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INTRODUCTION

The usual test which is used to determine the degree of
cooking of a pulp is the permanganate number. The permanganate
number test determines the relative bleachability of pulp. It does this
by roughly determining the lignin content of the pulp. Since bleaching
sulphate pulps removes lignin, more bleaching must be done on
higher lignin content pulps than low lignin content pulps. Since a high
permanganate number indicates high lignin content, it is more
expensive to bleach a high permanganate number pulp than a low
permanganate number pulp. However, more costs are involved in
producing bleached pulp than just bleaching costs.

Wood cost, effluent treatment costs, cooking costs, and credit
for steam production in recovery are also permanganate number
related and determine the total cost of bleached pulps. Both pulping
and bleaching have the same result when producing a bleached kraft
pulp by conventional means. That result is the removal of lignin.
However, it is desirable to achieve the removal of the lignin without
degradation and removal of carbohydrates. But sulfate pulping is less
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lignin specific in its attack on lignin than is chlorine bleaching. In
sulfate cooking approximately one part carbohydrate is removed for
one part lignin removal while in chlorine bleaching one part
carbohydrate is removed for six parts lignin removal. From a wood
costs point of view pulp should be produced by the chlorine bleaching
method directly from wood chips, but when the bleaching costs are
considered it is impractical. Therefore, some cost trade off exists
between sulphate cooking and chlorine bleaching which results in the
lowest cost' for producing bleached kraft pulp.

The determination of the permanganate number that results in
the lowest total variable cost for producing bleached kraft pulp from
Sweetgum (Liquidambar styraciflua L) and when that permanganate
number yields the maximum profit in an integrated pulp and paper
mill is the objective of this thesis
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LITERATURE REVIEW
Sweetgum
Sweetgum is the approved common name for Liquidambar
styraciflua L.; it is also known as redgum, starleaved gum or just gum.
It was chosen for study in this thesis for the following reasons: First,
sweetgum is a prominent member of the southern hardwood forest;
second the structure and chemical composition of sweetgum wood
have been previously defined; third, sufficient data on bleaching
sulphate sweetgum pulp is available to facilitate deciding under what
cooking conditions the optimum permanganate number should be
determined.
Sweetgum occurs in the bottomlands on all but the wettest sites
and in the uplands widely except on the highest and driest sites.
Growth is considered medium to good in comparison with other
southern hardwoods. Reproduction is very easy in full light with good
seed source and also occurs by efficient sprouting from both roots
and stumps. Even though sweetgum tends to be intolerant, it lends
itself to developing pure even-aged stands on open fields by
asserting dominance early; thus it has good planting prospects for the
future (1).
Styraciflua is the only species of the genus Liquidambar of the
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Hamamelidaceae family that occurs naturally in Western hemisphere.
Sweetgum's range extends eastward from 97th meridian in Texas
and Oklahoma which is considered the western limit of the
commercial southern hardwood forest to the Atlantic coast and
northward from mid-Florida and the gulf coast to southern Missouri,
Indiana, Ohio, and Pennsylvania (2) .Over most of this range
approximate volumes of sweetgum available can be determined from
the U.S.D.A. Forest Service Resource Bulletin SO-19(3). However, not
all wood volume thus determined is available for pulpwood since
sweetgum has other uses.
When storax, which is usually obtained from Liquidambar
orientalis L. from Asia Minor, is not available, a suitable substitute
may be obtained by wounding native sweetgum trees and collecting
the resinous exudations. Storax is balsam used in 'the manufacture of
soaps, perfumes, and pharmaceutical preparations. However, storax
from native sweetgum can not normally compete with imports from
Asia. Besides pulpwood and storax production, sweetgum is valued
for veneer; factory lumber; small dimension furniture material; and
interior trim; crossties; and slack cooperage (1, 2,4). As a veneer
Sweetgum is highly prized since it has ability to take finishes that
imitate more expensive woods such as mahogany or black walnut.
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Sweetgum is a diffuse porous wood which means it is
characterized by the presence of' vessel elements in its wood
structure in both summer wood and spring wood. Vessel elements
which differentiate hardwoods from softwoods are present in all
hardwoods and absent in all softwoods. Vessel elements occur in
conjunction with fiber tracheids (fibers) in longitudinal structure of
Sweetgum. However, vessels and fiber tracheids are not the only
components of sweetgum wood, the other components being
longitudinal and ray (horizontal) parenchyma. The approximate
volumetric composition of sweetgum wood by these components is
presented in Table 1.
Table 1: Volumetric Composition of Sweetgum Wood (4)

Vessels
Fiber Tracheids
Longitudinal Parenchyma
Wood Ray Parenchyma
Total

Per Cent
54.9
26.3
00.5
18.3
100

Actual weight composition is quite different, however, since the fiber
tracheids are more numerous due to their smaller cell diameters, and
have thicker cell walls than vessels or parenchyma: 7 ± 1.2 µ wall
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thicknesses for fiber tracheids as compared to approximately 3 µ wall
thickness for vessels and parenchyma (4). Of the three main
elements only the fiber tracheids and to lesser extent the vessels are
usable as a paper making fibers while the parenchyma is useless.
The fiber tracheids of sweetgum are longer than those of most
hardwoods except for the tupelos. The length of both fibers and
vessels of sweetgum have been studied by a number of investigators.
A summary of these investigations is presented in Table 2 along with
those of several other hardwoods (4,5 ,6 and 7). In general, neglecting the
data of Vidal since it was actually obtained from studies of
Liquidambar orientalis, the length of sweetgum fiber tracheids can be
expected to approach 2.00 mm and the vessel elements to approach
1.30 mm. Since the length of the paper making fibers to some extent
determines or at least limits the strength of the pulp, it can be seen
that sweetgum is more desirable than red oak and yellow poplar as a
paper making fiber source and almost as desirable as blackgum.
The chemical composition of sweetgum is fairly typical of most
hardwoods exhibiting a lower lignin and relatively high pentosan

Vessels
Average length
Maximum length
Minimum length
Standard deviation
diameter
Fibers
Average length
Maximum length
Minimum length
Standard deviation
diameter

Reference

Species

1.32mm
±0.30mm
-

DeZeeuw
And
Panshin(4)

1.55mm 1.82mm
±0.16mm
0.031mm
-

-

Bray
And
Martin(5)

2.02mm
2.94mm
1.03mm
±0.36mm
-

-

Simmonds
et al(6)

Sweetgum

1.40mm
1.70mm
1.00mm
0.040.07mm

0.015-0030

1.40mm
1.00mm

Vidal
(7)

2.30mm
±0.36mm
-

1.33mm
±0.34mm
-

1.32mm
±0.29mm
-

0.42mm
±0.09mm
-

1.74mm
±0.29mm
-

0.89mm
±0.13
-

Black
Red
Yellow
Gum
Oak
Poplar
(Tupelo)
DeZeeuw DeZeeuw DeZeeuw
And
And
And
Panshin(4) Panshin(4) Panshin(4)

Table 2: Fiber Characteristics of Sweetgum, Blackgum, Red Oak, and Yellow Poplar
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content as compared to softwoods. Martin and Bray (5) feel that
sweetgum is in general very close in composition to aspen (Populus
tremuloides Michx.). The actual chemical composition of sweetgum
has been investigated by a number of investigators. Their results are
presented in Table 3 (5, 6, 8, 9, 10). It appears that a good average
chemical composition for sweetgum can be expected to be 60
percent cellulose (T 17 wd-70), 21 percent lignin, and 19 percent
pentosans. The extractives of sweetgum and tupelo were
investigated in depth by Walkup, Rush and Haywood11). This study
found that no abietic acid was present in any of the woods.
The weight per cord, density, and specific gravity of sweetgum
has been studied by a number of investigators (5, 6, and12). Their results
are presented in Table 4. The data presented in this section concerning
planting, uses, structure, fiber length, chemical composition, and
physical properties of sweetgum are provided as background for later
discussion in this paper of the pulping of sweetgum
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Table 3: Chemical Composition of Sweetgum Wood
Bray
And
Martin(5,8)

Simmonds
et al (9)

Aung(10)

Simmonds
et al(9)

60.5%

-

-

-

-

-

75.4%

-

α-cellulose

44.5%

46.8%

46.5%

45.8%

β-cellulose

-

1.0%

-

-

γ-cellulose

-

29.9%

-

-

Lignin

21.4%

21.7%

22.3%

21.0%

Pentosans

20.7%

20.1%

16.9%

19.8%

Hot Water

2.5%

-

2.18%

-

1% Caustic

12.0%

-

15.2%

-

Alcohol
Benzene

2.0%

-

1.88%

-

Ether

0.5%

0.2%

0.13%

0.2%

-

0.5%

0.44%

Reference
Cellulose
Hollocellulose

Solubilities

Ash
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Table 4: Physical Properties of Sweetgum

REFERENCE

Perkins
(12)

Perkins
(12)

Bray
and
Martin
(5)

Cord Weight
Wet(unpeeled)

6975 lb

6660 lb

5670 lb

Percent Bark

12.1%

9.0%

Cord Weight
o.d.(peeled)

2630 lb

26951b

Density
(o.d. lb./wet cu.ft.)

29.4

28.5

28.8

Specific Gravity
(o.d. wt./wet volume)

0.51

0.48

0.462

-

Chips Bulk Density
(o.d. lb./cu.ft.)

12.8

11.9

-

-

-

Simmonds
Et a1
(6)

-

2340lb

29.9
.
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wood and bleaching of and paper making from sweetgum, pulp.
Sulphate Pulping of Sweetgum

Sulfate pulping of sweetgum has been studied by a number of
investigators (5, 6, 10, 12, and13). The most comprehensive of these studies
was done by Martin and Bray (5). They investigated the effect of
sulfidity, elemental sulfur, chemical concentration, and cooking time
on sulphate digestions of sweetgum. It was found by Bray that a
bleachable pulp could, be made from sweetgum by cooking for a half
hour at 170°C after a temperature increase period of one and a half
hours, with 15.6 percent active al1kali as sodium oxide and a
sulphidity of 33 percent. It was also found that further cooking
beyond that time results in very little improvement of bleachability,
while yield continues to decrease. Martin and Bray also compared the
sulphate process and the soda process for pulping sweetgum and
found that soda pulping produced coarser and harder bleaching pulp
than sulphate pulping. While investigating sulphidity, Martin, and Bray
demonstrated that a sulphidity greater than 20 percent but less than
30 was optimum for sweetgum.
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Perkins (12) while studying sweetgum and several other species
predicted an optimum alkali dosage between fourteen and seventeen
percent, and other strength and operating data on purely subjective
basis. In general the results are not substantiated. Aung(10) using an
approach similar to Perkins reviewed several hardwoods among
which was sweetgum; however, his results were not complete enough
to be of use in determining pulping conditions to be used later in this
thesis. Simmonds, Keller, and Chidester (6) studied kraft pulping or
sweetgum alone and mixed with other hardwoods. They present
unbleached pulp strength data for sweetgum and strength
comparisons with other hardwood pulps made from southern
hardwoods. In general, however, Simmonds, Keller, and Chidester
lack sufficient comprehensiveness in their study of sweetgum to make
it useful in determining pulping condition to be used later in this thesis.
Mac Laurin and Peckham (13) studied kraft pulping of
sweetgum and other southern hardwoods. They found by BauerMcNett fiber classification that sweetgum was a longer fibered
pulp both bleached and unbleached than the other species
studied with the exception of tupelo. Martin (5) pulped sweetgum
alone and mixed with southern pines. Martin found that
sweetgum and southern yellow pine could be
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pulped together in mixtures of up to one part sweetgum to one
part southern yellow pine and that the resulting pulp was suitable
for making 16 point liner board.
In general, investigators found that sulphate pulp suitable for
bleaching could be prepared from sweetgum wood using a cooking
cycle of one hour heating and one hour cooking at 175°C with an
active alkali charges of 16 percent as sodium oxide and sulfidities in
excess of twenty percent but less than thirty percent. The strengths
of the resulting unbleached pulp would be typified by those of
Simmonds, Keller, and Chidester (6) as presented in Table 5.
Table 5: Strength of Unbleached Sweetgum Pulp

Canadian'
Standard
Freeness
ml

Permanganate
Number

Burst
Factor

250

16.2

70

114

11,173

450

16.2

60

122

10,200

Tear
Factor

Breaking
Length
m
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Bleaching of Sweetgum Sulphate Pulp
Bleaching of sweetgum sulphate pulp has been investigated
in several articles (5, 10, 12, 13, and14). The chlorine requirement of
sweetgum pulp was investigated by Aung and Mac Laurin and
their results are presented in Table 6. Nagel and Rue (14)
investigated chlorine and hypochlorite bleaching of sweetgum.
They found that a brightness of between 75 percent and 85
percent could be obtained in a three stage bleaching process,
CHH*, and that an alkaline extraction after chlorination is probably
not necessary as is customary in bleaching softwoods. However,
good practice in modern bleaching requires the use of a caustic
extraction after' chlorination to minimize bleaching chemicals
consumption of the pulp. The age of Nagel's and Rue's work
Table 6: Chlorine Requirement of Sweetgum Pulp
Source

Permanganate
Number

Final
Brightness

Percent
Chlorine

Aung (10)

14.9

80

5.70

Mac Laurin (13)

13.6

80

5.25

*

Note: Bleaching Stage Notation
C -Chlorination
E -Extraction
H -Hypochlorite
D -Chlorine Dioxide
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made it ineffectual in determining conditions for bleaching
sweetgum in the experimental part of this thesis. The same was
true of Mac Laurin and Peckham's (13), Aung's (10), and Perkins's
(12)

work which dealt with CEH bleaching. Modern bleaching uses

chlorine dioxide. Hence bleaching conditions specified later in this
thesis were derived from the authors own experience in bleaching
hardwoods.
Optimum Permanganate Number for Bleached Pulp
Two major published works exist in this area (15,16). However,
both deal with softwoods rather than hardwoods. Valeur (15)
studied how bleaching, wood, and steam costs varied with Roe
chlorine number. As shown in a later section, Roe number can be
correlated to permanganate number. However, Valeur (15) did not
consider cooking cost (i.e. white liquor makeup and recovery cost),
bleach plant effluent treatment costs, or steam credit for fuel value
recovered from the black liquor. Valeur found that the: total of
wood, bleaching and steam costs was nearly constant between
Roe numbers of 5 to 7 (permanganate numbers of 21 to'27
approximately) and increased on either side of this range.
However, not all factors were considered in this study of optimum
permanganate numbers for bleaching softwood sulphate pulp.
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Chollet's, Powell's, Duffy's, and Buser's (16) study "Optimum Pulping
for Softwood Bleached Kraft" was somewhat more complete in that it
included cooking chemical cost consideration in addition to bleaching
and wood costs. However, effluent cost, steam cost, and steam credit
variation with permanganate number still were not considered. The
result of this analysis is that the lowest cost bleached pulp is
produced at the lowest permanganate number considered in the
study, 20. However, this result was qualified by authors (16):
“It appears that in both mills, A and B, the least total cost
corresponds to the production of soft pulp of permanganate
number of about 20. It may, therefore, be concluded that the
extent of pulping should be the maximum consistent with good
product quality and this will usually be in a range from 20 to 25
permanganate number. In particular cases, additional factors
must be considered. Among these are (a) the method of
recovering screenings (b) the capacity of the recovery system
(c) the extent of nonuniformity in pulping and (d) effect on the
quantity of steam generated. Nevertheless, the information
presented is probably representative of operations in many mills
utilizing similar wood."
The phrase "consistent with good quality" covers a multitude of pulp
qualities such as dirt content, opacity, and strength of the pulp which
are difficult to correlate with permanganate number and to which dollar
values are difficult to assign.
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EXPERIMENTAL ORGANIZATION AND MATERIALS
Scheme of Optimization
The Optimum
In the past many investigators have talked of optimum
conditions as those conditions that give the best strength, highest
yield, highest brightness, or the like. However, striving to obtain the
"optimum" conditions may result in less than optimum costs of
production. Hence, for the purposes of this thesis, the optimum
permanganate number is the permanganate number that results in
the lowest total cost for production of bleached pulp. Of course, there
must be certain constraints on the search for this optimum since
certain items of quality such as strength, dirt content, and optical
properties defy simple cost versus permanganate number
correlations.
Therefore it must be remembered that the search for this
optimum permanganate number must occur within a range of
conditions which is typical to those of modern kraft pulp mills and
bleach plants; and conditions which would be difficult to change or
which are not usually varied should be held constant. That is a change
in conditions such as going to high yield kraft pulping (i.e. 70 percent)
from a conventional bleachable kraft pulping (i.e. 50 percent) is not
permissible since it would require a major modification in the process.
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Such major modifications are not in the day to day operating control of
the management since they require capital expenditures and time to
come to pass. Hence only those conditions which are varied in the
control of kraft pulp mills and bleach plants on a day to day basis are
considered variables for discovering the optimum permanganate
number in this thesis.
An optimum found by such a constrained search is known as a
"local optimum". The optimum which would be found by allowing all
conditions even those of the pulping and bleaching process to vary is
known as a "universal optimum". It turns out that a universal optimum
is, also a local optimum; but a local optimum may/or may not be a
universal optimum, Hence it is conceivable that the optimum
permanganate number found by this thesis (a local optimum) may not
be the optimum of all possibilities. However, it is the optimum
permanganate number within the constraints provided by the
conditions specified.
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Operating Constraints in Mill Operations
The variables of kraft pulping are time of cooking, temperature
of cooking, chemical charge and concentration of cooking liquor,
wood species, and sulfidity. The time of cooking is usually set by the
design of the mill and the requirements for pulp production on the
mill. If a great excess of digester capacity exists, time may become a
variable. However, this is usually not the case since excess capacity
in the digesters means excessive capital cost over what is necessary
to produce sufficient quantities of pulp. Thus the time of cooking is
fixed within narrow limits in the mill. The maximum cooking
temperature in the digester is usually fixed by the design of steam
service facilities in the mill. The wood species are determined by the
wood available from the forests surrounding the mill. In this thesis it
has been fixed by the selection of sweetgum wood for study. The
sulfidity in the mill is usually, determined by soda loses, makeup
chemical proportions, recovery boiler operation, and type and
quantity of chorine dioxide generation. Sulfidity is usually controlled
by saltcake additions to above 20 percent, but it is not used in the
control of permanganate number. The remaining variables of
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chemical charge and concentration are usually left to the operator in
the kraft pulp mill as the means of producing the desired pulp through
permanganate number control. Of the two, if a large change in
permanganate number is required, the chemical charge will be
changed. If a small variation in permanganate number is to be
corrected usually the chemical concentration will be varied; however,
in some instances this is held constant and only changes in chemical
charge are used to control permanganate number.
In bleaching of kraft pulp chlorination, caustic extraction,
hypochlorite, and chlorine dioxide stages are used. Popular bleaching
sequences are CEDED*, CEHDED, and CEHD. Chlorination is
followed by caustic extraction at the beginning of all three sequences.
Since chlorination followed by caustic extraction is cheaper than
chlorine dioxide or hypochlorite bleaching most of the, actual bleach
requirements are met in these stages. Chlorine dioxide and
hypochlorite bleaching are used to achieve high brightness and
increase brightness stability.
A control point usually used in the bleach plant is the caustic
extraction (CE) permanganate number. This is merely a
permanganate number run on the pulp after it has been
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CE bleached. The CE permanganate number targets are set by
experience concerning final strength, brightness, and bleaching cost
considerations. The CE permanganate number is usually controlled
to target by adjusting the caustic in the extraction stage.
The chlorine charged in the chlorination stage is usually
determined from the permanganate number which is related to the
Roe chlorine number. The usual charge of chlorine to chlorination
stage is five to ten percent excess over the Roe chlorine number. This
amount of chlorine usually reaches exhaustion in about 30 minutes.
Hypochlorite and chlorine dioxide are charged in later stages to
achieve the desired final brightness.
It should be noted here that the permanganate number of
the unbleached pulp, effects the amount and qualities of bleach
plant effluent. A high permanganate number means more bleach
plant organics, and more chloride salts in the effluent. Thus, a
constraint on permanganate number may occur due to effluent
constraints (i.e. chloride content).
Once the bleached pulp reaches the paper mill, strength, dirt
content, and optical properties which depend on the permanganate
number of the unbleached pulp still cause cost dependent
relationships or constraints on permanganate number. Opacity
specifications must be met with adjustments in the filler content of the
paper on the paper machine. Strength deficiencies must be made up
by strength resin addition or in furnishes of softwood and hardwood
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pulp by increasing the amount of softwood pulp in the furnish. The
constraints which opacity, brightness, strength, and dirt content put
on permanganate number are determined by paper grade
requirements However, actual economic effect of these factors
caused by changes of permanganate number are extremely difficult
to determine.

23 of 95

Procedures and Material
Wood
Sweetgum wood was obtained from Union Camp Corporation's
Bleached Products Division at Franklin, Virginia. It was shipped from
there as green wood with the bark on; and was received at the
College of Environmental Science and Forestry in that condition. The
wood was sap peeled, split, and chipped in a Carthage ten knife
chipper. The chips were, screened for undersize (less than oneeighth inch) and oversize (greater than one and a half inches). The
screened chips were collected in fiber drums lined with plastic bags
which could be sealed to maintain the moisture of the chips. The
chips were then put in cold storage to prevent decomposition until
used for the experimental cooking investigations. The object in
maintaining the moisture content of the chips as opposed to air drying
was to more closely imitate actual liquor penetration characteristics of
chips used in mill operations.
The moisture content of the chips which was determined for the
chips used in each cook varied very little from the expected 50
percent. The specific gravity of the chips was determined by a
procedure developed by the Forest Products laboratory (17, 18). The
specific gravity was found to be 0.467 which agrees well with those
presented in Table 4. This specific gravity corresponds to a density of
about 29 pounds per cubic foot again agreeing well with Table 4. The
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approximate distribution of chip size was found by the use of a
William's Chip Classifier. The results of that classification are
presented in Table 7.
Table 7:Distribution of Chip Size

Retained on

Percent of Chips

Screen Size
1 1/8”

1.7

7/8”

6.3

5/8”

36.0

3/8”

45.6

3/16”

10.1

Pan

0.3
Total

100
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Liquor Preparation
A sulphate liquor of 25 percent sulfidity and having an
approximate concentration of 100 grams per liter active chemicals as
sodium oxide was prepared from technical grade caustic and sodium
sulfide. Sodium carbonate was not added to the cooking liquor
except by decomposition of the caustic. Liquor composition and
strength were determined by "C" and "'D" test methods (19).
Digester Charging
A one and a half cubic foot digester was charged with a
constant 2500 grams of sweetgum wood; and the water to wood ratio
in the digester was maintained at a constant 3.5 to one. To achieve
the desired variations in permanganate number changes were made
in the amount and hence the concentration of active cooking
chemical charged. Active cooking chemical as determined by the”D"
test was charged to the digester as a percent sodium oxide based on
wood. Typical calculations are presented in Appendix I.
Digester Cooking
The digester was heated with steam by an external heat
exchanger through which the liquor was circulated by a pump.
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The target cooking schedule and actual variations from the cooking
schedule are presented in Table 8. The variations from the target
conditions were caused by heating problems due to poor steam
generator functioning and problems with the blow down. However,
Table 8: Target and Actual Cooking Schedule

Maximum
Temperature

Time from
100°C to
176°

Time at

Time of

176°C

Blowdown

H-Factor

Target

176°C

45 min.

60min.

10 min.

1900

Actual*

176°C

50 min.

53 min.

11 min.

1897

*Note: Average of 13 Cooks

these problems were compensated for by adjustments in the cooking
which attempted to give a constant H-factor. The H-factor as
developed by K. E. Vroom (20) was used in this thesis.
At the end of the cook a sample of black liquor was taken from the
digester and analyzed for residual active cooking chemicals. The
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procedure of this analysis is presented in Appendix II. The residual
active alkali determined by this analysis was converted to a percent
on wood basis for correlation against permanganate number.
Pulp Screening and Testing
At the end of digestion the digester was blown down to
atmospheric pressure and the undisintegrated chips dumped into a
screen box which had a 100 mesh screen bottom. The chips were
washed in a screen box until the washing effluent was nearly
colorless. Then the chips were placed in a laboratory hydrapulper for
disintegration. After ten minutes disintegration the pulp was dumped
from the hydrapulper into a screen box. The pulp was then screened
through a 0.01 cut flat screen into a screen box. The screened pulp
was then centrifuged, crumbed, and placed in a plastic bag for
storage in the cold room.
The yield of screened pulp was determined from the weight of
the centrifuged screened pulp and triplicate moisture determinations on
that pulp. The yield of rejects was determined by oven drying the
material retained on the 0.01 cut flat screen and weighing it. The total
yield is the sum of the screened and rejects yields. The permanganate
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number of the washed screened pulp was determined by Tappi
standard T 214 m-50.
Bleaching
The bleaching study of sweetgum pulp was divided into two
parts. The first part was used to determine chlorine and caustic
requirements of the various permanganate number pulps; and the
second part was used to test the relationships found in the first
part and to produce fully bleached pulps for determination of
strength and optical properties. The first part used Figure 1 as the
basis for charging chlorine to the 300 grams of pulp in the
chlorination stage. The information necessary to prepare Figure 1
was extracted from the comprehensive work of Martin and Bray (5).
The lignin content presented in the work of Martin and Bray was
converted to permanganate number via information found in
Tappi standard T 236 m-60 and correlated against the Roe
chlorine number found in their work. The method of this conversion
and the resulting linear correlation is presented in Appendix III.
The actual charge of chlorine was a ten percent excess over the
Roe chlorine number predicted by Figure 1. The chlorine water
concentration and the chlorine in the effluent were determined by
Tappi standard T 611m-47. The only modification of Tappi
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Figure 1: Roe Chlorine Number Versus Permanganate
Number (40 ml) for Sweetgum Pulp*

).
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standard T 611 m-47 necessary for determination of residual chlorine
in the effluent is that no dilution of the chlorination effluent be made.
Thus the charge and residual amount of chlorine were determined so
that actual chlorine consumption could be calculated. The conditions
of chlorination are presented in Table 9.
After chlorination, the pulp was centrifuged and washed,
and divided into three equal 100 gram portions. Each portion was
extracted with a different amount of sodium hydroxide. The CE
permanganate number (a 20ml test) was determined at the end of
the extraction on each portion. Curves were then drawn of CE
permanganate number versus applied sodium hydroxide in first
caustic extraction stage and caustic consumption to a constant
CE permanganate number determined for each initial unbleached
pulp permanganate number. No further bleaching was carried on
in the first part of the bleaching study beyond the first caustic
extraction.
In the second part of the bleaching study, it was decided that
500 gram bleaches would be necessary to determine strength and
optical properties of the pulp. A CEDED bleaching sequence was
used per the conditions presented in Table 9,

3%
75°F
45 min.

Consistency

Bath
Temperature

Time

* As specified in text

*

Chemical
Charge

Chlorination

90 min.

160°F

9%

*

Dioxide

Extraction

90 min.

160°F

9%

Chlorine

Available

1.0% as

Chlorine

First

Caustic

First

Table 9: Bleaching Conditions

90 min.

160°F

9%

0.5%

Extraction

Caustic

Second

90 min.

160°F

9%

Chlorine

Available

0.5% as

Dioxide

Chlorine

Second
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Chlorine and sodium hydroxide charges were made to the
chlorination and caustic extraction stages according to
relationships established by the first part of bleaching study.
Chlorine consumption was calculated as before and the CE
permanganate number was determined in triplicate after the
caustic extraction stage. The pulp was washed and centrifuged
after each stage. The fully bleached pulp was washed,
centrifuged, crumbed, placed in a plastic bag, and weighed.
The moisture content of the bleached pulp was then determined
and yield calculated.
In the second part of the bleaching study, the effluent of
the CE stage was collected undiluted from the centrifuge and
saved to make a synthetic bleach plant effluent for BOD
determinations. The BOD determinations were made at three
different dilutions by the azide modification of the BOD
procedure presented in the Standard Methods of the
Examination of Water and Wastewater of the American Public
Health Association, Inc., 1967, pages 406-409 and 415-421.
From the average of the three BODs determined for each
effluent, the pounds of BOD per ton of product were determined
for each permanganate number bleached. A correlation of
pounds BOD per ton product versus permanganate number
was then made.
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Bleached Pulp Testing
Physical strength evaluation of each of the five fully
bleached pulps was carried out according to the Tappi
standards listed in Table 10. Optical properties were
determined on a Zeiss Elrepho reflectometer. Handsheets used
for determining scattering and absorption coefficients
Table 10: Tappi Standards Used in Physical Testing

TAPPI STANDARD

T 200 ts-66

T 205 m-58

NAME
Laboratory Processing of Pulp
(Beater Processing)
Forming Handsheets for
Physical Tests of Pulp

T 220 m-60

Physical Testing of Pulp Handsheets

T 227 m-58

Freeness of Pulp

were prepared according to Tappi standard

T 218 os-69,

"Forming Handsheets for Reflectance Tests of Pulp" on a
standard handsheet mold with distilled water.
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RESULTS AND DISCUSSION OF EXPERIMENTAL WORK
Cooking
From total and screened yield and active alkali charge
data correlations were made against permanganate number.
Linear correlations which were determined by the least squares
method were sufficient to describe active alkali charge and total
yield versus permanganate number relationships while a
combination of a second order polynomial regression and a
linear correlation were necessary to describe the screened yield
versus permanganate number relationship. The resulting
relationships are as follows:
(I) Total Unbleached Yield = 1.003 (K*) + 35.87
Correlation Coefficient: 0.98
(II)Screened Unbleached Yield =
|K<11.5|: 1.003 (K) + 35.77
| K>11.5|: 23.30 + 3.646 (K) -0.1360 (K2)
(III) Active Alkali Charge = 35.53 -1.398 (K)
Correlation Coefficient: 0.97
It was necessary to describe the screened unbleached yield
below a permanganate number of 11.5 by a linear relationship
since below that point the quadratic relationship resulted in

*

Note: K = Permanganate Number
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some screened yields that exceed the corresponding total
yields. Since the data indicated that cooks below a
permanganate number of 11.5 almost invariably had rejects
yields of about a tenth of a percent, the linear portion of the
screened yield relationship was derived from the total yield
function by subtracting a tenth of a percent in yield from the
total yield versus permanganate number relationship. The total
and screened yield functions of permanganate number are
presented graphically in Figure 2.
The correlation coefficients of the relationship determined
for both total yield and active alkali charge are above O.9which
indicates a good correlation exists between these factors. A
simple indication of the degree of correlation in the screened
yield versus permanganate number relationship is not so
readily available. However, it can be determined subjectively
from the scatter of screened yield points above a
permanganate number of 11.5 that the correlation is not as
reliable as the active alkali and total yield relationships with
permanganate number. Nonetheless, the author feels that it is
sufficiently reliable
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Figure 2:

Percent Screened and Total Yield Versus Unbleached Pulp
Permanganate Number (40 ml)
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to allow relatively accurate wood cost determinations later in
this thesis. A graphical representation of the active alkali versus
permanganate number function is presented in Figure 3.
The residual active cooking chemical in the black liquor
was determined at the end of each cook. A linear correlation of
the residual active cooking chemical with permanganate
number was found. It had the following form:
Residual Active Alkali
as a Percent Sodium =
Oxide on Wood

7.878 -0.4737 (K)

Correlation Coefficient: 0.93
As before a correlation coefficient of above 0.9 denotes a
reliable correlation. A graphical representation of this
relationship is presented in-Figure 4. This data was collected
With the intent of correcting the active alkali charge versus
permanganate number relationship for dilution of the digester
contents to the specified concentration with black liquor instead
of water. The idea was that the residual active alkali in the black
liquor would reduce the amount of active alkali from the white
liquor that would have to be charged to the digester. However,
the effect of residual active alkali in the black liquor on white
liquor charging was found to be negligible
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Figure 3:

Percent Active Alkali Charge on Wood Versus
Unbleached Pulp Permanganate Number (40 ml)

39 of 95

Figure 4:

Percent Residual Active Alkali on Wood Versus
Unbleached Pulp Permanganate Number (40 ml)
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under the conditions used in this thesis as demonstrated in
Appendix IV. This data nonetheless may prove useful if a model
of a continuous rather than a batch digesting system were
made in that in a continuous system the residual active alkali
would be controlled in the black liquor to a constant prescribed
concentration.
Bleaching
Determination of Chlorine Consumption
Chlorination for each pulp studied was made according to
conditions in Table 9 with chlorine charges as prescribed. The
residual chlorine at the end of the 45 minute bleach was
determined. The calculated chlorine consumption was then
correlated against permanganate number and the following
correlation, as shown in Figure 5, found:
,
(IV) Percent Chlorine Consumption = 0.2425 (K) +
on Pulp
0.4638
Correlation Coefficient: 0.99
This correlation coefficient which approaches ne indicates a
very good correlation.
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Figure 5:

Percent Chlorine Consumption on Pulp Versus
Unbleached Pulp Permanganate Number (40 ml)
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Determination of Sodium Hydroxide Consumption in First
Extraction Stage
The CE permanganate numbers, which were determined
for the three different caustic dosages used to extract each
chlorination made, were plotted against the caustic dosages.
Curves of caustic dosage versus CE permanganate number
were then drawn by eye and the caustic consumption to a
constant CE permanganate number of 2.5 determined. This
procedure is represented graphically in Figure 6. A correlation
of caustic consumption to a constant CE permanganate number
of 2.5 was made versus unbleached permanganate number
and found to have the following form:
(V)

Percent Caustic Consumption
on Pulp to a CE Permanganate
Number = 2.5

= 0.1244(K) -0.1931

Correlation Coefficient: 0.98
This correlation is represented graphically in Figure 7.
Preparing Fully Bleached Pulp for Evaluation
Fully bleached pulps were prepared according to
conditions specified in Table 9 and charges" of chlorine and
caustic to the CE stages made according to Figures 5 and 7.
The chlorine consumption, CE permanganate number and
final Tappi brightness for each bleach was determined.
Slightly different chlorine consumption versus permanganate
number correlation was found than
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Figure 6:

CE Permanganate Number (20 ml) Versus Percent Caustic
Charged to the First Caustic Extraction Stage for Various
Permanganate Number Pulps
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Figure 7:

Percent Caustic Consumption on Pulp to a Constant CE
Permanganate Number (20 ml) of 2.5 Versus
Unbleached Pulp Permanganate Number (40 ml)
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previously. The correlation is represented graphically in
Figure 8 and numerically as follows:
(VI) Percent Chlorine Consumption = 0.2332 (K) + 0.2960
on Pulp
Correlation Coefficient: 0.99
The discrepancy between the two chlorine consumption
correlations is thought to be caused by concentration effects.
Nonetheless, the two chlorine consumption relationships are
almost parallel over their useful range.
Despite the discrepancy found in the chlorine
consumption between the first part of the bleaching study and
the second part, only a slight difference in the CE
permanganate number was noted from the expected. 2.5 for
the caustic charged to the caustic extraction stage. A new
correlation of caustic consumption to a constant CE
permanganate number of 2.5 versus permanganate number
follows:
(VII) Percent Caustic Consumption = 0.1275 (K) -0.2056
to a CEK= 2.5
Correlation Coefficient = 0.99
A graphical representation of this correlation is presented
in Figure 9. This correlation is nearly identical to the
first one determined and also has a correlation coefficient which
approaches one which indicates a very good correlation.
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Figure 8:

Percent Chlorine Consumption on Pulp Versus Unbleached
Pulp Permanganate Number (40 ml)
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Figure 9:

Percent Caustic Consumption on Pulp to a Constant CE
Permanganate Number (20 ml) of 2.5 Versus Unbleached
Permanganate Number (40 ml)
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The yield of bleached pulp based on unbleached pulp and
final Tappi brightnesses were determined at the end of the
bleaches. The yield of bleached pulp versus permanganate
number gave a correlation with a correlation coefficient 0.96.
The correlation is represented graphically in Figure 10 and
numerically as follows:
(VIII) Bleached Yield = 100.4 -0.6790 (K)
Correlation Coefficient: 0.96
No correlation between final brightness and permanganate
number was expected or found since the bleaching was so
designed as to result in the same final brightness. This was
done by achieving the same CE permanganate number of
2.5 for all bleaches after the CE stages and holding
bleaching conditions constant thereafter. Table 11 is a table
of final Tappi brightnesses and initial unbleached
permanganate numbers. This table shows that there is less
Table 11: Permanganate Number and Final Tappi Brightness

Permanganate
Number
Final Tappi
Brightness (%)

8.0

9.9

11.1

12.1

14.5

86.3

85.5

85.8

85.6

86.1
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Figure 10: Percent Bleached Yield on Unbleached Pulp Versus Unbleached
Pulp Permanganate Number (40 ml)
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than one percentage variation in the final Tappi brightness
between the bleaches which indicates the reliability of the
foregoing premises used in the bleaching.
Determination of Change in BOD with Permanganate Number
A CE effluent was prepared from a mixture of C and E
stage effluents and BODs were determined. It was expected that
the waste material in the effluent of these stages would vary
since the chemical charges to these stages were varied. It was
felt, however, that any large changes in the total bleach plant
effluent quality due to changes in the initial permanganate
number would be reflected in the BODs of the CE stages while
those of the DED would remain relatively constant. The
relationship of pounds CE effluent BOD per air dry ton of pulp
against permanganate number is as follows:
(IX) Pound BOD in CE Effluent = 1.758 (K) -8.165
Per ADT Product
Correlation Coefficient: 0.90
,
The correlation coefficient again shows that there is a good
correlation. This relationship is presented graphically in Figure
11.
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Figure 11:

Pounds BOD per Air Dry Ton Bleached Pulp in
CE Effluent Versus Unbleached Pulp
Permanganate Number (40 ml)
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Determination of Physical and Optical Properties of Fully Bleached
Pulps

All five of the fully bleached pulps' physical properties
were determined as previously stated. The results of these
determinations are presented in Tables12a -e. No general
relationships with permanganate number are clearly observable
for the physical properties listed in Table 12a -e for the various
permanganate number pulps. However, when the various
permanganate number pulps were compared at a constant
density of 0.625 certain definite trends developed. Comparisons
at densities lower than 0.625 show less definite trends than
those demonstrated in Table 13. From Table 13 it appears that
both burst factor and tear factor increase with increasing
permanganate number. But breaking length either decreases
and then increases with increasing permanganate number or
remains constant with increasing permanganate number. It
wou1d require many more strength determinations than are
presented here to define what the actual function of breaking
length with permanganate number is. Hence, since the trends of
strength are not clearly developed at all paper densities and
since even if correlations were found it would be extremely
difficult to determine their
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Table 12: Physical Properties of Bleached Pulp from Unbleached
Pulp of Permanganate Number 14.5

Beating Time, (min)

0

15

30

40

730

605

360

220

59.85

64.08

57.92

60.31

2.10

1.72

1.58

1.47

0.476

0.581

0.663

0.680

Tappi Brightness, (%)

82.3

79.9

76.5

73.3

Tappi Opacity∗, (%)

72.7

67.4

62.5

59.0

Burst Factor

16.2

55.1

73.9

79.4

Breaking Length, (m)

4144

7605

9933

9761

135

133

126

116

Freeness, (ml)
Basis Wt., (gm/m2)
Bulk, (cc/gm)
Density, (gm/cc)

Tear Factor

∗Note: Corrected to Basis Wt 60 gm/m2 from single sheet thickness
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Table 13: Physical Properties of Bleached Pulp from Unbleached
Pulp of Permanganate Number 12.1

Beating Time, (min)

0

15

30

45

60

740

665

535

365

200

58.73

58.36

56.05

61.97

62.52

2.62

2.09

1.90

1.68

1.54

0.382

0.478

0.526

0.595

0.649

Tappi Brightness, (%)

81.7

80.9

78.8

75.8

73.0

Tappi Opacity∗, (%)

77.9

73.8

70.5

68.0

66.0

Burst Factor

10.5

32.4

50.7

70.0

75.0

Breaking Length, (m)

3303

5997

7779

9037

9629

Tear Factor

96.6

137

121

131

112

Freeness, (ml)
Basis Wt., (gm/m2)
Bulk, (cc/gm)
Density, (gm/cc)

∗Note: Corrected to Basis Wt 60 gm/m2 from single sheet thickness
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Table 14: Physical Properties of Bleached Pulp from Unbleached
Pulp of Permanganate Number 11.1

Beating Time, (min)

0

20

30

50

60

755

650

560

310

215

55.50

52.78

57.78

55.96

53.96

2.39

1.93

1.90

1.70

1.60

0.418

0.518

0.526

0.588

0.625

Tappi Brightness, (%)

81.8

81.0

80.6

78.0

75.0

Tappi Opacity∗, (%)

76.5

-

-

69.6

68.6

Burst Factor

10.9

35.8

45.3

65.7

67.0

Breaking Length, (m)

2739

6063

5952

7664

7971

Tear Factor

91.7

128

135

117

106

Freeness, (ml)
Basis Wt., (gm/m2)
Bulk, (cc/gm)
Density, (gm/cc)

∗Note: Corrected to Basis Wt 60 gm/m2 from single sheet thickness
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Table 15: Physical Properties of Bleached Pulp from Unbleached Pulp of
Permanganate Number 9.9

Beating Time, (min)

0

15

30

45

60

730

665

550

395

250

60.45

57.66

58.59

63.24

63.24

2.68

2.14

1.92

1.67

1.57

0.373

0.476

0.521

0.599

0.637

Tappi Brightness, (%)

82.4

81.5

79.9

76.9

70.7

Tappi Opacity∗, (%)

79.5

77.4

74.3

72.1

71.8

Burst Factor

11.6

30.7

49.3

63.5

70.5

Breaking Length, (m)

2870

5410

7339

8665

8496

Tear Factor

89.9

122

124

114

121

Freeness, (ml)
Basis Wt., (gm/m2)
Bulk, (cc/gm)
Density, (gm/cc)

∗Note: Corrected to Basis Wt 60 gm/m2 from single sheet thickness
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Table 16: Physical Properties of Bleached Pulp from Unbleached Pulp of
Permanganate Number 8.0

Beating Time, (min)

0

15

30

45

60

740

660

555

385

235

58.23

56.58

57.13

60.29

57.23

2.53

2.10

1.85

1.66

1.56

0.395

0.476

0.541

0.602

0.645

Tappi Brightness, (%)

82.9

81.3

79.9

73.3

76.1

Tappi Opacity∗, (%)

76.8

73.7

70.8

69.6

69.9

Burst Factor

8.98

24.5

42.9

61.0

60.7

Breaking Length, (m)

3035

5314

7317

8879

9307

Tear Factor

78.9

112

105

107

102

Freeness, (ml)
Basis Wt., (gm/m2)
Bulk, (cc/gm)
Density, (gm/cc)

∗Note: Corrected to Basis Wt 60 gm/m2 from single sheet thickness
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Table 17: Comparison of Bleached Sweetgum Pulp Properties at a
Constant Density of 0.625 for Pulp Produced At Various Permanganate
Numbers

Permanganate Number

8.0

9.9

11.1

12.1

14.5

Breaking Length, (m)

9483

8549

7971

9366

9575

Burst Factor

60.8

68.3

67.0

72.8

71.0

Tear Factor

104

119

106

120

127

Tappi Opacity, (%0

69.8

-

-

66.9

63.3

Tappi Brightness, (%)

77.0

72.9

75

74.2

77

Beating Time, (min.)

53.9

56.3

60

53.3

23.9

Freeness, (ml)

296

295

215

273

322
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economic effect on the optimum permanganate number, the
development of bleached pulp strength property's relationship
with unbleached pulp permanganate number is not developed
further in this thesis.
Although the strength properties did not give easily
determined correlations with permanganate number, the
determinates of optical properties of the Kubelka Munk theory,
the scattering coefficient and the absorption coefficient, did show
good correlation with unbleached permanganate numbers. The
scattering coefficient's correlation with permanganate number
which is represented graphically in Figure 12 has the following
form:
Scattering Coefficient = 529 -8.40 (K)
Correlation Coefficient: 0.95
The absorption coefficient's correlation with permanganate
number is not nearly as reliable as that of the scattering
coefficient since its correlation coefficient is only 0.73
which indicates only a fair correlation with permanganate
number. The relationship of absorption coefficient with
permanganate number which is represented graphically in
Figure 13 is as follows:
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Figure 12:

Scattering Coefficient of Pulp Versus Unbleached Pulp
Permanganate Number (40 ml)
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Absorption Coefficient = 1.362+0.0106 (K)
Correlation Coefficient: 0.73
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Figure 13:

Absorption Coefficient Versus Unbleached Pulp Permanganate
Number (40 ml)
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SEEKING THE OP'TIMUM PERMANGANATE NUMBER IN
AN INTEGRATED BLEACHED PULP AND PAPER MILL
Economic Situation in an Integrated Bleached Pulp and
Paper Mill
The most obvious action which would seem to give the
optimum permanganate number would be to find the
permanganate number which yields the lowest variable cost for
producing a ton of bleached pulp. However, this may not always
yields the optimum profit as is demonstrated in the following
analysis.
The profit of an integrated pulp and paper mill can be
represented simply by the following expression:
P = $/U x U –VC/U x U -OH
Where
P = Profit
$/U = Revenue per Unit of Production Sold
U = Units of" Production
VC/U = Variable Cost per Unit of Production
OH = Overhead
By inspection it can be seen that if overhead is
assumed constant by definition and the revenue per unit of
production sold and units sold are determined by market
conditions, this leaves only the reduction of variable cost per unit
of production as a means of improving profit. Such an
improvement could possibly be achieved by producing pulp at
the permanganate number that yields the lowest variable cost
per unit of production. However, pulp mill capacity is also
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permanganate number sensitive to some degree. Hence, the
permanganate number, which gives the lowest variable cost per
unit of production while still providing sufficient pulp to supply the
paper mill's demand for pulp, is the optimum permanganate
number.
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Determining; the Permanganate Number that Gives the
Lowest Variable Cost for Production of an Air Dry Ton of
Bleached Pulp from Sweetgum Wood
As noted previously the permanganate number that gives
the lowest variable cost per unit of production yields a maximum
profit in an integrated pulp and paper mill when the pulp mill
capacity for production at that permanganate number is greater
than the demand placed on the pulp mill for production by the
paper mill or market conditions. The experimental part of this
thesis has previously determined the data that is necessary to
determine the variable costs versus permanganate number
relationship for sweetgum pulp with certain exceptions. Those
exceptions are notably the data necessary to determine the cost
effects of permanganate number caused variations in strength
and optical properties The neglecting of the cost effects of
optical and strength properties can be rationalized by assuming
that the strength and optical properties of a sheet of paper made
in an integrated pulp and paper mill are affected more by
softwood pulp and filler content of the paper than by the
characteristics of the hardwood pulp. The assumption that the
factors of optical and strength properties have negligible effect
on the optimum permanganate number will be made for the
remainder of this analysis.
A model of the pulp mill for which the optimum
permanganate number will be determined is presented in Figure
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14. This figure shows the important control points used in the
operation and the costs which are permanganate number
dependent. As can be seen in the figure, the bleaching cost after
CE bleaching stages are considered to be fixed costs (overhead)
since it is assumed that pulps of a 2.5 permanganate number
which is achieved in all cases after the CE stages, will require
identical DED bleaching costs. The variable costs which will be
determined in this section from the experimental data and the
assumed data of Table 14 are as follows:
Wood Costs
Bleaching Costs
Chlorination Cost
Caustic Extraction Cost
CE Effluent Cost"
Cooking Cost
Digester Steam
Cost Saltcake Makeup Cost
Lime Makeup Cost
Lime Kiln Fire Cost
Steam Recovery Credit
The wood costs are determined from equations I, II, and VIII
of the experimental results. The net unbleached pulp
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Figure 14:

Model of Pulp Mill

68 of 95

Table 18: Assumptions Made in Calculations

Assumptions:
Costs
Wood
$ 25.00 per cord
Saltcake
$ 36.00 per ton
Lime
$ 28.00 per ton
Oil
$ 2.50 per BBL
Chlorine
$75.00 per ton
Caustic'
65.00 per ton
BOD Reduction
$ 30.00 per ton
Material Characteristics
Oil
Wood
Wood
Wood
Chemical
Black Liquor
Organics
White Liquor
Rejects

5.83 MM BTU per BBL
5400 wet lb. per cord
50% moisture content
Specific heat 0.33 BTU per lb. °F
Specific heat 0.33 BTU per lb. °F
9500 BTU per lb.
As specified in Appendix V
Yield 50%

Operation Concepts'
Evaporators
Chemical Losses
Chemical Losses
Lime Kiln'
Steam
Brown Stock
Washers

5.7 Economy
1 lb. Saltcake per cubic foot white
liquor based digester consumption
3%'Lime loss in liquor room based
on-usage
10 MM BTU per ton lime
1000 BTU per lb. essentially in all
steam (latent heat)
All chemical and organic recovered
(100% efficiency)
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yield assuming a 50 percent yield of pulp from the reject material
recycled to the digesters is derived from equations I and II has
the following form:
(X) Net Unbleached Pulp Yield:
|K<11.5|:

1.003 (K) + 35.820

|K>ll..5|:

29.587 + 2.325 (K) -0.068 (K2)

The net bleached pulp yield is determined from the
preceding equation and equation VIII of the experimental
results and has the following form:
(XI) Net Bleached Pulp Yield:
|K<ll.5|: (100.4 -0.6790 (K)) x (1.003 (K) + 3.5.82)
|K>ll.5|: (100.4 -0.6790 (K)) x (29.58 + 2.325 (K)
-0.0680 (K2))
The wood costs per air dry ton of bleached pulp for
various permanganate numbers, presented in Table 1.5
were calculated from equations X and XI and the wood cost
data assumed 'in Table 14. The steam credit from burning
the black liquor in the recovery boiler is determined for
various permanganate numbers in Table 16 from
experimental equation III and the assumptions in Table 14.
The calculations used in
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Table 19: Wood Cost Variation with Permanganate Number
Permanganate
Number
Net Unbleached∗
Pulp Yield, (%)
Net Bleached∗
Pulp Yield, (%)

6

8

10

12

14

16

41.8

43.8

45.9

47.7

48.8

49.4

40.2

41.6

42.9

44.0

44.3

44.2

41.458

40.063

38.850

37.878

37.620

37.705

Wood Cost $ Per
ADT Bleached
Pulp∗∗
Notes:
∗From relationship derived by experiments
∗∗

WoodCost $
1800o.d .lbs
100
Cord
$25.00
=
×
×
×
ADT BleachedPulp
ADT
NetBleachedYield % 2700o.d .lbswood
cord

1216
2130
2606
31573
9472
3877
24.757
16.135
6.914

Total Cooking Chemical as
Chemical per ADT, (lbs.)

Black Liquor Organics per
ADT, (lbs.)

15% Solids Black Liquor
per ADT, (lbs.)

50% Solids Black Liquor
per ADT, (lbs.)

Steam to Evaporators per
ADT, (lbs.)

Gross Heat MM BTU from
Black Liquor per ADT

Net Heat MM BTU from
Black Liquor per ADT

Steam Credit per ADT, $

6

Active Cooking Chemical
as Na2O per ADT, (lbs.)

Permanganate Number

6.563

15.317

23.104

3502

7708

28520

2432

1846

1054

8

6.233

14.545

21.556

2853

6970

25693

2269

1585

905

10

5.996

13992

20.330

2853

6970

23233

2140

1345

768

12

14

5.959

13.907

19.760

2635

6436

21453

2080

1138

649

Table 20: Recovery Stem Credit Variation With Permanganate Number

6.050

14.120

19.580

2458

6004

20013

2061

941

537

16
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Table 16 is presented in Appendix VI. The variation in cooking
chemical makeup cost with permanganate number is presented
in Table 17 from experimental equation III and assumptions in
Table 14. The calculations used in making Table 17 are
presented in Appendix VII. Table 18 presents the digester steam
cost variation with permanganate number per calculations of
Appendix VIII. The variable bleach plant costs were determined
from experimental equations VI, VII, and IX per calculations in
Appendix IX. The resulting variations in bleach plant cost with
permanganate number are presented in Table 19.
The total of wood, cooking chemical makeup, digester
steam and variable bleach plant operation costs is calculated in
Table20. To find the net cost of pulp production per air dry ton, the
steam credit per dry ton must be subtracted from the total cost per
air dry ton. Figure 15, presents the relationship of net cost of
production per air dry ton of pulp versus permanganate number
graphically. The curve drawn in the figure was determined by a
second order polynomial regression and has the form:

4.256
1.824
5.680

Lime Kiln Fire, MM BTU
per ADT

Cost Lime Kiln Fire per
ADT ($)

Total Cooking Chemical
Makeup Cost per ADT, ($)

∗See Appendix VI

0.364

Lime Makeup Cost per
ADT ($)

3.492

Saltcake Makeup Cost per
ADT, ($)
26

194

Saltcake Makeup per ADT,
(lbs.)

Lime Makeup per ADT,
(lbs.)

1216

6

Active Cooking Chemical
as Na2O per ADT, (lbs.)

Permanganate Number

4.895

1.581

3.689

0.308

22

3.006

167

1054

8

4.233

1.357

3.168

0.266

19

2.610

145

905

10

3.590

1.152

2.688

0.224

16

2.214

123

768

12

Table 21: Cooking Chemical Makeup Cost Variation With Permanganate Number∗

3.042

0.974

2.272

0.196

14

1.872

104

649

14

2.512

0.810

1.890

0.154

11

1.548

86

537

16
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15672
17853
2677
1.147

Total Water Equivalent per
ADT, (lbs.)

Steam Required per ADT
to Heat Digester to Temp.,
(lbs.)

Steam Cost to Digester per
ADT, ($)

703

Water Equivalent of
Chemical per ADT, (lbs.)

Water per ADT, (lbs.)

1478

6

Water Equivalent of Wood
per ADT, (lbs.)

Permanganate Number

1.104

2577

17181

15144

609

1428

8

1.067

2489

16593

14685

523

1385

10

1.036

2417

16112

14318

444

1350

12

1.024

2390

15937

14221

376

1340

14

Table 22: Steam Cost Variation in the Digester With Permanganate Number

1.022

2386

15908

14253

311

1344

16
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31.82
1.193
0539
10.08
0.328
1.521
2.38
0.036
1.557

Cost of Chlorine per ADT, ($)

Percent Caustic

Caustic per ADT, (lbs.)

Cost of Caustic per ADT, ($)

Total Bleach Plant Chemical
Cost per ADT, ($)

BOD in CE Effluent per ADT,
(lbs.)

Cost of Treating CE Effluent
per ADT, ($)

Total Cost of Bleach Plant
Operation per ADT, ($)

1.70

6

Chlorine per ADT, (lbs.)

Percent Chlorine

Permanganate Number

2.112

0.088

5.89

2.024

0.489

15.05

0.794

1.535

40.93

2.16

8

2.697

0.141

9.42

2.556

0.657

20.20

1.049

1.899

50.65

2.63

10

3.282

0.194

12.93

3.088

0.827

25.44

1.304

2.261

60.29

3.09

12

3.899

0.247

16.45

3.652

1.005

30.91

1.599

2.647

70.59

3.56

14

Table 23: CE Bleaching and Effluent Cost Variation with Permanganate Number

4.489

0.299

19.96

4.190

1.186

36.49

1.814

3.004

81.07

4.03

16
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1.557

Total Cost of Bleach Plant
Operation per ADT, ($)

6.914
42.928

Less Credit for Recovered
Steam per ADT, ($)

Net Cost of Pulp Production
per ADT, ($)

49.841

1.147

Steam Cost to Digester per
ADT, ($)

Total Cost of Pulp
Production per ADT, ($)

5.680

41.458

6

Cooking Chemical Makeup
Cost per ADT, ($)

Wood Cost $ Per ADT
Bleached Pulp

Permanganate Number

41.611

6.563

48.174

2.112

1.104

4.895

40.063

8

40.614

6.233

46.847

2.697

1.067

4.233

38.850

10

39.790

5.996

45.786

3.282

1.036

3.590

37.878

12

Table 24: Total Cost Variation with Permanganate Number

39.626

5.959

45.585

3.899

1.024

3.042

37.620

14

39.678

6.050

45.728

4.489

1.022

2.512

37.705

16
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ure
15:

Net Var
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Net Cost of
Pulp Production = 49.30 -1.33 (K) + 0.0454 (K2)
per ADT
If the net cost of pulp production per ADT is differentiated with
respect to permanganate number, the result set equal to zero and
solved for permanganate number, the resulting permanganate
number is the optimum permanganate number:
-1.33 + 0.0908 (K) = 0
K = 1.33/0.0908
K = 14.6
Coincidentally one of the fully bleached pulps made inthe
experimental part of this thesis had a permanganate number of 14.5
which is very close to the optimum permanganate number predicted
above. Hence, characteristics of the optimum permanganate number
pulp can be derived directly from the results of that experimental pulp.
Even though it appears from this analysis that 14.6 is the
optimum permanganate number for producing bleached pulp from
sweetgum, there are several conditions that may prevent its
achievement in actual practice in the mill. The first being that
sweetgum in most instances must be pulped in a mixture with other
hardwoods. The optimum permanganate number for
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the mixture is not necessarily the same as for sweetgum. Also in mill
operations there are some variations in permanganate number from
the set target. If the standard deviation in the mill from the actual
permanganate number is assumed to be one, the amount of the reject
material to be recycled to the digester can be roughly calculated as
presented in Table 21. This table presents the rejects
Table 25: Rejects Handling Requirements

Permanganate

12.6

14.6

16.6

Total Yield, (%)

48.5

50.5

52.5

Screened Yield, (%)

47.7

47.5

46.3

Rejects, (%)

0.8

3.0

6.2

8

30

62

Number

Magnitude of
'Rejects Handled on
a 500 ADT per day
basis, (tons)

produced at the mean target and at the extremes of the 95 percent
confidence limits. As can be seen a system for moving rejects to the
digester room would need to be designed to take instantaneous
loadings of at least twice the normal level. Of course if the standard
deviation of the permanganate number is moved closer to zero it is
possible to move toward the optimum without incurring the necessity
on an excessively large rejects handling system. Hence, in order to
approach the optimum permanganate number predicted it would be
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necessary to pulp sweetgum by itself in the mill and to have very good
digester control.
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SUMMARY AND CONCLUSION
From the data derived in the experimental portion of this thesis
and the assumptions made in Table 14 it was determined that the
permanganate number that gives the lowest variable cost per air dry
ton of pulp was 14.6. It was further determined that this
permanganate number yields the maximum profit when the pulp mill
capacity exceeds the demand for production placed on it. It must be
pointed out that the optimum permanganate number thus determined
is only a "local optimum." A "local optimum" is an optimum that
results from a constrained search. In this thesis the constraints are
provided by the conditions of the experimental work (i.e. cooking
temperature, cooking time) and the assumptions made in Table 14
(i.e. cooking and bleaching chemical cost). The experimental work
had been unconstrained a "universal optimum" would have been
determined for the assumption made in Table 14. The assumptions
for material costs made in Table 14 are determined by factors
external to pulping operations such as market conditions and
distance from suppliers. Nonetheless, the material costs do affect the
optimum permanganate number, and would require its recalculation
if the actual values were drastically different from those assumed in
Table 14.
In conclusion it can be said that a permanganate number of
14.6 is the optimum permanganate for producing a bleachable
sulphate pulp from sweetgum wood as determined from the
experimental data and the assumptions of this thesis.
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APPENDICIES
APPENDIX I
Typical D1gester Charging Calculations
Specifications:
Chemical Charge

14% on wood as Na20

Sulfidity

25% on total chemical as
Na2O(Constant)

Water to Wood Ratio

3.5:1 (constant)

Moisture Content Wood

48.5%

Calculations:
Wet wood charged

=4854 gms

Wet Wood charged

Less water

=2354 gms

x Moisture content

Oven dry Wood

=2500 gms

Water

x Chemical charge

14%

Chemical as Na20

=350 gms

÷Liquor analysis as
Na2O

103.5gms/l

Volume of liquor

=3.38 1

x Density of liquor

1.130 gms/l

Total liquor

=3819 gms

Less chemical

=449 gms

Water in Liquor

=3370 gms
Oven dry wood
x Water to wood ratio

=0.485
=2354 gms

Chemical as Na20
x Conversion factor to
Chemical
Chemical

=350 gms
1.29
=449 gms

=2500 gms
3.5

Total water in cook

=8750 gms

Less water in wood

=2354 gms

Less water in liquor

=3370 gms

Net water to be added

=4854 gms

3026 gms ≈ 3.02 l
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APPENDIX II
Procedure for Determining Residual Active Alkali in Black Liquor
Pipette 25 ml of black liquor into a beaker.
Add by pipette 25 ml of 10% BaC12.
Stir and precipitate forms.
Filter content of beaker through Buchner funnel and
save filtrate.
Pipette 10 ml of filtrate into 250 ml Erlenmeyer flask.
Add 5 ml of 40% methanol to the Erlenmeyer flask.
Titrate content of flask with 0.1 1N HCl or H2SO4
to phenolphthalein end point.
Record volume of Acid, V.
Calculate active chemical as Na20 by this formula
Na20 gms/l = Vacid x Nacid x 31
5
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APPENDIX III
Chlorine Number Versus Permanganate Number for Sulphate Sweetgum Pulp*

Page of
Article∗∗

Percent
Lignin

Kappa
Number∗∗∗

254
257
257
257
257
259
259
259
259
260

4.3
4.7
3.9
1.7
3.1
3.0
1.9
1.8
4.3
3.0

28.7
31.3
26.0
11.3
20.7
20.0
12.7
12.0
28.7
20.0

Correlation:

Permanganate
Roe Chlorine
Number
Number
(40ml)∗∗∗∗
19.5
5.0
21.5
5.5
18.3
4.7
7.0
2.5
15.6
3.6
15.1
3.8
8.5
3.1
8.0
2.6
19.5
4.8
15.1
2.9
∑x=148.1
∑x=38.5
2
∑x =2442.47
∑x2=158.81
∑x•y=617.43

Chlorine Number = 1.03 + 0.19 (Permanganate Number)
Correlation Coefficient: 0.92

∗

Percent lignin and Roe Chlorine number extracted
from Bray and Martin (2)

∗∗

Page of article on which data was found

∗∗∗

Kappa Number ≅ Percent lignin X 0.15

Ref T 236M-60
∗∗∗∗

Log (Kappa Number) = 0.837 + 0.0323 (Permanganate Number)
Ref T 236 M-60
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APPENDIX IV
Effect of Use of Black Liquor on Digester Charging

Data Determined from Thesis Relationships

Permanganate Number, (K)

8

12

16

Total Yield, (%)

43.9

47.9

51.9

Active Alkali Charge, (%)

24.4

18.8

13.2

Residual Active Alkali, (%)

4.1

2.2

0.3

o.d. Wood Per ADT, (lb.)

4100

3758

3468

Active Alkali Charge Per ADT, (lb.)

1000

707

458

Residual Active Alkali Per ADT, (lb.)

168

83

10

Black Liquor Organic Per ADT, (lb.)

2300

1958

1668

Chemical Per ADT*, (lb.)

1751

1238

802

Black Liquor at 15% Solids from
Brown Stock Washers, (lb.)

27006

21307

16467

Active Alkali Per lb. B.L.** at 15%
Solids, (lb.)

0.0062

0.0038

0.0006

Active Alkali Per lb. W.L.*** (lb.)

0.0909

0.0909

0.0909

Water Per lb. 15% Solids B.L., (lb.)

0.8500

0.8500

0.8500

Water Per lb. W.L., (lb.)

0.8407

0.8407

0.8407

Cont'd next page
*NOTE:
*Per Appendix V
**B.L. = Black Liquor
***W.L. = White Liquor
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Calculating Actual Required Active Alkali Charge if Black Liquor is Used for
,Dilution
Moisture Content of Chips

50%

Water to Wood Ratio

3.5:1

Sample Calculation
Material Balance
Water
4100lb. + Wt. W.L. x 0.8407 + wt. B.L. x 0.85 = 4100 x 3.5 lb. Chemical
Wt. W.L. x 0.0909 + Wt. B.L. x 0.0062 = 1000 lb.
Solving Simultaneously
Wt. B.L. = 1264 lb.
Active Alkali from Black Liquor
1264 x 0.062 = 7.8 lb. Active Alkali
Active Alkali from White Liquor
1000

7.8 = 992.2 lb. Active Alkali

Percent Active Alkali from White Liquor
992.2 x 100 = 24. .2
4100
Results of Calculations

Permanganate Number.

8

12

16

Percent Active Alkali to be Charged from
White Liquor without Black Liquor Dilution

24.4

18.8

13.2

Percent Active Alkali to be Charged from
White Liquor with Black Liquor Dilution

24.2

18.5

13.1

Percent a Active Alkali provided from

0.2

0.3

0.1

Cont'd next page
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APPENDIX IV (cont’d)

The differences here are so slight that the
additional active alkali charged by the relationships
determined in this thesis can be rationalized as being
necessary to keep the black liquor solids solubilized.
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APPENDIX V
Composition of Theoretical Industrial White Liquor

Chemical

As Sodium Oxide

As Chemical

g/l

LB/Cu.ft.

g/l

LB/Cu.ft.

Sodium Hydroxide

75

4.68

96.77

6.04

Sodium Sulfide

25

1.56

31.45

1.96

Sodium Carbonate

24

1.50

41.02

2.57

Sodium Sulfate

2.5

0.156

5.73

0.36

Total
Specific Gravity

1.1

10.93

BBLOil
$ Steam Credit Net MM BTU from Black Liquor
$2.50
=
×
×
5.83 MM BTU BBL Oil
ADT
ADT

 1800 o.d. lbs. Net Unbleached Yield, (%)
lb. Black Liquor Organics  1800 o.d. lbs.
100
−
×
= 
×
ADT
ADT
Net Bleached Yield, (%) 
ADT
Net Bleached Yield, (%)

Net MM BTU from Black Liquor Gross BTU from Black Liquor  MM BTU to Evaporators MM BTU to Evaporate from 50% to 100% 
=
−
+

ADT
ADT
ADT
ADT



ib. Steam to Evaporators  lb. 15% Solids Black Liquor lb. 50% Solids Black Liqour 
lb. Steam
=
−
×
ADT
ADT
ADT

 5.7 lb. Evaporatio n
9500 BTU
Gross MM BTU from Blacl Liquor lb. Black Liqour Organics
=
×
ADT
ADT
lb. Black Liquor Organics

0.15 lb. Solids
lb. 15% Solids Black Liquor  lb. Black Liquor Organics lb. Total Cooking Chemical as Chemical 
=
+
÷
ADT
ADT
ADT

 lb. Liquor and Solids
0.50 lb. Solids
lb. 50% Solids Black Liquor  lb. Black Liquor Organics lb. Total Cooking Chemical as Chemical 
=
+
÷
ADT
ADT
ADT

 lb. Liquor and Solids

lb. Active Cooking Chemical as Na 2 O 1800 o.d. lbs.
100
=
×
× Percent Active Alkali
ADT
ADT
Net Bleached Yield, (%)
lb. Total Cooking Chemical as Chemical lb. Active Cooking Chemical as Na 2 O 10.93 lb. Chemical
=
×
ADT
ADT
6.24 lb. Na 2 O

Calculation for Recovery Steam Credit

APPENDIX VI
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Note: A. A. = Active Alkali
W.L. = White Liquor
BBL = Barrel
ADT = Air Dry Ton

BBL Oil
Lime Kiln Fire Cost, ($) Lime Kiln Fire MM BTU
$2.50
=
×
×
5.83 MM BTU BBL Oil
ADT
ADT

Lime Kiln Fire MM BTU lb. Active Cooking Chemical as Na 2 O 0.75 lb. NaOH as Na 2 O 58 lb. CaO
Ton
10 MM BTU
=
×
×
×
×
ADT
ADT
lb. A. A. as Na 2 O
62 lb. Na 2 O 2000 lb.
Ton

Lime Makeup Cost, ($) lb. Lime Makeup
$28.00
=
×
2000 lb. Lime
ADT
ADT

lb. Lime Makeup lb. Active Cooking Chemical as Na 2 O 0.75 lb NaOH as Na 2 O 58 lb. CaO 3 lb. CaO loss
=
×
×
×
ADT
ADT
lb. A. A. as Na 2 O
62 lb. Na 2 O 100 lb. CaO

Saltcake Makeup Cost, ($) lb. Saltcake Makeup
$36.00
=
×
ADT
ADT
2000 lb. Saltcake

lb. Saltcake Makeup lb. Active Cooking Chemical as Na 2 O
Cubic Foot W.L. * 1 lb. Saltcake Loss
=
×
ADT
ADT
6.24 lb. A.A. as Na 2 O Cubic Foot W.L.

Calculation of Cooking Chemical Makeup Costs

APPENDIX VII
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Steam Cost lb Steam Required 1000 BTU
BBL Oil
$2.50
=
×
×
×
ADT
ADT
lb. Steam 5.83 MM BTU BBL Oil

lb Steam Required lb. Total Equivalent Water
150 BTU
=
×
ADT
ADT
lb. of water raised from 200 to 350 0 F

lb. Total Equivalent Water lb. Water lb. Water Equivalent of Chemical lb. Water Equivalent of Wood
=
+
+
ADT
ADT
ADT
ADT

lb. Water 1800 o.d. lb.
100
3.5 lb. Water
=
×
×
ADT
ADT
Net Bleached Yield (%)
lb. Wood

lb. Water Equivalent of Chemical lb. Total Cooking Chemical as Chemical 0.33 BTU
=
×
ADT
ADT
lb. 0 F

lb. Water Equivalent of Wood 1800 o.d. lb
100
0.33 BTU
=
×
×
ADT
ADT
Net Bleached Yield (%)
lb.0 0 F

Calculations for Digester Steam Costs

APPENDIX VIIII

91 of 95

Cost of Treating CE Effluent lb. BOD in CE Effluent
$30.00
=
×
2000 lb. BOD
ADT
ADT

Cost ($) of Caustic lb. Caustic
$65.00
=
×
ADT
ADT
2000 lb. Caustic

lb. Caustic 1800 o.d. lb. Net Unbleached Yield (%)
=
×
× Percent Caustic
ADT
ADT
Net Bleached Yield (%)

Cost ($) of Chlorine lb. Chlorine
$75.00
=
×
ADT
ADT
2000 lb. Chlorine

lb. Chlorine 1800 o.d. lb. Net Unbleached Yield (%)
=
×
× Percent Chlorine
ADT
ADT
Net Bleached Yield (%)

Calculation of CE Bleaching and Effluent Costs
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VITA
Name: JAMES MILTON SNYDER
Date and Place of Birth: May 17, 1946, North Tonawanda, New York
Education:

Name and Location
Degree

Dates

High School

Tonawanda Senior High
Tonawanda, New York

1960-1964

College

State University College of
B. S.
Forestry, Syracuse, N. Y.

1964-1968

State University College of
M. S.
Environmental Science and
Forestry, Syracuse, N. Y.

1971-1973

Employment Experience:
Employer

Dates

Position

Union Camp Corporation
Franklin, Virginia, 23851

6/68
1/69

Process Engineer

United States Army' 1/69

1/69
9/70

MACV Enlisted
Radio Operator
Infantry

Union Camp Corporation
Franklin, Virginia, 23851

10/70
9/71

Process Engineer

Union Camp Corporation
Franklin, Virginia 23851

3/73

Process Engineer
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