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AMERICAN INSTITUTE OF CHEMICAL ENGINEERS
STUDENT CONTEST PROBLEM

1968

STATEMENT OF PROBLEM

A proposed expansion program for a kraft pulp
mill in Western Kentucky requires the design of a
7 tons/day chlorine dioxide (Cl10,) generation sys-
tem. (Chlorine dioxide has been selected as the
final bleaching agent for the preparation of high-
brightness pulp.)

Of the several processes that have been devel-
oped for the commercial production of ClO, from
sodium chlorate, preliminary calculations have re-
stricted the design to the process wherein sulfur
dioxide, sodium chlorate, and sodium chloride are
the primary reactants. With the exception of a

sodium sulfate recovery system, new facilities
must be provided for each operation in the chlorine
dioxide system. Your final report should include
the following items:

1. A detailed process flow sheet.

2. A discussion of optimum operating conditions.

3. The estimated production cost, dollars/ton
Clo, .

4. A recommended startup procedure.

Please submit your solution within thirty days.

INTRODUCTION

Numerous reagents are available for the deligni-
fication and Dbleaching of wood pulp in the paper
industry. Each pulp must be treated according to
its individual requirements to ensure bright and
stable color at a minimum loss in strength. Mod-
erate brightness is commonly obtained by a three-
stage sequence of chlorination, caustic extraction,
and hypochlorite bleaching. When the hypochlorite
bleaching reaction is carried to the high~brightness
level required for fine papers, however, cellulose
degradation is excessive. In the production of ex-
tremely high-brightness pulp a final chlorine di-
oxide stage has been adopted.

The exceptional ability of chlorine dioxide to
react with chromophoric groups in lignin without
degrading cellulose has been recognized for many
years, but general acceptance of the bleaching
agent has been retarded by its toxicity, its cor-
rosiveness, and its tendency to explode. The de-
velopment of safe and economical continuous meth-
ods of generating chlorine dioxide vapor has
produced a tremendous growth in the annual pro-
duction of sodium chlorate and chlorine dioxide.
(Sodium chlorate is the raw material in all com-
mercial ClO, generating schemes employed in this
country.) Chlorine dioxide generating capacity has
been estimated to exceed 360 tons a day in 1968.

Because the explosive . characteristics of ClO,
preclude safe and economical transportation, it
must be manufactured close to its point of applica-
tion. Several economical processes are available
for chlorine dioxide production in the United States,
the primary reaction in each process being the
redox combination of sodium chlorate and sodium
chloride. The processes may be modified through
the selection of methanol or sulfur dioxide as a

second reductant. The choice of a particular re-
action system is dictated by local chemical costs
and potential byproduct recovery.

The 1968 AIChE student problem requires the
design and optimization of a 7 tons/day Cl0, gen-
eration system wherein sodium chlorate, sodium
chloride, and sulfur dioxide are the primary re-
agents.

PROCESS DESCRIPTION

A schematic representation of the proposed chlo-
rine generation system is presented in Figure 1.
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Figure 1. Chlorine Dioxide System.




In the SO, reduction process an acid solution of
sodium chlorate and sodium chloride is charged
continuously at the top of the reaction vessel. Sul-
fur dioxide diluted with air is introduced through
porous ceramic plates in the bottom of the reactor.
The rising gas bubbles produce sufficient turbu-
lence to maintain uniform temperature and com-
position throughout the reactor. Chlorine dioxide
is stripped from the reaction solution by the air
stream. Liquid effluent is passed to a small strip-
ping tower for the recovery of dissolved chlorine
dioxide. The vapor products from the stripping col-
umn and the reactor are combined and passed
through a scrubber to reclaim entrained liquid and
unreacted SO,. The vapor product passes from the
scrubber to the absorption system.

Higher chlorine dioxide yields are obtainable with
a two-stage reaction system, but although second-
ary generators are capable of efficiently reducing
effluent chlorate concentrations to approximately
4 grams/liter, the reaction mechanism in the sec-
ondary reactor is complicated by this low chlorate
concentration. Do not include a secondary generator
in this design problem.

REACTIONS

Chlorine dioxide is produced by the action of
sulfur dioxide on sodium chlorate in an acid me-
dium according to the overall reaction

H, SO,

—=—

2NaClO, + SO, 2C10, + Na,SO, (1)
Laboratory investigations of the sodium chlorate—
sulfur dioxide reaction indicated that chloride ion
was essential to the production of ClO,. Equation
(1) does not provide a complete picture of the
process.

Several mechanisms have been proposed for the
formation of ClO, from chlorates in acid media. A
convenient representation of the process is pre-
sented below. Since the reactions take place in an
acid medium, the reactants are expressed as acids.

HC1O, + HCI —HCIO, + HCIO (2)
HC1O + HCl —Cl, + H,0 (3)
HC1O, + HCIO, —»2C10, +H,0 (4)
Cl, + SO, + 2H,0 —2HCI + H,SO, (5)
2C10, + 580, + 6H,0—2HCI + 5H,80,  (6)
HCIO, + SO, + H,0O —HCIO, + H,850, (7
HCIO, + SO, + H,0 -—HCIO + H,SO0, (8)
HCIO + SO, +H,0 ——HCI + H,SO, (9)
HCIO, + 5HCI — 3Cl, + 3H,O (10)

When sodium chloride is not supplied in the feed
solution, chloride ion must be produced at the ex-
pense of chlorate, according to Equations (7), (8),
and (9). Continuous salt addition suppresses the
undesired side reaction and decreases normal op-
eration transients. Chloride to chlorate concentra-
tion ratios greater than one favor the reduction of
chlorate according to reaction 10. A chloride to
chlorate mole ratio of 0.1 is sufficient to negate the
effect of Equation (10).

The reaction capabilities of SO, are demonstrated
in Equations (5) through (9). Experimental studies
of vapor-phase reaction rates indicate that reaction
(5) proceeds much faster than reaction (6). The ex-
perimental vapor-phase results have been general-
ized to the conclusion that SO, will selectively react
with chlorine in liquid and vapor mixtures which
contain chlorine and chlorine dioxide.

The rate of formation of ClO, from chlorate and
chloride is approximately ten times faster than the
equivalent chlorate-sulfur dioxide reaction.

An investigation of reaction (3) in a batch reactor
demonstrated that the reaction rate was so high
that concentration transients could not be estab-
lished. All the hypochlorous acid rapidly reacted
with hydrochloric acid to form chlorine and neg-
ligible amounts of chlorine dioxide.

The results of several experimental investiga-
tions of the chlorate-chloride reaction in the pro-
duction of C10, without sulfur dioxide are presented
in Figures 2 and 3. All studies were conducted in a
batch reactor maintained at 25°C. The initial rate
of chlorine dioxide production was observed to in-
crease approximately sixfold when the reactor tem-
perature was increased from 25° to 45°C. The
overall rate of formation of chlorine dioxide was
approximately proportional to the second power of
the chloride ion concentration. Data on the chlorate-
chlorite reaction are presented in Figure 4.
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Figure 2. Chlorine Dioxide Production. The production rate of
chlorine dioxide at different sulfuric acid concentrations.

Initial NaClQs, 0.100 molar; tnitial NaCl, 0.005 molar.
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trated in Figure 5. The reactor solution was 0.3
molar in sodium chlorate, 8 normal in sulfuric
acid, and 0.02 molar in chloride ion. Figure 5 may
be used to approximate the product composition for
a chlorine dioxide generator with optimum S0,
addition.

An investigation of a commercial 3 tons/day ClO,
production system indicated excessive sulfur d1—
oxide losses for effluent sodium chlorate concen-
trations below 10 grams/liter.
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NOTES

1. Various investigators have reported that gas-
eous chlorine dioxide is spoutaneously explosive at
concentrations of 12% and above (volume basis).

2. Chlorine dioxide is absorbed in water to
produce the desired bleach solution—8 grams
Cl0,/liter.

3. A system is available for the recovery of by-
product sodium sulfate. Ninety-two percent of the
sulfate product can be credited to the Cl0, process
at $17.50/ton sodium sulfate.

4. A synergistic effect has been observed for
chlorine~chlorine dioxide bleach solutions. Chlo-
rine concentrations up to 5% total chlorine content
- are acceptable in chlorine dioxide bleach solutions.

-6-

5. The following relation was obtained from a
pilot-plant ClO, absorption column packed with 1-in.
Berl saddles:

v
ey 3.391ft.
where a = transfer area, sq. ft./cu. ft. column
K = overall mass transfer coefficient,
1b.-moles/ (hr.) (sq. ft.) (mm. Hg)
P, = total pressure, mm. Hg
V = vapor flow rate,lb.-moles/(hr.) (sq. ft.)
6. The acid concentration in the chlorine dioxide

generator affects the chlorine content of the prod-
uct. The reaction solution acid concentration should
be in the range of 7 to 10.5 normal.

7. Your report should follow the format outlined
below.

Letter of Transmittal
Abstract

Present a concise summary of the report.
Introduction

State the subject of the report and indicate
your approach.

Summarize your conclusions.
Text _
Discuss the details of your analysis.
Indicate simplifying assumptions.
Literature Cited
Appendix

Present detailed data and computations.









