CHEMICAL PULPING AND BLEACHING
ANNUAL PROGRAM REVIEW

(Volume #1)

MARCH 20, 1996



CHEMICAL PULPING AND BLEACHING
ANNUAL PROGRAM REVIEW

(Volume #1)

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 #1)

Sulfur-free Selective Pulping Process:

Catalysts-from-Lignin 1
Chemical Fundamentals of Bleaching: 19
Ozone Bleaching 27

High Efficiency Peroxide Bleaching 57
Bio-assisted Bleaching 87
Student Related Studies 97

Relationship Between Residual Lignin Structure and
Pulp Bleachability (Attachment #1) 99

Interaction of Hydrogen Peroxide and Chlorine Doxide
Stages in ECF Bleaching (Attachment #2) 109




ii



SULFUR-FREE SELECTIVE PULPING PROCESS






Sulfur-Free Selective Pulping Project 3661
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OBJECTIVE: The objective of this project is to develop the synthesis of a low-cost
catalyst which, when used in pulping systems, will increase pulping
rates and product yields, while reducing the dependence on sulfur
additives. The process under investigation is based on conversion of
an inexpensive pulping by-product, lignin, to a useful quinone-type
pulping catalyst.

IPST GOAL: Improved pulping processes
SUMMARY:

A joint research effort between IPST and the National Renewable Energy Laboratory
(NREL), with funding from the Department of Energy, is being conducted on ways
to produce cost-effective pulping catalysts from lignin. The process involves
treating a lignin with an oxidizing agent to give a mixture of benzoquinones, which
are then converted into non-aromatic dimethylanthraquinone (DMAQ) precursors
by treatment with a diene (Diels-Alder reaction); final conversion of these pre-
cursors to DMAQ occurs by loss of methanol and hydrogen, either during reaction
or in a separate step (Fig. 1). Our present proceedures provide a catalysts mixture
that is equivalent to ~$3/1b AQ; we are striving to get ~$1/lb AQ
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Figure 1. Chemical steps in the conversion of lignin to an AQ.
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Research Results since March 1995:

Multiple NO, oxidations of syringyl alcohol and syringaldehyde established that
2-5 equiv. of NO; gave consistantly high yields of dimethoxybenzoquinone
(DMBQ).

Methyl formate was formed in the NO; oxidation of syringaldehyde; this con-
firms the existance of an intermediate hemiacetal structure.

Liquors from NO2/CH3OH oxidations can be recycled; however, the yield of
DMBQ decreased with each reuse. Methyl nitrite, which has been identified in
product mixtures, appears to be the source of NO; for subsequent oxidations.

¢ Residual lignins from NO; oxidations were found to be partially nitrated.
e Oxidants other than NO; have been examined; none have performed as well as

NO3s.

Steam-exploded yellow poplar lignin gave the highest yields of DMBQ yet ob-
served for an untreated lignin.

In general, interrupted kraft and soda/AQ pulping of hardwoods gave lignins that
were more suitable for oxidative degradation than lignin from completed cooks.
Solvent extraction of lignins prior to oxidation increased the yield of DMBQ.
Acidolysis of lignin was re-examined for its effectiveness as a pre-treatment; yield
increases for DMBQ were not sufficient to warrent further study.

Attempted fractionation of lignins using amines and laccase/ABTS caused signifi-
cant decreases in the yield of DMBQ.

Several oxidants were examined in connection with the Diels-Alder step; none
were found to be that effective in increasing DMAQ yields.

Non-DMAQ components of the Diels-Alder reaction mixture were found to be
ineffective as delignification catalysts.

Pure DMAQ was synthesized and found to be at least twice as effective as AQ in
soda/AQ, kraft/ AQ, and polysulfide/AQ pulping experiments.

Planned Activities for the Next Year (Joint with NREL):

Prepare a half of pound of catalyst mixture to use in expanded pulping and bleach-
ing experiments.

Continue to assess methods to fragment whole lignins to simple monomers,
either prior to, during, or after NO, oxidation.

¢ Continue to evaluate lignin sources and lignin fractionation techniques.
e Conduct further pulping studies with pure DMAQ and with the non-aromatic

components in mixtures that contain DMAQ.

Assessment of the bleachability of pulps prepared from DMBQ/isoprene reaction.
Assess performance of lignin oxidation technology.

Refine Diels-Alder conditions for maximium yield of DMAQ with water and with
organic solvents; considering economics, select conditions for scale up.

Select technology for a larger scale production of the catalyst mixture.

e Completion of new economic evaluation of process.

Prepare an annual report to DOE.
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STATUS REPORT

SULFUR-FREE SELECTIVE PULPING PROCESS (IPST PROJECT 3661)

INTRODUCTION

The research reported here outlines work done at IPST since the last Status Report.
A substantial amount of research has been performed at NREL in the last year. As
in other years, this will be described in our annual report to DOE. The research at
NREL compliments IPST research by examining alternative chemical synthesis
methods, providing ways to get suitable lignin starting materials, and conducting
technoeconomic evaluations. A very detailed description of the project and the
research results to date is available in our annual reports to DOE.

The principal focus of the research described in this report has been to improve the
overall yield of pulping catalyst (DMAQ) from lignin; the cost of the catalyst is most
affected by the yield of the process. Previous results have shown that only phenolic,
syringyl lignin units are readily converted to DMBQ by NO;. This means that only
terminal syringyl end units of a hardwood lignin polymer will be converted to
benzoquinones by NO; oxidization. ‘

Our research efforts have been focused in four areas: (1) optimizing the formation
of DMBQ from lignin model compounds; (2) identify suitable lignin sources; (3)
development of lignin fractionating techniques for the isolation of low molecular
weight lignin; (4) optimize the conversion of DMBQ to pulping catalyst DMAQ; and
(5) evaluations of the pulping activity of our catalytic mixture.

OPTIMIZING DMBQ YIELDS FROM LIGNIN MODEL COMPOUNDS

Stoichiometry of NO2 Oxidations

A series of reactions were conducted in an attempt to determine the stoichiometry
of the NO» oxidation of syringyl alcohol and syringaldehyde (Figures 1 and 2). The
results suggest that the reaction of NO; with the model compounds is more
complex than previously thought; however, the yield of DMBQ seems to be most
consistent when the number of equivalents of NO; is between 2 and 5. As little as
0.75 equivalents of NOj is quite effective with syringyl alcohol. Yields are much
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We do not understand the

improved by higher levels of NO; in the case of syringaldehyde; however, there is

an occasional low equivalent run that performs well.

variability that exists in these experiments.
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In addition to the formation of (solid) DMBQ, the oxidation of syringaldehyde led to
a headspace that contained carbon dioxide, nitrogen, oxygen, water, NO, NO3y,

The presence of CO7, N2, O and HyO was not surprising since no attempts were

methanol, methyl formate and methyl nitrite.
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taken to exclude air. The identification of methyl formate supports our assertion
that the actual species undergoing the oxidative cleavage is the hemiacetal of
syringaldehyde:

CHO HO-CH-OMe
MeOH
—_— -
H -NO
CH;0 OCH, CH,0 OCH; l 2
OH OH
Syringaldehyde Hemiacetal l
o
+ HCO,Me
CH,0 OCH, Methyl Formate
DMBQ

A set of reactions were run in the presence of catalytic amounts of p-toluenesulfonic
acid and iron (III) sulfate (Figure 3). The former was tested since it would catalyze
hemiacetal formation, while the latter might facilitate the formation of phenoxy
radicals. Neither reagent was very effective in promoting the oxidation of
syringaldehyde (the typical uncatalyzed yield of DMBQ is 80-90%). Both catalysts
resulted in the formation of an additional product, 2,6-dimethoxy-4-nitrophenol.

llron (1) Catalyzed B Acid Catalyzedl

% Yield DMBQ

< o ~ - N~ o @© (223 N~
© (=] o w wn Te] «© o o o <
o o - - - Ad N N <

Oxidant (equiv)

Figure 3: NO; Oxidation of Syringaldehyde in the Presence of Catalysts.
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Series Oxidations of Syringaldehyde and Syringyl alcohol

The presence of methyl nitrite indicates that NO; reacts with methanol to give
2NO2 + MeOH — MeONO + HNOs3.
reversible, meaning that methyl nitrite can break down to provide NOj, which is

methyl nitrite: This reaction is likely
likely the actual oxidant in the system. If so, the spent liquors from an oxidation
step may be capable of oxidizing additional model compounds.

To test if this reaction is reversible, we performed an experiment in which the
filtered solution from one oxidation (6 equiv. of NOy, 76% DMBQ yield) was used to
conduct another oxidation of new syringaldehyde; the headspace was flushed
between oxidations. The DMBQ yield was 56% on the first solution reuse and 36%
on a second reuse. Addition of KpCOs3 to the first solution dropped the DMBQ yield
to 11%; KoCO3 neutralizes the HNOj3 needed the regenerate NO; from methyl
nitrite. These results show that the NO2 oxidation liquors contain the active
oxidant, NOp, in the form of methyl nitrite, and that substantial amounts of oxidant

still remain in solution after one oxidation.
Fate of NO3 in Lignin Oxidations

What is the fate of the excess NO3 in our lignin oxidations? In an attempt to answer
this question, we treated a sample of organosolv hardwood lignin with NOy, and
isolated both the DMBQ and the residual lignin. Elemental analyses (Table 1)
indicated that the untreated lignin had a molecular formula of C19H13.1N0.0604.7,
while the lignin after NO treatment had the formula of Cj0H12.9N0.4606.8- The
data indicate that approximately 50% of the aromatic rings on the residual lignin
had been nitrated. Two conclusions can be made from this result: (1) a large
amount of NOj is consumed in unproductive reactions, and (2) reuse of spent
liquors to carry out further oxidative degradation will be less effective.

Table 1: Elemental Analysis of Hardwood Lignin Samples

Lignin Before NO3 Treatment Lignin After NO3 Treatment

Element Trial 1 Trial 2 Mean Element | Trial 1 Trial 2 Mean
C 57.25% 57.16% 57.21% C 48.43% 48.36% 48.40%
H 6.23% 6.25% 6.24% H 5.13% 5.19% 5.16%
N 0.41% 0.38% 0.395% N 2.62% 2.61% 2.615%
04 36.15% o4 43.83%

4 Assumes that the remainder of the mass corresponds to oxygen.
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Alternatives to NO> Oxidation

Several attempts were directed at finding an alternative to NO2. The use of oxygen
in methanol was examined. Here, we hoped to take advantage of the low solubility
of DMBQ in methanol. Many different model compounds and different reaction
conditions were explored; however, none or only very small amounts of DMBQ
were observed. Singlet oxygen, generated from aqueous sodium hypochlorite/ hy-
drogen peroxide, provided incomplete (but clean) conversions of model compounds
to DMBQ, but was very ineffective (<1% yield) with a hardwood lignin. The combi-
nation of ClO; and alkaline HyO7 gave a 68% yield of DMBQ from syringaldehyde;
when the reagents were used separately, the DMBQ yields were 0 and 14%, respec-
tively. The combination gave <1% yields of DMBQ from a hardwood lignin.
Catalytic quantities of polyoxometalates with hydrogen peroxide also proved ineffec-
tive as a way to increase DMBQ yields. Several different mole ratios were tried with
each of the oxidants described above; however, significant yield improvements were
not observed. Nitrogen dioxide is still the best oxidant that we have examined.

IDENTIFICATION OF SUITABLE LIGNIN SOURCES

We have begun examining lignins in black liquors that come from different pulping
times. These studies have involved kraft, soda/AQ and organosolv hardwood
lignins (Figures 4 and 5). Indeed, the DMBQ yield from oxidation of the different
lignins with NOj depends on the cook time. The goal here is to use a liquor that
contains a large amount of low molecular weight, uncondensed lignin. We have
also evaluated three steam exploded lignins. The yellow poplar steam exploded
lignins were obtained using three different conditions (log Ro 3.99, 4.23, and 4.50).
These lignins were treated with standard NO; oxidation conditions (Figure 6). The
lignin sample that was prepared under the most vigorous conditions (log Ry 4.50)
gave the highest DMBQ yield (9.3%). This is one of the highest yields of DMBQ that
we have obtained from a lignin sample which had not been subjected to a solvent
extraction step. We plan to carry out solvent extractions on this lignin in an attempt
to further increase the yield of DMBQ. We will be contacting W.G. Glasser to obtain
other steam exploded lignin samples prepared under a variety of conditions. While
cellulose obtained from steam explosion processes is not suitable for the preparation
of paper, it can serve as a valuable feedstock for the chemical industry.
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Figure 4: Oxidation of Hardwood Lignins Generated by Kraft and Soda/AQ Pulping.
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Figure 5: Oxidation of Hardwood Lignins Generated by Organosolv Pulping.
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Figure 6: Oxidation of Steam Exploded Yellow Poplar Lignin.
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LIGNIN FRACTIONATING TECHNIQUES

Solvent Extraction

We have previously shown that yield of DMBQ can be substantially increased by
selectively extracting the low molecular weight components from a hardwood
lignin sample with methyl isobutyl ketone before performing the NO; step. How-
ever, this adds a processing step and, thus, a cost. Since the NO, oxidation step is
carried out in methanol, it was hoped that a method could be developed for the
selective extraction of low molecular weight components using methanol. A com-
parison has been made between a methanol and methyl isobutyl ketone extraction
prior to NO2 treatment of a kraft hardwood lignin (Figure 7). Methanol extraction
resulted in a 22% increase in the yield of DMBQ (6.8% — 8.3%); for some unexplain-
able reason the yield went down with the MIBK extraction.

B

AR

% Yield DMBQ
O=4 MW hHhO ON®O O

None Methyl Methanol Methanol
isobutyl (100mg/mL) (200mg/mL)
ketone

Solvent

Figure 7: Oxidation of Solvent Extracted Kraft Hardwood Lignin.
Acidolysis

Lignins were treated with 0.2 M HCI in aqueous dioxane (90%), a procedure known
to cause depolymerization, and then oxidized with NOj. The effect of acidolysis
time on the yield of DMBQ obtained from the oxidation step was monitored (Figure
8). It was found that the yield of DMBQ varied considerably and, except for a 34%
increase at 3 hr, was generally less than the control. It appears that the cost vs value
of implementing an acid pretreatment step would be unfavorable.

11
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Figure 8: Oxidation of Kraft Hardwood Lignins after Acidolysis.

Lignin Dimer Model Fractionation using Lewis Chemistry

We believe that a substantial increases in the yield of DMBQ are possible if the 3-Og4
ether linkages can be cleaved without demethylation. Sala and Sargentl? have
described a simple, highly selective method for the cleavage of isopropyl aryl ethers
(Equations 1 and 2). Treatment of the substrate with an excess of either boron
trichloride or titanium tetrachloride followed by treatment with aqueous 1.0 M HCI,
gave the corresponding phenol in high yield. Boron trichloride was found to react
more rapidly and gave less complex reaction mixtures than titanium tetrachloride.

e Me Me
CHO PrO OMe CHO HO OMe )
BCl,; CH,Cl,
———
MeO 0°C;05h
o) o
Me CO,Me Me CO,Me
CsHy, CsHyy
OHC CO.Me OHC CO,Me
M tia, e, M )
_——
Pro OMe 0-25°C;05h 4 OMe

12
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Since the major linkage in lignin is the B-O4 ether, a functionalized isopropyl ether,
using either BCl3 or TiCly should dramatically increase the number phenolic end
groups present and thus increase our yield of DMBQ. Prior to investigating the
effectiveness of these reagents for the aryl ether cleavage of lignin, we synthesized a
non-phenolic syringyl-B-O4-guaiacyl lignin dimer 1 to determine if the hydroxyl
groups on Cq and Cy would adversely effect the course of the reaction.

MeO
OH OMe
MeO Me

MeO O /

o— B\

MeO O
MeO OH Me
OMe MeO Cl
1 2

Treatment of this dimer model with BCl3 under a variety of conditions resulted in
yields of 2-methoxy-4-methylphenol between 36-50%. Analysis of the crude reaction
mixtures by 1H NMR indicated that only trace amounts of the $-O4 ether linkage
remained. The low recovery of phenol product, togéther with the absence of
starting material, suggests that the hydrolysis of expected phenol-borate ester 2 may
be incomplete, and/or other nondetectable products are formed. Since the presence
of the hydroxyl groups did not seem to adversely effect the reaction, we also carried
out the reaction in methanol; however, the yields were worst.

Attempted Fractionation of Organosolv Lignins using Pulping Agents

Since organosolv lignins are obtained in the absence of traditional pulping agents
(NaOH and NaSH), they may contain functionality which can be further degraded by
subsequent treatment with these agents. An organosolv hardwood lignin was
treated with aqueous solutions of NaOH, NaSH, NH4OH, NH>OH-HCIl, ethanol-
amine and ethylene diamine at 170 °C for 30 min. The lignins were then isolated by
acidification to pH 1 or 7 using HCI and subjected to NO; oxidation. In every case
that the yield of DMBQ decreased. The effluents from these reactions were found to
contain only trace amounts of soluble organic compounds; no further investigations
are planned.

13
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Attempted Fractionation of Organosolv Lignins using Laccase/ABTS

Recent literature references document the ability of laccase/ABTS to delignify kraft
pulps without out substantial degradation of cellulose. This has led us to examine
the possibility of using laccase/ABTS as a lignin pretreatment to fractionate
hardwood lignins into smaller units suitable for NO2 oxidation. Since little is
known with regard to the reaction of dissolved lignin with laccase/ABTS, we set up
a statistically designed experiment to examine several factors: type of lignin (kraft
versus organosolv using the same chip source); amount of laccase (2-3% versus 10-
11% based on lignin); amount of ABTS (2-3% versus 10-11% based on lignin) and
time (1 hr and 24 hr). The effectiveness of each trial was determined by subsequent
NO; oxidation on the isolated lignins. The yield of DMBQ from each of the enzyme
treated lignin samples was compared to that of the parent lignin. Unfortunately, in
all cases the yield of DMBQ was significantly lower than that of the untreated
lignins. These results suggest that the principle mode of delignification by the
laccase/ABTS catalyst involves demethylation.

OPTIMIZATION AND PRODUCT IDENTIFICATION OF DIELS-ALDER REACTIONS

We have continued to work on ways to increase the yield of dimethylanthraquin-
one (DMAQ) in the Diels-Alder reaction. This work has concentrated on the addi-
tion of oxidants to the DMBQ/isoprene mixture; the goal was to convert more of the
mono-adducts to aromatic naphthaquinones, which are key components in generat-
ing bis-adducts. In general, the addition of polyoxometalates and other oxidants led
to lower total combined yields of DMAQ and non-aromatic DMAQs. There were a
few exceptions, such as V20Os; however, the small yield improvements probably
would not offset the cost of the reagent.

Analysis by GC-MS of the crude reaction mixture formed in the aqueous Diels-Alder
reaction of DMBQ allowed for the tentative structural assignments for several com-
ponents of the mixture (Figure 9). Several attempts to isolate specific fractions, i.e.,
non aromatic bis-adducts failed; since several components of the mixture are not
stable to chromatography. The NMR spectra of crude reaction products agree with
proposed product composition. It appears that those components that convert to
DMAQ upon chromatography will do the same during pulping and, thus,
contribute to the mixture's pulping activity. The other components will be inactive.

14
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Figure 9: Components in the Aqueous DMBQ/Isoprene Diels-Alder Reaction.

15
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Figure 12: Activity of DMAQ in Kraft/AQ Pulping.

I Kappa Number B % Yield |

AQ (0.10%) DMAQ (0.025%) DMAQ (0.05%) DMAQ (0.10%)
Additive

Figure 13: Activity of DMAQ in PS/AQ Pulping.

SUMMARY

A lignin sample that is a mixture of high and low molecular weight components
will require a large excess of NO; to make DMBQ, since several unproductive
lignin/NO; reactions will occur. The most effective way to lower the cost of AQ-
from-lignin will probably require obtaining a very low molecular weight lignin
fraction, either by extraction or a fragmentation reaction. In this case, oxidation
yields will be high and the recycling the NO; oxidation liquors should be possible.
Our results indicate that DMAQ is twice as effective as AQ in soda/AQ, kraft/AQ
and polysulfide/AQ pulping. The non-DMAQ portion of our Diels-Alder mixtures
has low catalytic activity.

17
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FUTURE STUDIES

Future research will focus on the items listed below. The scale of the lignin-to-cata-
lyst process will be progressively increased in size, thus, allowing more complete
evaluation of the process steps and product characteristics. The size will be suffi-
cient for updating technoeconomic assessments and for demonstrating the feasibil-
ity of each stage of the process prior to pilot plant operation and transfer of the tech-
nology to the industry.

* Prepare about a half of pound of catalyst mixture to use in expanded pulping
and bleaching experiments.

e Assessment of catalyst performance under a variety of pulping conditions,
including extended delignification.

* Assessment of the bleachability of pulps prepared from DMBQ/isoprene reac-
tion.

e Improve the yields of benzoquinone from the lignin oxidation step.
The oxidation step is the most challenging step in the process and the one
where there is lots of room for improvement. A doubling or tripling of the
DMBQ yield (10 — 20-30%) will have a major impact on our catalyst cost. The
yields of the oxidation step might be improved through better oxidation tech-
nology, different lignin sources, and/or lignin pretreatment.

* Refine Diels-Alder conditions for maximium yield of DMAQ with water and
with organic solvents; considering economics, select conditions for scale up.

* Select technology for production of up to 1 Ib. of catalyst mixture.

e Completion of new economic evaluation of process.

e Prepare an annual report to DOE.

18
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TECHNICAL PROGRAM REVIEW

PROJECT TITLE FUNDAMENTALS OF BLEACHING CHEMISTRY
PROJECT STAFF L. B. Sonnenberg, A. J. Ragauskas, D.R. Dimmel
BUDGET $220,000

DIVISION Chemical and Biological Sciences

PROJECT NUMBER FO15

OBJECTIVE

Provide a fundamental understanding of the physical and chemical reactions that
control lignin removal and carbohydrate degradation during new bleaching
sequences. Understand the reasons for selectivity of reactions that occur in
selected pulping and bleaching sequences. Work in concert with Project F013
on bleach process technology. Focus areas are ozone bleaching fundamentals,

high efficiency peroxide bleaching, and, biobleaching technologies.

PROGRAM SUMMARY

Ozone Bleaching Fundamentals - L. B. Sonnenberg

Goal -The long term objective of this project is to optimize the selectivity and
efficiency of ozonation. The current goal is to determine the effect of pulping and
oxygen delignification on bleachability by ozone. The impact of the pulping and
oxygen delignification processes on the chemistry of ozone bleaching is
determined by chemical and physical characterization of the pulps and dissolved

byproducts before and after each process.

Summary - In current work, three pulps were oxygen delignified to a range

between 30 and 60% delignification, and each were ozone bleached at a
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constant, low charge (0.4%) at high consistency. The pulp and dissolved
byproducts have been characterized. The three softwood mill pulps included a
conventional kraft pulp (kappa number 31, viscosity 29), a low lignin kraft pulp
(kappa number 22, viscosity 24), and a polysulfide anthraquinone pulp (kappa
number 22, viscosity 18). Results indicate that pulping conditions significantly
affect the reactivity of each pulp constituent to oxygen and ozone. Pulping with
polysulfide anthraquinone produced a pulp with low viscosity; however, the
PSAQ pulp exhibited a very small reduction in viscosity by oxygen and only a
moderate reduction by ozone. The stabilization of the PSAQ pulp to oxygen and
ozone did not appear to be related to oxidation of carbohydrate reducing end
groups because carboxylic concentrations were similar between the PSAQ pulp
and the low lignin kraft pulp. The K-31 pulp exhibited the most viscosity loss by
oxygen, while K-22 pulp was quite susceptible to viscosity loss by ozone.
Despite disparate starting kappa numbers and viscosities, and despite different
susceptibilities to bleaching, final results after oxygen and ozone bleaching were
comparable; all pulps with a kappa number of about 6 had viscosities of about
12.

For all three pulps examined, the oxygen delignification between 30 and
50% caused changes such that carbohydrate depolymerization by ozone was
inhibited; however, the response above 50% delignification was variable. There
was no difference between brownstock and 30% oxygen delignified pulps in
viscosity reduction by ozone for any of the pulps; therefore, the changes in the
fiber that inhibit viscosity reduction are not produced simply by exposure to
oxygen, but they are dependent on specific levels of oxygen. In addition, oxygen
treatment between 30 to 50% delignification also enhanced the efficiency of
lignin removal by ozone for the high lignin kraft pulp such that 45% oxygen
delignification produced a pulp that was most efficiently delignified by ozone.

Carboxylic acid contents of pulps and filtrates were examined in order to
determine how these functional groups affect dissolution of carbohydrates.

Previous work indicated that most of the carboxylic acids measured in oxygen

22



and ozone treated pulps reside on the carbohydrates, even though concentration
of the acids in lignin increases with oxidation. The concentration of acids on the
pulps were similar throughout oxygen delignification. However, after each of the
pulps was ozonated, there was a significant drop in the carboxylic acid content
on the pulps. Furthermore, the removal of the acid groups on the pulp by ozone
sharply increased for the pulps that were oxygen delignified between 40-55% in
the two low lignin pulps. Thus, thére is a positive correlation between the
number of scissions produced by oxygen and ozone and the removal of
carboxylic acid groups, up to approximately 50% oxygen delignification. After
ozonation, there was a nearly constant quantity of total acids in the pulp plus the
dissolved byproducts. These combined results suggest that oxygen treatment
between 40 and 50% delignification induces changes in the carbohydrate
structure, such as depolymerization, so that low levels of ozone can readily
oxidize the depolymerized portions and the carboxylic acid-bearing fragments
become soluble. If a significant fraction of the ozone is consumed in these
reactions, then fewer chain cleavage reactions can occur in the carbohydrates
that remain in the fiber; consequently, viscosity loss for these pulps would be
reduced.

The behavior of lignin in the oxygen delignified and ozonated pulps was
examined by measuring phenols and methoxyl groups in whole pulps. While
oxygen produced a residual lignin that is depleted in phenols, subsequent
ozonation produced a residual lignin that is more similar to the brownstock in
phenolic content. The oxygen appears to cleave the phenols, possibly leaving
undissolved muconic acid fragments that contribute to the kappa number;
ozonation then readily cleaves these unsaturated aliphatic chains at the double
bonds. When ozone cleaves a phenolic ring, as well as an etherified phenolic
ring, the same rapid reactions of the ring cleavage products occurs and causes
dissolution of the nonaromatic fragments. The lignin remaining with the pulp is

then more similar to the parent strucure.
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Future Activity - Work is ongoing to complete the series of experiments that

have been described. The remaining pulp analyses (klason lignin, carboxylic,
phenolic, methoxylic and carbonyl groups, reduced viscosity) are in progress.
Tests for paper properties are nearly complete. Ongoing paper analyses also
include an experiment to determine the impact of temperature, pressure, and
mixing (without oxygen or alkali) on pulp wet and dry zero span tensile strength.
Work will begin on the molecular weight distributions of both the cellulose and
the dissolved byproducts within the next quarter. Longer term plans include full-
sequence bleaching of selected samples to fully examine the effect of the
processes and their resulting chemistry on final pulp quality. More extensive
paper property evaluations will be conducted in conjunction with the full
bleaching work. A second major long term goal is to test the hypotheses
developed about oxygen/ozone mechanisms on pulp using model compounds.
Specific reactions that cause depolymerization of the cellulose will be
determined, and the role of acids and other hydrophilic functional groups will be

evaluated.

High Efficiency Peroxide Bleaching - Art J. Ragauskas

The long term goal of this project is to develop low capital cost alternatives to P*
delignification. Our research thrust is to develop new methods of activating
hydrogen peroxide so as to improve delignification/brightening chemistry without
the need for high temperature/high pressure bleaching conditions.

Current Results:

Research efforts over this past fiscal year have accomplished the four research

goals established in the spring 1995 PAC, including:

1. Development of novel peroxide activators for kraft bleaching.

24



Accomplishment: Six new peroxide activators were studied for their
effectiveness of improving hydrogen peroxide and these studies demonstrated
that three additives diacetin, N,N,N,N-tetraacetylethylenediamine, and
pentaacetyl glucose improved alkaline peroxide delignification by 15%. Diethyl
pyrocarbonate was shown to enhance acidic hydrogen peroxide bleaching
chemistry. In addition, the use of a peroxide catalyst in an alkaline peroxide
stage was investigated. Under optimal conditions, employing a 0.02% charge of

catalyst, peroxide delignification was enhanced by 16%.

2. Examine the interactions between activated peroxide and ClO, bleaching

treatments.

Accomplishment:  Preliminary studies with the peroxide catalyst demonstrated

that we can improve an Ep stage by 32%

3. Determine the nature of residual lignin after activated peroxide bleaching

stage.

Accomplishment: Research studies have characterized the structure of
residual lignin after bleaching with 2.5% H,0,/70°C, 2.5% H,0,/90°C, 1.25%
H,0,/110°C, 2.5% H,0,/110°C, 2.5% H,0,/0.5% NH,CN/70°C. Changes in

residual lignin have been correlated to peroxide bleaching conditions and a new

theorem was proposed to explain the experimental data.
Biobleaching Studies - by Art J. Ragauskas
Our long term goal in this project is to develop new methods of improving kraft

bleaching operations employing enzymatic technologies.
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Current Results:

Research efforts over this past fiscal year have accomplished the two research

goals established in the spring 1995 PAC, including:

1. Explore the use of laccase mediated reactions to delignify kraft pulps and

examine its delignification chemistry.
Accomplishment: After substantial difficulties we have been successful in

establishing a laccase/N-hydroxytriazole delignification system and examine its

bleaching properties with five hardwood and softwood kraft pulps.

2. Examine use of hemicellulase enzymes on kraft pulps and interactions in kraft

pulps.

Accomplishment: Biobleaching studies with xylanase and mannanase

demonstrated that xylanase pretreatment is preferred and no synergistic
interactions between hemicellullase enzymes could be detected. Analysis of

xylanase effluents by 'H NMR detected presence of hexenuronic acids.
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FUNDAMENTALS OF BLEACHING CHEMISTRY

Ozone Bleaching
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STATUS REPORT

PROJECT TITLE FUNDAMENTALS OF BLEACHING CHEMISTRY

FUNDAMENTALS OF OZONE BLEACHING

Background and Previous Results

The implementation of ozone bleaching has been hindered by the poor
selectivity of the process compared to chlorine and chlorine dioxide bleaching.
Selectivity refers to the relative rates of reaction of ozone with carbohydrates and
lignin. One consequence of ozone reactions is dissolution of the pulp
constituents; dissolution is controlled by the introduction of hydrophilic functional
groups and the depolymerization of both carbohydrates and lignin. Ozone
selectivity can be improved by finding processes and conditions that promote
these reactions in lignin but inhibit them in carbohydrates. Several factors
determine the behavior of the pulp constituents during ozone bleaching,
including physical and chemical characteristics of the carbohydrates and lignin
before and after ozonation. The focus of most of the research reported here is
on the influence of chemical characteristics of pulps on ozone selectivity.

Hydrophilicity of residual lignin and carbohydrates is promoted by the
formation carboxylic acids, carbonyl compounds, and other hydroxy compounds;
free phenols in lignin also increase its dissolution. The relative contribution of
each of these groups is dependent on pH since ionized groups will be far more
important than neutral functional groups. The molecular size of the degraded
polymers is the second factor determining dissolution of pulp constituents. Itis
necessary to understand the impact of ozone, and its pretreatments, on the
concentrations of each of these hydrophilic groups and on the molecular size of
the pulp constituents in order to find ways to promote hydrophilicity of lignin and

reduce the hydrophilicity of carbohydrates during pulp ozonation.
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Carboxylic acids
Ozone is expected to introduce carboxylic acids to carbohydrates

primarily by chain cleavage to form a gluconic acid (Eq. 1), ring cleavage to form
a glycosidic ester susceptible to hydrolysis (Eq. 2), or by oxidation of the

reducing end of carbohydrates (Eq. 3). Further fragmentation of the sugars may
result in the formation of small, acidic fragments such as oxalic acid and glyoxilic

acid, among others. Radical reactions will produce similar types of products.

(Eq. 1)
_ o— 0 OH'/H,0 OHOH
ﬁo O H%L /;:'A +Hg\;ii¥ a0 ¥ HO %
(Eq. 2)
HO H\ﬁL “H:\T z; % orH/Hzoff;\'/ ; "
(Eq. 3)
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Ozone produces acids in lignin by ring cleavage of phenols (Eq. 4),
hydrolysis of methyl or other esters of ring cleavage products, oxidation of
gamma aldehydes, or ring cleavage of quinones. Cleavage of nonaromatic
double bonds (side chains, or muconic acid byproducts of ring cleavages) may
also produce small acids and aldehydes similar to those ascribed to

carbohydrate monomer fragmentations (Eq. 5).
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(Eq. 4)
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Despite these reaction pathways, the effect of ozone on total carboxylic
groups on the fiber is generally not large. Chirat and Lachenal (1) found a slight
increase in carboxylic content of a fully bleached pulp when it was ozonated
(from 3.2 meq/100g in unozonated pulp to 3.8 meq/100 g at 0.85% charge at
high consistency); Chandra and Gratzl (2) found COOH to fluctuate from 4.5 to
5.5 meqg/100 g pulp with ozonation. Godsay and Pearce (3) reported
substantially constant COOH levels (0.9 meqg/100g). At IPST we have found a
small reduction in carboxylic acid groups in whole pulp (less than 1 meqg/g pulp)
with high consistency ozonation of oxygen delignified kraft pulps (4).

The lignin fraction of the pulp shows a pronounced increase in carboxylic
acids as a result of ozonation, as shown in numerous studies examining residual
lignin of ozonated kraft pulp (1,4), dissolved lignin fragments from ozonated kraft
pulp (5), as well as products from the ozonation of isolated wood lignins (5,6)
and isolated kraft lignin (7,8). Earlier studies in this project also showed an
increase in lignin carboxylic concentrations with ozonation. However, the
maijority of the carboxylic groups in the pulp are borne by the carbohydrate
fraction. The combined effect of carboxylation of lignin, dissolution, and small
changes in the concentration on carbohydrates, is a variable and minimal

change in carboxylic groups in whole pulp with ozonation. It is important to note
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that some of the discrepancies between studies may be attributable to the
variable formation of lactones from both carbohydrate and lignin acids. These
lactones have been identified as products from the ozonation of the their
respective model compounds.

The quantity of carboxylic acids found on the fiber is determined not only
by the oxidizing capacity of the oxidant, but also on the dissolution of the
carboxylic-bearing fragments. If sufficient carboxylic acids are introduced, or
other structural features contribute to solubility, the carboxylic acid groups may
become dissolved and acid groups on the pulp decline. These structural
features may depend upon pre-ozonation treatments (including oxygen
delignification), ozonation conditions, and post-ozone treatment. Even
differences in sample preparation may play a role in differences in carboxylic
acid content of pulp; small differences in the pH of the washing solution of the

pulp could cause variable dissolution of the carboxylic-bearing fragment.

Carbonyl Compounds
Carbonyl groups in lignin also increase in number with ozonations (1,5,8-

10), although the extent is variable. In carbohydrates, carbonyl concentrations
tend to fluctuate, but generally increase (1-3). Most of the carbonyl compounds
are ketones. While these general trends are similar in most studies, it should be
noted that the relative abundances of carbonyl and carboxyl groups differ with
different studies. These discrepancies illustrate the difficulties in ascertaining the
dominate reaction pathways of lignin and carbohydrate degradation. The
equilibrium between chain esters, lactones, and acids, coupled with the
analytical difficulty in differentiating the carbonyl! functional groups in complex
mixtures, make elucidation of the role of hydrophilic functional groups
challenging.

it should be noted that the introduction of carbonyl groups seriously

affects the stability of carbohydrates in alkaline conditions, as well as color
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reversion. Carbonyl groups at C1, C2, and C3, have been implicated in the
susceptibility of ozonated pulp to degradation by peeling type reactions during
alkaline extraction stages. The low apparent viscosity of ozonated pulps, relative
to strength properties, has also been attributed to carbonyl groups produced by
ozone. By contrast, oxidation of C1 and C6 to acid groups imparts a resistance
to hydrolysis for carbohydrates and inhibits further degradation. Reduction of

carbonyl groups to alcoholic groups also retards degradation by ozone (11).

Phenols
Residual lignin isolated from ozonated pulp has a lower phenolic content

than residual lignin in unozonated pulp (1,8), similar to residual lignin after
oxygen and chlorine dioxide (1). However, Lachenal et al. (12) have concluded
that the aromatic carbon content of residual lignin from ozonated kraft pulp is
similar to the original residual lignin. These results can be explained by the
different reactivities of the lignin monomers. Ozone reacts at rates in decreasing
order of phenol > muconic acid > etherified phenols (13). This reactivity
sequence suggests that ozone will initally attack phenols to form muconic acid
derivatives, which have a faster reaction rate than the etherified phenols.
Therefore, before etherified phenols react, the ozone will completely destroy
phenolic rings, forming small carbonyl and acidic structures as well as leaving
acids and carbonyls on the macromolecule. The result is depletion of phenols
with retention of the aromatic content of the lignin. The hypothesis that phenolic
rings are completely consumed by ozone has been used to explain previous
studies at IPST that suggested that there was a constant phenolic content of
lignin with ozonation of pulps; relative reactivities of free phenols versus
etherified phenols were not considered. It should be noted that the IPST phenol
analyses were conducted on whole pulps rather than isolated lignins (4). These
results suggest that most ring cleavages that occur during ozone bleaching kraft

pulp ultimately cause dissolution of the lignin because of the competitive nature
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of the muconic acid reactions versus the aromatic reactions. In addition,
analyses of the dissolved fragments from ozonated pulp and groundwood show
few intact aromatic structures (5,14).

A potential consequence of the presence of phenols in ozonated pulps is
the promotion of radical formation with a resulting viscosity loss of
carbohydrates. The impact of phenol-initiated viscosity loss occurs only at low
lignin levels (15); at high levels, lignin (and phenols) protect carbohydrates by
successfully competing for the ozone and any secondary radicals that are

formed.

Molecular Size
Molecular weight distributions of residual lignin (8,12) and dissolved lignin

are not substantially changed by moderate charges of ozone. Furthermore,
there appears to be more high molecular weight material in filtrates from
ozonated pulp than from pulps treated with other bleaching reagents, including
oxygen, (Figure 1) chlorine dioxide, and chlorine (16). There is no evidence of
pore size restrictions in the dissolution of ozone-derived lignin fragments in the
size exclusion chromatogram in Figure 1. Together, the data suggest that the
biggest impact of ozone on kraft lignin is the introduction of hydrophilic groups
rather than substantial depolymerization (12). By contrast, ozone does
depolymerize cellulose (1). Chain cleavage reactions may arise from direct

reactions with ozone, such as illustrated in Eq. 1, or by radical-initiated reactions.

Oxygen
Because oxygen delignification is usually implemented prior to ozonation,

it is important to evaluate its impact on the structural features that are likely to
affect ozone reactivity and to cause dissolution. Oxygen introduces carboxylic
acids to lignin (11,12,17), but residual lignin is not as extensively carboxylated by

oxygen as by ozone (12). Oxygen attacks phenols in residual lignin to form
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carboxylic acid groups; however, according to Gellerstedt et al. (17,18), acidic
conditions before or after the treatments will regenerate phenols in the residual
lignin so that the final phenol concentration is unchanged. By contrast, our
previous estimates of phenolic content of lignin in oxygenated pulps suggest a
small depletion of free phenol with oxygen treatment, as does a >*CNMR study of
residual lignin of oxygenated pulp by Lachenal et al. (12).

Conclusions regarding the impact of oxygen on depolymerization of lignin
are variable. Lachenal et al. (12) concluded from size exclusion chromatography
that oxygen depolymerizes residual lignin, while Gellerstedt et al. (17,18)
concluded there was little difference in the molecular weights of dissolved lignins
from oxygenated pulps and kraft pulps, also based on size exclusion
chromatography. As indicated in Figure 1, our studies show that the molecular
weight distribution of dissolved oxygen lignin is narrower and more weighted
toward the low end than ozone. We conclude that even though oxygen
depolymerizes residual lignin, the hydrophilic groups are introduced only in high
enough concentration to cause dissolution of the lower molecular weight
fragments. When lignin is ozonated after oxygen, hydrophilic functional groups
are easily introduced by the ozone and the depolymerized residual lignin readily
dissolves; more extensive oxygen treatment causes a greater proportion of low
molecular weight material to become dissolved during ozonation (Figure 2).

Oxygen bleaching may alter cellulose and other polysaccharides by
forming hydroperoxides. These hydroperoxides may then heterolytically
decompose to acids and carbonyl compounds; stepwise depolymerization of the
cellulose chain occurs. Radicals associated with oxygen bleaching may also
depolymerize cellulose by promoting b elimination from a C2 keto intermediate.
Oxygen may also cleave the glucose ring, but without breaking the glycosidic
bond, leaving acidic and carbonyl funtional groups in the chain (19); the acidic
fragments may then dissolve as suggested by the reduction in carboxylic groups

in carbohydrates with oxygen treatment (4). Increases in depolymerization and
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polydispersity have been found for standard cellulose exposed to pressurized,

alkaline oxygen (20).

Selectivity
All of the structural features discussed in the previous sections are

presumed to have some effect on the selectivity of ozone reactions with pulp. Of
particular interest is the effect of the oxygen transformations of the lignin and
carbohydrates on ozone selectivity. Lindholm (21) and Chandra and Gratz! (2)
have compared ozone bleaching behavior of unbleached and 50% oxygen
delignified pulps. These researchers have found that delignification efficiency
(reduction in lignin per unit ozone consumed) is greater in unbleached pulps than
in 50% oxygen delignified pulps. Carbohydrate degradation has been reported
both to be higher for oxygen treated softwood pulps (2) and lower for oxygen
treated pulps at low consistency (21). Previous work on this project has
indicated that oxygen delignification can improve the selectivity of ozone. In
these studies, oxygen bleaching produced pulps with residual lignins that were
equally or more responsive to low charges of ozone (< 0.5%) as kraft residual
lignin. At moderate oxygen delignification (30%), there was enough lignin
remaining to protect carbohydrates so that viscosity was protected and cellulose
depolymerization was similar to unoxygenated pulp. However, at 50% oxygen
delignification (kappa number 12), carbohydrates were no longer protected and
substantial viscosity loss resulted. Thus, the moderately oxygen delignified pulp
exhibited better selectivity than either the kraft or the 50% oxygen delignified
pulp.

The purpose of the work reported below is to repeat the experiments
discussed above with several different brownstrock pulps in an attempt to find
ways to optimally implement oxygen prior to ozone. In order to achieve that

objective, we propose to define the relationships between the selectivity behavior
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of pulp during oxygen and ozone bleaching and the structural characteristics of

the pulp constituents.

Current Studies

The goal of the current set of studies is to determine the responses of
three brownstock pulps from different cooking regimes to oxygen and ozone
treatment. Pulp quality is assessed as well as functional group concentrations
and other structural characteristics of brownstock, oxygen delignified pulps, and
ozonated pulps. From these data, the dependence of oxygen and ozone
bleachability on structural features of the different pulps may be ascertained.

Figures 3 and 4 show the experimental design and Table 1 describes the
pulps and process conditions. Three pulps from the same mill were used,
including a conventional kraft pulp at kappa number 31, a kraft pulp cooked to
kappa number 22, and a polysulfide anthraquinone pulp with a kappa number of
22. Portions of each of these pulps were oxygen delignified to a range of 30-
60% delignification. These samples are designated as K-22, K-31, and PSAQ,
respectively. Each of the oxygen delignified pulps was then ozonated in
duplicate at high consistency and 0.4% ozone charge; these samples are
designated with a Z1 and Z2 suffix in the figures. The ozonated pulps were
neutralized to pH=7, washed, air dried and analyzed for the parameters listed in

Figure 4. The ozonated pulps are designated with

Selectivity

It is clear that each brownstock pulp responds differently to oxygen and
ozone. The relationship between kappa number and viscosity is given in Figure
5 for each of the three different brownstocks after oxygen delignification and
after ozonation. It is useful to examine the loss of viscosity and lignin as a
function of the extent of oxygen delignification for each bleaching process. The
information can be used to elucidate the factors that are responsible for the

relationships shown in Figure 5.
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Interestingly, the K-31 pulp showed the greatest susceptibility to viscosity
loss by oxygenation, followed by the K-22 pulp; the PSAQ cellulose was the
most resistant to depolymerization by oxygen (Figure 6). It is important to note
that the initial viscosities of the three pulps were 29, 24, and 18, respectively. All
three pulps had increased viscosity loss with increased oxygen delignification.
By contrast to oxygen, ozone caused a greater loss in viscosity in the K-22 pulp
follwed by the PSAQ pulp; the high-lignin K-31 pulp showed the least drop in
viscosity (Figure 7). The protecting effect of the lignin in K-31 is most likely
responsible for the carbohydrate preservation in these pulps. However, the
kappa numbers of the PSAQ and the K-22 pulp after the oxygen stage were
similar enough that lignin content is unlikely to be the cause for greater ozone
depolymerization in the K-22 pulp than the PSAQ pulp. Oxygen delignification
up to approximately 50% delignification appears to cause changes in all three of
the pulps such that carbohydrate depolymerization by ozone is inhibited; the
response above 50% delignification is variable. The net result of each of these
processes on the carbohydrates in the three pulps is shown in Figure (8). The
starting viscosity was low in the PSAQ pulp, but the extremely small viscosity
reduction in oxygen along with the moderate reduction during ozonation indicate
that the PSAQ carbohydrates were more resistant to depolymerization by oxygen
and ozone than the two kraft pulps. The superior resistance of the PSAQ
carbohydrates resulted in all three pulps having similar viscosities (approximately
12) at kappa numbers between 5-6 after oxygen and ozone, even though
starting viscosities were widely different. Even though there were substantial
differences in the response of each of the two kraft pulps to ozone and oxygen,
their overall responses to both oxygen and ozone together were similar. It is
important to note that reduced viscosity data that are in progress will yield more
information about the impact of oxygen and ozone on carbohydrate integrity.

Lignin in each of the three pulps, as well as the carbohydrates, responds
differently to ozonation (Figure 9). The unoxygenated PSAQ was the most

efficiently bleached by ozone; oxygen delignification caused a significant
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reduction in the efficiency of lignin removal such that at high oxygen
delignification levels, ozone bleaching of the PSAQ pulp was the least efficient of
the the three brownstocks. Differences between the two kappa number 22 pulps
were minimized by oxygen bleaching. The dependence of efficiency of the
ozone stage on oxygen delignification in the K-31 pulp is variable; however, it is
noteworthy that there is a substantial increase in the efficiency between pulps
oxygen delignified to 30 - 45% delignification. This observation corroborates our
earlier work which suggests there is an optimal oxygen delignification level that
can promote lignin dissolution by ozone.

The selectivity of the three differently treated brownstock pulps is shown
in Figures 10-12. The very low susceptibility of the PSAQ pulp to carbohydrate
deterioration by oxygen caused it to be the most selectively oxygen delignified
(Fig. 8). The selectivity of ozone was greatest toward the K-31 pulp, possibly
because of the protecting effect of the lignin on the carbohdrates. The overall
result of these processes is that the PSAQ pulp was the most selectively oxygen
and ozone bleached (Figure 12). The kraft pulps were similar, although there
appeared to be a slight advantage of the K-31 over the K-22 pulps. These
findings illustrate the importance of judicious application of the oxygen stage
prior to ozone, because of the greater harm to the carbohydrates in that stage

compared to the ozone stage.

Carboxylic Acids

The concentration of carboxylic acids on the different oxygenated and
ozonated pulps is given in Figure 13 as a function of final kappa number. The K-
31 pulp contained the highest levels of acids, even accounting for differences in
lignin content; higher concentrations of hemicelluloses with glucuronic acids may
have contributed to the higher carboxylic acid content. The stabilization of the
PSAQ pulp to oxygen and ozone did not appear to be related to oxidation of
carbohydrate reducing end groups because carboxylic concentrations were

similar between the PSAQ pulp and the low lignin kraft pulp. The K-22 pulp lost
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a slight amount of acid groups with oxygen delignification, but the K-31 and
PSAQ pulps maintained a fairly constant carboxylic content with oxygen
delignification. Ozonation caused a decrease in the carboxylic acid content of
the K-22 pulps and to a smaller extent, the PSAQ pulps; carboxylic acid data
from the other ozonated pulp are pending.

It is interesting that ozone caused a decrease in carboxylic acid content in
the K-22 pulp and the PSAQ pulp (Figure 14), since ozone is expected to create
significant quantities of acid groups. By measuring the equivalents of base
required to neutralize a slurry of ozonated pulp, an estimate of the total quantity
of acids resulting in the pulp and the pulp fragments can be determined (Figures
14 and 15). It should be noted that the K-22 measurements of total acidity are
likely to have greater variability because methods were in development with
these samples. It appears that the overall equivalents of acid present in these
ozonated mixtures is fairly constant with oxygen delignification for the PSAQ
pulp; however, as mentioned previously, pulp quantities of acid decrease up to
approximately 50% oxygen delignification. Thus, the proportion of carboxylic
acids produced in solution by ozone increases with oxygen delignification, again,
up to about 50% delignification. Apparently, when ozone introduces carboxylic
acid groups onto pulp constituents after oxygen delignification, there is rapid
dissolution of the carboxylic-bearing fragment. Preliminary results also indicate
that the dissolved organic carbon in the ozone filtrates are more highly
carboxylated in the oxygen delignified pulps than the brownstocks. These
findings support the hypothesis that dissolution of acidic functional groups occurs
more when oxygen treated pulps are ozonated than when brownstock pulps are
ozonated.

A more detailed picture of how the pulp loses its carboxylic groups is
provided in Figure 16. It can be observed that there is a greater drop in the
COOH content in the K-22 pulp compared to the PSAQ pulp. Both pulps show a
pronounced reduction in COOH when ozone is preceded by 40-55% oxygen

delignification. This response corresponds to a reduction in viscosity loss (i.e.,
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preservation of viscosity) from ozone (Figure 3). Therefore, the weak,
carbohydrate portions bearing the carboxylic groups must be dissolved from the
40-50% oxygen delignified pulps, leaving behind more intact, highly polymerized
carbohydrates. If this reasoning is correct, than a relationship is expected
between the COOH reduction by ozone and carbohydrate characteristics. Figure
16 shows the relationship between the the number of carbohydrate chain
scissions induced by oxygen and ozone and the loss of COOH with ozonation.
Although chain scissions may not necessarily produce large amounts of
carboxylic groups, the chain cleavages also increase the number of reducing
ends that can be readily oxidized to acids. There is a positive correlation
between the loss of carboxylic acid groups and the total number of chain
scissions that occur from oxygen and ozone, particularly for the pulps with < 50%
oxygen delignification. Therefore, carbohydrate depolymerization and
subsequent dissolution of the oxidized portions of the carbohydrates produces a
pulp with lower carboxylic acid contents and a filtrate with higher acidic content.
Similar trends are not observed with the loss of lignin. It is important to consider
carbonyl compounds, as well as carboxylic acid groups, in determining factors

that cause dissolution; these analyses are in progress.

Phenolic and Methoxyl Groups

The current data agree with other results in which oxygen depletes
phenolic structures in lignin and ozonation produces residual lignins similar to
kraft residual lignins. If residual lignin does not become structurally modified with
respect to phenolic content by oxygen and ozone, then the phenol concentration
in pulp should decrease linearly with lignin content in the pulp. In Figure 18, the
depletion of phenols in oxygen-treated lignin is indicated by the points below the
line showing the theoretical phenolic content for the unozonated, oxygen
delignified K-22 pulp. By contrast, the phenolic content of the ozonated K-22
pulp is closer to theoretical values. The oxygen appears to cleave the phenols,

perhaps leaving undissolved muconic acid fragments that contribute to the
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kappa number; ozonation readily cleaves these unsaturated aliphatic chains at
the double bonds. When ozone cleaves a phenolic ring, as well as an etherified
phenolic ring, the same rapid reactions of the ring cleavage products occurs and
causes dissolution of the nonaromatic fragments. The lignin remaining with the
pulp is then more similar to the parent strucure. A similar treatment of the
methoxyl data (Figure 19) shows that oxygen did not preferentially reduce or
enrich the methoxyl content. By contrast, ozonation of the oxygen delignified
pulps appeared to cause an enrichment of methoxylic structures in the pulp, but
ozonation of the brownstock produced a lignin that was similar to the brownstock

in methoxyl content.

Summary

Pulping conditions significantly affect the reactivity of each pulp constituent to
oxygen and ozone. Pulping with polysulfide anthraquinone produced a pulp with
low viscosity; however, the PSAQ pulp exhibited a very small reduction in
viscosity by oxygen and only a moderate reduction by ozone. The stabilization
of the PSAQ pulp to oxygen and ozone did not appear to be related to oxidation
of carbohydrate reducing end groups because carboxylic concentrations were
similar between the PSAQ pulp and the low lignin kraft pulp. The K-31 pulp
exhibited the most viscosity loss by oxygen, while K-22 pulp was quite
susceptible to viscosity loss by ozone. Despite disparate starting kappa
numbers and viscosities, and despite different susceptibilities to bleaching, final
results after oxygen and ozone bleaching were comparable; all pulps with a
kappa number of about 6 had viscosities of about 12.

For all three pulps examined, the oxygen delignification between 30 and
50% caused changes such that carbohydrate depolymerization by ozone was
inhibited; however, the response above 50% delignification was variable. There
was no difference between brownstock and 30% oxygen delignified pulps in

viscosity reduction by ozone for any of the pulps; therefore, the changes in the
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fiber that inhibit viscosity reduction are not produced simply by exposure to
oxygen, but they are dependent on specific levels of oxygen. In addition, oxygen
treatment between 30 to 50% delignification also enhanced the efficiency of
lignin removal by ozone for the high lignin kraft pulp such that 45% oxygen
delignification produced a pulp that was most efficiently delignified by ozone.

Oxygen delignification did not significantly affect carboxylic acid content
on pulp. However, after each of the pulps was ozonated, there was a significant
drop in the carboxylic acid content on the pulps while total quantities of
carboxylic acids (including those from fragment) were similar between pulps.
Furthermore, the removal of the acid groups on the pulp by ozone sharply
increased for the pulps that were oxygen delignified between 40-55% in the two
low lignin pulps. Thus, there is a positive correlation between the number of
scissions produced by oxygen and ozone and the removal of carboxylic acid
groups, up to approximately 50% oxygen delignification. These combined
results suggest that oxygen treatment between 40 and 50% delignification
induces changes in the carbohydrate structure, such as depolymerization, so
that low levels of ozone can readily oxidize the depolymerized portions and the
carboxylic acid-bearing fragments become soluble. If a significant fraction of the
ozone is consumed in these reactions, then fewer chain cleavage reactions can
occur in the carbohydrates that remain in the fiber; consequently, viscosity loss
for these pulps would be reduced.

Oxygen delignification produced a residual lignin that is depleted in
phenols, subsequent ozonation produced a residual lignin that is more similar to
the brownstock in phenolic content. The oxygen appears to cleave the phenols,
possibly leaving undissolved muconic acid fragments that contribute to the kappa
number; ozonation then readily cleaves these unsaturated aliphatic chains at the
double bonds. When ozone cleaves a phenolic ring, as well as an etherified
phenolic ring, the same rapid reactions of the ring cleavage products occurs and
causes dissolution of the nonaromatic fragments. The lignin remaining with the

pulp is then more similar to the parent strucure.
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Ongoing and Future Work

Work is ongoing to complete the series of experiments that have been
described. The remaining lignin, carboxylic, phenolic, and methoxylic analyses
are in progress. Methods are still in development for the carbonyl analyses;
numerous techniques have been attempted with poor quality results. Several
modifications of oximation and cyanohydrin methods have been evaluated thus
far. The viscosity measurements of the sodium borohydride reduced ozonated
pulps are also in progress; these values will provide important information about
the carbohydrate behavior, and will greatly strengthen any conclusions about
carbohydrate behavior based on viscosity measurements. Tests for paper
properties are nearly complete. Ongoing paper analyses also include an
experiment to determine the impact of temperature, pressure, and mixing
(without oxygen or alkali) on pulp wet and dry zero span tensile strength. Work
will begin on the molecular weight distributions of both the cellulose and the

dissolved byproducts within the next quarter.

Longer term plans include full-sequence bleaching of selected samples to fully
examine the effect of the processes and their resulting chemistry on final pulp
quality. More extensive paper property evaluations will be conducted in
conjunction with the full bleaching work. A second major long term goal is to test
the hypotheses developed about oxygen/ozone mechanisms on pulp using
model compounds. Specific reactions that cause depolymerization of the
cellulose will be determined, and the role of acids and other hydrophilic

functional groups will be evaluated.
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