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Abstract

A number of aspects of the Landolt reaction were
investigated. The dependence of the reaction time on
the reactants changed as the solvent polarity was decreased
by adding 1l,4~dioxane. 4 linear relationship was found
between the initial pH of the solution and the reaction
time. A computer simulation of the reaction using rate
 expressions found in the literature was found to agree with
the experimental results only after modification of the
rate constants for the rate expressions of the three
reactions which comprise the Iandolt reaction. A descrip-
tion of a simple apperatus for storing air sensitive
materials is also included. Suggestions of further work
are listed as well as a survey of the past work on the

reaction.
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H_istorical Introduction



In 1886, H. Landolt investigated the kinetics of a
reaction between sulfurous acid and iodic 2cid(20). The
reaction was well-suited for kinsetic studies since the end-
point of the reaction was distinctly denoted by the form-
ation of the dark blue iodine-starch complex. Through his
studies Landolt reported that the reaction consisted of
three individual reactions. The first reaction, Ea. (1),

is slow and initiates the overall reaction by generating

10,7 + 350 = _.___+3so4: + I” (1)

3

iodide ions. The second reaction, Eq. (2), is also slow;
however, it depends on the first reaction for iodide ion.

If iodide ion is supplied as one of the initial reactants,
- - +
103 + 5I + 6H —3H,0 + 31, (2)

the velocity of the second reaction becomes greater than
the velocity of the firsti reaction. In this case, the rate
of the overall reaction is dependent only on reaction two,

Eq. (2). The third reaction, Eq. (3), is nearly instantaneous.

+ 80,7 + Hy0 ——2I7 + 2H" + S0,~ (3)

1, 3

In addition, ILandolt derived an expression, Eq. (4),
for determining the length of the reaction, where t is the

time of the overall reaction until the first appearance of

(2)



% = KT/(CS'904 % 011'642) (4)

the iodine-starch complex, CS is the initial concentration
of sulfite ions, CI is the initial concentration of iodate
ions and KT is a constant for the temperature, T. Table I'
contains values of KT at various temperatures in degrees
Centigrade. KT has the value listed in Table I when the
concentration terms are expressed in moles/liter and the

time is in minutes.

Table I - Values for the Constant KT
Temperature 5 10 15 20 25 30 35 40

Knp 796 692 597 524 443 381l 244 304

In general for any temperature, T, Eq. (5) can be used

t0 determine the value of KT‘ In honor of his initial work
Kp = 906.05 - 23,01t + 0.1888%°2 (5)

on the reaction, Egs. (1), (2), and (3) are collectively
referred to as the Landolt reaction and the distinct appear-
ance of the endpoint of the reaction is called the Landolt
effect(21).

An investigation by J. Eggert showed that the reaction
time was nearly independent of the initial sulfite concen-
tration; and was inversely proportional to the sguare of

the hydrogen ion concentration and inversely proportional

(3)



to the iodate concentration(7). He found that the time of
the reaction could be determined froﬁ the rate constants,
Kl and K, of Egs. (1) and (2). The time of the reaction is
given by Eq. (6).

t = (1/(K2-Kl))1n(K2/Kl) (6)

A. Skrabal confirmed Eggert's results stating that the
time of the reaction was proportional to the concentrations

of the reactants as shown by Eq. (7). Eqa. (7) is true only

t = [50,7 / [ro,7] [ 2[r] 2 (7)

when the initial concentrations of all reactants are large
compared with the sulfite concentration. If this is not
the case, the r;action time is proportional only to the
concentration of sulfite. He also determined the rate
expression for the first reaction, Eq. (8) and the rate

expression for the second reaction, Egq. (9). The rate
~a[10,7])/at = &[] [103‘] [303""'] (8)
~a[10,7] /at = k[ 2 [10,7 [17] (9)

constants, K, and K,, have values of 9.8 x 10° and 5.4 x lO8
at a tempersture of 16° C. and are expressed in 1°moles %min~t

and 1%*moles *min~t respectively(29).

The first reaction, Eq. (1) is monomolecular with
respect to both iodate and sulfite. The rate constant for

the reaction at various pH values and at a temperature of

(4)



25° ¢. is listed in Table II. The rate constant is for
the rate expression having units of time in minutes and

concentration units of moles/liter(33).

Table II - Hate Constant for the
Jodate~Sulfite Reaction

pH Rate Constant
9 - 10 0.002
5-0 40-
2.0 230.

Thiel and Meyer consider the first reaction to be a
stepwise reduction of iodate to iodide with sulfite ion as

the reducing agent. Their reaction scheme is

I0.” + SO "——.»102‘ + 304= (10)

3 3

— =

+ S0, ——I0" + SO

10, 3 4

IC + SO3 —1 + SO4

The sum of the three reactions is Eq.{(1l). This they contend
shows that hydrogen ion does not directly participate in the
first reaction. The hydrogen ion concentration does contri-
bute indirectly by increasing the concentration of sulfurous
acid present compared to the concentration of the bisulfite
and sulfite species. Table III lists the relative percen-
tages of sulfurous acid, bisulfite and sulfite ions at

given values of pH. The reducing power of the three species

(5)



is in the order of

H2503 > HSO3 > SO3

At'higher hydrogen ion concentrations the stronger reducing
agent sulfurous acid, is present in greater concentration

and the reaction velocity is greater.

Table III - Percentages of Sulfite Species
Present at Various pH Values

Percentages of - Solution

pH

H, S0, HSO4™ 303=
26.8 75.2 0.00133 2.25
17.0 83.0 0.00267 2.50
10.4 89.6 0.00514 2.75
6.10 93.9 0.00958 3.00
3.52 96. 4 0.0175 3.25
2.01 98.0 0.0316 3.50
1.14 98.8 0.0567 .3.75
0.644 89.2 0.101 4.00
0.363 99.4 0.180 4.25
0.204 99.4 0.321 4.50
0.115 99.3 0.570 4.75
0.0642 198.9 1.01 5.00

The rate expression for the reaction is Eq. (11). The

rate constants have units of lzmoles"zmzi.n'"l and l4moles"4min"l

(6)



~d [103"] /at = 0.53x10° [a*] [Hso3‘] [103‘]
+ 0.67x107" [17]% 50,7 ?[10,7] (11)

respectively and are for a temperature of 25° C. Skrabal

reported that Eqg. (11) holds over a range of pH 4 - 13 (31).

The second reaction in the Landolt reaction has been
investigated thoroughly. The original and most extensive
work was done by Saul Dushman(6). In fact, it is often
referred to as the Dushman reasction. Dushman determined

the rate of the reaction to be Eq. (12). The rate constants
~a[10,7] /at = 2.54x10"0 [r0,7] (w7 ?[17]*-?
+ 1.70x10%0 [r0,7] (]2 [17] [157] (22)

are expressed in units of 13°9m01es™3 %min™t and 1*moles™4min™t
and they are for a reaction run at 0° ¢. in an acetate-
acetic acid buffer. A subsequent study determined the first
rate constant also in an acetate—acetic acid buffer at

25° C¢. and found it to be 5.29x1010. The rate constant is
expressed in terms of liters, moles and minutes(28). The

latest examination of the reaction was carried out in a

buffer free solution. The rate expression is Eq. (13).
~a[10,7] /at = 7.6x10%° [10,7] [ #[ 17]?

+ 5.5x10%0 o, T lelr (17T (13

4 4 . -1

The rate constants have units of 1 mole "min — and

13moles-3min-l.

(7)



Historically there has been little question concerning
the rate expression of the second reaction, the mechanism
is still open to debate. In his original work (6), Dushman

prdposed the mechanism,
3:03‘ + 2I7 + 2H" ——5 2HOI + IO~ (14)

2HOI + IO ——-TI, + HZO + 102

2

Abel and Hilferding proposed Eq. (15) as a possible mechanism

for the second reaction (1).

- ~+ _—
103 + H ——— HJ.O3 (15)

I” + B —— HI

HIO3 + HI —— HIO + H102

Bray and Liebhafsky proposed two possible mechanisms (5).
The first mechanism is Eq. (16).
1037 + I 4 2H" —— H,I,0, (16)

1i,I1,0,—1I,0, + H

21505 20 + Hy0

1202 + I —-—+-1302

The second mechanism, Eq. (17), is proposed to occur at low

iodide concentrations.

10,7 + I7 + 2t —— H,I,0, (17)

H21203 —= HOT + HIO2

(8)



Probably the most conclusive study into the mechanism
of the Dushman reaction was carried out by llorgan, Peard,
and Cullis (23). They proposed that the mechanism of the

reaction is

103" + BT — IO2+ + OH™ (18)

102+ + I- ——~ I0I0
I0I0 + I~ ——TI" &+ 210™

At low concentrations of iodide Bg. (19) is considered the
mechanism. From these two mechanisms they derived theoret-

ically Eq. (13). At high iodide concentrations the IOIO

10,” + B —» I0,T + OH™ (19)

3 2

102“* + I” —— I0IO0

I0I0 ——I0" + 10~

speciles is relatively long lived and can react with more
iodide. As a result the second term in Eq. (13) becomes
insignificant. ‘hen the iodide concentration is low the
possibility of the IOIO complex decomposing before it can
react with more iodide ion increases and the first term
in Eq. (13) becomes insignificant.

A number of catalysts have been proposed forvthe Dushman
reaction (10). Eggert found that sulfite reacted much faéter
than thiosulfate with iodine. He was unable to show whether

the true catalyst was actually thiosulfate or sulfur held in

(9)



2 collodial suspension. He proposed Eg. (20) as a possible

mechanisn,
4103‘ + 33203" + 3H,0 —— 417 + 6SO4= + 6°F (20)

I0,” + 517 + 6H' — 31, + 3H,0

——
—

312 + 68203 —-—~+3S4O6' + 61

Roman~TLevinson devised & classification scheme based
on the relative amounts of sulfite and thiosulfate in the
solution (20). He lists three types of Dushman reactions.
The Dushman S reaction contains only sulfite ions in solution.
The Dushman T reaction utilizes only thiosulfate as the
reducing agent. If amounts of both thiosulfate and sulfite
are present, the reaction is called a Dushman S-T reaction.
The Dushman S-T reaction predominates at low concentrations
of thiosulfate. As the concentration of thiosulfate
increases in relation to the concentration of sulfite, the
reaction time decreases until a minimum is reached. At this
point the concentrations of sulfite and thiosulfate are
nearly equal. From this point any additional thiosulfate
causes the Dushman T reaction to predominate and the reaction

time to increase.

The study of the third reaction has been more difficult
due to the high velocity of the reaction. Analytical work
has shown that the reaction proceeds quantitatively %o

sulfuric acid. There is no separation of sulfur (22). Thiel

(10)



and leyer suggested participation by hydroxide ion in the
reaction on the basis of the twenty-fold increase in reaction
velocity from pH one to pH two.

G. Bunau and M. Eigen using spectroscopic techniques
were able to measure the rate constant in highly acidic
solutions (24). At pH values less than one the principle
mechenism is believed to be Eg. (21). Table IV shows the

rate constant at various pH values. The twoﬁcolumns containing

K + I, + HL0
S0, + H,0 —2—rH_S0 2 2, W80, + HI (21)
2 * Hp0 o —TH, 305 - 250,
5 9

Table IV - Rate Constant for the Iodine-Sulfite
Reaction at Various pH Values

I?itial I2 and 54 KQKE/K5
803“ Concentration Concentration
5.45 x 1073 0.1 3.0 x 10°
5.45 x 1075 1.0 2.5 x 10°
5.45 x 1073 1.5 1.2 x 10°
5.45 x 1073 2.0 6.2 x 10%

concentration terms have units of moles/liter. The rate

constant has time units of seconds. An exemination of the
values in Table IV confirms the work of Thiel and lMeyers,
i.e., there is a decrease in velocity as the hydrogen ion

concentration increases. Bunau and Eigen a2lso derived

(11)



Eq. (22) from which the amount of iodine present at any
given time, t, can be calculated. CS is the amount of
sulfite initially present and CI is the initial iodine

concentration. If the initizl iodine and sulfite concen-

x(t) =
(CS/CI)e@((I{9K6/K5)(CS—CI)1;) -1

(22)

trations are equal and t is greater than (K'9K6/K5)CI then
the concentration of the remaining iodine, x(t), at time t
is independent of the initial concentrations and approaches

the limiting value shown by Eq. (23).
x(t) —» 1{5/K9K6t (23)

A number of alternative reducing agents have been used
in place of sulfite ions. The principal disadvantaze of a
sulfite solution is its instebility dve to air oxidation
and the loss of sulfur dioxide (22). Sulfite substitutes
include ferrocyanide, thiosulfate, arsenite and hydroxyl-
amine (8). Eggert has classified the reducing agents used
in the ILendolt reaction into three groups (12). Reducing
agents in Type I are sulfite and thiosulfate. This group
is characterized by complete utilization of 2ll zsvailable
reducing agent at the time of the endpoint. TFerrocyanide
and arsenite are members of the Type II reducing agent
group. With this group of reducing agents, the rate of
Eq. (2) becomes greater than the rate of Eq. (3) as the

reaction progresses. At the first appearance of the blue

(12)



color signifying the endpoint of the reaction some of the
reducing agent remains. Eg. (24) describes the mechanism
of the Landolt rezction employing ferrocyanide as the reducing

agent. The mechanism for the Landolt reaction using arsenite

10, + 6Fe(CN)6‘4 + 6H — = T7 4+ 6Fe(CN) "> + 3H,0 (24)
103“ + 5T 4+ 6H" —=3I, + 3H,0
I, + 2Fe(CN)6"4 2T & 2Fe(CN)6‘3

as the reducing agent is shown in Eq. (25). It should be
noted that in each case the products of each reaction
remain the same as those in the reaction using sulfite as

the reducing agent.

....3 — ...3 —
3m-ao3 + 103 —~—-——>3ASO4 + I (25)
- - +
IO3 + 5I + 6H -——-»3IZ + 3H20
I, + As03"'3 ¥ Hy0 —> 217 + Aso4"3- + omt

The Type III ILandolt reaction is a specilal  type since
the Landolt effect is absent. Eg. (2) is faster than Eq. (1)
and (3). Iodine is produced on mixing. H&droxylamine is an
example of a reducing agent for a Type III reaction.
LONH;OH + 4I0,7 ——= 2I, + 50,0 + 17TH,0 + 6HZ"26)

103"' + 5I° + 6H' ——3I, + 3H,0

+ 2NH

21 OH+-—->N20 + Hy0 + 417 + 6H

2 3

(13)



A number of catalysts for the ILandolt reaction have
been reported. The principal ones are the halogens (30).
The order of increase in the velocity of the catalyzed

reaction is
I > Br > C1

Skrabal and Rieder reported that the velocity of the reaction
employing a halogen as a catalyst can be determined from

Eq. (28). The rate constants for the reaction have been
~a [10;7)/at = &, (10,71 [ w1 (50,7 + x,[10,7] (1] 2[17]2
¢, (10,7 (#1217 [ 2] + &, (10,7 [#] 217 [ 2]
€, (10,7 [#12[2]2 4 &, [10,7][ #*]2[sr (01"

K, [10,7[ 1*]2[017] 2 (28)
. 3 8 3
determined and are Kl = 10-, K2 =5 x 107, K3 = 107,
K, = 10°, Ky = 110, Kz = 100, and K, = 10. Eq. (29)
represents the overall kinetics of the reaction where X and

Y are either the same or different halogens.

-a [10,71/at = x[ro, 7] (][ x]lv] (29)

I~ascorbic acid with either sulfite or arsenite as the
reducing agent has been reported as a catalyst for the
Landolt reaction (24). The effect is a reduction in the
reaction time. The mechanism of the I-ascorbic acid
catalyzed reaction is shown in Eq. (30). The summation of

the individual steps of Eg. (30) is Eq. (31) which is the

(14)



HIO, + 3CgHgO0g ——>HI + 3CgHc0g + 3H,0  (30)

HIO, + S5HI ————»312 + 3H20

3

212 + 3H280 + 2H20 —» 4HT + 2H,.S0

3 2°9%

same as the summation of Egs. (1), (2) and (3). Other

2HIO3 + 5H2SOS—-—-—-—--+-I2 + 5H2804 + H2O (31)

reported catalysts include <, '-dioxoadipic acid, pyro-
cathechol, triose reductone, and hydroxy comenic acid (14).
The latest work on the Landolt reaction has been done
by J. Bognar who exemined a hydrazine, bromate, bromide
reaction (4). He also has done work in the area of trace

analysis using the Landolt reaction (3).

(15)



Introduction



The intent of this study was an investigation of =
number of aspects of the Landolt reaction. The results of

these investigations have been divided into three sections.

l. A Comparison of the Reaction Time of the Landolt
Reaction in Different Solvents.

2. The Effect of Buffer Systems of Varying Values of
pH on the Rate of the Landolt Reaction.

3. An Examination of the Rate Expressions for the
Three Steps of the Landolt Reaction Through the
Use of a Computer Simulation.

The original purpose of this study was an investigation
of the effect of different solvents on the rate of the
Landolt reaction. Problems concerning the reproducibility
of the reaction times and the instability of the sulfite
solution necessitated an early abandonment of this investi-
gation. Although incomplete in certain respects, the results
which were obtained were interesting and have been included.
Four solvents, ethylene glycol, water, a 20% 1,4-dioxane -
80% water solution and é 30% 1,4-dioxane - T0% water .
solution, were used in the first section. The reaction
times at various concentrations were determined experi-
mentally and compared. Differences were noted and attempts

were maede to explain any anomalies.
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- The problem of obtaining reproducible values for the
reaction time was also studied. The hydrogen ion concen~
tration since it controls the relative amounts of sulfurous
acid, bisulfite and sulfite in solution was considered the
most crucial factor. A citrate-citric acid buffer systen
was employed to determine if this was the case. A compar-
ison of the average percent uncertainties in the reaction
times for the buffered and the unbuffered system was made.
Results showed the buffered system to have reaction times
with lower percent uncertainties. A system which prevented
the instability of the sulfite solution was also discovered.
The apparatus is discussed in the Experimental section.

Pinally, the potentiometric curves of the hydrogen
end iodide concentrations were examined. A computer simu-
lation was written using the rate expressions for Egs. (1),
(2) and (3) found in the literature and the experimental
data from the hydrogen ion curve. The rate constants were
adjusted in order to obtain results consistent with those
found‘experimentally, A comparison was made between the
literature values for the rate constants and those found
to give results which best fit the experimental data for
both the buffered and the unbuffered solutions.

In conclusion suggestions were made for further work.
Two appendices have also been included. The first deals
with standardization procedures which have been found to
be useful. The second appendix lists the computer programs

and sample data used in the computer simulation.
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Experimental



A Corning Model 12 Research pH meter coupled with a
Sargent Model SRL recorder was_ﬁsed in this work. Two
electrodes were used. The hydrogen ion concentration was
determined using a Corning Combination hydrogen ion elec-
trode. The iodide concentration was measured using a
saturated calomel reference electrode and a silver wire.

The potassium iodate solution was made from Mallin-
ckrodt analytical reagent grade primary standard potassium
iodate. The assay value was 99.95% potassium iodate.
Depending on its use the approximate concentration of the
potassium iodate solution was 0.02 M. The sulfuric acid
solution was made from Mallinckrodt analytical reagent
grade sulfuric acid. The assay value was 95.0 - 98.0%
sulfuric acid. The necessary volume of the reagent was
pipetted into a volumetric flask and diluted to the proper
volume. The actual concentration of the sulfuric acid
solution depended on its use. A listing of the concentrations
is given in Table VIII on page 33.

The sodium sulfite solution was made using Baker's
Analyzed reagent grade sodium sulfite assay 99.95 - 100.05%
sodium sulfite. The approximate concentration qf the solution
was 0.02 M. The distilled water used in maeking the sodiun
sulfite solution was boiled first to remove the dissolved

oxygen and then stored under a nitrogen atmosphere until
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it was used. Table VIII on page 33 contains the various
sulfite solution concentrations which were used.

Special care was necessary in the storage of the
sulfite solution. The concentration of a sulfite solution
decreases due to air oxidation to sulfate and due to loss
of sulfur dioxide (16), (22). If the solution is basic
as is the case of a sodium sulfite solution, air oxidatioq
to sulfate occurs at an appreciable rate. Loss of sulfur
dioxide occurs in an acidic solution; however, at a much
slower rate. To prevent this decrease in sulfite concentra-
tion while the solution is stored, oxygen must be excluded.

Table V gives an indication as to the rate of oxidation
of the sulfite solution. The table consists of twelve
trials. The trials are grouped in pairs having the same
initial volumes of reactants and are listed in chrono-
logical order. Those appearing at the top of the table
were run first and those trials at the bottom of the table
were run last. The time differential between the time the
sulfite solution was made and the time the last trial was
run is three hours. The sulfite solution used in the trials
was made Jjust prior to the time at which the trials were
run. The concentration of the sulfite solution was
0.02508 + .00001 M. For each pair of trials the second
trial is always faster than the first trial. i

Another indication of the rate of air oxidation of the
sulfite solution is shown by Table VI on page 23. A new

sulfite solution was made having 2 concentration of 0.02508

(21)
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+ .00001 l. The other reactants had the same concentrations
as those used in the trials listed in Table V. The trials
contained in Table VI are listed chronologically. The
difference between Table V and Table VI is the order in
which the trials of each set of reactants were run. In
Table V the shortest reactions were run first and in Table
VI the longest reactions were run first.

The time of the reaction is directly proportionzal to
the sulfite concentration. Table V shows that the reaction
time 1s decreasing between each pair of reactions. Therefore
the sulfite concentration is decreasing. The same obser—
vation can be made by comparing the reaction times of the
same trials in Table VI. The trial with the longest reaction
time in Table VI is much longer than its counterpart in
Table V.

To eliminate the air oxidation of the sulfite solution
a dry box was tried initially. The amount of pipetting
required and the limited space in the dry box made this
an impractical solution. Thorten and Chapmen described a
simple apperatus for storing and utilizing air sensitive
materials (34). Their apparatus is shown in Figure I. A
is a nitrogen tank. The solution is stored in B. C is a
buret with a three-way stopcock. The operation is simple
and works well for titrations; however, the use$of a
buret is not conducive to making repeated precise additions.

Figure II on page 26 shows the apparatus, a modified

version of the one shown in Figure I, which was used to
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“ B. Solution
Container

~ 1

A, Nitrogen
Tank

C. Buret

Figure I -
Thorten and Chapman Apparatus for
Storing Air Sensitive Materials
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ﬁ 6 'D. Three~Hole
Stopper

B. Solution
Container

C. Gas
A. Nitrogen Trap
Tank

Figure II -
Modified Thorten and Chapman Apparatus
for Storing Air Semsitive laterials'’

(26)




preserve the sulfite solution. A is a tank of nitrogen.
The solution container is B. A trap, C, is used to slow
the loss of nitrogen. D is a three-hole stopper used in
place of the two-hole stopper of Figure I. The third hole
is enlarged enough to allow the insertion of a pipet. ‘hen
not in use a cork stopper is inserted into the third hole
and the system is sealed. The remaining two holes serve
as the gas inlet and outlet sites.

In order to test the effectiveness of the apparatus
a standardization procedure was developed for determining
the concentration of the sulfite solution. The procedure
is outlined in Appendix I. The results are shown in Table
VII. The concentration of the sulfite solution did not
change within the limits of experimental error during the

tested period. The effectiveness of the apparatus can be

Table VII - Concentration of Sulfite
Solution at Various Dates

Date Concentration of SOB=
May 2, 1974 0.0201 + .0003 M.
Mey 9, 1974 0.0201 + .0002 M.
May 24, 1974 0.0200 + .0001 L.
June 14, 1974 0.0200 + .0006 Ii.

verified by comparing the results in Table VII with
previous results. On April 4, 1974, a sulfite solution

was made having a concentration of 0.0200 + .0001 M. The
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same solution was again measured on April 25, 1974 and found
to have a concentration of 0.0019 + .0002 M. The solution
was contained in a stoppered bottle during this time. The
only difference betwecn that solution and the one listed in
Table VII was the absence of an inert atmosphere above the
solution.

The starch solution was made using Mallinckrodt
analytical reagent grade soluble starch. A mixture of
0.50 g. of starch and 25 ml. of water was added to 500 ml.
of boiling distilled water. Approximately 1 g. of boric
acid was added.as a preservative,.

In addition to water two other solvents were used.
Baker Co. Beker grade l,4-dioxane was used as well as
ethylene glycol from the Fisher Scientific Co. The 20%
dioxane and 80% water solution was made using weight
percents. The same procedure was used for the 30% dioxane
and 70% water solution. The ethylene glycol was distilled
in order to remove any water and dissolved oxygen. However,
because of the poor solubility of potassium iodate in
ethylene glycol, it was necessary to add 5% water by volume.

A citrate-citric acid and an acetate-acetic acid buffer
were also used during the study. The citrate-citric acid
buffer was made using 10.51 + .0l g. of Calbiochen
analytical reagent grade citric acid assay 99.5% and
22.50 + .01 g. of Baker's Analyzed reagent gradé sodium
acetate dihydrate assay 99.6%. The pH of the citrate-
citric acid buffer was adjusted to the proper pH by adding

(28)



either Baker's Analyzed rezgent grade nitric acid assay
90.% or Baker's Analyzed reagent grade sodium hydroxide.
The acetate-acetic acid buffer was made by adding
20.6185 + .0004 g. of Beker's purified anhydrous sodium
acetate to 14.3 ml. of Baker's U.S.P. grade glacial
acetic acid. This mixture was then diluted to 250 nl.
with distilled water.

A standard procedure was established for each trial.
The combination hydrogen ion electrode was calibrated using
Coleman certified buffer tablets having pH values of
2.00 + .02, 3.00 + .02, 5.00 + .02 and 6.00 + .02 at a
tenperature of 250 C. The silver wire and saturated calomel
electrodes were calibrated using iodide solutions. The
iodide solutions were made by taking one to one hundred
serial dilutions of a 0.1003 + .0003 M. potassium lodide
solution made from lMallinckrodt anzlytical reagent grade
potassium iodide. The iodide solution was standardized
using the procedure outlined in Appendix I. A coating of
silver iodide must be plated onto the silver wire since it
is actually a silver-silver iodide electrode.

All solutions were added to a lOO ml. beaker using
pipets which had been previously calibrated. The solution
was stirred using a magnetic stirring plate. The same
order of addition of the various solvents was fo;lowed
consistently. The solvent was added first followed by the
starch solution. The iodate solution was added next

followed by the sulfuric acid solution. The volumes which
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were used of each reactant are listed in the various tables
in the Results and Discussion section. At this point both
the pH meter and recorder were started. The sulfite
soiution was then added from a pipet to initiate the reaction.
The stopwatch was started when the solution in the beaker
and the sulfite solution came in contact. The time of the
reaction was measured between the time of the first addition
of the sulfite solution and the first appearance of the
iddine—starch complex. Occassionally, instead of using
starch as an indicator the appearance of yellow triiodide
signified the formation of excess iodine and the endpoint

of the reaction.

The recorder response is proportional to the millivolt
reading between the silver - silver iodide and saturated
calomel electrodes. The millivolt response is proportional
to the log(l/[I_]). In all of the Figures of recorder
plotted values of millivolts vs. time the iodide concentration
is also shown for illustrative purposes even though it
would be more correct to label the axis log (l/-[I—]).
Throughout the thesis these Figures are refered to as
iodide concentration vs. time in order to facilitate

their discussion and comparison with other Figures.
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Results and Discussion



A Comparison of the Reaction Time of the
Landolt Reaction in Different Solvents

Four different solvents were used in this section.
They were water, a solution of 20% 1,4~dioxane and 80%.
water, a solution of 30% 1,4-dioxane and T70% water and
ethylene glycol. The primary requirement for a solvent
was the ability to dissolve sulfuric acid, potassium
iodate, sodium sulfite and soluble starch. The results
for the system using ethylene glycol as a solvent is
discussed first. The results are then shown for the
Landolt reaction run in water and the water and dioxane
solutions.

Because of the nature of the results of the ethylene
glycol system, they are discussed first. Iany factors
were found which influenced the length of the reaction
time of the Landolt reaction in ethylens glycoll The
age of the solutions was very important. The potassium
iodate solution wag not stable which was indicated by
a yellowing of the solution. This may have been due to
the reduction of iodate to iodine and iodide which in turn
formed triiodide ion. Air oxidation of the sodiun sulfite
also caused 1instability in that solution. The length of
time between additions was critical. Because some of the

iodate was reduced to iodide, addition of sulfuric acid

(32)
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to the solvent and iodate solution initiated the Dushman
reaction. The first reaction was bypassed. This made
it necessary to add the sulfite and iodate solutions
simultaneously.

The viscosity of ethylene glycol caused a number of
problems. The stirring rate bécame very critical and had
to be constant throughout the work. Addition of the sulfite
solution from a pipet was very slow. If addition was too
slow the endpoint was seen almost immediately indicating
that the sulfite was being consummed faster than it was
being added to the solution. These factors made consistent
results impossible. Table IX is included as an example of
the degree of veriation in the reaction time. On the basis
of the data in Table IX no further work was done using
ethylene glycol as a solvent.

1l,4-Dioxane is a polar molecule. Solutions containing
as much as 50% dioxane and 50% water by weight dissolve
enough potassium iodate to meke a 0.02 II. solution (25).

The concentrations of the individual reactants for the
dioxane-water solvents are listed in Table VIII. Table X

on page 36 contains the volumes of each reactant in
milliliters along with the reaction time in seconds for

the 20% dioxane - 80% water solvent system. Table XI, page 37,
shows the total solution volume in milliliters and the
concentrations of each reactant after mixing in ﬁoles/liter.
The average reaction time in seconds is also listed. In the

same manner the results for the 30% dioxene and T0% water
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solvent system are shown in Table XII and Table XIII which
1is on page 40. The values for the systen using water as

a solvent are shown in Table XIV on page 41 and in Table XV
on page 42.

A consistent relationship was exhibited between the
six sets of volumes of reactants for each of the three
solvents. The one exception is the fifth set of volumes
in which the sulfite concentration is doubled for the
30% dioxane - 70% water solvent system. When the volume
used of each solvent was increased and the volume of the
reactants was held constant, the reaction time increased.
The addition of more sulfuric acid, as shown by the sixth
set of reactant volumes, caused a decrease in the reaction
time in the case of each solvent. The reaction time also
decreased when the volume of iodate used was doubled. 1In
the case in which water was the solvent and in the case
of the solvent consisting of 20% dioxane - 850% water, the
reaction time increased when the sulfite concentration
increased. However for the 30% dioxane - T0% water
solvent, increasing the sulfite concentration caused a
decregse in the reaction time.

Table XVI on page 43 contains the average reaction
time in seconds of each of the three solvents for the six
different sets of volumes of reactants. The concentration
values are the average molar concentrations of each reactant
after mixing for the three solvents. The uncertainty

in the average concentration reflects the maximum uncer-

(38)
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tainty necessary to include the uncertainty in each of the

three concentration values used to determine the average

concentration. For the first five sets of reactant volumes

the average reaction time increases in the order
30% dioxane-T70% water > 20% dioxane-80% water > water

The order is reversed when the sulfite concentration is

doubled and becomes

water > 20% dioxane-80% water > 30% dioxane-T0% water

(44)



The Effect of Buffer Systems of Varying Values
of pH on the Rate of the ILandolt Reaction

The reaction was run in a citrate-citric acid buffer
gystem. The system was chosen because a number of its
dissociation constants are within the range of the pH
values investigated. No allowance was made for the ionic
strength of the buffered solution which changed as the pH
of the buffer was adjusted. The results are shown in Table
XVII, The volumes are in nilliliters. The concentrations
of reactants are listed in Teble VIII in the column for
the water solvent system. The reactlion time is the average
time of the réaction in seconds. The average was deter-
mined on the basis of three trials for each set of reactant
volumes except in the case of the first set of reactant
volumes which was determined from only two trials., The
wncertainty is the standard deviation from the mean reaction
time.

The pH of the buffer is in pH units. The uncertainty
associated with the value reflects the uncertainty in the
buffers used to calibrate the pH meter. The pH values
listed in Table XVII are actually the initial pH values
before the iodate and sulfite solutions were added.

Because such a small amount of buffer was added, the pH

of the solution did not remain constant throughout the

(45)
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reaction. Table XVIII lists the values for the maximum
and minimum pH values which were observed for each buffered
system.

Figure III on page 49 is a recorder plot of the pH
versus time for the Landolt reaction in a citrate-citric
acid buffer. Figure IV on page 50 is a recorder plot for
the icdide concentration versus time of the same reaction.
The initial pH of this buffer solution was 4.25 + .02 pH
units. The expanded pH scale was used to accentuate the
change in pH. The reason the system was not buffered
adequately enough to prevent this change in pH was two-
fold. An increased amount of buffer caused the reaction
time to increase and produced a nore graduval appearance
of the endpoint as denoted by the blue color of the iodine-
starch complex. This was a particular disadvantage at
higher values of pH. The weakly buffered system did main-
tain a constant initial pH which was considered more
important than a2 constant pH value throughout the reaction.

The range of pH values ﬁhich were studied was limited
to between 2.25 and 5.00 pH units. At pH values lower
than 2.25 the length of ‘the reaction is less than the time
required to drain the pipet. Values greater than 5.00
could not be used because the endpoint was no longer
distinct. Instead, it appeared very gradually, The end-
point could not be detected potentiometrically because the
chanze in hydrogen and iodide ion concentrations at the

endpoint was too . small.

(47)



Table XVIII - Maximum and Minimum pH During the
Landolt Reaction in a Citrate-Citric Acid Buffer

pH of

2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.90
5.02

Buffer Maximum
+ .02 2.45 +
+ .02 2.65 +
+ .02 2.86 +
+ .02 3.14 +
+ .02 3.33 +
+ .02 3.60 +
+ .02 3.81 +
+ .02

+ .02 4.33 +
+ .02 4.60 +
+ .02

+ .02 5.10 +

pH

.02

Minimum pH

®

2.18 .02

1+

2.32
2.55
2.79
3.04
3.20
3.49

IOZ

I+

.02

1+

.02

I+

.02

I+
o o ©o o ©

.02

I+

.02

1+

4.04 + .03
4.14 + .02

I+

4078 .02

1+

a.) Average value determined from
two trials.

b.) Average value determined from three

trials.
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Figure V shows a plot of Log t versus pH. The values
plotted on the graph were taken from Table XVII on page 46.
The graph is linear with the exception of the reaction times
of.the buffer systems having pH values greater than
4.75 + .02 and less than 2.50 + .02. The slope of the
line is 0.59 + .03. The y-intercept determined graphically
is -0.17 + .01l. The equation for the line is Eq. (32).

log t = 0.59pH + (-.17) (32)

Taking the antilog of both sides of Eq. (32) gives Egq. (33).

t = .67(1/[H] *2%) (33)

Table XVIIIa on page 53 1s a comparison between the
percent uncertainties in six sets of reactant volumes for
an unbuffered system and in six sets of reactant volumes
for a buffered system. The values for the unbuffered
solutions were taken from Table XIV on page 41. The results
were chosen because they represented the last set of
reactions which were run in an unbuffered system. The
first six sets of concentrations from Table XVII on page
46 were used to represent the buffered system. The average
percent uncertainty for the unbuffered solutions 1.2 + 1.0 %
and the percent uncertainty for the buffered solution is

0.71 + .56 %.

(51)
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Table XVIITa - Comparison of Percent Uncertainty
between Buffered and Unbuffered Systems

Unbuffered Systen Buffeged System
Reaction Time Percent Reaction Tine Percent
(sec) Uncertainty (sec) Uncertainty
60.4+ 0.2 0.33% 12.70+.01 0.079%
130. + 4. 3.1 % 29.0 +.2 1.0 %
214.0+ 0.1 0.047% 28.2 .2 0.71 %
87. + 2. 2.3 % 38.3 +.2 0.52 %
40.2+ 0.2 0.50% 54.5 +.1 0.18 %
2TT4. +22. 0.80% 76.1 +1.4 1.8 %

(53)



An Examination of the Rate Expressions for the
Three Steps of the Landolt Reaction Through
the Use of a Computer Simulation '

This section is subdivided into two parts. The first
part deals with the Landolt reacticn in unbuffered solutions.
Ehe experimental results are presented first in the form
of recorder drawn graphs of iodide concentration versus
time and pH versus time. In order to verify the rate constants
for Eq.(1l) and Eq.(13) found in the literature, 2 computer
simulation was used to produce a plot of the iodide concen-
tration versus ftime. In the second part the same proceduvre
is used for the buffered systen.

Pigure VI shows a graph which represents the pH of
the solution at any time during the Landolt reaction. The
pH value is in pH units and the time is in seconds. The
curve is for a solution consisting of 9.958 + .008 ml. of a
0.0200 + -000l m/1 potassium iodate solution, 9.95 & .01
ml. of a 0.02000 + .00001 m/1 sodium sulfite solution,

9.94 + .01 ml. of a 0.0198 + .0006 normal sulfuric acid
solution, 29.85 + .02 ml. of water and 4.969 + .005 ml.
of a starch solution. The concentrations of the solutions
as well =s the volumes of those solutions used in this
section are the same as those just mentioned unless other-

wise stated. Figure VII represents a plot of pH versus

(54)
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time for a reaction consisting of 9.958 + .008 ml. of a
0.0200 + .0001 m/1l potassium iodate solution, 9.94 + .01
ml. of a 0.0198 + .0006 normal sulfuric acid solution,
19.90 + .02 ml. of a 0,02000 + .00001 m/1 sodium sulfite
solution, 9.95 + .0l ml, of water and 4.96% + ,005 ml. of
a starch solution. Figure VIII represents the plot of
iodide concentration versus time for the Landolt reaction.
The solution used is the same as the solution used to
produce Figure VI.

In order to check the validity of the rate expressions
found in the literature for Egs. (1), (2) and (3) a
computer simulation was written. A copy of the computer
program isg included in Appendix II, The program incor-
porated the rate expressions for each of the three reactions
naking up the Landolt reaction. The rate expressions which
were used are Egs. (11), (13) and (23) for Egs. (1), (2)
and (3) respectively. A subroutine calculates the concen-
trations of bisulfite, sulfite, and iodate for the given
pH value and total sulfite and iodate concentrations.

The dissociation constents used in the subrountine are
listed in Table XIX on page 59. The data consisted of the
pH values taken from Figure VI on page 55. In addition,
the experimentally determined ilodide concentrations
represented in Figure VIII wers introduced in order to
compare the calculated iodide concentration with the exper-

imental iodide concentration., The same initial concen-

(57)
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Table XIX - Dissociation Constants
Used in Computer Program

First Second
Reactant Dissociation Dissociation
Constant Constant
HIO, 1.7 x 107% (19)
H,S0, 1.00 x 1072 (15)
H, S0, 1.72 x 1072 (32) 6.31 x 10°° (32)

trations of the reactants that were used to produce Figures
VI on page 55 and VIII on page 58 were used in the computer
simulation,

A total of four rate constants are necessary in the
progran, Two rate constant, RCL and RC2, are used in Zq. (11),
the rate expression for Eg. (1). DTwo rate constants, RC3
and RC4, are used in Eq. (13), the rate expression for
Eq. (2). The rate expression for Eq. (3) is an-approximation
due to its high velocity compared with the velocities of
Bq. (1) and Eq. (2) and does not include a rate constant.
Since it is a curve fitting program, provision has been
made to vary these four rate constants.

The first output is the value for each of the four
rate constants. These are followed by a table contzining
the solution pH, the time of the reaction, the iodide

concentration after the first reaction, Eq. (1), the change

(59)



in iodide concentration which results from reaction two,

Bq. (2), the change in iodide concentration which results
from the third reaction, Bg. (3), the total iodide concen-
tration in the solution at time t and the experimental

iodide concentration at the same time, t. Each line in

the table corresponds to an increase in the reaction time

of six seconds. This increment of time was chosen because

it corresponds to one square of chart paper when the recorder
is set at medium scan speed.

The experimental and calculated iodide concentrations
were then plotted. The ordinate is the iodide concentration
and the abscissa is the time. ZEach line on the abscissa
represents a time change of six seconds. The experimental
iodide concentration is represented by "X"'s and the
calculated iodide concentration is shown by "."'s . Vhen-
ever the two curves intersect only one symbol, the symbol
for the experimental iodide concentration, 1s printed.
This format is followed in all of the computer printed
tables and graphs which follow,

Table XX contains the results of the Landolt reaction
using the same initial reactant concentrations as those
used in producing Figure VIII on page 58. The rate
expressions are Egs. (11), (13) and (23). The time units
on the rate constants have been converted from minutes
to seconds., The calculations contained in Table XX are

plotted in Figure IX on page 62 along with the data from
Figure VIII which is on page 58.

(60)



Table XX - Results for Computer Simulation“;f Landolt
Reaction Using ILiterature Values for Rate Constants
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Figure IX - Plot of Results from Computer Simulation of
Iandolt Reaction Using Literature Values for Rate Constants
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The four rate constants were then varied until the
shape of the calculated iodide curve approached that of
the experimental curve. The best approximation is shown in
Table XXI and Figure X on pages 64 and 65 respectively.
Instead of determining the uncertainty associated with each
rate constant, the range of values over which suitable
. results may be obtained is given. The range of each rate
constant was determined by varying ezach rate constant
individually while holding constant the remaining three
rate constants and examining the effect of the variation on
the graph of the iodide concentration.

Table XXII on page 66 and Figure XI on page 67 show
the result of varying the first rate constant in the rate
expression for Eq. (1). The time of the reaction is six
seconds shorter than the experimentally determined results.
On this basis the first rate constant of Eg. (1) has a
value of 7. and can approximate the experimental curve
within & range of 6. to 8. This same procedure was used
for the second rate constant 6f Eqg. (11). The results
are listed in Table XXIII on page 68 and in Figure XII
on page 69. The value of the second rate conétant of

15 14

Eq. (11) is 1. x 1077 within the range of 5. x 107" to

5. X 1015. The units on both the first and second rate

-1 4 4

constants are 1200105 ?sec L and 1%moles ™ *sec™t respectively.

The value for the first rate constant in Eq. (13) is
1. X 107 and approximates the experimental curve within

the range of 9. X lO6 to 2. X 107. The rate constant hes

(63)



Table XXII - Determination of the Upper Limit on

Range of PFirst Rate Constant of Eq. (11)
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Eigure X - Plot of Results from Computer Simulation of
Landolt Reaction Using Adjusted Values for Rate Constants
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Table XXI - Results for Computer Simulation of ILandolt

Reaction Using Adjusted Rate Constants
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Pigure XI - Plot of Results for Determination of Upper
Limit on Range of First Rate Constant of Eq. (11)
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Table XXIII - Determination of the Upper Limit on Range

of Second Rate Constant of Eq. (11)
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Pigure XXI - Plot of Results for Determination of Upper

Limit on Range of Second Rate Constant of Eq. (11)
+ + + + +

+

+

+
+ +
+ +
+ +

+ + .
.
.
.
.
.
°
.
.

+ o +

*

.
.
.
.
. x
+ +
»
x
x
bad
X
>
>
b

>

XX + +
xx

+ +

X - experimental iodide concentrations

+

-+

-+

. — calculated iodide concentrations

(69)

+e

X+



S

I . . . R

w Figure XXI - Plot of Results for Determination of Upper

o

9 Limit on Range of Second Rate Constant of Eq. (11)

' + + + + + + + +

o

L}

z

(12]

!

ﬁﬁ + + + + + + + +

gﬁ

Z

©

Ll

- + + + + + + + +

1i *

w L)

[ L
oL
0wz . i

= )

2 — + + + + + + 0 + X
“D . * x
4% .

W L/

[721%5] R .

o . x

N> (] x *
ax + + + + ¢ + + + +
<w .’ ><x

b
zz . . x
O [ x
%] .

x

; . x
- L] >
0 + + + o + + + + +
a x

3 x
W * . b3
0o . <

(3K . >
go . ><><

z . ¢ .

+ + + + + + + +

. >
. x
>
. >
>
. >
. >
x><

+ et + + + + +

N XX

. > X

>

o XX XK
o HKXKXX
w [ *
o .
8—.-—. + + + + + + + +
(o] . . N .
S X - experimental iodide concentrations
.
©

. = calculated iodide concentrations

(69)

X+



Ynoles *sec™t. Moving near the upper limit of

units of 1
the range of the rate constant causes the reaction time

for the calculated iodide curve to be too short when
compared to the experimental value. These results are

shown in Table XXIV on page 71 and in PFigure XIII on page

72. The second rate constant of Eq. (13) is not important

in the reaction. This can be seen by examining Table XXV

on page 73 and Figure XIV on page 74. There is no difference
between the values in Table ZXIT on page 66 when the rate
constant has a value of 2.00 x 106 and the values in

Table XXV where the rate constant has a value of zero

for both the total iodide concentration or the change in

iodide concentration which results from the second reaction,

Figure XV on page 75 is a recorder pl&t of the
iodide concentration versus time for a solution consisting
of §.958 + .008 ml. of a 0.02000 + .00001 m/1 potassium
iodate solution, 9.95 + .0l ml. of a 0.0200 + .000L m/1
sodium sulfite solution, 19.88 + .02 ml. of a 1.000 + .005
m/1 sodium acetate - 1.000 + .005 m/1 acetic acid buffer
and 4.969 + .005 ml. of a starch solution. There is a
point of inflection in the curve which is considered the
endpoint in the reaction. The change in iodide concen-
tration; however, is so small that the visual endpoint is
undectable until much later. Both the recorder and the

visual endpoint locations are indicated in Figure XV,

(70)




Pable XXIV - Determination of the Upper Limit on Range

of First Rate Constant of Eg. (13)
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Figure XIII -~ Plot of Results for Determination of Upper
Limit on Range of First Rate Constant of Eq. (13)

+ + + + + + + +
+ + + + + + + +

[
+ + + + + + + +

.
.
>

>

+ + + + + + + ¢ X
. >
>
¢ X
>
o<
+ + + + + + + +
o<
>
>
>
(3
>
b4
>
+ + + + + N + +
x
>
- > []
.
>
>
>
. x
>
+ + + + ¢ + + + + .
>
>
x
b
>xx
>xX e
X e
>
x>
+ + XX o+ + + + + +
b9 .
x> .
> * e
it .
@
.
LI

[
+ + + +. + + + +

X - experimental iodide concentrations

. = calculated iodide concenitrations

(72)

X+



Table XXV - Determination of the Lower Limit on

Range of Second Rate Constant of Egq. (13)
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The computer simulation used for the unbuffered solution
was slightly modified, in order to check the literature
values for the rate constants used in Eq. (11) and Eq. (12)
for the Landolt reaction in a buffered solution. The changes
as well gs a listing of the program are included in Appendix
II. The same format as that used for the unbuffered solution
was used for all of the tables and figures for the buffered
solutions. Table XXVI shows the results using the literature
velues for the rate constants. A better comparison can be
mede by examining Figure XVI on page 78 where the calculated
iodide concentrations and the experimental iodide concen-
trations are plotted together. The rate constants were then
adjusted in an attempt to bring the two curves in closer
agreement. The result of the closest approximation is

shown in Table XXVII on page 79 and in Tigure XVII on page
80.
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Table XXVI - Results for Computer Simulation of Iandolt
Reaction Using Literature Values for Rate
Constants in a Buffered Solution

RC1 = 0.8830E 04 RC2 = 0.1120F 16

RC3 = 0.8810E 09 KC& = 0.2830E 09
_PH 1) conil CONTZ conis CONI(I) EXPI
0.4740E 01 0.0000E 00 0.2123F=04—0.1743E=10=0.1111F=0% 0.2012F=04 0.1604F=-03
0.4740E 01 0.6000t 01 0aB6)71LF=04—=0.2918F=09 0.5559F=06 0.6227F=04 0.4372F~03
0.4740E 01 0.1200E 02 0.1221F-03-0,1690E~08 0.1872F=06 0.1223+=03 0.6612F-0%
0.4740E 01 0.1&00t 02 0.1974E=03-0257R84E-08 029953E-07 0.1975E=03 0.7980E-0%
a4 740 01 0.2400E 02 0.2841E~03-0,1467F=07 0.7316F=07 0.2841E-03 0.9046F=04
0.4740F 01 0.3000E 02 0.%»84E—UR_U.3054F—07 0. 7368F=07 0.3785F=03 0.1013F=07
0047405 01 043600 02 0.4768F=03-0, blgk—07 0.9268E=07 Q. 4768F—03 0.10785=-07
0.4740E 01 0.4200F 02 0.5760FE~03=028Y74F=07 021275E-06 0.5760F=-0% 0.1119F-0;
004 (40K 01 0e4BO0E 02 0.6/33E=03-0.1345E=06 0.1768F=06 0.6733F=03 0.1162F=02
0.4740E 01 0.5400E 02 0.7666F~03-0,18R9E=06 0.2390F=06 0.7666F-03 0.1192F-0
0.4740E 01 0.6000E 07 0.B545E=03=0.2520F-06 0.3125F=06 0.8%46F=03 0.1207+-07
0.4740E 01 0.6600E 02 0.9360E~03-0.3224E-06 0.3953F=06 0.9361F=-03 0.1222K-0
0.4740F Ol 0.7200F 02 0.1011FE=02-0.3984E-06 0.4852E=06 0.1011F=02 0.1237F=02
0.4740F 01 ULTBO0E 02 0.1078E-02-0.4787FE-06 0.5805E=06 0.1078E-02 0.1253E-0/
0.4T40F 01 0.8400E 02 0.1138E=~02-0.5616F=06 0.6T93E=06 0.1139F=07 0.17269F=02
0.4740E 01 0.9000F 02 0.1192F=02-0.6461E=06 0.7799F=06 0.1192F=02 0.1269F=0,
0.4740F 01 0.9600E 02 0.1239FE-02-0.7309F=06 0. 8814F—06 0 1239E=02 0.1769r=07
0.4 140 0L 0.1020E 03 0.1280F=02-0.8153F=06 0.9820E-06 0.1280E-02 0.1269F-0¢
N.6740E 01 0.1050E 03 0.13156-02-0.8986E-06 0.1)azE—05 0.1315F=02 0.1769F=02
0.4740F 01 0.1140E 03 0.134b5F-02-0.9802E-06 0.1179E-05 0.1346F-02 0.1269F-07
0.4740E 01 0.1200E 03 0.137LE~02- U.])ﬁUF—O% 0el2756=05 0.1371E-02 0.17269F=07
0.4740E 01 0.1260E 03 0,1392F=02-0.1138E-05 0.1368E-05 0.1393F=02 0.1269k-07
0.4740F 01 0.1320E 03 0.1410E-02-0.1213F-08% 0.1458F=05 0.1411E-07 0.1269F-02
0246740E 01 021380 03 0.1425F=02-0.12R65-05 0.1545F-05 0.1426F=02 0.1269F-07
0.4740F 01 0.1440E 03 0.143(E~02-0.1357F=05 0.1630E-05 0.1438F--02 0.17269-=02
0e4740E 01 0.1500E 03 0.1447F=02-0.1426E-05 0.1713F=05 0.14476=02 0.1269F-0/
0.4740E 01 0c1560E 03 0e1455E~02-0.1493F=05 0.1793E=05 0.1455F-02 0.1269r=02
0.47T40E 01 0L1620F 03 0.1461F—02-0.1558E-05 0.)1872E=05 0.1462E~02 0.1269c¢-0,
04T40E 01 0.1680F 03 0ul1466E=02~0.1622E=05 0.194HE=05 0.1466E-07 0.1769rF=02
024740 01 0.1740F 03 0.147T0FE=02=0.1685E-05 0.2023E-05 0.1470E=02 0.1269F-07
0e4T40F Ol OalB00E 03 0014 73F=02=0a1746E=05 0.2096E=-05 0.1473F=02 0o1269-=02
0.4740E 01 0.1860E 03 0.1475F=02=0.1806E=-08 0.2169E-05 0.1475F=02 0.1269F-0
0e4T740FE OL »0.1920F 03 0.1477E=02-0.1866F=05 0.2240E=0% Q0.1477TE=02 o 1269F-02
0.4740E 01 0.1980E 03 0.1478F=02-0.19256~05 0.2311E-05 0.1478E-02 0,1269E-0.
0.4740E 01 0.2040E 03 0.147/9E=02-0.1983F-05 0.2381E-05 0.1479E-02 O.ldéQE—Oz
0.4740E 01 0.2100E 03 0.1479F=02-0.2041F-05 0.24%0E=05 0.1480F-02 0.1269F-07
0.4740F 01 0.2160F 03 0.1480F=02-0.2099E=05 0.2%520E=05 .0.1480F=02 0.1269+=02
0247408 01 0.2220F 03 0.]4hUF 02=0.2157E=05 0.0000F 00 0.1478F=02 0.1269F-07
0ot l40F 01 0.2280E 03 0.l (8F=02-0.2207FE~05 0.0000F 00 0.1476F=~02 0.1269F=07
024740 01 022340E 03 0.1476E=02-0.2256E-05 0.0000E 00 0.1474E~02 0,1269F-0>
0.4740F 01 O.XAQOE 03 01474 ‘—02—0.2305F_05 0.0000F 00 0.1471F=02 0.172696=0/
0947408 01 0.5460E 03 0.1471F-02-022354E~05 020000 00 0el469E~02 0.12695-07
0.6740E 01 0./520h 03 0.1469F=02=01.2401F=05 0.0000E 00 0.1467E=02 0.1269r=-07"
024740E 01 0.2580E 03 0.1461F=02=0.2449E-05 0.0000F 00 0.1464E-02 0,1269F=0"
Ue4740F O1 0.2640F 03 0.1464F=02=042496F=05 0.0000F 00 0.1462F=02 0.1269E=-07"
04 T40E 01 STO0E 03 0.1467F-02-0.2542E-05 0.0000F 00 0.1459F=02 0.1269£-07"
De&T4OE 01 O-27T60E 03 0.1459F=02=0.2588E=05 0.0000E 00 0.1457F=02 0.1769F=-07"
02 a740E 01 0282708 03 0.145/F-07-022633F=05 0.0000F 00 0.1454E=02 0.1269E-05%
0o6740F 01 Oe2BBOE 03 0.1454E=02=0.2678E=05 0.0000E 00 0.1451F=02 0.1253k-0z
0v4740E 0] 0.2940E 03 0.1451F-02-0.27226-05 0.0000F 00 0,1449E=02 0.1253E£-02
04740 01 0.3000F 03 0.1449F— UZ-O.&76bE 05 0.0000F 00 041446F=07 0.17237F=02"
0247408 01 OL3060FE 03 0.1446E-02-0.2808E~05 0.0000F 00 U.1443E~02 O.1237F-0;"
et T40FE 01 O23120E 03 0el443F—02-0-2851E=05 0.0000F 00 0ael440F=02 0.12371E=02
024740E 01 023180F 03 0.1440F-02-0.2892F-05 0.0000F 00 0.1437£-02 0.1222E-0;"
0et740F 01 0e3740FE 03 0.1437E=02-0.2934F=05 U.0000E 00 0.1434E~02 0.1222F=-02"
0247406 01 0.3300E 03 0.1434E~02-0.2974E=05 0.0000E 00 0.1431E-02 0.1222E-02"
0e4740F 01 0.3360E 03 0.1431E=02-0.3014E=05 0.0000F 00 0.1428F~02 0.1222F=02
0247406 01 0.3420E 03 0.1428E-02-0.3054E-0% 0.0000E 00 0.1425E-02 0.1207F-02
0.64740E Ol 0.3480E 03 0.1425E-02-0.3092E-05 0.0000E 00 0.1422E~02 0.1207E-0z
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Figure XVII - Plot of Results for Computer Simulation of
Landolt Reaction Using Adjusted Values
for Rate Constants in a Buffered Solution
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Conclusions and Suggestions for

Further Study



The addition of increased amounts of solvent decreases
the concentrations of the reactants and increases the
length of the reaction. This dilution effect is reflected
in the results of all three solvents which were examined.
Skrabal has reported that the reaction time is directly
proportional to the sulfite concentration, inversely propor-
tional to the square of the hydrogen ion concentration,
inversely proportional to the iodate concentration and
inversely proportional to the sguare of +the iodide concen=-
tration (29). The experimental results did not directly
support this relationship possible beczuse iodide was not
included a&s one of the reactants. The results did follow
the proportionality in general for every set of reactant
volumes except the case in which the sulfite concentration
was increased for the 30% dioxane-T70% water solvent systemn,

Increasing the amount of iodate present decreased
the time of the reaction. Iodate is a resctant in both
Ea. (1) and Eg. (2) and it is expected that an increase
in its concentration would decrease the time of the
reaction. All three solvent systems show this result. The
experimental results also show that increasing the concen-—
tration of hydrogen ion decreases the tine of the reaction.
There is a two-folq effect resulting from an increase in

the hydrogen ion concentration. Rirst, the amount of
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sulfurous acid in the solution is increased. Because
sulfurous acid is a better reducing agent than either
bisulfite or sulfite, the rate of Eq. (1) and Eq. (3) is
increased. An increase in the rate of Eq. (1) and Eg. (3)
decreases the time of the reaction. Second, the rate of
Eq. (2) is dependent on the pH of the solution. The lower
the pH the faster the rate of Eq. (2) and the shorter the
reaction time. Again this trend is reflected by all three
solvent systems.

There are two competing effects which must be considered
in determining whether an increase in the sulfite concen-
tration will increase the time of the reaction. In Eq. (1)
and Eq. (3) sulfite is the reducing agent and any increase
in its concentration will decrease the time of the reaction.
However, the endpoint of the reaction is signified by the
appearance of the iodine-starch complex which of course
means that iodine must be present. ITodine cannot accumulate
in the system until all of the suvlfite is consummed, If
any sulfite is present, the iodine produced in Eq. (2) is
reduced to iodide by Egq. (3). An increase in the amount of
sulfite present initially would then increase the time
of the reaction. The two effects, an increase of the rate
of BEq. (1) and (3) and an increase in the length of time
until the iodine~starch complex forms, must both be
considered. When water is used as a solvent, the second
effect predominates and the time of the reaction increases

with an increase in the sulfite concentration. The same
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effect is present when the solvent is 20% dioxane-80%
water; however, the effect is less pronounced. For the
30% dioxane-70% water solvent system the effect is absent
and there 1s a decrease in the reaction time when the sulfite
concentration is increased indicating that the first effect
predominates.

The major difference between dioxane and water is the
difference in polarity. Water is the more polar molecule.
As the percentage of dioxane increases in the solvent, the
polarity of the solvent decreases. This has a direct
effect on the degree of dissociation of each reactant.
Because of this change the rate of the overall reaction
decreases. For the same set of reactant volumes the reaction

tinmes would be expected to be in the order of
water > 20% dioxane-80% water > 30% dioxane-T70% water

This is the case in every instance except the set of
reactant volumes in which the sulfite concentration is
doubled. In this case the time of the reaction is reversed

and has the order of
30% dioxane-T70% water > 20% dioxane~80% water > water

This trend can be explained by the change in the dissociation
of sulfurous acid. As was previously mentioned sulfurous
zcid is a better reducing agent than the other sulfite
species. In the less polar solvents the amount of sulfurous

acid present would be greater than in the more polar
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solvents. As a result the rate of Eq. (1) and Eq. (3)

would increase. On the basis of the experimental results
this increase in the rates of Bg. (1) and Bq. (3) is

enbugh 10 offset the effects of a decrease in solvent
polarity. This accounts for the above order for the reaction

times of the case when the sulfite concentration is incressed.

The rate of the Landolt reaction decreases as the
hydrogen ion concentration increases (33). The greater the
hydrogen ion concentration the greatér the concentration of
sulfurous acid in relation to the bisulfite and sulfite
concentrations, This in turn influences the rate of Eq. (1)
end Eq. (3). Skrabval and Zashorka and Thiel and leyer
found that in general the rate of the reaction depends on
the inverse square of the hydrogen ion concentration
(31),(33).

There is a linear relationship between the time of
the reaction and the pH of the buffer for buffesr systems
having pH values between 2.50 and 4.75 pH units. The
relationship may extend further; however, there are
experimental limitations which in themselves cause devi-
ations from linecarity outside this range of pH values. For
vuffer systems at pH values less than pH 2.50 the average
reaction time was too short. This probably resulted
because the time of addition of the sulfite solution using
a pipet weas approximately 10 - 12 seconds which 1is very
close to the length of the reaction. At pH values greater

than 4.75 pH units the average reaction time was too long.
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The rate of the Dushman reaction is a function of the
solution pH. At high pH values the rate becomes very slow.
The endpoint of the reaction denoted by the appearance of
iodine is also dependent on the Dushman reaction, the only
reaction which produces iodine. If the rate of the Dush-
man reection is very slow, the production of iodine will

be very slow and the endpoint will be denoted by a very
gradual bluing of the solution. This makes the initial
appearance of the iodine-starch complex very hard to

detect. Although the reaction might be completed in terms
of all of the sulfite being consummed, the visual endpoint
does not occur until much later. The relationship may be

a linear one over a wider range of pH values; but, according
to the visual endpoint this is not the case oubside the
range of 2.50 - 4.75 pH units. The endpoint was also
undectable using either the hydrogen ion or iodide electrodes
due to the small change in hydrogen and iodide ion at the
endpoint.

It is not possible to derive Eq. (32) solely on the
basis of Bq. (11) and Eq. (13), the rate expressions for
the first and second reactions of the Landolt reaction. It
was found that the curve in Figure V on page 52 pertains
only to the ILandolt reaction having reactants of the
concentrations shown in Table VIII on page 33 under the
column for the water solvent system and using reactant
volumes listed in Table XVII on page 46. Any change in

these initial conditions produces reaction times which do
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not correspond to points on the curve. This in effect
implies that the initial reactant concentrations or some
intermediate concentration of reactants and products
inéluding those at the endpoint of the reaction must have
a bearing on Eq. (32).

The experimental results indicate that the time of
the reaction is inversely proportional tc the hydrogen
ion concentration to the 0.59 power. This does not necessar-
ily contradict previous results (31), (33), since these
results were for a system in an acetate—acetic acid buffer
with a pH of 4.74. No previous attempt has been made to
determine the relationship between reaction time and
hydrogen ion concentration at different pH values. Before
a derivation of Eq. (32) can be considered on the basis of
Bq. (11) and Eq. (13) these rate expressions must be deter—
nined for a number of buffer systems of varying pH values.

The results of the comparison of the percent uncer-
tainties between the buffcred and the unbuffered systenms
indicate that the buffered systenm has the lower percent
uncertainty. This may not be conclusive due to the high
uncertainty in the mean percent uncertainty for both systems.
Before any meaningful conclusions can be drawn, a greater
semple is needed in order to reduce the high uncertainty.
In addition, the mean reaction times of both the buffered

and the unbuffered systems should have approximately the

same values.
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Figure VI on page 55 can be divided into two sections.
In section one there is a very rapid change in pH corres-
ponding to an increase in the hydrogen ion concentration.
The second section, the portion of the graph after the end-
point, corresponds to an increase in pH aad a decrease in
hydrogen ion concentration. By way of a comparison,
Figure VII on page 56 can be divided into three parts.
The first part is a slow decrease in pH. Section two is a
more rapid decrease in pH. After the endpoint, section three
shows an increase in pH.

The difference between Figure VI and Figure VII
is due to a different amount of sulfite being used. The
solution from which Figure VI was made has less sulfite.
Becguse there is a smaller concentration of sulfite, the
pH of the reaction solution is less than 4.5 pH units.
At pH values in this range, Egs. (1), (2) and (3) operate
and the rate of hydrogen ion production is very fast. The
reaction from which Figure VII was taken has & higher con-
centration of sulfite ion. As a result the pH of the solution
after addition of sulfite is approximately 6.5 pH units. The
Dushman reaction proceeds very slowly at pH values this high
The increase in hydrogen ion is due only to the first
reaction, Eg. (1). Because of this the slope of the first
section of the curve is less than the second section. As
the hydrogen lon concentration continues to increase, the
rate of reaction two, Eq. (2), increases and the slope

of the curve increases. This may seem like a contradiction
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since reaction two consumes hydrogen ions; however, the

sum of reactions two and three is & net increase of hydrogen
ion which is produced since the rate of reaction three is
vefy high. The third section of the curve in both Figures
VI gnd VII is essentially the same. Reaction two alone
continues after the endpoint since all of the sulfite has
been consumed. As reaction two continues after the endpoint
hydrogen ion 1s consumed and the pH begins to increase.

In Figure VIII on page 58, the initial rise in the
curve is due to an initial increase in the iodide concen—
$ration from O. to 7.5 x 1072 m/l. This is followed by a
steady increase 1in iodide concentration followed by a rapid
increase in iodide concentration and after the endpoint
there is a sharp decrease in the iodide concentration. The
icdide curve is very similar +o the hydrogen ion curve.
This is expected‘since the same reactions which produce
iodide produce hydrogen ion and the same reactions which
use iodide use hydrogen ion. Initially, reaction one
predominates producing iodide at a slow rate. As the pH
of the solution becomes more acidic, reaction two increases
in velocity. Reaction two and three combined give a net
increase in iodide. The rate of formation of 1odide ion
increases. At the endpoint both reactions one and threes
stop because all of the sulfite has been oxidized to
sulfate. Reaction two which does not depend on sulfite ion
continues using iodide ion and producing iodine. The

jodine which is produced reacts to form the iodine~starch
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complex indicating the end of the reaction. The iodide
continues to be consumed by the second reaction reducing
the iodide to low enough values 80 as to essentially
caﬁse the reaction to stop.

Egs. (11) and (13) were derived for a reaction having
a pH within the range of pH 4 to pH 13 (31). The results
from Table XX page 61 tend to agree with Skrabal's
results. The rate constants found in Eq. (11) and Eq. (13)
do not adequately describe a system having a pH below four.
For solutions of this acidity the rate constants are too
large. According to the computer simulation the reaction
is expected to end after 84 seconds. In reality the reaction
time is between 330 and 336 seconds. In order to obtain
better agreement between the graprh of the experimental
results and the graph of the calculated results the rate
constants were adjusted to the values listed in Table ZXI
on page 64. TFigure X on page 65 shows a close correlation
between the graphs of the calculated iodide concentrations
and the experimental iodide concentrations.

There are two areas in which differences remained
between the graphs of the calculated iodide concentrations
and the experimental iodide concentrations., At the beginning
of the reaction there is not a very close agreement
between the two curves. There are two possible explanations
for the higher experimental results. The silver - silver
iodide electrode may not be very responsive for iodide con-

centrations in the area of 1072 m/1l. The other possibility
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is the possible interference of sulfate ions. At the beginning
of the reaction there is a much greater concentration of
sulfate ions than iodide ions. In fact, this difference is

on the order of 2 x 1073 to 1 x 1070, If there was any
problem concerning the selectivity of the electrode it would
have been most evident at this point.

There is also a discrepancy between the two curves in
Figure X on page 65 near the endpoint. Difference between
the two curves at the endpoint is 1.5 x 1074 m/1l. The
response of the electrode may once again be at fault. If
the electrode response is too slow, by the time the electrode
begins to respond to the increase in iodide the iodide con-
centration in the solution may already be decreasing and the
actual height of the peak may be missed.

The range of the rate constant values was not very
great except in the instance of the second rate constant of
Eq. (13). The terms in that part of the rate expression
involve iodide and iodine concentrations. Initially, the
iodide concentration was zero in the case of this study.
Much of the previous work involved iodide as cne of the
reactants in which case the initial iodide concentration
would be much higher. Throughout the reaction until after
the endpoint the iodine concentration is also very low due
to the high velocity of reaction three, Eq. (3). The
combination of a low iodide and iodine concentration make
the second term small in comparison with the first term

in Eq. (13). The only point at which the term might
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become significant is near the endpoint when the iodide
concentration is large or after the endpoint when the iodine
concentration is large. There was no change in the calcu~
lated ilodide concentrations at either of these points by
making the second term zero. Ihis indicated that the second
term was not significant in the case in whiéh iodide was

not initislly present as a reactant.

Figure XV on page T5 shows the graph of the iodide
concentration in a buffered solution. The curve shows an
initial rapid rise in the iodide concentfation followed
by a leveling off. At the endpoint there is a gradual decline
in the iodide curve. A comparison between the curve for the
resction in an unbuffered solution, Figure VIII on page 58,
and the curve for the reaction in a buffered solutlon shows
that the curves are considerably different. There are two
differences chemically between the two systems. In the
buffered case there is no sulfate present. There is also
s constant available source of hydrogen ion in-the buffered
solution.

The initial rise in the ilodide curve for the buffered
solution must be due to reaction one, Eq. (1). Reaction
two, Eq. (2), has a very slow rate at pH values as high as
pll 4.74. This is evident by the very gradual change in
iodide concentration after the endpoint. Reaction three,
Eq. (3), is linked directly to reaction two since it depends

on the iodine produced in reaction two. This leaves only
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reaction one to produce the large initial inhcrease in iodide
ion. If there is any degree of reversibility in reaction one,
then elimination of the sulfuric acid, which is part of the
original formulation in the unbuffered reaction, would cause
reaction one in the buffered cease to be shifted in favor of
the products, of which sulfate ion is one. The constant
availibility of hydrogen ions favors the formation of sulfurous
acid and bisulfite over the weaker reducing agent sulfite.
These two trends could account for the initial iodide increase.
After the initiel increase, the iodide coacentration
remeins constant until the endpoint of the reaction. This
is due to a decrease in the rate of the first reaction.
The rate of the first reaction decreases as the sulfite con-
centration decreases. Lost of thé sulfite is used initially
t0o produce the large initial incresse in iodide. The rate
of the second reaction increases because of the increase
in the iodide concentration; but, the increase is so small
in comparison to the total iodide concentration that the
iodide concentration remains constant.
After the endpoint, there is a decrease in the iodide
concentration, At this point in the reaction there is a
great deal of similarity between the buffered and the unbuf-
fered reactiong. In both cases the sulfite concentration
becomes zero and reactions one and three stop. Only reaction
two continues which uses up iodide and produces iodine.
This results in the recorder showing a decrease in the

jiodide concentration. This decrease in iodide concentration
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is more gradual in the bulfered solution because the solution
pH is so high.

There are three major differences between Figure XV
onApage 75 and the recorder plot of the iodide concentration
which is shown in Pigure XVI on page 78. The first difference
is in the shape of the initial fise of the curve. In the
computer plot the initial increase in iodide concentration
is more gradual. There is also a difference in the iodide
concentrations when the two plots level off. TFor the
experimental graph the concentration is 1.3 x lO'3 m/1 znd
for the calculated graph the value is 1.5 x J.O'"3 m/1. The
final difference is the time of reaction. The calculated
reaction time is less than the experimental reaction time,

The initial difference between the two graphs was
eliminated by increasing the second rate constant of Eg. (11)
from 1.12 x 1072 %o 4.00 x 10%7 l4moles'4sec"1. The reaction
time for the simulated reaction was also changed by decreasing
the value of the first constant from 8.8 x 10° to 3.0 x 103

2moles"2sec"l. These adjustments are not unreasonable

1
since Eq. (11) was derived for solutions having pl values
between pH 4 ~ 13 and the system used to produce Figure XVI
on page 78 has a solution pH of 4.74 + .02 pH units which
is on the lower limit of this range of pH values. The
result of these adjustments is shown in Figure XVII on

page 80.

There remalned a difference in the concentrations

between the computer simulation and the experimental graph.
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The shape of the two curves is the ssme; however, it was

not possible to match the shapes of the two curves and

bring the concentration values into agreement. A possible
explanation may lie with the experimentsl values. The

value of the experimental iodide concentrations depends

on the standard iodide solutions as well as the electrode
response. Although the difference on the graph appears to

be very large, it corresvonds to a difference of about one
square on the chart paper. Assuming an amount of uncertainty
in the recorder plotted value, it is possible that the

experimental iodide values should be more in line with the

theoretical values. B

It is hoped that this study will suggest new areas of
investigation of the Lendolt reaction. The change in

dependence of the reaction time as the solvent polarity

is decreased is such an area. In particular, the relation
ship between the time of the reaction and the sulfite con-
centration as the solvent polarity decreases is interesting.
The relationship of the solution pH to the time of the
reaction although represented by a.linear relationship can-
not be explained on the basis of the two rate expressions.
The possiblity of similar reletionships exisiting between
the reaction time and the other rcactants could be explored
and mey &id in understanding the relationship between the
reaction time and the solution pH. The determinzation

of the rate constants for the rate expressions of reactions
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one and two for solutions of various pH values appears to

be a necessary requirement for an accurate explanation of

the relationship. The effects of changing the concentrations
of the initial reactants on this relationship is a2lso worth
examining.

The computer simulation can be a valuable aid in
studying these relationships. There are some modifications
which could enhance its potential use. Iany mechanisms
have been proposed to explein reactions one, two and three.
The inclusion of these might aid in making the program even
more realistic in terms of simulating the actual reaction

conditions.
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Appendix I
Methods of Standardizing Sulfite
and Todide Solutions



Standardization of a Sodium Sulfite Solution

The method of standardizing a sulfite solution has
long been open to discussion (16),(17),(18),(22). The
primary cause for this discussion is the oxidation of sulfite
to sulfate and the loss of sulfur dioxide. Both result in
the experimentally determined value of the sulfite concen-
tration to be lower then the expected value.

The general procedure uses an oxidizing agent to
oxidize the sulfite to sulfate. Hendrixson reports that the
oxidation of sulfite using dichromate, bromate, and permen—
ganate ions is incomplete due to the possible formation of
dithionate ion (17). However, he does state that iodate
may be successfully used. Unfortunately, there is still
some ioss of sulfite due to zir oxidation during the
titration.

Another possible reducing agent is iodine (22). Iodine
has the added advantage of allowing the use of a starch
indicator to determine the endpoint of the reaction.

The sulfite solution can be stored under an inert atmosphere
and added using a buret (34). An even casier method
involves adding an aliguot of the sulfite solution to an
excess of lodine and titrating the remaining iodine with

a reducing agent which is not sensitive to air oxidation
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such as sodium thiosulfate. This is the procedure which
was used.

The iodine solution used to titrate the sulfite solution
must in turn be standardized against a primary standard.
Arsenious oxide was chosen as the primary standard. f%hen
arsenious oxide is dissolved in water it forms arsenious acid

as is shown by the reaction

A8203 + 3H20 —>2H,As0O

37773

Arsenious acid reacts with iodine to produce iodide ions

as is shown.
HyAsOy + I, + HyO— s HyAs0, + 217 + ot

The endpoint of the reaction can be noted using a starch

indicator.

A sample of iodine was sublimed. To a 250 ml. beaker
12.7 g. of the sublimed iodine was added along with 40. g.
of potassium iodide. The potassium iodide must -be free
from iodate in order to prevent loss of iocdide ion through
Eq. (2). To check for the presence of iodete add approx-
imately one gram of iodide to 20 ml. of water, one ml. of
6N sulfuric acid and 2 ml. of starch solution. If a blue
color develops within 30 seconds, lodate is present.
Dissolve the iodine and potassium iodide in 25 ml. of
water and transfer the solution to a 1000 ml. volumetr%c

flask. Since the solution will be standardized it is not
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necessary to add exactly one liter of water. As an added
precaution the solution should be kept in a brown bottle
and stored away from light. The bottle should also be
tightly stoppered to reduce the air oxidation of iodide
(e7).

The arsenious oxide solution is made by carefully
weighing about 1.25 g. of arsenious oxide into a beaker.
Since arsenious oxide is nonhygroscopic, drying is unnecessary.
To this add a solution made by dissolving three g. of sodium
hydroxide dissolved in 10 ml. of water. 3Swirl the solution
until the arsenious oxide dissolves. Add 50 ml. of water,
two drops of phenolphthalein indicator and enough dilute
hydrochloric acid to cause the pink color to disappéar. At
this point a slight excess of hydrochloric acid should be
added; the entire solution is transfered quantitatively
to a 250 ml, volumetric flask and diluted to the mark.

To standardize the iodine solution transfer by pipet
10 ml. of the arsenious oxide solution to a 100 ml. beaker.
Sodium bicarbonate is added to neutralize the excess acid.
When the effervesence has stopped add approximately a 3 g.
excess of sodium bicarbonate to act as a buffer during the
titration. Add 5 ml. of starch indicator and some weter
if desired. Titrate with iodine until the first appearance
of a blue color. Approximately 10 ml. of the iodine
solution will be required.

Thiosulfate was used as the other reducing agent to

titrate the excess lodine. Thiosulfate is not air oxidized;
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but, the water should be boiled before the solution is
made to kill any sulfur fixing bacteria. Sodium carbonate

is usually added as a preservative. Iodine oxidizes thio-

sulfate according 1o

I2 + 23203_ — 2 + 3406“

Once again starch is used as the indicator.

The thiosulfate solution was made by dissolving 25. g.
of Na28203'5H20 in 1000 ml. of water. For a preservative
0.2 g. of sodium carbonate was added. 10 ml. of the
standardized iodine solution was pipetted into a 100 ml.
beaker and diluted with water. This solution was titrated
with thiosulfate added from a buret. Vhen the solution
color had become light yellow, 5 ml. of starch solution was
added and the titration continued until the disappearance
of the blue color,

Knowing the molarity of both the thiosulfate and iodine
solutions it is possible to determine the molarity of the
sulfite solution. From a pipet 10 ml. of the ioedine soclution
was added to a 100 ml. beaker. To the same beaker 10 ml.
of the sulfite sgolution was added. The remaining iodine
was then titrated using the thicsulfate solution.

The calculations involved in determining the molarity
of the sulfite solution are not complicated. The following

is a sample calculation.

(105)



Sample Calculation of the
Molarity of the Sulfite Solution

Moles of iodine used:
molarity of iodine solution .
volume of iodine used 9
moles of iodine used (

483 + .0001 M
958 + .008 ml. A
.8107+ .014) x 1077 m.

Moles of thiosulfate used:

molarity of thiosulfate solution .0558 + .0001 M
volume of thiosulfate used 10.10 + .01 ml.
moles of thiosulfate used (5.63 ¥ .02) x 1074 n.
moles of iodine remaining after B

reacting with thiosulfate (1.99 + .03) x 1074 n.

Molarity of sulfite solution:

moles of sulfite used (1.99 + .03) x 1074 m.
volume of sulfite used 9.95 + .01 ml.
molarity of sulfite solution .0200 + .0003 M

Standardization of a Potassium Iocdide Solution

Todide can be determined using iodate in a strongly
acidic solution. The acid used must be hydrochloric acid.
Starch can not be used as the indicator since the iodine-
starch complex does not form in highly acidic sblutions.
Instead chloroform or carbon tetrachloride is used. In
the presence of iodine both chloroform and carbon tetra-
chloride are colored violet. The reduction of lodate in an

acidic medium proceeds through the following steps:
T0y” + 6H' 4 667 —s I + 3H,O

I03” + 5I7 + 6H" — 31, + 3H,0
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I0,”

3 + 21

o * 6H" —» 5I% & 3H20

The overall reaction is
IQ;-+6W'+4€l—_*I++ 3,0

The particular reaction for the determination of iodide

using hydrochloric acid is

103" + 6H" + 3017 + 21" — & 3ICL + 3H,0

Pipet 10 ml. of an approximately 1.00 x 1071 molar
potassium iodide solution into a stoppered bottle. A
small volumetric flask with a glass stopper works best.
The vessel must be inverted during the reaction to note
the color of the organic layer. The stopper must be glass
because iodine attacks rubber and cork stoppers. Add
25 ml, of concentrated hydrochloric acid and 10 ml. of
chloroform to the potassium iodide solution. The iodate
solution is added from a buret. The same solution which
was used for the Landolt reaction, a 0.02 M. potassium
icdate solution, can be used for the titration., The
titration requires about 25 ml. of the iodate solution.

As the reaction continues iodine is produced until all of
the iodide is used up. From this point on the iodine is
oxidized by the iodate and the solution color becomes yellow.
The yellow color is due to the formation of iodine mono-
chloride. The remaining iodine is in the organic layer

and can be seen more clearly by inverting the flask.
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The titration i1s continued by adding more iodate dropwise.
After each drop the reaction flask should be stoppered and
sheken vigorously. The endpoint is reached when the organic
layer becomes clear. The concentration of the iodide
solution can be determined from the concentration and

volumes used of the iodate solution and the stoichiometry

of the reaction.
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Appendix II

Computer Programs



The computer program used to simulate the Landolt
reaction is an attempt to duplicate the experimental
situeation as closely as possible. There are essentially
three parts to the program corresponding to the three
reactions which comprise the Landolt reaction. What follows
is a brief description of the progranm along with an explan-
ation of the symbols used in the progranm.

NUM is the number of dagsa cards containing the solution
PH velues and the number of experimental iodide concentration
values which are read in. It also is the number of iter-
ations in the DO loop which calculates the theoretical
iodide concentrations frocm the rate expressions. The iodide
velues, CHARTI(I), are read in as the number of squares on
the chart paper. These are translated into the experimental
iodide concentration, EXPI(I). In the seme way the chart
value for each pH value, PH(I), are read in as ANUN(K).

The four rate constants, RCl, RC2, RC3 and RC4 are the last
data whichare used. The initial reactant concentrations
are then specified. CONI(I) is the initial iodide concen-
tration. Cl02(I) is the initial sulfite concentration and
is also the sulfite concentration remaining after the third
reaction. C122(I) and CI2 have the szme significance for

the iodate and iodine concentrations respectively.

(110)



The computer then enters a DO loop. The number of
iterations of the DO loop is controlled by the value of
NUL. The value for the hydrogen ion concentration, CH(I),
is.calculated from PH(I). The time of the reaction, DT(I),
is deteruined by incressing the initial time, T(I), by
six seconds., The subroutine ALPHA is then called and
calculates the bisulfite concentration, CHS03, the sulfite
concentration, CS03, and the iodate concentration, CIO3.
AK12, AK10 and AK20 are the dissociation constants for
iodic acid and the first and second dissociation constants
for sulfurous acid respectively.

After these values are determined the computer returns
and calculates the change in iodide concentration, CONI1,
2s a result of the first rate expression. Following the
calculation, the total remaining sulfite, CLO(I), iodate,
¢12(I), and iodide, CONI1l, concentrations are determined on
the basis of the stoichiometry of the first reaction. This
procedure is repeated for the second reaction. CIZ21 is
the iodine concentration remeining after the second reaction;
€121 is the iodate concentrztion remeining after the second
reaction; and the change in iodide concentration as a
result of the second reaction is CONIZ2,

The change in the iodide concentration as a result of
the third reaction is CONI3. Again all of the concentrations
of reactants and products zsre determined on the basis of the
stoichiometry of the reaction. The total iodide concentra-

tion, CONI(I), is the sum of CONI1l, CONI2, and CONI3. The
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amount of triiodide, CI3, is also calculated and the total
lodide concentration adjusted accordingly. The values for
CH(I), T(I), CONI1l, CONI2, CONI3, CONI(I) and EXPI(I) are
printed out and the program returns to the beginning of
the DO loop.

VWhen the program exits from the DO loop the plotting
subroutine is called. NB is the total number of points to
be plotted; YMAX is the maximum value on the ordinate;
YNIN is the minimum value on the ordinate and NGR is the
number of graphs to be printed. In each case the calculated
iodide concentrations and the experimental iodide concen-
trations are graphed together. The program returns again
if a new set of rate constants is provided and repeats
the entire program. Execution time for one set of rate
constents is approximately four seconds. A summary of the

program follows in semi-flow chart format in Figure XVIII.

The computer program for the Landolt reaction in a
buffered solution is on page 118. The progran is essentially
the same as the program for the Landolt reaction in an unbuf-
fered solution. The DO loop used to read in the experimental
pH values is removed since the pH solution is constant.

This is established by assigning a value to PH(I) of 4.74.
The second rate expression must be modified slightly. The
second term containing the hydrogen ion concentration to
the second power umust be changed to the hydrogen ion

concentration to the 1.9 power.
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Figure XVIIT - Diagramatic Representation

of Computer Simulation

Data
Reactant concentrations.
Value of RCL, RC2, RC3, RC4.
Initial time of reaction.
Experimental pH values and

‘iodide concentrations.

9

Subroutine ALPHA

First Reaction
Calculates CONIL.

Calculates new concentrations
of reactants and products.

Determines bisulfite,
sulfite and iodate

concentrations.

Ll A\

Second Reaction
Calculates CONIZ2.
Calculates new concentraetions.

of reactants and products.

4

Third Reaction
Calculates CONWI3.
Calculates new concentrations
of rezctants and products.

N

Determination CONI(I)
Summation of CONI1l, CONI2
and CONI3, :

A

Increase Time

3

Subroutine Plot

Produces graph of N

CONI(I) and EXPI(I).

Print
Velue of RC1, RC2, RC3, RC4.
Values of CH(I), T(I), COFIL,
CONI2, CONI3, CONI(I), EXPI(I).
Graph of CONI{I) and EXPI(I).
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» 'PROGRAM FOR DETERMINING CONCENTRATIONS OF*)

+'STANDARD SOLUTIONS - 12,503, AND S203.°%)
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