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Pulp Bleaching

Chlorine dioxide is an oxidizing
chemical that is used in water

purification and is replacing chlorine
in bleaching processes of pulp and
paper mills because of environmen-
tal concerns. This work continues a
study of reactions that may be im-
portant in the commercial produc-
tion of chlorine dioxide (1–9).

Most chlorine dioxide used in pulp
bleaching is generated by reducing
sodium chlorate with methanol in

sulfuric acid solution (10–13). These
processes have replaced the chlo-
ride–chlorate process which yields
chlorine as a major by-product (2,
14). The methanol–chlorate process
substantially reduces the measured
chlorine concentration in chlorine di-
oxide absorber solutions. Even at
relatively low concentrations, chlo-
rine is a concern to paper manufac-
turers. The detection and elimination
of chlorine are therefore important

issues in the industry. Other impuri-
ties—unreacted methanol and
byproduct formic acid—are also
present in chlorine dioxide absorber
solutions produced by this process
(3). It is important to understand
whether, and to what extent, these
organics influence the presence, as
well as the determination, of chlo-
rine in these solutions.

There are two titrimetric meth-
ods of measuring chlorine that are
routinely practiced in the pulp and
paper industry. They are referred
to as the thiosulfate method and the
arsenite method (15–17). The thio-
sulfate method involves adding po-
tassium iodide to the chlorine–
chlorine dioxide solution and titrat-
ing the released iodine with thiosul-
fate. Two titrations are required—
one at neutral condition, and one
under acidic condition. This method
measures both chlorine and chlorine
dioxide; however, the method yields
true results only if no acidic gases,
such as HCl, HCOOH, or SO2 are
present in the ClO2–Cl2 mixture (16).

The arsenite method involves add-
ing sodium hydroxide to the chlo-
rine–chlorine dioxide solution to
convert chlorine dioxide to sodium
chlorite and sodium chlorate, and to
convert chlorine to sodium hypochlo-
rite and sodium chloride followed by
the addition of excess of sodium bi-
carbonate to neutralize the
unreacted sodium hydroxide. Buff-
ered potassium iodide solution is
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added and iodine forms only by reac-
tion with hypochlorite ions. Chlorine
is measured by titrating the released
iodine with sodium arsenite solution.

This method is independent of acid-
ity (16).

This work further investigates the
influence of both methanol and for-
mic acid on the stability and mea-

surement of chlorine in chlorine–
chlorine dioxide solutions. It ad-
dresses the specific questions: (a)
Does methanol, formic acid, or both
species interfere with the arsenite

1.  Influence of methanol addition on apparent chlorine concentra-
tion in a chlorine–chlorine dioxide solution. Conditions: 10°C, pH
2.4, 0.085 M chlorine dioxide, 0.00067 M initial chlorine in each
solution. Symbols: solid—no methanol added; open—0.05 M metha-
nol added immediately after initial sample was taken.

2.  Influence of methanol and chlorine dioxide on apparent chlorine
concentration. Conditions: 10°C, pH 3, 0.0067 M initial chlorine in
each solution. Symbols: open circles—chlorine solution, no metha-
nol added; solid circles—0.1 M methanol added to chlorine solution
immediately after initial sample was taken; triangles—0.1 M metha-
nol added to 0.11 M chlorine dioxide solution containing chlorine
immediately after initial sample was taken.

3.  Influence of methanol and formic acid on apparent chlorine
concentration in a chlorine–chlorine dioxide solution. Conditions:
10°C, pH 3, 0.11 M chlorine dioxide, 0.0046 M initial chlorine in each
solution; methanol and/or formic acid added immediately after initial
sample was taken. Symbols: open circles—0.08 M formic acid
added; triangles—0.1M methanol added; solid circles—methanol
and formic acid added.

4.  First-order plots of rate data. Symbols refer to experiments and
conditions in Table III: Experiment No. 2 (solid circles); No. 4 (open
circles); and No. 16 (squares).
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I.   Influence of component concentrations on determination of chlorine in solutions containing methanol

titration method for chlorine in chlo-
rine dioxide solutions, leading to in-
accurate measurements of concen-
tration? (b) Does chlorine in chlorine
dioxide solutions react with the or-
ganic species? If chlorine does react
at a substantial rate, how fast is the
reaction, and how do concentrations
and temperature influence the rate?

Experimental

For each reaction experiment, 50 mL
of reaction mixture was prepared by
adding appropriate amounts of stock
solutions of chlorine dioxide (0.19 M
ClO2 at pH 6), 0.033 M chlorine and
phosphate buffer (0.5 M at pH 3),
and allowing the temperature to
equilibrate in a closed cylindrical
flask partly immersed in a constant
temperature bath. The mixture was

continuously stirred using a magnetic
bar while temperature was moni-
tored by a mercury thermometer.
Five mL of this mixture was ana-
lyzed for chlorine prior to addition of
methanol and formic acid. This da-
tum point served as the initial chlo-
rine concentration. The reaction was
started by adding an appropriate vol-
ume of stock solutions of formic acid
(5 M at pH 3) or methanol to the
flask.

Expt.                               Initial concentrations,  M x 102 Vol. of 0.0022 M arsenite, mL %Error

no. [ClO2] [MeOH] [Cl2] With MeOH No MeOH Difference in [Cl2]

41 15 8 0.97 46.0 44.0 2.0 4.5
42 15 8 0.95 44.0 43.0 1.0 2.3
43 15 8 0.62 38.6 28.4 10.2 36.2
44 15 8 0.62 39.0 27.6 11.4 40.5
45 15 8 0.37 26.5 16.7 9.8 58.7
46 15 8 0.35 24.0 16.0 8.0 50.0
47 15 2 1.10 48.0 50.0 -2.0 -4.0
48 15 2 1.08 50.0 49.0 1.0 2.0
49 15 2 0.64 31.4 29.4 2.0 6.9
50 15 2 0.64 30.0 28.4 1.6 5.5
51 15 2 0.45 22.6 20.4 2.2 10.8
52 15 2 0.42 23.4 19.2 4.2 21.9
53 11 8 1.00 47.2 46.0 1.2 2.6
54 11 8 1.00 46.0 45.0 1.0 2.2
55 11 2 1.05 46.1 47.4 -1.3 -2.7
56 11 2 1.05 47.7 47.6 0.1 0.2
57 11 2 0.94 38.2 42.0 -3.8 -8.9
58 11 2 0.94 40.0 43.0 -3.0 -7.0
59 11 2 0.28 19.0 12.8 6.2 48.7
60 11 2 0.28 18.3 13.0 5.3 41.6
61 7 8 1.08 47.0 49.0 -2.0 -4.1
62 6 8 0.99 42.4 45.0 -2.6 -5.8
63 7 8 1.12 45.0 51.0 -6.0 -11.8
64 6 8 0.99 42.4 45.0 -2.6 -5.8
65 8 8 0.60 28.0 27.6 0.4 1.5
66 8 8 0.60 29.0 27.0 2.0 7.3
67 7 8 0.20 13.6 9.2 4.4 47.8
68 7 8 0.22 14.4 9.8 4.6 46.9
69 7 2 1.14 50.0 52.0 -2.0 -3.8
70 7 2 1.04 42.8 47.0 -4.2 -8.9
71 7 2 1.17 48.0 53.0 -5.0 -9.4
72 7 2 1.04 43.2 47.2 -4.0 -8.5
73 8 2 0.58 25.2 26.4 -1.2 -4.6
74 8 2 0.58 25.8 26.2 -0.4 -1.5
75 1 8 0.85 27.8 38.2 -10.4 -26.9
76 1 8 0.85 27.4 38.8 -11.4 -29.5
77 1 2 0.87 35.7 40.4 -4.7 -11.9
78 1 2 0.87 35.2 38.6 -3.4 -8.6
79 0 8 0.82 33.4 37.2 -3.8 -10.2
80 0 8 0.82 33.3 37.3 -4.0 -10.7
81 0 2 0.78 34.4 35.4 -1.0 -2.8
82 0 2 0.78 34.0 35.6 -1.6 -4.5
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At regular time intervals, a 5-mL
aliquot was removed from the flask
and quickly poured into 25 mL of 1
M sodium hydroxide solution. Caus-
tic converts chlorine dioxide to chlo-
rite and chlorate ions, and converts
chlorine to chloride and hypochlo-
rite ions.

2ClO2 + 2OH- → ClO2
- + ClO3

- + H2O  (1)

       Cl
2
 + 2OH- → Cl- + OCl- + H

2
O     (2)

Reaction 2 is very rapid. The comple-
tion of reaction 1 is indicated by the
complete disappearance of the yel-
low color of chlorine dioxide.

After this solution became color-
less, 5 g of sodium bicarbonate, 75
mL water, and 5 mL of (10 wt.%)
potassium iodide solution were
added, resulting in a solution pH of
8.0–8.5. Under these conditions, only
the hypochlorite reacts with iodide,
liberating iodine according to the re-
action:

NaOCl + 2 KI + H2O → I2 + 2KOH +
NaCl (3)

The amount of liberated iodine is
determined by titrating with 1–2 mN
standard arsenite solution accord-
ing to the stoichiometry of the reac-
tion:

I
2
 + AsO

3
-3 + H

2
O → 2H+ + 2I- + AsO

4
-3

(4)

Experiments were conducted to
investigate the influence of metha-
nol on the arsenite titration proce-
dure. In each of these experiments,
the solutions were prepared as be-
fore; however, only two samples were

analyzed and compared—one sample
prior to methanol addition, and one
sample after adding methanol. Since
the titration results were somewhat
time-dependent in the experiments
with added methanol, the samples
from these experiments were added
to the 1 M sodium hydroxide solu-
tion within 1 min after the solutions
were prepared. (The analytical pro-
cedure deviates somewhat from a
standard method (17), although both
are based on the same chemistry.
For example, to tailor the method to
the scale of our experiments, we
changed the relative proportions of
some reagents. The changes did not
reduce the accuracy and reproduc-
ibility of the analyses.)

In several other experiments, also
aimed at studying the influence of
methanol on the arsenite titration
procedure, the solutions were pre-
pared by adding ingredients in dif-
ferent sequences. These solutions
were then titrated for chlorine.

Results and discussion

Influence of
organics on chlorine analysis
Figures 1 through 3 show the influ-
ence of methanol and formic acid on
the “apparent chlorine concentra-
tion,” which is defined as the volume
of arsenite solution required to ti-
trate chlorine in 5-mL samples re-
moved from the reactor at various
times. Figure 1 shows results of two
experiments involving chlorine–chlo-
rine dioxide solutions that contained
0.085 M chlorine dioxide. In one ex-
periment (open circles), methanol
was added at a concentration of 0.05
M immediately after the first sample
(data point at t = 0) was withdrawn
from the reactor for analysis. In the
other experiment, no methanol was
added (solid circles). The figure
shows that at the beginning of the
experiment both solutions required
about 2 mL of 0.00333 N arsenite
solution, which is equivalent to a chlo-
rine concentration of 0.00067 M. Af-
ter the methanol was added in the
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II.  Sequence of reagent addition and titration results

Expt. Sequence of reagent Titrant volume,
no. addition prior to titration mL 0.00116 N arsenite

I a. Cl2 + ClO2 added to NaOH 39, 37, 40
b. NaHCO3 + KI added

II a. Cl2 + ClO2 + MeOH 55, 53
    added to NaOH
b. NaHCO3 + KI added

III a. Cl2 + ClO2 added to NaOH 40
b. NaHCO3 + KI added
c. MeOH added

IV a. MeOH added to NaOH 61
b. Cl2 + ClO2 added
c. NaHCO3 + KI

Key:
Cl2 + ClO2 = 5 mL of 0.11M chlorine dioxide solution containing chlorine as noted by the
arsenite titrant volume.
MeOH = methanol at 0.08M concentration
NaOH = 25 mL of 1M sodium hydroxide
NaHCO3 + KI = 5 g sodium bicarbonate, 75 mL water and 5 mL of 10 wt % potassium
iodide.

5.  Arrhenius plot of second-order rate con-
stants (pH 3–3.2)
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III.  Reaction data and rate coefficients

Expt. Temp., pH             Initial concentrations, M x 102 Rate x 105, k k

no. °C Chlorine Formic acid M/min 1st Order opt Order

Experiments at constant temperature and pH

1 10 3.0 0.18 2.0 2.8 0.78 3.5
2 10 3.0 0.25 2.0 2.3 0.46 1.9
3 10 3.0 0.22 2.0 2.0 0.46 2.0
4 10 3.0 0.18 4.0 5.0 0.70 3.0
5 10 3.0 0.19 8.0 8.6 0.56 2.3
6 10 3.0 0.19 12.0 10.5 0.46 1.8
7 10 3.0 0.38 2.0 4.6 0.61 2.3
8 10 3.0 0.38 4.0 6.5 0.43 1.6
9 10 3.0 0.40 8.0 20.1 0.63 2.2
10 10 3.0 0.31 8.0 15.6 0.63 2.3
11 10 3.0 0.37 8.0 21.7 0.73 2.6
12 10 3.0 0.12 4.0 2.3 0.48 2.2
13 10 3.0 0.14 2.0 1.4 0.51 2.4
14 10 3.0 0.13 8.0 6.6 0.63 2.8
15 10 3.0 0.12 8.0 5.2 0.54 2.4
16 10 3.0 0.40 8.0 16.0 0.50 1.8
17 10 3.0 0.52 8.0 32.2 0.78 2.6
18 10 3.0 0.51 8.0 36.9 0.91 3.0
19 10 3.0 0.84 8.0 58.5 0.87 2.6
20 10 3.0 0.84 8.0 54.9 0.82 2.5

Average k of runs 1 to 20 = 0.62 2.4

Effect of pH

21 10 0.8 0.60 8.0 38.7 0.81 2.6
22 10 1.2 0.32 8.0 18.6 0.73 2.7
23 10 1.5 0.36 8.0 18.0 0.63 2.2
24 10 1.7 0.38 8.0 21.7 0.71 2.5
25 10 2.2 0.36 8.0 21.6 0.75 2.7

26 10 2.3 0.39 8.0 26.9 0.86 3.0
27 10 2.3 0.33 8.0 19.5 0.74 2.7
28 10 2.5 0.36 8.0 14.4 0.50 1.8
29 10 2.7 0.35 8.0 17.2 0.61 2.2
30 10 2.9 0.36 8.0 16.2 0.56 2.0

                                                                                                 Average k of runs 21 to 30 = 0.69 2.4
     Average k of runs 1 to 30  = 0.65 2.4

                              Standard deviation  = 0.14 0.4
                              Percent deviation = 21.3 17.6

Effect of temperature

31 20 3.2 0.50 8.0 83.5 2.09 7.0
32 20 3.0 0.51 8.0 70.4 1.73 5.8
33 15 3.0 0.48 8.0 40.8 1.06 3.6
34 10 3.0 0.40 8.0 20.1 0.63 2.2
35 10 3.0 0.31 8.0 15.6 0.63 2.3
36 10 3.0 0.37 8.0 21.7 0.73 2.6
37 10 3.1 0.40 8.0 16.0 0.50 1.8
38 10 3.2 0.52 8.0 32.2 0.78 2.6
39 10 3.0 0.51 8.0 36.9 0.91 3.0
40 0 3.0 0.41 8.0 10.0 0.30 1.1
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one experiment, the volume of ars-
enite solution required for titration
immediately increased to about 6
mL, while it remained at 2 mL for
samples of the solution which did
not contain methanol. This increase
in titrant is equivalent to an increase
in chlorine concentration of 0.00133
M, or 200%.

An increase in “apparent chlorine
concentration” was also observed
immediately after adding methanol
to chlorine–chlorine dioxide solution
in one experiment at higher initial
chlorine concentration (see Fig. 2—
triangles). In this experiment, the
chlorine dioxide concentration was
0.11 M. The figure shows that at the
beginning of the experiment, prior
to methanol addition, the solution
required about 58 mL of 0.00116 N
arsenite titrant, which is equivalent
to a chlorine concentration of 0.0067
M. After methanol was added to the
solution, the required volume of ars-
enite solution increased to a higher
level. That level was estimated to be
about 65 mL by extending a line
through the three data points (tri-
angles) after the initial point, and
extrapolating the line to zero time.
This represents an increase of about
7 mL, which is equivalent to an in-

6.  Calculated versus measured rate of chlorine disappearance
assuming second-order kinetics. Symbols refer to data in Table III:
Experiment Nos. 1 to 20 (circles), Nos. 21 to 30 (open squares), and
Nos. 31 to 40 (solid squares).

7.  Calculated versus measured rate of chlorine disappearance
assuming statistically determined reaction orders. Symbols refer to
data in Table III: experiment Nos. 1 to 20 (circles), Nos. 21 to 30
(open squares), and Nos. 31 to 40 (solid squares).

crease in chlorine concentration of
0.0008 M or 12%.

Figure 2 also shows results of ex-
periments aimed at measuring the
rate that chlorine disappears from
an aqueous chlorine solution (open
circles), from an aqueous chlorine
solution after the addition of metha-
nol at a concentration of 0.1 M (solid
circles), and from an aqueous chlo-
rine–chlorine dioxide solution after
the addition of methanol at a con-
centration of 0.1 M (triangles). In all
three experiments, the solutions had
about the same initial chlorine con-
centration, 0.0067 M. The figure
shows that after methanol was added
to the chlorine solution (solid circles),
the chlorine disappeared slightly
faster than did chlorine in the solu-
tion with no methanol present (open
circles). After methanol was added
to the chlorine–chlorine dioxide so-
lution, and after the initial “appar-
ent” increase in chlorine concen-
tration, the rate that chlorine disap-
peared was about equivalent to the
rate that chlorine disappeared from
a chlorine solution to which no
methanol or formic acid was added.
Figure 1, which includes data for
experiments at much lower chlorine
concentration, shows very little

change in chlorine concentration
with time.

Figure 3 compares rates of chlo-
rine disappearance from chlorine–
chlorine dioxide solutions containing
0.1 M methanol (triangles), 0.08 M
formic acid (open circles), and 0.1 M
methanol and 0.08 M formic acid
(solid circles). In each experiment,
the chlorine dioxide concentration
was 0.11 M. The figure shows that at
the beginning of the experiments,
prior to methanol addition, all three
solutions required about 40 mL of
0.00116 N arsenite solution, which is
equivalent to a chlorine concentra-
tion of 0.0046 M. In the experiment
in which both methanol and formic
acid were added to the solution, the
methanol was added first.

Figure 3 shows that the rates of
chlorine disappearance were com-
parable in the two solutions in which
formic acid was present, and much
greater than the rate in the solution
in which only methanol was present.
In the two experiments in which
methanol was added, there was again
an abrupt increase in the volume of
arsenite solution required to titrate
the solutions. The increase in both
experiments was about 15 mL of ti-
trant, which would be equivalent to
0.0017 M chlorine or 37%.
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Table I shows further evidence

that solution composition influences
results of arsenite titration of chlo-
rine in chlorine dioxide solutions. It
shows the volumes of arsenite re-
quired to titrate chlorine in 5-mL
aliquots of solutions containing
methanol and solutions containing
no methanol (blank). It also shows
that for all experiments these two
volumes differ, indicating an appar-
ent increase (positive error) or ap-
parent decrease (negative error) in
the chlorine concentration. In Table
I, all experiments are reported in
duplicate. There is reasonable agree-
ment between duplicate runs.

Table I shows that for all concen-
trations of chlorine dioxide and
methanol, the error in chlorine analy-
ses increases in the positive direc-
tion as the concentration of chlorine
in the blank decreases. At 0.15 M
chlorine dioxide, and both 0.02 and
0.08 M methanol, the errors are posi-
tive, indicating an apparent increase
in chlorine concentration after addi-
tion of methanol. At lower chlorine
dioxide concentrations, the errors
become negative, especially at higher
chlorine concentrations, indicating
an apparent decrease in chlorine con-
centration after methanol addition.
Methanol also has an influence on
the titration results in that the abso-
lute error increases as methanol con-
centration increases.

Assuming that the differences be-
tween titration volumes for each ex-
periment in Table I represent real
changes in chlorine concentration,
these data suggest that two pro-
cesses may be occurring in the
samples: (a) production of chlorine,
possibly by reaction of chlorine di-
oxide with methanol; and (b) reac-
tion of chlorine with methanol. The
first process is apparent at high chlo-
rine dioxide concentrations and in-
creases in importance at lower
chlorine concentrations. The second
process predominates at low chlo-
rine dioxide concentration.

To investigate further the influ-
ence of methanol on the arsenite ti-
tration procedure, we changed the

sequence of combining reagents in
the solutions prior to titration. Table
II shows that four different se-
quences were used. In Sequence I, a
chlorine–chlorine dioxide solution
was added to sodium hydroxide so-
lution followed by addition of sodium
bicarbonate buffer and potassium io-
dide. This sequence represents a
blank experiment since no methanol
was added. The average titrant vol-
ume was 39 mL of 0.00116 N arsen-
ite solution. Sequence II is identical
to I, except that the initial solution
also contains methanol. The average
titrant volume was 54 mL, therefore
indicating an apparent increase in
chlorine concentration of about 39%.
In Sequence III, the methanol was
added after the other ingredients
had been combined. The titrant vol-
ume is 40 mL, essentially identical
to that for Sequence I. In Sequence
IV, methanol was first added to so-
dium hydroxide, followed by the ad-
dition of the chlorine–chlorine
dioxide solution, and subsequently
by addition of the buffer and potas-
sium iodide. The titrant volume is 61
mL, indicating an apparent increase
in chlorine concentration similar to
that of Sequence II.

We conclude from this latter set
of experiments that methanol does
not interfere with the titration step
of the analytical procedure, but
rather reacts with components of the
solution after sodium hydroxide is
added either producing more chlo-
rine, possibly by reacting with chlo-

rite, or reducing the amount of chlo-
rine, possibly by reacting with hy-
pochlorite.

Influence of formic acid
on rate of chlorine reaction
Figures 1, 2 and 3 show that chlo-
rine concentration in chlorine–chlo-
rine dioxide solutions decreases
relatively rapidly when formic acid
is present; whereas, in the absence
of formic acid, chlorine concentra-
tion is relatively stable even when
methanol is present. In a series of 40
experiments, we measured the ini-
tial rate of chlorine disappearance
from 0.11 to 0.12 M chlorine dioxide
solutions containing various initial
concentrations of chlorine and for-
mic acid. Initial rates were deter-
mined by extrapolating concen-
tration versus time graphs to zero
time.

Table III is a summary of data
gathered in these experiments. Ex-
periment nos. 1–30 measured the in-
fluence of reactant concentrations on
rate. In that series, chlorine concen-
tration was varied from 0.0018 to
0.0084 M, and formic acid concen-
tration was varied from 0.02 to 0.12
M. Experiment nos. 21–30 measured
the influence of pH between 0.8 and
2.9. And experiment nos. 31–40 mea-
sured the influence of temperature
between 0 and 20°C.

Figure 4 shows concentration–
time data of three experiments plot-
ted in semilogarithmic form. Straight
lines could be reasonably fitted

IV.   Kinetic parameters and statistical analysis results

Parameter Value Standard t ratio
deviation

In A 26.89 2.89 9.29

-E/R -7319 828 -8.84

a 1.22 0.07 18.2

b 1.07 0.06 16.43

Number of data points 40

Standard model error 0.18

Coeff. of determination 0.97
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through the data, indicating that the
reaction is about first order in chlo-
rine concentration. Rate coefficients
for each experiment were calculated
by dividing the initial rate by the
product of chlorine and formic acid
concentration. These values are
shown in Column 7 of Table III. This
method assumes that the reaction
order is first in each species and sec-
ond overall. These second order rate
coefficients are reasonably constant
for experiments 1–20, averaging 0.62
M-1min-1, and for experiments 21–
30, averaging 0.69 M-1min-1. The
overall average for the 30 runs is
0.65± 0.14 M-1min-1. From these re-
sults, we conclude that the reaction
is approximately first-order in both
chlorine and formic acid concentra-
tion, and is not pH-dependent within
the accuracy of the data.

Figure 5 is an Arrhenius plot of
the second-order rate coefficients in
Column 7 of Table III. The activa-
tion energy and pre-exponential fac-
tor were obtained by fitting a
straight line through the data. The
resulting rate expression based on
this analysis is:

–d[Cl2]/dt = 2.5 x 1011 exp (–15,000/RT)
[Cl2] [HCOOH] (5)

Figure 6 is a plot of rates of reac-
tion predicted by Eq. 5 versus the
experimental rates listed in Table
III. On average, the difference be-
tween the experimental rates and
those predicted by this model is 18%.

To check the assumption of first-
order behavior of chlorine and for-
mic acid, and the subsequently
determined value of activation en-
ergy, we used an alternate approach
in analyzing the data. This alternate
approach involves a statistical analy-
sis and is aimed at determining the
reaction parameters, a, b, A, and E,
that best fit all the data in Table III.
We assumed that the reaction fol-
lows the power law expression, and
correlated the data in terms of the
expression,

–d[Cl
2
]/dt = A exp (–E/RT)(Cl

2
)a

[HCOOH]b (6)

using a statistical software package
(18).

In applying the program, we fit
the data to the logarithmic form of
Eq. 7:

ln (–d[Cl2]/dt )= ln A – E/RT + a ln (Cl2) +
b ln [HCOOH] (7)

The input consisted of concentra-
tions of chlorine and formic acid, re-
ciprocal temperatures, and exper-
imental rates. The program finds val-
ues of the parameters, a, b, ln A, and
E/R, which minimize the difference
between experimental and calculated
values of ln (RClO  ) and performs a
statistical analysis of the parameters.

The results are shown in Table
IV and in Fig. 7 for the 40 experi-
ments reported in Table III. The
reaction orders a and b, determined
by this analysis, are respectively,
1.22 and 1.07, which are reasonably
close to 1. The activation energy is
14.5 kcal/mol, which is reasonably
close to the value 15 kcal/mol, re-
ported in Eq. 5. A reasonably good
fit was obtained in the analysis of all
the data as shown in Table IV by the
large t-ratios for each parameter and
in the adjusted coefficient of deter-
mination near unity (R2 = 0.97).
When only the data of the isother-
mal runs were fit to the rate model
using the statistical approach (Ex-
periments 1–30), the resulting reac-
tion orders a and b remained almost
unchanged at 1.20 and 1.07, respec-
tively. When only the data of Ex-
periments 1–20 were fit to the rate
model, the resulting reaction orders
a and b again remained almost un-
changed at 1.19 and 1.06. Figure 7 is
a plot of rates of reaction predicted
by Eq. 6 (and the parameters in
Table IV) versus the experimental
rates listed in Table III. Compari-
son of this plot with that of Fig. 6
shows that the statistical approach
marginally improves the fit of the
data. On average, the difference be-
tween the experimental rates and
those predicted by this model is 14%.

Application

Depending upon the process, a chlo-
rine dioxide solution produced at a
pulp and paper facility has a chlo-
rine dioxide concentration between
8 and 12 g/L and a temperature of
about 10°C. We earlier examined
commercial chlorine dioxide solu-
tions produced by methanol–chlor-
ate chemistry and showed that they
contained formic acid concentrations
typically between 0.02 and 0.04 M
(3). The chlorine concentration is
usually undetectable and is most
likely one or more orders of magni-
tude lower in concentration than for-
mic acid.

The present work suggests that if
chlorine is formed in these commer-
cial processes and is present in the
chlorine dioxide solution, the chlo-
rine concentration should decline
with time at a rate governed by ei-
ther Eq. 6 (using the parameters in
Table IV) or the simpler expression
Eq. 5 (assuming second-order kinet-
ics). We have shown that these ex-
pressions yield almost equivalent
estimates of the rate behavior of the
reaction; therefore, for simplicity we
will continue this discussion by re-
ferring to Eq. 5.

Since chlorine content decreases
in chlorine dioxide solutions in the
presence of formic acid, there may
be some benefit in storing chlorine
dioxide before use in a bleaching pro-
cess so that any residual chlorine
will have reacted. One can approxi-
mate the storage time that will have
a significant impact on chlorine con-
centration by integrating Eq. 5. As-
suming formic acid concentration is
much greater than chlorine concen-
tration and therefore essentially con-
stant as chlorine reacts, and
assuming constant storage tempera-
ture, the half-life of chlorine in the
solution is found by integrating Eq.
5 from [Cl2]0 to 0.5[Cl2]0:

t
1/2

 (min) = ln (2)/k[HCOOH] (8)

For example, the second-order
rate constant in Eq. 8 at 10°C is 0.65
M-1 min-1. Assuming a chlorine diox-
ide solution containing 0.03 M for-
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mic acid, the pseudo first-order-rate
coefficient, or 0.65 [HCOOH], would
equal 0.02 min-1. Equation 8 predicts
a chlorine half life of 35 min, or ap-
proximately one-half hour. After 4
half-lives, or about 2 h, the chlorine
concentration would have dropped
below 6% of its initial value.

We might expect these results in
an industrial plant only if other chlo-
rine-producing reactions that we
have not considered do not occur.
For example, we have used reagent
grade chemicals and de-ionized wa-
ter in the laboratory experiments
and conducted all experiments in
laboratory glassware. We do not
know whether contaminants in in-
dustrial process water, or metal sur-
faces and impurities associated with
process equipment might interact
with chlorine and chlorine dioxide in
these processes.

Conclusions

We have shown that the arsenite ti-
tration procedure, when applied to
chlorine dioxide solutions contain-
ing methanol, can yield chlorine con-
centration measurements that are

either falsely high or falsely low, de-
pending upon the relative concen-
trations of chlorine, chlorine dioxide,
and to a lesser extent, methanol in
the solutions. Methanol interferes
with the procedure during the step
in which the solution is made basic
with sodium hydroxide. The results
suggest that, under basic conditions,
methanol participates in two com-
peting processes: (a) production of
chlorine—by reacting with chlorine
dioxide in the sample (as shown by
examination of Fig. 2), and (b) deple-
tion of chlorine—probably by react-
ing with hypochlorite produced when
base interacts with the chlorine in
the sample.

We have shown that formic acid
reacts with chlorine in chlorine diox-
ide solutions at a rate that is gov-
erned by approximate first-order
kinetics in both reactants and by an
activation energy of about 15 kcal/
mol. The reaction may be signifi-
cantly fast at normal industrial con-
ditions to have an impact on
industrial processing. At similar con-
ditions, the rate of methanol with
chlorine is much slower. TJ
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A = pre-exponential Arrhenius
    parameter, M1-a-b · min-1

a,b = reaction orders, respectively,
    in chlorine and formic acid

E = activation energy, cal · mol-1

R = gas constant, 1.987 cal · mol-1 ·
     °K-1

t = time, min

t1/2 = reaction half-life, min

T = temperature, °K-1

Nomenclature
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