion has been consumed. The
change from a slope of 0.75 to O will occur more or less
abruptly with the degree of curvature dependent upon the
equilibrium constant for the overall reaction. No curvature
at all indicates a quantitative reaction.

Figure 1 shows the plot obtained when 9.58 mmol of HS™
ion were reacted with increasing concentrations of HSO;™ ion.
The HSO;™ ion was prepared with approximately equimolar
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Table I. Pertinent Data for nH'/nS0,?" = 1.1
nS0,*"/

nHS™ n8,0,>~ nSfound nSadded pH
0 9.58 10.60
0.187 1.00 11.10 11.38 9.46
0.469 3.16 13.89 14.08 8.35
0.939 6.75 18.13 18.58 7.99
1.409 23.08 7.50
1.879 13.06 27.58 27.58

2.348 14.00 28.06¢ 32.08 5.21
2.818 36.58 3.14
3.288 13.92 39.06¢ 41.08 2.82
3.757 13.66 42.68¢ 45.58 2.99
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Figure 2. Mole ratio plot, (H*] = 0.55[SO,>].

quantities of HCI and K,SO;. The mole ratio of HSO;™ ion
to HS™ ion has been plotted vs. the measured concentration
of 8,0,% ion produced.

The point of discontinuity at which the slope goes to zero
occurs when the mole ratio of HSO;™ ion to HS ion is 2. The
initial slope of the curve as plotted is 7.19. Mathematically
eliminating the HS™ ion term gives a slope of 7.19/9.58 =
0.75,. The measured concentrations of S,0,% ion, the pH of
the final solutions, and the material balances are given in Table
L.

Mole Ratio H*/SO;> = 0.55. Equation 8 has also been
considered. If this equation takes place, the concentration

2HSO," + 280,* + 2HS > 38,0, + H,0 + 2"CH (€))

of HCl does not need to be equimolar with SO, ion to obtain
the same results defined above. In this case, only !/, of the
SO3 ions need to be protonated to fully react with the HS™
ions. In addition, the pH would necessarily increase because
hydroxyl ions, "OH, are produced.

Figure 2 shows the plotted results when the fraction of
hydrogen ions added is 0.55 of the SO,* ions added. Instead
of the slope going to zero at a mole ratio of 2, the mole ratio
is 3.6 and the initial slope, corrected for HS ion, is 3.91/9.58
= 0.405. Table II gives the measured concentration of S,0,>,
the pH of the initial solutions, and the material balance. Note
that the pH does not increase as would be expected by eq 8,
but in fact decreases.

Reconsider eq 5 once again. If the HSO;™ ion is the reactive
sulfite species, only that species should be considered in the
mole ratio calculation. Assuming that all of the HCI added
protonates an equivalent amount of SO;¥ ions to generate
HSO; ions, a plot of the mole ratio of hydrogen ions, H, to
HS™ ions added vs. the concentration of S,0;*” ion produced
should yield the expected curve with a discontinuity at mole
ratio 2 and an initial slope of 0.75.

The curve has been plotted in Figure 1 with the data for
the mole ratio = 1.1 case for comparison. The slope in fact
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Table II. Pertinent Data for nH*/nSQ,*~ =0.55
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Table III. Pertinent Data for nH*/nSO;*~ = Variable

nsSO;*"/

nHS" nS,0,%" nS found  #S added pH
0 9.58 10.60
0.187 0.447 11.09 . 11.38 9.88
0.469 1.62 13.99 1408 - 10.25
0.939 3.62 18.75 18.58 10.60
1.409 5.43 23.20 23.08 10.22
1.879 7.29 27.63 27.58 9.28
2.348 9.32,9.15 31.22,32.27  32.08 9.19
2.818 10.96 36.75 36.58 9.15
3.288 12.97 41.61 . 41.08 8.90
3.757 14.11 46.09 45.58 8.27
4,227 13.92,13.73 48.35,4595 50.08 8.11,8.00
4.697 13.87 52.00 54.58 7.73
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Figure 3. Mole ratio vs. pH, [H*] = 1.1[SO,*].

is 0.74,, while the point of slope change occurs at mole ratio
=2,

The inference to be gained, then, is that only the HSO, ion

reacts with HS™ ion. Any SO;* ion present will not react.

Ttie pH values for the equimolar case, [H*] = [SO,%], have
been plotted with respect to the mole ratio of HSO;™ ion to
HS™ ion and further substantiate that conclusion. The curve
is shown in Figure 3.  Equation 5 predicts that the pH of the
solution should approach the pH of thiosulfate ion in water.
The pH of 14.25 mmol of K,S,0; in 100 mL of water has been
measured at 7.27. Close examination of Figure 3 shows that
the pH appears to approach a value between 7 and 8 before
all of the HS™ is consumed ([HSO;7}/[HS] = 2). After the
HS™ ion has been consumed, excess HSO; ion is added, and
the pH decreases rather rapidly. The initial drop in pH is
probably a result of neutralizing the strongly basic HS™ ion.

Incremental Addition of HCl. The validity of eq 5 and its
dependence upon hydrogen ion concentration has been shown
conclusively by placing HS™ ion and excess SO;2 ion together

nH'/nHS™ nS,0,*- nSfound #S added pH
0 0.047 43.63 45.58 10.68
0.209 1.45 43.21 45.58 9.62
0.523 3711 43.69 45.58 9.59
1.047 7.50 44.88 45.58 9.43
1.570 11.08 44.56 45.58 9.13
2.094 14.16 44.89 45.58 8.12
2.617 13.82 4241 45.58 7.31
3.141 1373 41.41 45.58 6.70
3.664 13.56 40.44 45.58 5.95

and adding increments of H* ion to the mixture. A plot of
the H* ion concentration added with respect to the concen-

- tration of HS™ ion vs. the S,0,% ion generated yielded a curve

identical with those given in Figure 1.

‘For comparison, the data have been plotted on Figure 1 with
the data obtained for the [H*]/[SO,>7] = 1.1 case. Very close
agreement is apparent. The S,0,%" ion concentrations, pH of
the final solutions, and material balances are given in Table
ITI1. Note that again the pH of the solution decreases.

Equilibrium Established before Analysis. All of the mole
ratio'vs. S,04% ion curves indicate that the reaction expressed
by eq 5 is quantitative. Little or no curvature is observed
around the point where the slope goes to zero, and a quan-
titative yield of S,04% ion is produced over the entire con-
centration range studied.

It has been noted, however, that when the pH dips below
about 6, generally after the HSO, /HS™ mole ratio has been
exceeded and excess HSO,™ ion is added, a finely divided, white
precipitate identified as elemental sulfur by infrared mea-
surements forms and will not redissolve on standing. In most
of the reaction mixtures, the same precipitate occurs during
the HCl addition, but it redissolves in 30 min or less. For that
reason, the reaction mixtures were allowed to stand tightly
stoppered for at least 1 h before analysis.

To ensure that 1 h is sufficient, solutions have been analyzed
after standing 1 h and after longer than 1 h. One solution that
measured 1.14 mmol of S,0,? after 1 h measured 1.11 mmol
of S,0,% after 3 h; while another showed 13.92 mmol after
1 hand 13.73 mmol after 18 h. Those solutions as well as the
uniformity of the curves imply that the reaction does indeed
g0 to completion prior to analysis.
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