
CHEMICAL PULPING AND BLEACHING

ANNUAL PROGRAM REVIEW

(Volume #2)

MARCH 20, 1996



CHEMICAL PULPING AND BLEACHING

ANNUAL PROGRAM REVIEW

(Volume #2)

March 20, 1996

Institute of Paper Science and Technology
500 10th Street, N.W.

Atlanta, GA 30318
(404) 894-5700

(404) 894-4778 FAX





CHEMICAL PULPING AND BLEACHING

TABLE OF CONTENTS

(Volume #2)

Environmentally Compatible Production of Bleached Chemical Pulp'
Bleachability/Rapid DOBleaching ..................................................... 125

Closed Mill Operations ................................................................... 177

Impact and Control of NPE' s ................................................... 181

Novel Methods of Metals Removal - Iron ..................................... 217

Fundamentalof DregsRemoval .................... 233

Closed Mill Operations ........................................................... 241

VOC Controls in Kraft Mills ..................................................... 255

Black Liquor Gasification ........................................................ 277



ii



ENVIRONMENTALLY COMPATIBLE PRODUCTION
OF BLEACHED CHEMICAL PULP

Bleachability/Rapid Do Bleaching

125



126



Date: March 1, 1996

Project Title: ENVIRONMENTALLY COMPATIBLE PRODUCTION OF
BLEACHED CHEMICAL PULP
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Objective

Def'me pulping and bleaching technology that will decrease or eliminate the release of byproduct
organic c_or'me compounds without sacrificing bleached pulp quality.

Goals

1. Establish measures of bleachability at constant unbleached kappa number and use them to
identify kraft pulping variables that determine bleachability

2. Identify residual lignin structural features likely to be of 'unpo_ce in defining bleachability.

3. Confmn benefits of short retention time chlorine dioxide delignification.

4. Determine the rate laws governing the kinetics of delignification and cellulose degradation by
ozone, as a route to improved selectivity in ozone bleaching.

5. Establish effects of delignification with kraft pulping liquor, oxygen and ozone on cellulose
characteristics (viscosity, carboxyl content, etc.), pulp refining behavior and papermaking
properties, and compare with corresponding effects of delignification with chlorine and
chlorine dioxide.

6. Compare toxicity of effluents from chlorine dioxide delignification with that of effluents from
delignification with chlorine (Ph.D. Thesis Research- T. Ard).
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Summary
Of the measurements investigated in work aimed at identifying ways of measuring and
predicting kraft pulp bleachability, those that appear most likely to be useful are degree of
delignification in a low-kappa-factor Do stage, residual C102 remaining at the end of a high-
kappa-factor Do stage, and degree of delignification over a DoE partial sequence with a high
caustic charge in the E stage. Intermediate and final measurements in the D0(EOP)D_ sequence
do not easily distinguish between the two pulps, in part because of the high efficiency of the
(EOP) stage. The utility of the promising measurements as bleachability indicators remains to
be verified by applying them to kraft pulp samples that can be demonstrated to differ in
bleachability.

Decreasing unbleached kappa number does not seriously impair the bleachability of either CK
or EMCC pulps. For CK there is no effect on (EO) kappa, but the response of the lignin
remaining after (EO) to subsequent brightening is improved. For EMCC, there is a decrease in
(EO) kappa which results in a marked improvement in response to subsequent brightening. Per
unit of residual lignin remaining after (EO), however, the brightening response is not
improved. At a given unbleached kappa no., EMCC is more readily delignified in the D0(EO)
stages than CK, resulting in a slightly lower overall chemical requirement for EMCC.

The above comparisons of the bleachability of conventional and modified pulps are relevant
only with reference to fully bleached brightnesses that can be attained with both pulps. This
points to another aspect of bleachability -- the brighmess ceiling. The ceiling is higher for
modified pulps.

Results obtained on the low- and high-EA pulps were both unexpected and potentially
revealing. They suggest that the residual lignin can be beneficially modified by reactions that
take place in the digester. Cooking time must be long enough for these reactions to occur and
the alkali concentration must remain sufficiently high.

These results also suggest that bleachability is a complex phenomenon. A given variable can
have effects that are quite different on the three functional parts of the bleaching sequence:
delignification, bulk brightening and final brightening. The final brightening stage, in
particular, is sensitive to effects which are not apparent earlier in the sequence.

A very nonuniform pulp was prepared and bleached in comparison with uniform pulps of the
same average kappa number (28). The results were surprising and suggest further work. The
mixed pulp was no more difficult, and was in some respects easier to bleach than its purer
counterparts. Its specific oxidant consumption in the delignification partial sequence was lower
than that of either of the other 28 kappa number pulps and its brightness after (EO) was
higher. Its brightness gain in the D_ stage was as good or better than that of either of its
counterparts, and its brighmess gain in the D2 stage was as good or better than that of the
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comparison pulps. A fuller interpretation of these results must await fu_er work, in
particular, individual bleaching of the two pulps that were mixed.

Running a Do stage at low kappa factor without a tower is feasible if very good mixing is
available. Very high fully bleached brightnesses can be achieved with only a small chemical
consumption penalty. Effluent improvements may be expected, although the effects may not be
as great as previously indicated by analyzing effluents from the first two stages of bleaching an
oxygen delignified pulp. We are seeking a mill collaboration to try this bleaching strategy at
full scale.

Measuring bleachability
Part of the experimental effort expended during this report'mg period has been devoted to
identifying ways of measuring and predicting kraft pulp bleachability.

Defining Bleachability

An important characteristic of kraft pulps is the chemical nature of the residual lignin that
remains in the fiber after pulping, especially with regard to its susceptibility to oxidation and
removal by bleaching chemicals or, in other words, its bleachability at a given kappa number.
Previous work on kraft pulping to decrease the need for bleaching has concentrated on
reducing the amount of residual lignin, not the ease with which any given amount can be
removed. The term bleachability will henceforth be used to mean the ease with which the
residual lignin can be removed from a pulp at a given kappa number. Our objective is to
identify and exploit relationships between pulping variables and bleachability.

Evaluating Potential Measures of Bleachability

A first step towards reaching this objective must be to define the method of measuring
bleachability at a given kappa number. One candidate for such a method is to fully bleach the
pulp in a specified bleaching sequence, varying the chemical charges in the brightening stages
to determine the minimum chemical requirement to achieve a specified target brightness. This
has the advantage of closely simulating the commercial process and is therefore likely to
accurately predict the effect of bleachability changes in economic terms, the terms that are of
most interest to potential users of the product of the research. On the other hand, this method
is experimentally complicated and very time-consuming, requiring several days to obtain a
single result. A more readily obtainable predictor of bleachability is needed.

To identify such a predictor, two pulps having the same kappa number were prepared from
southern pine chips, one being a conventional kraft (CK) pulp and the other a sulfite-
anthraquinone (SAQ) pulp. The two were expected to differ in bleachability, since SAQ pulps
are generally considered to be more easily bleachable than kraft. Both were bleached
D(EOP)D and DED sequences and various measurements were made during and after
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bleaching. Each measurement was regarded as a potential measure of bleachability and was
evaluated as such by determining the difference between the average values for the two pulps
and normaliz,mg it by _e variability between values obtained by duplicate determinations on
the samepulp. When the variability within pulps is expressed as a pooled standard error, this
normalized difference is the well-known "t" value commonly used to test the significance of
differences between two means. It represents the discriminating power of the measurement,
and may be considered to indicate the likelihood that the measurement will be useful as a
predictor of bleachability. Measureme.nts that were evaluated in this way included the
follow'rog-

· after Do
· residual

· kappa No.
· delignification (%)
· brightness

· after Do(EOP)
· kappa No.
· delignification (%)
· brightness
· brightness increase

· after Do(EOP)D1
· brightness (0.25 % C102)
· brightness (0.50% C102)
· brightness (1.00% C102)
· brightness increment for each incremental C102 addition

· after DoE
· kappa No
· delignification (%)
· brightness

· after DoED1
· brightness (0.2 % C102)
· brightness (0.4% C102)
· brightness (0.6% C102)
· brightness (0.8% C102)
· brightness increment for each incremental C102 addition

The D(EOP)D sequence was carried out on duplicate pulp samples at each of three different
kappa factors, 0.05, 0.10 and 0.20, and the DED sequence at three different E-stage caustic
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charges, 0.6%, 1.2% and 2.4 %. The bleaching data are presented in Tables 1 through 4 and
the results of evaluating the candidate bleachability measures are shown in Tables 5 _ough 9.

Measurements Following the Do Stage

Residual chemical, kappa number and brightness were measured immediately after the C102
delignification stage. Each of these measurements, as well as degree of delignification, was
tested for its ability to discriminate between the bleaching response of the two pulp types. The
bleaching data are shown in Table 2, and results of analysis of the measurement data are
shown in Table 5. Included in the latter table are the averages of the duplicate measurements,
the calculated value of the t-statistic, and the corresponding maximum confidence Level at
which the hypothesis of no difference can be rejected. Also shown is pa, the negative
logarithm of the significance level corresponding to this confidence level. This can be
interpreted as "the number of nines" in the probability of correctness of rejection of the
hypothesis of no difference. Values of pa greater than 2 were considered to indicate that the
measurement in question effectively discriminates between the two pulps and may therefore be
a good bleachability predictor.

Of the parameters shown in Table 5, four met this criterion but two of them, the brightnesses
following 0.05 and 0.20 kappa factor bleaching, were not considered useful, since they reflect
differences in initial brightness as well as in response to bleaching. The remaimg two,
residual chemical after bleaching at 0.20 kappa factor and the degree of delignification
achieved at very low (0.05) kappa factor show promise.

Measurements After D0(EOP)

As shown in Table 6, of the parameters measured after oxidative extraction (for which the raw
data is in Tables 1 and 2), only brightness exhibited highly significant differences between
pulps, and this measurement is not considered useful, for the reason given above. The
brightness increase over the (EOP) stage was significantly smaller for the ASAQ pulps,
although the ASAQ brightness was higher after this stage. Since this difference is counter to
the assumed superiority of the ASAQ pulps and is at best an indirect reflection of bleach
response, it is unlikely to be useful as a predictor.

Measurements After D0(EOP)D1

The results of measurements made at the end of the three-stage sequence Lncorporating an
oxidative extraction stage are presented in Tables 1 and 7. (The first three rows in Table 1
were excluded from the averages in Table 7 because the D_ stage pH was abnormally high in
these experiments.) The only parameter of possible interest was the brightness gain acheved
by increasing the C102 charge from 1.0 to i.5 %. The high t value in this case was due to low
variability rather than a large difference since the two incremental brightness gains differed by
only 0.5 pt.
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Measurements After DoE

Because the results obtained after an oxidative extraction stage failed to strongly distinguish
between the bleaching response of the two pulps, another series of experiments was carried out
with an unreinforced extraction stage. Furthermore, it was decided to supplement the
experiments done at normal levels of caustic charge with some at lower and higher levels, to
determine whether these would accentuate the differences between pulps. The bleaching data
are given in Table 3 and the measurement evaluation results are shown in Table 8. The latter
show that the degree of delignification of the ASAQ pulps was significantly higher than that of
kraft in this partial sequence, especially at high caustic charge. Apparently, the high efficiency
of the oxidatively enhanced extraction stage had masked _is difference in the earlier
experiments.

Measurements After DoED1

Bleaching with the DED sequence gave the results in Tables 4 and 9. Apart from bleached
brightness, significant differences were observed in the incremental brightness gains at the low
and high ends of the range of chemical additions. The difference was most pronounced and
most precisely measured at the high end: Increasing the C102 charge from 0.8 % to 1.6 %
increased ASAQ brightness by 11 points, while the corresponding gain for kraft was only 7
points. In spite of the significance of these differences, however, they do not represent a
highly useful method of predicting bleachability, because they require bleaching experiments
that are nearly as time-consuming as full-sequence laboratory bleaching.

Summary And Conclusions

Of the measurements investigated, those that appear most likely to be useful are degree of
delignification in a low-kappa-factor Do stage, residual C102 remaining at the end of a high-
kappa-factor Do stage, and degree of delignification over a DoE partial sequence with a high
caustic charge in the E stage. Intermediate and final measurements in the D0(EOP)Di sequence
do not easily distinguish between the two pulps, in part because of the high efficiency of the
(EOP) stage. The utility of the promising measurements as bleachability indicators remains to
be verified by applying them to kraft pulp samples that can be demonstrated to differ in
bleachability. Identifying such samples and demonstrating that kraft pulps of the same kappa
number do differ in bleachability is the subject of the next section of this report.

Hypotheses and Plans

The observation of significantly different C102 residuals when bleaching different pulps of the
same kappa number under the same conditions shows that different residual lignins react at
different rates with chlorine dioxide. It also suggests that a more fundamental look at the
characteristics of the reactions of C102 with different residual lignins may be productive in
terms of interpreting differences between pulps and, in particular, effects of pulping
conditions. Consequently, we plan to focus on the behavior of differently produced pulps in
the D Ostage by testing the following hypotheses'
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"Changing pulping conditions without changing unbleached kappa number can

1. change the kinetics of the reaction of the residual lignin with CIO2, and

2. change the course and stoichiometry of the reaction, for example by altering the
absolute and relative amounts of inorganic products such as chlorite and chlorate,
the formation of which affect the efficiency of the Do stage."

In addition, we will continue efforts to identify measurable characteristics of the unbleached
pulp that correlate with its bleachability. Nuclear magnetic resonance and near infrared
spectroscopy will be evaluated from this standpoint.

Bleachability Differences Between :Kraft Pulp Types
The purpose of this research is to determine the magnitude of differences in bleachability
between kraft pulps of the same kappa number, and to characterize the bleachability

differences. Samples of pilot plant pulpsproduced from pinus taeda under conditions of both
conventional (CK) and modified (EMCC) kraft pulping were prepared by Kamyr Inc. at their
research and development facility in Glens Falls, NY. CK pulps of kappa no. 28 and 18.5, as
well as EMCC ® pulps of kappa no. 29.1, 18.5 and 14.5 were graciously provided. Duplicate
samples of each of the five pulps were bleached in the Do(EO)D_ED2 sequence using a kappa
factor of 0.19 in the Do stage, a charge of NaOH in the (EO) stage equal to 50% of the total
active c_orine (TAC) charge in the Do stage, 0.8 and 1.2% C102 in the D_ stage and 0.2, 0..4
and 0.8 % C102 in the D2 stage. The same pulps are being examined, in collaboration with A.
Ragauskas and P. Froass, by nuclear magnetic resonance (NMR) spectroscopy. Structural
features of residual lignin, as determined by NMR, show pro.se of being correlatable with
bleachability.

Response in the Do(EO) Partial Sequence
The results of Table 10 show that, in the Do stage, the C102 consumption per unit of kappa
number reduction increased as the kappa number of the conventional kraft pulps was
decreased. Expressed as total active chlorine (TAC) per unit of kappa number reduction, it
was 0.30 for the 28 kappa pulp, increasing to 0.40 at 18.5 kappa. In the case of the EMCC ®
pulps, TAC consumption per unit of kappa number reduction in the Do stage was only
increased from 0.31 to 0.33 when the kappa number was decreased from 29 to 14. This
difference between CK and EMCC ® pulps at low kappa numbers is of interest inasmuch as it
suggests that there are important structural differences between the two types of residual
lignin, even though these differences were attenuated by the subsequent (EOP) stage. For both
pulp types, TAC consumption per unit of kappa number reduction across the combined DO and
(EO) stages increased slightly as unbleached kappa number decreased. Brightness increased
slightly, and in the case of the EMCC ®pulps, the kappa number after the extraction stage
decreased significantly, from 3.3 at 29 kappa to 2.3 at 14.5 kappa.
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Of more interest than the comparison of pulps of different kappa numbers is the comparison at
a fixed kappa number. As Figures 1 and 2 show, the modified pulping process produces pulp
that is more extensively delignified in a Do stage and in the D0(EO) partial sequence,
especially at low kappa numbers. Similarly, Figure 3 shows that the modified pulps are more
efficiently delignified.

Response in the D_ Stage

Results of experiments in which the pulps of Table 10 were subsequently bleached in another
C102 stage (the D 1 stage) are given in Table 11 and Figures 4-6. When bleached with 0.8 %
C102, the modifiedpulps exhibited a slightly higher brightness gain than the conventional ones
at the same level of chemical consumption. At the higher (1.2 %) chemical charge, however,
no consistent difference was encou.ntered, as shown in Figures 5 and 6.

Response in the D2 Stage

The pulps described above were alkali-extracted and further bleached with C102 in a stage
designated as D2, giving the results of Table 12. We found that, for all pulps, the brightness
response in the final D stage can be accurately represented by the model

y = bo+ b_[1- exp(-b2x)

in which y is the brightness of the pulp after the D2 stage and x is the C102 charge in the D2
stage (expressed as %C102, o.d. pulp basis). The usefulness of this model derives not only
from the fact that it accurately represents the data, but also from the physical significance that
can be attached to the constants. The first, bo, is the brightness of the pulp entering the stage,
and the second, bi, is the maximum brightness gain that can be achieved in D2, corresponding
to a very high C102 charge. The sum, bo + b_, is therefore the brightness ceiling characteristic
of a pulp when it is bleached by this sequence with a given C102 charge in D_. The remaining
constant, b2, is analogous to a reaction rate constant; it characterizes the rate of asymptotic
approach to the brightness ceiling as the C102 charge is increased and may be referred to as
the D2 response factor. A higher value of b2 corresponds to lower C102 consumption to reach
any given brightness, up to the brightness ceiling. The values of these constants are shown in
Table 13 for the five pulps studied, and the fit of the model to the experimental brightness data
is illustrated in Figure 7 for the case where the D_ charge was 0.8 %. Also shown in Table 13
are the chemical consumptions calculated from the model for two target brightness values, 84
and 88.

The D2 brightness ceiling of the CK pulps was significantly increased by increasing the D_
charge from 0.8 to 1.2 %but was nearly unaffected by unbleached kappa number. The D2
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response factor, however, was significantly increased by decreasing the unbleached kappa
number from 26 to 17, with the result that the total amount of C102 required in the brightening
stages for any given final target brightness was lower at the lower unbleached kappa number.
This corresponds to a more easily bleached residual lignin, since the kappa number after the
(EO) stage was practically the same for both unbleached kappa number levels.

Although the reduction in brightening chemical requirement was significant, it was not
proportional to the unbleached kappa number reduction, so the C102 requirement per unit of
kappa number reduction for the whole sequence was higher at the lower unbleached kappa
number. Nevertheless, the Iignin that remained in the lower unbleached kappa number pulp
after the (EO) stage was more readily removed.

Unlike CK, EMCC exhibited a significant increase in brightness ceiling as its kappa number
before bleaching was decreased. The D2 response factor was significantly increased by
decreasing unbleached kappa no., especially at the lower D_ charge and there was a
corresponding decrease in brightening stage C102 requirement. In the EMCC case, however,
this cannot be attributed to greater tractability of the lignin remaining after the (EO) stage,
s'mce hhe brightening C102 requirement per unit of post-(EO) kappa actually increases as
unbleached kappa is decreased. For the EMCC pulps, the decrease in brightening chemical
requirement wkh decreasing unbleached kappa no. is due to a corresponding decrease in (EO)
kappa no.

At a given unbleached kappa number, EMCC requires less brightening chemical because of a
lower (EO) kappa. EMCC requires more brightening che_cal per unit of (EO) kappa. The
improvement in Do(EO) delignification results in a slight decrease in TAC requirement for
EMCC over the whole bleach sequence.

Summary and Conclusions

Decreasing unbleached kappa number does not seriously impair the bleachability of either CK
or EMCC pulps. For CK there is no effect on (EO) kappa, but the response of the lignin
remaining after (EO) to subsequent brightening is improved. For EMCC, there is a decrease in
(EO) kappa which results in a marked improvement in response to subsequent brightening. Per
unit of residual lignin remaining after (EO), however, the brightening response is not
improved. At a given unbleached kappa no., EMCC is more readily delignified in the D0(EO)
stages than CK, resulting in a slightly lower overall chemical requirement for EMCC.

The above comparisons of the bleachability of conventional and modified pulps are relevam
only with reference to fully bleached brightnesses that can be attained with both pulps. This
points to another aspect of bleachability -- the brightness ceiling. The ceiling is higher for
modified pulps, as Figure 7 and Tables 12 and 13 show. Attaining a brightness between the
two ceilings would be 'numeasurably more difficult with CK than with EMCC.
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Hypotheses and Plans
The existing data will be further analyzed to further develop the methodology of evaluating
bleachability. Emphasis will shift to characterizing pulps prepared in such a way as to allow
observed bleachability differences to individual pulping variables and their interactions. This
change in emphasis has already begun as indicated in the next section of this report.

NMR spectroscopy will be further evaluated as a means of gaining a fundamental
understanding of bleachability differences. This will involve application of NMR-based
methods to partly bleached pulps, not just unbleached ones, as has already been done.

Effects of Effective Alkali and H-Factor on Bleachability
Since a major thrust of this work is the eventual development of the pulping process to
produce more easily bleachable pulps, one of our goals is to gain insight into the mechanisms
by which bleachability, or lack thereof, may be "frozen" into the pulp during the pulping step.
It is therefore of interest to determine relationships between bleachability and individual
pulping variables. As a first step, we have chosen to examine the effects of effective alkali
charge at constant unbleached kappa number, which necessarily involves changing another
variable. The covariable that we have chosen to study is cooking time (expressed as H-factor
at constant cooking temperature. Effective alkali has previously been shown by Camo _ to
affect both unbleached and bleached brightness

Pulping
Pulps were prepared from southern pine chips over a range of H:factors at two different alkali
levels, as shown in Table 14 and Figure 8. The upturn in the low-EA curve is believed to be
real, reflecting reprecipitation of ligm. This has been called "the dangerous cooking crest" by
Surewicz. Two pulps at each alkali level were chosen for bleaching, representing unbleached
kappa number levels close to 14 and 28. Another pulp of average kappa number 28 was
prepared by mixing appropriate quantities of the Table 14 pulps having kappa numbers of 9.4
and 62.0, to assess the effect of pulp uniformity, as discussed in a subsequent section of this
report.

Effects on Response to the Do(EO)Partial Sequence
As shown in Table 15 and Figure 9, decreasing the kappa number under any conditions
increased the specific chemical consumption in the delignifying partial sequence. Surprisingly,
however, increasing the alkali charge used to reach high unbleached kappa number increased
the specific chemical consumption, and there was no effect at low unbleached kappa number.
The brightness after (EO) was higher for the high-EA pulps, especially at low kappa number.
This detrimental effect of alkali on CIO2 delignifiability was unsuspected and suggests that the
cooking time under these conditions is not sufficiently long to allow beneficial changes in the

Camo, B., Norrstrom, H., and Ohlsson, L., "The influence of Cooking Conditions on the Bleachability of Pine
Sulphate Pulp," Svensk Papperstidn. (4): 127(1975)
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residual lignin structure to take place in the digester, Phenolic hy&oxyl groups, for example,
are known to be introduced during the cook, and to beneficially affect bleachability.

Effects on Response in the D_ Stage

Subsequent bleaching in the D_ stage revealed that the low-EA pulps were more readily
brightened in this stage, as shown in Table 16 and Figure 10. As a result, the brightness
disadvantage of the low-EA, low-kappa pulp that existed after the (EO) stage had nearly
disappeared after the D_ stage and the low-EA, high-kappa pulp was brighter after D_ than its
high-EA counterpart.

ReSPonse in the D2 Stage

The superiority of the high-EA low-kappa pulp over its low-EA counterpart re-emerged in the
D2 stage, as is apparent in Table 17 and Figure 11. The latter pulp could not be bleached to a
brightness of 86. The high-kappa low-EA pulp, on the other hand, was readily bleached, and
reached a brightness of 89. The effect of kappa number on the brightness ceiling of the high-
EA pulps was the reverse of that on the low-EA pulps. Reducing the kappa number at high EA
beneficially affected fully bleached brightness.

Summary and Conclusions

The results obtained on the low- and high-EA pulps were both unexpected and potentially
revealing. They suggest that the residual lignin can be beneficially modified by reactions that
take place in the digester. Cooking time must be long enough for these reactions to occur and
the alkali concentration must remain sufficiently high.

These results, together with those described in the previous section on modified pulps, also
suggest that bleachability is a complex phenomenon. A given variable can have effects that are
quite different on the three functional parts of the bleaching sequence: delignification, bulk
brightening and final brightening. The final brightening stage, in particular, is sensitive to
effects which are not apparent earlier in the sequence.

Hypotheses and Plans

It is reasonable to hypothesize that beneficial reactions occur in the digester and that these can
be intensified by appropriate choice of conditions while cooking to any specified kappa number
level. It would be beneficial to characterize these reactions in more fundamental terms by
assaying their products. Accordingly it would be useful to test the following hypotheses, which
are suggested by the results described above and by recent IPST research employing NMR: 2

2 Froass, P.M., Ragauskas, A.J., McDonough, T.J., and Jiang, J., "Relationship Between Residual Lignin
Structure and Bleachability," paper to be presented at the 1996 International Pulp Bleaching Conference,
Washington, D.C., April 15-18, 1996.
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"The following structural features of residual lignin are created or destroyed in reactions
whose rates can be beneficially affected by appropriate control of pulping con_tions:

1. phenolic hydroxyl groups,

2. interunit ether linkages, and

3. carboxylic acid groups."

It would seem appropriate to make determinations of the content of these structural features in
the residual lignins of pulps that are prepared by systematic changes in pulping conditions and
that are independently evaluated for bleachability.

The different response of different parts of the bleaching sequence, in particular the f'mal
brightening stage, prompt the following hypothesis to be tested-

"The brightness ceiling encountered in the final brightening stage is attributable to
intractable colored residues that are either created or made more intractable or colored

by controllable reactions that occur during p_ping"

Effect of Kappa Number Uniformity on Bleachability

These experimems were conducted because of the potential importance of understanding this
aspect of bleachability. Two pulps representing very high (62) and very low (9.4) kappa
numbers were mixed to give a weighted average kappa number of 28, and the resulting
mixture (designated "NU") bleached alongside the 28 kappa number pulps already described.
The results are included in Tables 15-17 and Figures 9-11.

The results were surprising and suggest further work. The mixed pulp was no more difficult,
and was in some respects easier to bleach than its purer counterparts. Its specific oxidant
consumption in the delignification partial sequence was lower than that of either of the other
28 kappa number pulps and its brightness after (EO) was higher. Its brightness gain in the D_
stage was as good or better than that of either of its counterparts, and its brighmess gain in the
D2 stage was as good or better than that of the comparison pulps.

A fuller interpretation of these results must await further work, in particular, individual
bleaching of the two pulps that were mixed.
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Short Retention Time CIO 2 Delignification
Earlier, it was shown 3 that, in an OD(EO) sequence, a one-minute D stage achieved 84 % of the
delignification of a 30-minute stage while generating only 42 % of the AOX. Furthermore, the
AOX generated is of a type that is more likely to be innocuous than the AOX produced under
conventional conditions. This is because it occurs in compounds that are not as highly
chlorinated, having a chlorine-to-carbon ratio that is, on the average, only one-half that found in
conventional ECF effluents. Further work was done to demonstrate that fully bleached
brightness could be achieved after a shortened C102 delignification stage, to evaluate the effect of
shortening the C102 delignification stage on the AOX generated downstream in the necessarily
more vigorous C102 brightening stage and to determine whether the beneficial effects observed
earlier persisted when the kappa factor is decreased. Brightness development in the OD0(EOP)D_
sequence was only slightly affected by reducing the kappa factor from 0.25 to 0.10. At 0.25
kappa factor, decreasing the Do retention from 30 min. to 1 min. decreases fully bleached
brighmess by about 3 points at the same D_ charge. In contrast, the corresponding effect at 0.10
kappa factor is less than one point. It was also apparent that, when the retention time is one
minute, fully bleached brighmess is almost independent of kappa factor over the range 0.10 to
0.25. It may be concluded that there is no need for a Do bleach tower in low kappa factor ECF
bleaching! Although the beneficial effect on full-sequence effluents was less than in the
delignification partial sequence investigated earlier, a significant effect was observed at Iow
kappa factor, where decreasing the Do retention time from 30 min. to 1 min. decreased AOX by
30% and CL/C100by 20%.

More recently, further work has been done on low-kappa number, otherwise conventional, non
oxygen-delignified brownstock using a D(EOP)D(EP)D sequence to establish the feasibility of
operating without a Do tower when full bleaching of conventional pulp is the objective. Effluents
from the entire sequence were combined and tested to evaluate environmental benefits. The
conditions and results are presented in Tables 18-24.

As shown in Table 19, shortening the Do retention time from 25 minutes to 1 minute had a
smaller effect (2 points) on D_ brightness at 0.1 kappa factor than at 0.2 (4 points). Tables 20-
23 show that, when bleaching to high brightness, the chemical consumption penalty associated
with reducing the Do time is quite small. Table 24 shows that modest but significant effluent
benefits may be realized

Summary and Conclusions

Running a Do stage at low kappa factor without a tower is feasible if very good mixing is
available. Very high fully bleached brightnesses can be achieved with only a small chemical
consumption penalty. Effluent improvements may be expected, although the effects may not be

3 Schwantes, T.A. and McDonough, T.J., The effect of D stage reaction time on the characteristics of whole
effluents and effluent fractions from D(EO) bleaching of oxygen delignified softwood kraft pulp, Preprints, 1994
International Pulp Bleaching Conference, Vancouver, B.C., June, 1994.
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as great as previously indicated by analyzing effluents from the first two stages of bleaching an
oxygen delignified pulp.

Plans

We are seeking a mill collaboration to try this bleaching strategy at fifil scale.
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Table 21.

....me. asuremen_ 'after the D2 stage as functions of KF, Do RTand D2 CIO2 charge: 2 / 3

!::::'_;:_.:_i::_i_:.'.:ii'_$::i_i!_?::ii_?'¢J.::_'_:__-i_i_:'_i_i{i,_i_._i_._':-_:.-_..,.:i:_i:'_.,.':.:_ii_i_:_iiii._¢i_?.i_::_¢_::i__i:z_':i¢_::¢:::::::::i_:_:_,:-.-:_¢;::_i_::iil.."_i:._:::_:_:.:_:':::::_:::__::i_i::::'_i_:_::!_:::::::::::::::::::::::::::::':::_::_i::!::::i_ii_:_::,_::i!-::::ji!:...-:_::::::i::!::::::i::::::::::::::::::::::::!iii:::::::::::::::::::::::::::_i::_i_::_i_::_i_i_:.::_i_:::_::..':.-:._:._::__si_!_::_i_i:::_i_i_i_::_:::::_.........·'-.:-.'_::._g/_j_.._;-:._.,>,_.._::-.'-_._:-:*-_..--_._,':_ql-_":'a_.:::{_:_:._.........::.:-:::._............_.:',.........::::::::::::::::::::::::::.................:,.':.......-:'............................................................................................................................:-:..................................

+:::_.:._:.>.:.'._:._::j_.._.-_{_._]__.::_.ie!_._:$__.._..'...:._:_$_::_:_:i_:_._.5g_.:._]:_.-_:::i&:_!l_:_:i_:i:i_.!:_:i.i:!:::i._:::i']:_'?i:i:_:'.-:!:7'.:?!: :]'?i.::i:!':]:_:5:_:?!:_!:!:::.:..::i::'.: 'i. !':'i'.'::'::_._:i!'i'i::?_:i.i:!.:.!:i!i!ii!iii_:!:_i:::ii_!....:iiiiiii!iiii!!i!_i_i!iiiii:i!ii:i::;_.i:ii:_!!ii!iiSili!!iS:55ii!ii::ii:iiiii:_!i::!:i:!::i:!:i¢:l:i:_:i:!:_:!iii!:!i!i{i:_:!:i:i':!:i:_:i::i:i:i............ ========================.-:_.:_._:.:e_:::::_-::_:::::::.::::$:=======================================::::::::::::::::::::::::::::'5>============================.:..':::'::::::::::::::::::::::::::::::::::::::::::::::.-:.:.::.'.'::::.'-..:.:.:.::::.::>::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

I$O Brighmes$
KappaFactor DoRT(minutes) %CIO_onodp FinalpH ISOBrightness _er24hoursat105oc Re_.CIO_(%onp)Vlscoslty(mPaa)
...... , ,! , , ! , ! .... , .....

0.2 7.2 85.9 81.4 0.07
, ,, _ , ..... . , .., ........

. 1 0.4 6.6 87.3 82.1 0.10 12.98

0.8 6.6 90.2 , 85.9 0.15

--. 0.2 6.4 87.5 82.3 0.08

0.15 5 0.4 6.1 88.7 84.2 0.09 13.60
i

0.8 6.0 90.0 85.0 0.15 =

0.2 6.7 87.1 82.2 0.09

25 0.4 6.5 87.8 82.7 0.11 13.01

, , Ul _ 509 _ , , , ,, ,, , ......
a',,.8 89.2 84.6 0.18

........ , , I,, i , i .....,c ! , _ , i ,, ...... , i

Note: Da NaOH charge (in %) = 1/2 D: CIO: charge (in %)
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CLOSED MILL OPERATIONS

TECHNICAL PROGRAM REVIEW

February, 1995- February, 1996

PROJECT TITLE: Closed Mill Operations
- Impact and Control of Nonprocess Elements (NPE' s)
- Fundamentals of Dregs Removal
- Electro-membrane Purging of Chloride
- Analysis and Prediction of VOC

FYR 1996 BUDGET:

Total $595,000
NPE's 300,000

Dregs Removal 110,000
Chloride Removal 130,000
VOC 30,000
Other 25,000

PROJECT STAFF: Bryant (NPE's), Empie (Dregs Removal), Pfromm (Chloride
Removal), Malcolm (general), Rudie (NPE's), Zhu (VOC).

PROJECT CODE- CLDMIL
PROJECT NUMBER: FO17

PAC(s): Chemical Recovery, Chemical Pulping and Bleaching
DIVISION: Chemical and Biological Sciences
LONG RANGE AREA: Minimization of Environmental Impact (RAC area 1).

PROGRAM OBJECTIVE(S):

Overall - Develop the technology required to move toward low effluent operation. This
includes the pulping, bleaching, and chemical recovery technology needed to promote mill
closure. Close coordination with Projects FO13, FO15, and FO19 is required.

Impact and Control of Nonprocess Elements - Develop a scientific understanding of the
material balance and partitioning of nonprocess elements in pulp and paper mill process streams.
Provide member companies with mathematical models that predict the behavior ofNPE's with
different configurations and operating conditions. Determine the impact ofNPE's on mill
operations.
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The Nature and Removal of Hard to Remove Iron - Evaluate novel metals removal

strategies, with an emphasis on improving the removal efficiency of iron. Determine the nature
of "hard to remove" iron in pulp.

Fundamentals of Dregs Removal - Determine the effect of elevated levels ofNPE's on
the composition, settling, and filtration rates of green liquor dregs with the goal of improving
dregs separation from green liquor in support of reduced effluent operations.

Electro-membrane Purging of Chloride - Evaluate the selective removal of chloride and
potassium by electrodialysis of dissolved electrostatic precipitator catch (ESP catch). Show
technical feasibility with simulated and actual mill materials. Estimate economic feasibility.
Pursue external funding.

VOC Analysis and Prediction - Obtain liquid activity coefficients which will be used
for model prediction, develop computer model for the prediction of VOC generation and release,
validate model, and develop control strategies to reduc e VOC's in Kraft mills.
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Summary

Work began in August 1994 to develop a scientific understanding of the material balance

and partitioning of non-process elements (NPE) in pulp and paper mill process streams

and to provide member companies with mathematical models that predict the behavior of

NPE's in pulp and paper mills with different process configurations and operating

conditions. The research plan includes mill sampling, laboratory experiments, full-mill

simulation, predictive model development, and model verification.

Mill Base-Line Studies

We are working with three member companies to develop three bleached kraft mill NPE

material balances. This work involves sampling and analyzing process streams at each mill

for NPE's and developing a full-mill process simulation for each mill.

The purpose of conducting roll base-line studies is to develop a better understanding of

the partitioning of NPE's in bleached kraft mills, to develop NPE material balances for

mills from different geographical areas that have different process configurations, and to

develop full-mill simulations that can be used to validate NPE predictive models.

Three member company mills are participating in the NPE material balance base-line

studies. The first mill (A) is a Southern single line market kraft pulp mill with

conventional continuous kraft cooking and ECF bleaching. The mill campaigns runs of

hardwood and softwood for periods of 1-2 weeks. The mill has white liquor pressure

filters in place of conventional white liquor clarifiers. The mill has a single tow odor

recovery boiler.

The second mill (B) is a Southern dual line (SW and HW) integrated kraft pulp mill with

conventional continuous kraft cooking, medium consistency 02 delignification, and

conventional C/D bleaching. The mil1has white liquor and lime mud pressure fikers in

place of conventional clarifiers. The mill has two liquor recovery operations with low

odor recovery boilers, but processes the liquor as mixed liquor from both pulping lines.
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The third mill (C) is a Northern dual line (SW and HW) integrated kraft pulp mill with

conventional continuous kraft cooking of HW and MCC continuous cooking of SW,

medium consistency 02 delignification, and conventional C/D bleaching of HW and ECF

bleaching of SW. The mill has combined liquor recovery operations with three recovery

boilers all using direct contact evaporators. The _1 uses conventional clarifiers in liquor

recovery.

Mill A was sampled in December 1994, Mill B in May 1995, and Mill C in June 1995.

Chemical analysis of the samples has been delayed due to organizational problems,

personnel turnover, and equipment failure within our Chemical Analysis Group. These

problems have been addressed by hiring three new staff members and by purchasing a new

inductively coupled plasma (ICP) atomic emission spectrometer for metal analysis.

Chemical analysis of Mill A is scheduled to be complete in March 1996, Mill B in May

1996, and Mill C in June 1996.

A full-mill simulation for Mill A was completed in February 1995. Construction of full-

mill simulations for Mills B and C are in progress and scheduled for completion by May

1996. Completion of NPE material balances for each mill is scheduled for September

1996.

Laboratory Experiments

The Beneficial Effects of Dissolved Organic Carry-over When Closing the

Bleach Plant

Mill and laboratory studies indicate that carry-over or carry-back of dissolved solids into

the acid wash (A) or acid chelation (Q) stage improves manganese removal from pulp and

results in lower hydrogen peroxide consumption and higher pulp brightness. This

improvement in manganese removal is a result of ion exchange with sodium and a poorly

understood reaction between dissolved organics and cations that occurs under acidic

conditions. It appears that under acidic conditions, dissolved organics irreversibly bind to
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metal cations forming a colloidal suspension. This irreversible reaction reduces the

amount of freely dissolved cations that can participate in ion exchange with the pulp fibers.

Experimental procedures and resuks are presented in Appendix A.

Sorption of Cations onto Unbleached Kraft Pulp

Laboratory experiments have been completed to characterize the sorption of cations onto

pulp fiber using three different commercial unbleached kraft pulps using two different

chelants at different pH' s. Data from these experiments will be used to determine sorption

constants for cations onto pulp in multicomponent systems. Experimental procedures and

results are presented in Appendix B.

Binding Capacities and Equilibrium Constants

Two M.S. students (Ryan Mills and Eddie Gravely) are developing experimental

procedures to measure the binding site concentrations and equilibrium formation constants

for the binding of cations with pulp and with dissolved organics using single or binary

cation systems. Preliminary experiments using ion-selective probes to measure the binding

capacity and formation constants of calcium and sodium to weak black liquor are yielding

positive results.

Impact of Fines on Cation Sorption

Initial experiments investigating the impact of primary and secondary fines on NPE

behavior yielded indeterminate results. Recently published work by Heijnesson et al. from

Chalmers University of Technology lead to the following conclusions:

1. Primary fines have a significantly higher lignin content and acid group content

relative to average fibers.

2. Lignin-rich surface material (secondary fines) can be removed by mild

mechanical treatment. Secondary fines generated in this way have a higher

acid group content relative to average fibers.

3. The metal content of primary and secondary fines correlates with their lignin

and acid group content.
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Heijnesson's work clearly shows that the ion-exchange capacity of pulp increases as the

fines content increases. No further PAC research is planned for this topic.

Literature Cited:

Heijnesson, B., Simonson, R., and Westermark, U., Metal Ion Content of Material

Removed from the Surface of Unbleached Kraft Fibres, Holzforschung 49(1):75-80

(1995).

Heijnesson, B., Simonson, R., and Westermark, U., Removal of Lignin-rich Surface

Material from Unbleached Kraft Fibres, Holzforschung 49(4):313-318 (1995).

Aqueous Phase Chemical Equilibrium Model

The beta release of a general aqueous phase chemical equilibrium model is in testing. The

purpose of the equilibrium model is to determine which of three phases NPEs will partition

into: 1) dissolved solid, 2) suspended solid, 3) pulp-bound solid. Integrating the

equilibrium model within a process simulation system (WinGEMS) enables one to evaluate

different closure and purge scenarios and to predict NPE concentrations under those

scenarios. Final release of version 1.0 is scheduled for September 1996.
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Appendix A

The Beneficial Effects of Dissolved Organic Carry-over When
Closing the Bleach Plant

Abstract

Mill and laboratory studies indicate that carry-over or carry-back of dissolved solids into

the acid wash (A) or acid chelation (Q) stage improves manganese removal from pulp and

resuks in lower hydrogen peroxide consumption and higher pulp brightness. This

improvement in manganese removal is a result of ion exchange with sodium and a poorly

understood reaction between dissolved organics and cations that occurs under acidic

conditions. It appears that under acidic conditions, dissolved organics irreversibly bind to

metal cations forming a colloidal suspension. This irreversible reaction reduces the

amount of freely dissolved cations that can participate in ion exchange with the pulp fibers.

Introduction

The quantity of each cation that binds to pulp fibers in the fiberline is determined by the

following:

1. The total number of carboxylic acid binding sites on the pulp, typically 0.1 mole/kg

o.d. fiber for unbleached kraft pulp and half that for fully bleached pulp.

2. The concentration of each freely dissolved cation.

3. The concentration of competing ligands. Competing ligands include chelants such as

EDTA and DTPA and dissolved organics generated in pulp and bleaching reactions.

4. The relative affinity of each cation for each competing ligand, i.e., its formation

constants.

Recycling acidic bleach plant filtrates to the alkaline brownstock washers can create a

"metal trap." The metal trap occurs because under acidic conditions most cations are

desorbed from the pulp by ion exchange with hydrogen ions, and under alkaline conditions

most of the cations are sorbed by the pulp by ion exchange with hydrogen ions. This
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sorption/desorption phenomenon between acid and alkaline wash stages results in a

buildup of cations within the loop.

The concentration of cations in the filtrate must increase to the level where the amount

being carried over with the pulp mat liquor in the bleach washer and the amount being

carried back to recovery in the weak black liquor is equal to the amount entering the

fiberline from the digester.

Mills running closed and partially closed bleach plants have seen increased calcium

concentrations because of the metal trap phenomenon. _-3 In contrast, several mills report

reductions in manganese when running the Q stage countercurrent. 2'4

Linden 3 postulates that the presence of liS' in the washer filtrates keeps manganese in the

+2 oxidation state, making it easier to chelate compared to the higher oxidation sates of

manganese. In its Mn(II) state, manganese forms a very stable complex with the chelants

EDTA or DTPA and should remain soluble.

However, in a TCF fully countercurrent bleaching trial, Bryant and Edwards 4 found a

reduction in manganese to the Q stage when the filtrates were run countercurrently back

to the brownstock fiberline which included medium consistency 02 delignification. The

oxygen stage and postoxygen stage washer filtrates have oxidative potentials. Mn(II) is

not thermodynamically favored in alkaline systems. Based on thermodynamics, Bryant

and Edwards 5 have speculated that MnOH + should be the dominate species of manganese

in alkaline fikrates. As a univalent ion, MnOIT would have a relatively low affinity for

EDTA and DTPA and a moderate affinity for the acid sites on pulp. Formation ofMnOH +

would make manganese difficult to chelate in alkaline stages.

Ct6Lindeber_, has calculated that sodium concentrations in the A or Q stage can increase

from 0.2 to 6 g/liter when closing up an alkaline hydrogen peroxide bleach plant. The

increased sodium concentration in filtrates results in lower bound concentrations of other
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competing ions due to ion exchange. Further displacement of manganese can be

accomplished by adding magnesium to the A or Q stage.

Laboratory studies were conducted to determine the impact of dissolved organic carry-

over into a metals removal stage. This work follows up previous laboratory and mill

studies by Bryant et al., 7'9which showed reduced binding of cations onto pulp when the

dissolved organic concentration in the acid wash or Q stage increased. The studies also

showed that if the WBL was acidified separately from the pulp and metal cations, it did

not behave as a chelant when added to alkaline pulp slurries. The current hypothesis to

explain this behavior is that under acidic conditions dissolved organics irreversibly bind to

cations in a colloidal suspension. The metals bound to the colloidal suspension are not

free to resorb to the pulp under alkaline conditions and because of their small size follow

the filtrate split in washing operations.

Further studies are needed to determine if the underlying fundamentals of these

observations can be used to manage the fiberline metal profiles with dissolved organics

acting as natural chelants and sodium taking the place of hydrogen as a competitive ion

under alkaline conditions.

Experimental

Laboratory experiments to determine the impact of dissolved organics on the sorption of

cations onto pulp fiber were conducted using a commercial unbleached kraft pulp. The

pulp was stored at 4°C as received. The characteristics of the pulp used in these

experiments are given in Table A. 1 and are referenced as Pulp A. The initial metal content

of the pulp was measured by inductively coupled plasma (ICP) atomic emission

spectrometry and is given in Table A. 2. Pulp samples were prepared for metal analysis by

drying, grinding, and digesting in hydrochloric and nitric acid following EPA method

3050.
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The weak black liquor used in the experiments came from a single line Southern market

bleached kraft pulp mill that runs campaigns of softwood and hardwood. ICP chemical

analysis of the WBL is given in Table A.3.

Table A. 1 Initial pulp characteristics.

Pulp A

Wood Species SouthernPine
Digester KamyrVapor

O: Delignification SundsMC

Sample Location 2nd 02 Wash Press
Initial Consistency,% 41.0

Kappa 18.0

% ISOBrighmess 27.9
CSF,ml 745

FiberLength,mm* 2.62
%Fines** 1.03

Carboxylic Acid Content 0.087

(moles/kg o.d. fiber)

*Kajaani length weighted mean, **Kajaani < 0.100 mm

The starting pulp consistency for all experiments was approximately 40%. Pulp was

diluted to 1% consistency with nano-pure water having 18 MC2-cmresistivity at 25°C.

Pulp slurry pH's were adjusted with either H2SO 4 (EM Science TracePur Plus) or NaOH

(EM Science ACS reagent grade). The pulp slurry pH was adjusted to either 2.0, 3.0, 4.0,

or 5.0 and mixed for 30 minutes with a 2.5-inch diameter polypropylene U-shaped paddle

at 200-3 00 rpm in a 2-liter glass-tempering beaker with circulating water in the shell to

maintain a temperature of 75±0.5°C. After 30 minutes, the slurry was adjusted to a pH of

10.5 by addition of concentrated NaOH and mixed at the same temperature for 15

minutes.

WBL was added in the amount of 0.0, 0.1, 0.5, 1.0, or 2.5% oftotal liquid volume in the

slurry either immediately after the slurry was acidified or immediately after it was taken

alkaline. The 0.0% addition of WBL served as a control experiment. The pulp slurry was

then vacuum dewatered across a Buchner funnel to approximately 25% consistency. The
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pulp was further dewatered by pressing to approximately 50% consistency. The pulp was

then analyzed by ICP.

Table A.2. Initial metal content (mg/kg o.d. fiber) measured in four replicate unwashed

Pulp A samples, 18 Kappa oxygen-delignified kraft from Southern Pine softwood.

Sample Replicate Statistics
Element I 2 3 4 Mean Median CV %

Na 2354.0 2124.0 2160.0 2103.0 2185.3 2142.0 5.3

Mg 436.0 430.0 409.0 390.9 416.5 419.5 4.9
Al 12.1 10.0 9.3 8.9 10.1 9.7 14.1
P 33.1 38.7 31.7 34.2 34.4 33.7 8.8
K 241.5 219.1 235.3 233.6 232.4 234.5 4.1
Ca 1104.0 1169.0 1026.0 1108.0 1101.8 1106.0 5.3
Mn 54.6 54.7 48.6 51.9 52.4 53.2 5.5
Fe 6.0 6.6 4.4 5.0 5.5 5.5 17.6
Zn 3.8 8.8 BQL 4.2 5.6 4.2 49.5
Cu BQL BQL BQL BQL - - -
Co BQL BQL BQL BQL - - -
,Ba 6.4 6.3 5.8 5.8 6.1 6.1 5.4

Table A.3. Initial metal content (mg/liter of liquor) measured in three replicate WBL

samples.

Sample Replicate Statistics

Analyte I 1 2 3 Mean I Median 1%cv
TS (%) 15.8 15.5 15.8 15.7 15.8 j 1.0

Na 128200 128500 165900 140867 128500 15.4
Mg 72.0 74.0 74.8 73.6 74.0 1.9
At 68.9 BQL 84.4 76.6 76.6 14.3
K 11710.0 1169.0 12703.0 8527.3 11710.0 75.0

Ca 202.0 176.9 210.1 196.3 202.0 8.8
Mn 54.8 56.3 54.1 55.1 54.8 2.0
Fe 37.6 BQL 23.9 30.7 30.7 31.5

Co BQL BQL BQL = - - -
Cu 1.6 BQL BQL i 1.6 1.6 -
Zn BQL BQL 36.6 36.6 36.6 -
Ba BQL 1.6 4.8 3.2 3.2 70.1
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Results and Discussion

The effects of both sodium competition and acidified weak black liquor are shown in

Figures A. 1-A.3. The concentrations of bound manganese, magnesium, and calcium

dropped substantially from their initial values due to sodium competition. The lower pH

slurries required a greater amount of NaOH for neutralization. The higher sodium

concentrations in the initially lower pH slurries resulted in the greatest reduction of bound

cations due to sodium competition.

Initial Concentration

52 ppm

50.00 -

-'- No WBL

40.00 - -'-- 2.5% WBL Acid
L

e _ --O--2.5% WBL Alkalinec .Q
.

-o 30.00-
6

:3 13_
o E 20.00-

10.00 -

·., A

0,00 t I I t I I I

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Initial Slurry pH

Figure A. 1. Manganese bound to pulp fiber as a function of initial pulp
slurry pH and pH when WBL is added. Slurry mixed in acid conditions for 30
minutes then at 10.5 pH for 15 minutes. Temperature 75°C.
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Initial Concentration

450.00 415 ppm

400.00
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c_ -_ 250.00

'o _ 200.00
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rn 150.00 _ _

100.00

Z. & __50.00

0.00 I I I I I I I

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Initial Slurry pH

Figure A.2. Magnesium bound to pulp fiber as a function of initial pulp
slurry pH and pH when WBL is added. Slurry mixed in acid conditions for 30
minutes then at 10.5 pH for 15 minutes. Temperature 75°C.

Initial'Concentration
1200.00- 1100 ppm

-'- No WBL
lOOO. OO
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Initial Slurry pH

Figure A.3. Calcium bound to pulp fiber as a function of initial pulp slurry
pH and pH when WBL is added. Slurry mixed in acid conditions for 30
minutes then at 10.5 pH for 15 minutes. Temperature 75°C.
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Adding WBL in either alkaline or acid conditions lowered the bound concentration of all

three cations. The reduction of bound Mn and Mg was slightly higher when WBL was

added under alkaline conditions compared to the control case without WBL. The

reduction of bound Mn and Mg was significantly higher when WBL was added under acid

conditions. Bound Mn was reduced by 80% when WBL was added at a pH of 5.0

compared to either the control or compared to the case when WBL was added under

alkaline conditions.

The reduction of bound Ca was significantly higher compared to the control when WBL

was added in either acid or alkaline conditions. Calcium's unique behavior may indicate

that it has a greater binding affinity for dissolved organics regardless of pH history.

Conclusions

Closing up the bleach plant often results in a decrease in pulp-bound manganese prior to a

metals removal stage. This reduction results from increased ion exchange competition

from sodium and an apparently irreversible reaction between dissolved organics and

cations under acidic conditions. Further studies are needed to characterize these acid-

promoted reactions.
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Appendix B

Sorption of Cations onto Unbleached Kraft Pulp

Experimental

Three commercial unbleached kraft pulps were used in the laboratory cation sorption

experiments. Pulps A and B were stored at 4°C as received. Pulp C was centrifuged to

approximately 3 5% consistency and then stored at 4°C. Table B. 1 lists the characteristics

of each pulp. The initial metal content of each pulp was measured by inductively coupled

plasma (ICP) atomic emission spectrometry and is given in Tables B.2-B.4. Pulp samples

were prepared for metal analysis by drying, grinding, and digesting in hydrochloric and

nitric acid following EPA method 3050.

The starting pulp consistency for _1 experiments was approximately 35-40%. Pulp was

diluted to 1% consistency with nano-pure water having 18 Mf/.cm resistivity at 25°C.

Pulp slurry pH's were adjusted with either H2SO 4 (EM Science TracePur Plus) or NaOH

(EM Science ACS reagent grade). Pulp slurries were mixed for 30 minutes with a 2.5-

inch diameter polypropylene U-shaped paddle at 200-300 rpm in a 2-liter glass tempering

beaker with circulating water in the shell to maintain a temperature of 75+0.5°C. The

pulp slurry was then vacuum dewatered across a Buchner funnel to approximately 25%

consistency. The pulp was fi_her dewatered by pressing to approximately 50%

consistency. The pulp was then analyzed by ICP.

Experiments conducted with chelants used either 0.3% on a dry fiber basis Baker

Chemicals ethylenediaminetetraacetic acid (EDTA) or 0.4% on a dry fiber basis Aldrich

Chemicals diethylenetriaminepentaacetic acid (DTPA).
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Results

Table B. 1 Initial pulp characteristics

PulpA PulpB PulpC
Wood Species Southern Pine Mixed South. HW Southern Pine
Digester KamyrVapor Batch KamwHydraulic
02De!ignification SundsMC SundsMC none
Sample Location 2nd O: Wash Press 2nd O: Wash Press Decker (pre-bleach)
InitialConsistency,% 41.0 29.1 17.1
Kappa 18.0 12.7 28.6
% ISO Brightness 27.9 42.2 23.5
CSF,ml 745 615 735

FiberLength,mm* 2.62 0.98 2.52
%Fines** 1.03 3.16 0.92

CarboxylicAcidContent 0.087 0.090 0.088
(moles/ks o.d. fiber)

*Kaj aani length weighted mean, **Kajaani < 0.100 mm

Table B.2. Initial metal content (mg/kg o.d. fiber) measured in four replicate unwashed

Pulp A samples, 18 Kappa oxygen delignified kraft from Southern Pine softwood.

i

Sample Replicate Statisticsi

Element 1 2 3 4 Mean Median CV%
Na 2354.0 2124.0 2160.0 2103.0 2185.3 2142.0 5.3

Mg 436.0 430.0 409.0 390.9 416.5 419.5 4.9 i

Al 12.1 10.0 9.3 8.9 I 10.1 9.7 14.1 !
P 33.1 38.7 31.7 34.2 34.4 33.7 8.8
K 241.5 219.1 235.3 233.6 232.4 234.5 4.1
Ca 1104.0 1169.0 1026.0 1108.0 1101.8 1106.0 5.3
Mn 54.6 54.7 48.6 51.9 52.4 53.2 5.5
Fe 6.0 6.6 4.4 5.0 5.5 5.5 17.6
Zn 3.8 8.8 BQL 4.2 5.6 4.2 49.5
Cu BQL BQL BQL BQL - - -
Co BQL BQL BQL BQL - - -
',Ba 6.4 6.3 5.8 5.8 6.1 6.1 5.4

,
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Table B.3. Initial metal content (mg/kg o.d. fiber) measured in four replicate unwashed

Pulp B samples, 13 Kappa oxygen delignified kraft from mixed Southern hardwoods.

Sample Replicate Statistics
Element 1 2 3 4 Mean Median CV %

Na 6042.0 6026.0 5998.0 5874.0 5985.0 6012.0 1.3

Mg 319.5 315.1 310.9 312.3 314.5 313.7 1.2
Al 9.4 5.6 0.9 9.8 6.4 7.5 64.4
P 69.7 70.8 69.6 70.8 70.2 70.2 0.9
K 775.8 774.2 758.7 718.0 756.7 766.5 3.6
Ca 2320.0 2312.0 2287.0 2394.0 2328.3 2316.0 2.0
Mn 88.2 89.9 88.8 93.1 90.0 89.3 2.4
Fe 14.7 14.4 10.3 9.9 12.3 12.3 20.8
Co BQL BQL BQL BQL - - -
Cu 2.2 0.4 0.4 0.3 0.8 0.4 114.7
Zn 14.2 9.3 ! 6.1 8.2 9.4 8.8 36.4
Ba 25.5 25.4 25.7 26.0 25.7 25.6 1.1

Table B.4. Initial metal content (mg/kg o.d. fiber) measured in four replicate unwashed

Pulp C samples, 29 Kappa conventional kraft from Southern Pine softwood.

Sample Replicate Statistics
Element I 2 3 4 Mean Median CV%

Na 1127.0 1027.0 1276.0 1187.0 1154.3 1157.0 9.1

Mg 246.5 216.6 255.4 257.0 243.9 251.0 7.7
Al 11.8 10.7 _ 12.6 11.1 11.6 11.4 7.2
P 22.1 22.7 23.0 23.7 22.9 22.8 2.8
K 156.8 165.1 183.0 169.8 168.7 167.5 _ 6.5
Ca t081.0 1037.0 1100.0 1104.0 1080.5 1090.5 2.8
Mn 80.0 77.1 82.7 82.0 80.4 81.0 3.1
Fe 7.9 5.8 10.5 8.1 8.1 8.0 23.5
Co BQL BQL BQL BQL - - -
Cu BQL 0.1 0.5 BQL 0.3 0.3 85.1
Zn 8.0 5.5 17.2 12.3 10.8 10.1 47.6
Ba 10.0 m 9.7 10.3 10.0 10.0 10.0 2.2

198



Table B.5. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function of pH

after 30 minutes mixing at 75°C without chelant. Pulp A, 18 Kappa oxygen delignified
kraft from Southern Pine softwood.

pU I Na I Ma Al K I ca I Mn I Fe Zn Ba
1.5 ' BQL 7.2 12.5 3.5 23.4 0.8 BQL 3.2 0.2

i

2.0 4.4 27.0 BQL m 6.4 46.0 1.3 0.9 0.3 0.2

2.5 72.1 20.4 1.8 5.4 73.0 2.0 0.5 BQL 0.3

3.0 65.4 38.3 7.6 6.1 136.5 5.1 1.8 0.6 0.7
3.5 64.6 65.3 3.8 10.2 197.2 8.6 1.8 BQL 1.0
4.5 103.8 149.1 6.3 7.2 477.0 25.3 3.1 1.3 2.7
!5.5 142.9 226.2 3.1 12.6 696.9 38.6 2.9 2.9 3.8
6.5 143.6 255.3 3.5 22.4 798.4 42.6 3.1 1.8 4.1
7.5 244.1 379.6 1.9 33.0 989.0 53.7 3.1 5.3 5.4
8.5 337.1 380.0 2.2 36.1 948.4 51.1 3.1 2.0 5.3
9.5 649.9 400.0 4.5 44.3 977.4 54.1 3.1 5.6 5.8

10.0 871.0 396.3 6.1 32.8 948.9 54.1 4.1 6.4 5.7
1015 1288.0 415.9 12.5 13.9 908.5 54.9 9.1 9.1 5.5
11.0 2535.0 373.8 16.5 13.8 808.7 48.6 10.7 23.2 4.6
11.5 5926.0 270.3 21.4 19.7 715.6 49.8 11.8 2.8 3.4

i

Table B.6. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function of pH

after 30 minutes mixing at 75°C with 0.3% EDTA. Pulp A, 18 Kappa oxygen delignified
kraft from SouthernPine softwood.

pH Na I Mg I Al K Ca Mn Fe I zn Ba
1.5 18.7 10.5 3.6 12.2 24.1 3.1 4.7 6.5 0.1

2.0 18.8 12.0 5.6 20.4 45.0 0.9 9.3 18.1 0.2
2.5 35.2 23.6 4.1 25.7 86.3 1.9 3.1 21.4 0.3
3.0 40.5 40.8 4.5 16.3 129.7 2.1 4.2 14.8 0.7
3.5 61.0 85.8 7.4 11.2 241.5 1.1 5.6 24.6 1.2
4.,5 95.5 169.8 10.5 10.1 448.2 0.3 5.6 33.6 2.5
5.5 164.1 360.4 9.1 21.8 739.6 1.9 5.6 21.9 4.4
6.5 210.0 467.6 10.6 29.1 847.5 5.6 8.8 16.9 5.3 i
7.5 284.1 495.7 10.6 40.4 840.1 17.5 7.9 i 20.6 5.3
8.5 397.6 513.7 15.6 49.8 871.1 29.8 8.9 25.6 5.8
9.5 619.5 564.6 13.3 53.8 814.0 40.3 13.1 10.6 5.3

i

10.0 868.4 499.2 16.8 34.4 789.9 43.0 9.0 45.4 5.7
10.5 1430.0 523.8 16.7 23.0 753.0 53.9 9.7 19.4 5.4
11.0 2400.0 535.6 20.2 16.2 732.8 54.2 8.2 35.8 4.7
115 4080.0 527.3 17.7 16.2 677.4 56.7 11.8 I 20.6 3.7

i
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Table B.?. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function of pH

after 30 minutes mixing at 75°C with 0.4% DTPA. Pulp A, 18 Kappa oxygen delignified
kraft from Southern Pine softwood.

.ElNa I Mg A, K I ca I Mn I Fe Zn I Ba
1.5 _ 22.7 8.8 4.8 BQL 25.8 0.7 1.3 11.1 _ 0.2
2.0 36.5 19.5 BQL BQL 48.6 1.0 BQL 4.0 0.2
2.5 52.1 24.4 11.5 7.3 88.0 2.5 8.9 5.6 _ 0.5
3.0 65.4 46.8 5.8 7.7 149.2 3.8 5.2 6.3 0.8
3.5 38.4 109.0 37.9 9.6 278.4 3.8 20.3 92.7 1.7
4.5 133.6 221.6 33.6 17.7 542.6 0.9 16.7 44.1 3.7
5.5 166.0 272.4 43.2 114.9 692.2 1.2 17.6 87.9 4.7
6.5 227.1 459.6 40.2 239.0 748.4 6.2 26.7 89.8 5.8
7.5 229.9 506.6 11.3 162.3 725.9 15.9 11.8 9.4 5.1
8.5 388.9 424.5 45.6 272.9 827.2 23.9 15.3 84.4 6.0
9.5 521.9 506.1 19.6 243.0 766.3 26.7 9.0 14.9 7.0
10.0 799.4 247.9 38.8 144.5 747.0 30.2 12.2 78.5 6.0

10.5 1100.0 773.3 30.2 95.3 695.9 37.3 14.7 54.9 7.4

11.0 1420.0 642.0 19.7 89.1 579.3 43.0 7.5 BQL 4.4
11.5 2980.0 490.6 14.0 49.4 602.2 48.3 4.0 11.7 3.9

Table B.8. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function of pH

after 30 minutes mixing at 75°C without chelant. Pulp A, 13 Kappa oxygen delignified
kraft from Southern mixed hardwoods.

pH INa I Mg I _, I K Ca Mn I Fe I Zn I Ba
1.5 69.2 5.6 5.3 5.8 70.7 1.0 2.6 BQL 1.1

2.0 97.8 12.1 3.8 10.3 119.9 1.9 6.2. 0.2 1.2
2.5 133.5 21.0 10.7 10.4 200.1 5.0 5.3 26.8 1.9
3.0 191.8 33.4 5.1 2.0.5 283.9 8.6 5.3 14.0 2.7
3.5 295.3 55.3 3.1 BQL 528.t : 17.9 9.2 4.1 4.6

4.5 413.8 135.4 4.1 56.9 1229.7 45.7 6.9 4.7 3.9
i

5.5 539.9 200.5 9.2 64.1 1560.2 66.6 9.8 5.3 3.5
6.5 784.9 224.8 7.4 103.6 1718.0 70.9 10.2 BQL 4.2
7.5 1037.0 245.2 12.6 130.9 1695.0 71.0 8.7 6.9 14.6

I

8.5 865.7 257.8 16.5 133.8 1109.0 77.0 10.5 8.8 3.5
9.5 1265.0 252.8 16.7 163.0 1297.0 73.7 12.4 8.6 4.7
10.0 1290.0 264.5 18.0 138.8 1299.0 76.0 7.7 5.6 3.1

10.5 1441.0 267.1 17.2 117.8 1251.0 78.9 9.4 8.6 3.5
11.0 1962.0 I 254.7 20.3 BQL 1181.0 75.8 12.0 16.5 12.7
11.5 4854.0 173.2 10.2 BQL 735.5 47.9 4.6 2.3 8.9
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Table B.9. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function of pH

after 30 minutes mixing at 75°C with 0.3.% EDTA. Pulp A, 13 Kappa oxygen delignified
kraft from Southern mixed hardwoods.

pH Na I Mg Al K Ca I Mn I Fe I Zn Ba
1.5 81.7 BQL 4.7 BQL 51.4 ' 0.6 21.7 5.5 1.2

2.0 113.7 BQL 9.8 BQL 65.2 0.7 2.3 30.9 1.1
2.5 157.1 18.3 2.3 BQL 138.2 2.6 1.7 1.1 1.2
3.0 190.9 22.8 1.0 BQL 205.3 2.8 1.6 BQL 1.5

3.5 340.6 51.1 11.8 BQL 387.5 3.4 3.4 3.1 BQL
4.5 544.2 149.1 BQL BQL 1268.5 5.7 7.3 10.0 0.8
5.5 794.7 205.6 28.5 BQL 1801.0 8.7 4.8 0.3 0.3
6.5 1108.9 235.2 BQL 106.9 1683.5 11.5 5.3 3.1 0.8
7.5 1456.1 231.7 BQL 152.7 1569.6 18.8 7.8 10.2 0.8
8.5 1885.9 264.7 24.5 156.5 1380.9 27.9 9.2 3.8 0.4
9.5 2070.1 243.0 18.0 143.0 1433.7 37.2 8.8 11.5 BQL
10.0 2687.5 275.3 31.2 142.8 1559.4 44.3 13.9 10.0 0.4
10.5 2719.0 272.3 21.1 BQL 1572.3 52.5 11.1 6.5 0.4
11.0 3356.3 269.5 BQL BQL 1456.4 60.8 8.4 4.2 BQL
11.5 5960.7 247.0 24.4 BQL 1412.1 60.9 9.5 11.4 0.4

1

Table B.I 0. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function of pH

after 30 minutes mixing at 75°C with 0.4% DTPA. Pulp A, 13 Kappa oxygen delignified
kraft from Southern mixed hardwoods.

p. INa Ug I A, I K I ca I Mn I Fe Zn leaJ
1.5 26.5 BQL 3.1 BQL 27.9 1.1 1.9 1.6 0.8
2.0 41.4 6.3 BQL BQL 47,1 1.5 2.2 0.7 0.8
2.5 101.6 19.1 0.2 BQL 118.1 3.6 0.4 1.8 1.5
3.0 65.8 20.1 BQL BQL 141.2 3.6 0.8 BQL 1.1
3.5 251.2 71.7 1.6 BQL 516.7 6.3 1.8 0.4 5.0
4.5 507.6 119.2 3.0 BQL 1447.0 3.9 0.3 1.8 9.5
5.5 541.2 186.7 13.4 66.2 1354.0 6.3 2.2 1.1 13.9 I
6.5 31.5 21.3 BQL BQL 138.3 1.6 BQL BQL 1.9
7.5 900.0 265.1 9.9 161.1 1000.0 21.7 9.0 14.2 18.0
8.5 850.6 166.5 14.1 136.2 816.6 16.7 5.0 4.8 2..7
9.5 1580.0 187.5 19.5 138.0 1263.0 28.5 8.4 8.9 4.7

10.0 11175.0 197.9 18.7 122.4 915.5 34.6 10.6 6.3 4.6
i

10.5 1460.0 185.1 20.5 85.7 976.6 35.0 11.2 1.7 I 5.8
11.0 1342.0 169.0 18.0 BQL 793.0 38.6 7.4 4.9 6.2
11.5 4378.0 205.7 15.9 BQL 1412.0 64.1 10.1 3.4 5.4
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Table B.11. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function of pH

after 30 minutes mixing at 75°C without chelant. Pulp A, 29 Kappa conventional kraft
from Southern Pine softwood.

pH Na I Mg I Al K Ca Mn Fe I Zn Ba
1.5 12.2 230.8 8.6 14.1 31.1 1.1 16.0 19.4 0.2
2.0 17.9 219.1 6.1 10.3 75.0 1.9 14.8 13.5 1.9
2.5 33.0 224.3 12.3 31.5 76.8 3.2 17.0 16.6 0.4
3.0 35.7 215.8 12.7 12.8 96.2 4.8 14.4 25.7 0.6

13.5 36.5 213.8 13.7 BQL 181.7 11.9 13.8 6.7 1.6
4.5 72.4 184.2 17.2 15.2 463.7 34.9 16.1 12.6 4.7
5.5 107.8 237.7 6.5 3.1 781.4 65.4 9.7 13.4 7.6
6.5 204.5 236.6 13.2 27.2 941.3 78.3 11.2 23.1 8.6
7.5 247.7 299.8 12.1 48.9 1016.0 85.1 13.3 12.8 9.9
8.5 317.1 281.4 13.7 47.8 1055.0 85.3 11.1 13.5 10.2
9.5 538.4 294.7 16.0 53.5 1044.0 85.4 9.7 12.9 10.1
10.0 763.6 288.5 8.5 42.4 993.8 84.7 11.2 11.0 10.0
10.5 1241.0 256.6 5.0 23.5 912.6 78.2 14.2 11.2 8.7
11.0 1965.0 321.1 16.3 12.9 993.3 83.0 11.6 12.9 9.5
11.5 3899.0 322.9 8.5 BQL 884.4 77.3 9.4 25.0 7.7

Table B.12. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function of pH
after 30 minutes mixing at 75°C with 0.3% EDTA. Pulp A, 29 Kappa conventional kraft
from Southern Pine softwood.

pH Na I_ _, _ Ca Mn lee I Zn Ba
1.5 18.4 199.9 8.2 BQL 33.7 1.1 18.9 13.7 0.2
2.0 19.9 199.6 3.7 BQL 41.3 1.3 17.0 6.9 0.2

2.5 30.0 184.7 9.7 7.1 68.0 1.9 25.9 9.3 0.4

3.0 42.5 194.7 8.0 BQL 101.1 2.9 21.6 7.1 0.7
3.5 40.1 158.8 3.1 11.5 176.9 2.1 15.9 3.1 1.5
4.5 71.5 201.7 13.3 13.8 466.0 0.9 19.7 6.8 4.5

5.5 138.7 256.3 19.2 24.6 831.6 1.5 17.5 8.2 8.4
6.5 193.5 273.2 16.8 39.3 850.9 2.3 16.1 BQL 9.2
7.5 333.4 300.1 19.0 55.2 919.6 8.2 18.3 BQL 10.1
8.5 429.2 295.6 17.5 62.9 _884.0 16.4 13.5 BQL 9.9

9.5 649.3 i 291.9 23.6 i 53.0 849.8 26.7 12.1 2.0 : 9.7
10.0 882.6 299.0 16.7 34.4 852.8 40.7 10.7 BQL 9.8
!10.5 1192.0 302.7 16.0 27.6 784.4 50.4 12.5 10.0 8.4

tl .0 2128.0 315.9 15.1 16.3 731.5 70.9 13.2 4.6 8.51 5 3992.0 313.6 18.9 15.3 610.1 69.1 15.4 13.2 5.2
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Table B.13. Concentration of metal bound to pulp (mg/kg o.d. fiber) as a function ofpH

after 30 minutes mixing at 75°C with 0.4% DTPA. Pulp A, 29 Kappa conventional kraft
from Southern Pine softwood.

pH INa Mgl A, I K I Ca I Mn Fe Zn I Ba
1.5 13.4 214.1 BQL BQL 23.4 1.0 13.8 8.9 0.2

2.0 17.3 230.7 3.9 BQL 48.0 1.2 12.9 17.3 0.4
2.5 21.1 227.1 4.4 BQL 85.8 3.6 15.2 13.9 0.6
_.o _.o 217.oBQLBQ, 116.6S.0 ll.S l_.S 1.0
3.5 56.0 176.5 BQL BQL 202.4 4.9 10.0 20.4 1.7
4.s 85.2 250.97._ BQLs64.4 1.7 10.4 23.6 s.o
5.5 125.7 227.8 15.6 BQL 787.0 0.7 11.3 BQL 8.3
6.5 201.3 202.9 2.6 33.1 748.1 1.1 5.7 7.4 9.6

7.5 300.2 266.5 10.8 15.8 768.2 ] 3.4 15.8 36.7 9.9
8.5 308.7 241.6 11.0 50.3 721.2i 5.5 13.7 6.3 9.1

{
9.5 i 581.4 239.6 13.9 45.0 654.8 9.8 11.7 8.2 8.9
10.0 748.4 273.4 8.2 42.0 691.6 10.2 12.9 11.1 8.7
10.5 1127.0 291.7 17.4 24.8 682.6 18.0 16.6 5.1 9.0

11.0 2015.0 284.2 14.4 i 18.5 612.6 48.4 14.0 8.3 8.0
11.5 5115.0 328.8 6.6 ! 13.5 568.7 64.0 27.8 9.4 ! 6.0
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Figure B.1. Fiber-bound sodium as a function ofpH. Pulp A, Southern Pine 18

Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.2. Fiber-bound magnesium as a function ofpH. Pulp A, Southern Pine

18 Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.3. Fiber-bound aluminum as a function of pH. Pulp A, Southern Pine 18

Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.4. Fiber-bound potassium as a function of pH. Pulp A, Southern Pine 18
Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.5. Fiber-bound calcium as a function of pH. Pulp A, Southern Pine 18
Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.6. Fiber bound manganese as a function of pH. Pulp A, Southern Pine 18

Kappa. Temperature 75 ° C, 1% consistency slurry, 30 minutes mixing.
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Figure B.7. Fiber-bound iron as a function of pH. Pulp A, Southern Pine 18

Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.8. Fiber-bound zinc as a function ofpH. Pulp A, Southern Pine 18

Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.9. Fiber-bound barium as a function of pH. Pulp A, Southern Pine 18

Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.10. Fiber-bound sodium as a function of pH. Pulp B, HW 13Kappa.
Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.11. Fiber-bound magnesium as a function of pH. Pulp B HW 13Kappa.
Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.12. Fiber-bound aluminum as a function of pH. Pulp B, HW 13 Kappa.
Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.13. Fiber-bound potassium as a function of pH. Pulp B, HW 13 Kappa.
Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.14. Fiber-bound calcium as a function of pH. Pulp B, HW 13 Kappa.

Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.15. Fiber bound manganese as a function of pH. Pulp B HW t3 Kappa.

Temperature 75 ° C, 1% consistency slurry, 30 minutes mixing.
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Figure B.16. Fiber-bound iron as a function of pH. Pulp B, HW 13 Kappa.
Temperature 75°C, 1% consistency slurry, 30 minutes _ng.
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Figure B.17. Fiber-bound zinc as a function of pH. Pulp B, HW 13 Kappa.
Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.18. Fiber-bound barium as a function ofpH. Pulp B, HW 13 Kappa.

Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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Figure B.19. Fiber-bound sodium as a function of pH. Pulp C, Southern Pine 29

Kappa. Temperature 75°C, 1% consistency slurry, 30 minutes mixing.
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