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Abstract

The selectivity of the water-soluble and highly active catalyst bis(o-phenanthroline)Cu in the oxygen bleaching of pulp was explored in
model compound studies. The experiments were carried out under reaction conditions typical for industrial oxygen bleaching (90 °C, pH 12,
p(0O,) 8 bar). The generation of hydrogen peroxide was an essential step in the oxidation of the lignin model compounds, veratryl alcohol and
2,2'-biphenol. Unfortunately, bis(o-phenanthroline)Cu also catalysed the depolymerisation of the carbohydrate model compound, dextran,
both with oxygen and with hydrogen peroxide. The results explain well the inadequate selectivity of bis(o-phenanthroline)Cu in the oxygen

bleaching of pulp.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In response to the toxic and mutagenic properties of
chlorine and chlorine dioxide, totally chlorine-free (TCF)
bleaching sequences based on oxygen, ozone and hydrogen
peroxide have recently been developed for pulp bleaching.
Among the TCF bleaching oxidants, molecular oxygen (O,)
is a particularly attractive alternative, not only for
environmental reasons but because of the lower chemical
costs. The complex oxidation process that occurs in oxygen
bleaching includes chain reactions involving a variety of
organic species derived from both lignin and carbohydrates.
Selectivity, expressed as the ratio of the attack on lignin to
attack on carbohydrates, is far lower in oxygen bleaching
than in bleaching with chlorine chemicals [1]. Attempts have
been made to improve the selectivity by adding water-
soluble catalysts, such as polyoxometalates, metallopor-
phyrins, cobalt-Schiff bases and copper-diimines [2—-17].
Despite the promising results achieved in the catalytic
oxidation of lignin compounds [3-10], the activity and
selectivity of the catalysts proposed for oxygen bleaching of
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pulp have not been sufficient to encourage the industrialisa-
tion of these processes [4,9-17].

In addition to high activity and good selectivity, an easy
synthesis and a simple structure are advantageous for an
industrially important bleaching catalyst. In aqueous alka-
line medium, copper coordinates with certain nitrogen-
containing ligands (L), such as o-phenanthroline and 2,2'-
bipyridine, forming CuL,?* complexes [18]. These Cu-
diimine complexes have an ability to form active species
both with oxygen [19] and with hydrogen peroxide [20]. In
view of this ability, the complexes have been studied in the
oxygen [10,12-14], and also in the hydrogen peroxide
[14,21-22] bleaching of pulp. In a previous study [10], we
found that the Cu-diimine complexes bis(o-phenanthroli-
ne)Cu and bis(2,2-bipyridine)Cu-catalysed not only the
oxidation of the lignin model compounds with oxygen but
also the depolymerisation of the carbohydrate model
compound, dextran. Results we obtained in the oxygen
bleaching of softwood pulp were in accordance with the
model compound studies; Cu-diimines effectively lowered
the lignin content of pulp, but they also tended to damage the
cellulose fibres [10]. Similar results in the bis(o-phenan-
throline)Cu-catalysed oxygen bleaching of pulp were
obtained by Germer [12,13] and more recently by
Argyropoulos et al. [14].
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According to Messner et al. [22], the low selectivity also
limits the use of this otherwise effective catalyst in hydrogen
peroxide bleaching. Since hydrogen peroxide is generated
under alkaline oxygen bleaching conditions both in the
presence [9] and in the absence [23-25] of the catalyst, the
damage to the cellulose fibres observed in the oxygen
delignification of pulp might also be explained by the
reactions of the generated hydrogen peroxide. In our study
with Co-sulphosalen, the selectivity of the delignification
reactions was clearly improved by the addition of
phenylglyoxalic acid, a reagent that rapidly reacted with
the generated hydrogen peroxide to form the distinctly
unreactive product benzoic acid [9]. The reaction to benzoic
acid eliminated the unwanted reaction of hydrogen peroxide
leading to depolymerisation of the carbohydrate model
compound, dextran. The purpose of the present study was to
investigate the source of the damage to cellulose fibres in
bis(o-phenanthroline)Cu-catalysed oxygen delignification
and to improve the selectivity of the highly active Cu-
diimine complexes in the oxygen bleaching of pulp.

2. Experimental
2.1. Materials

2,2’-Biphenol (99%), veratryl alcohol (3,4-dimethoxy-
benzyl alcohol, 96%) and dextran (1,6-a-p-glucan, average
molecular weight 73 000 g/mol), which were used as model
compounds, were purchased from Aldrich. Oxygen (AGA,
99.5%) was used as oxidant and the buffer solution (Merck
Titrisol™ ampoules) for pH 12 as solvent. The catalyst,
bis(o-phenanthroline)copper, was formed in situ in the
buffer solution from dinitrato(o-phenanthroline)copper(Il)
(Aldrich, 96%) and o-phenanthroline (Aldrich 99+%).

2.2. Procedure

All experiments were carried out in a semi-batch glass
reactor (Biichi Miniclave, 200 ml) equipped with a magnetic
stirrer and a mixing baffle. Buffered alkaline water (pH 12)
and dextran (if used) were added to the reactor. The reactor
was flushed two times and re-pressurised with oxygen. The
reaction temperature (90 °C) was maintained with a water
bath. Where lignin model compounds (or in some
experiments just one of them) were used, they were
dissolved in 5 mL of the buffer solution and pumped (PAM
syringe pump) to the reactor. The reaction time was
considered to begin when the catalyst, dissolved in 3 mL of
the buffer solution, was pumped in. After reaction of 5, 30,
60 and 180 min, liquid samples were withdrawn from the
still pressurised (8 bar) reactor. The reactions of the lignin
model compounds were followed with a high performance
liquid chromatograph (Agilent 1100 Series HPLC) and the
depolymerisation of dextran with a capillary viscosimeter
(Schott Gerite AVS 400).

The fate of the generated hydrogen peroxide was studied
by adding an equimolar mixture of phenylglyoxalic acid and
sodium hydroxide (in buffer solution) to the reactor. In the
experiments with added hydrogen peroxide, 3 mL of an
aqueous solution of hydrogen peroxide (containing H,O,
0.5 mol/L)) was pumped to the pressurised reactor at the rate
0.1 mL/min during the first 30 min of the reaction. The
experimental and analytical procedures are described in
detail elsewhere [9].

2.3. Calculations

Conversions of the lignin model compounds were
calculated on molar basis. The conversions of veratryl
alcohol and 2,2’-biphenol referred to in this study are total
conversions of the compounds.

The initial oxidation rates of veratryl alcohol were
calculated, following the formation of veratryl aldehyde,
from Eq. (1):

dr

in which dc(veratryl aldehyde)/dt was calculated by fitting to
the data a second order polynomial equation presenting the
concentration of veratryl aldehyde as a function of time and
then calculating the derivative of the polynome at time zero.

The reaction order with respect to veratryl alcohol was
determined using the method of initial rates [26]. We assume
that the rate law can be presented in the form

dc(veratryl aldehyde)
—ro,ver.alc. = 70,ver.ald. = (D
t=0

—7r0,ver.alec. = kc&ver.alc. @

The initial oxidation rates of 2,2'-biphenol were calculated
from Eq. (3):

dc(2,2'-biphenol
( p )) 3)
t=0

dr

in which de¢(2,2'-biphenol)/dr was calculated by fitting to the
data a second order polynomial equation presenting the
concentration of 2,2'-biphenol as a function of time and
then calculating the derivative of the polynome at time zero.

The relative viscosity (n,) was calculated from the flow
times measured with the capillary viscosimeter with the use
of Eq. (4),

t

=0 “

where 7 is the flow time of the sample and #, the flow time of
the solvent.

—70,2,2’-biphenol = _<

3. Results and discussion
3.1. Catalytic oxidation of veratryl alcohol with oxygen
In order to understand the details of the reactions

catalysed by bis(o-phenanthroline)Cu, we began our studies
with the non-phenolic lignin model compound, veratryl
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—>— ¢(veratryl alcohol) = 100 mmol/L
+— c(veratryl alcohol) = 30 mmol/L
c(veratryl alcohol) = 10 mmol/L
% c(veratryl alcohol) = 1 mmol/L
c(veratryl alcohol) = 1 mmol/L, no catalyst
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Fig. 1. Effect of the concentration of veratryl alcohol on its conversion
(cear = 0.1 mmol/L, T=90 °C, pH = 12, p(O,) = 8 bar).

alcohol (1-100 mmol/L). As shown in Fig. 1, the conversion
increased rapidly with the initial concentration of the
alcohol. From the mass balance, it could be deduced that the
oxidation of veratryl alcohol to veratryl aldehyde was
virtually the only reaction. However, in the presence of the
highest concentration (100 mmol/L) of the alcohol, a trace
amount of veratric acid was detected after reaction of
180 min. A preliminary kinetic study showed the order of
the reaction with respect to veratryl alcohol to be 1.7 (slope,
a, in Fig. 2). This confirms that the bis(o-phenanthroline)Cu-
catalysed oxidation rate of veratryl alcohol strongly depends
on the concentration of the alcohol.

3.2. Effects of 2,2'-biphenol and dextran on the catalytic
oxidation of veratryl alcohol

Bis(o-phenanthroline)Cu (0.1 mmol/L) was also active in
the oxidation of the phenolic model compound, 2,2'-
biphenol. The initial oxidation rate of 2,2'-biphenol
(1 mmol/L) was 6.4 X 107* mmol/(L min) in the absence
of veratryl alcohol but only 3.9 x 10~* mmol/(L min) in the
simultaneous oxidation of these two lignin model com-
pounds. In the simultaneous oxidation, the initial oxidation
rate of veratryl alcohol (1 mmol/L) increased from the initial
rate in the absence of 2,2-biphenol 1.2 x 10~* mmol/
(L min) to 2.4 X 1074 mmol/(L min). In the same way, the

In(-rg) = axIn(Co, ver aic) + INK
=1.86xIn(Cq, ver. aic) - 5.03

2 _
5] R _1.00/
0

4

In('rl:l, ver. nlc.)
n

In(ce‘ ver. alc)

Fig. 2. Plot of In(initial oxidation rate of veratryl alcohol) vs. In(initial
concentration of veratryl alcohol).

addition of the reactive phenolic model compound 2,4,6-
trimethylphenol has been shown to increase the oxidation
rate of veratryl alcohol [25].

The addition of the carbohydrate model compound,
dextran, dramatically increased the bis(o-phenanthroli-
ne)Cu-catalysed oxidation rate of veratryl alcohol. The
initial oxidation rate of veratryl alcohol (1 mmol/L) in the
presence of dextran (5 g/L) was 48 X 10~* mmol/(L min).
Unfortunately, bis(o-phenanthroline)Cu also catalysed the
unwanted depolymerisation reaction of dextran.

3.3. Simultaneous oxidation of veratryl alcohol and 2,
2'-biphenol in the presence of dextran

In the simultaneous oxidation of the two lignin model
compounds in the presence of bis(o-phenanthroline)Cu
catalyst, 2,2'-biphenol was somewhat more reactive than
veratryl alcohol in the presence of dextran (Fig. 3). The
concentration of dextran affected the oxidation rates of the
two lignin model compounds in the same way: rates were
maximal when the concentration of dextran was 5 g/L. In the
presence of the higher concentration (15 g/L) of dextran,
complex formation between Cu®* and dextran may have
reduced the concentration of the active bis(o-phenanthro-
line)Cu complex [27].

The relative viscosities of the reaction mixture in the
presence of the lignin model compounds (1.324, 1.168 and
1.138 after reaction of 5, 60 and 180 min, respectively) were
lower than in their absence (1.333, 1.194 and 1.176 after
reaction of 5, 60 and 180 min, respectively). This indicates
that the depolymerisation of dextran was slower in the
presence of the veratryl alcohol and 2,2’-biphenol than in
their absence.

—»— conversion of 2,2'-biphenol
--- & -+ conversion of veratryl alcohol

18
16
14 4
12
10
8
6 4

conversion after reaction of 60 min [%]

0 T T
0 5 10 15
m(dextran) [g/L]

Fig. 3. Conversions of veratryl alcohol and 2,2'-biphenol after reaction
of 60 min as a function of the concentration of dextran (co yer. atc. = 1 mmol/L,
€0.2.2"-biphenol = 1 mMmOI/L, cc = 0.1 mmol/L, T=90 °C, pH =12, p(O,) =
8 bar, pH 12).
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Table 1

The formation of benzoic acid with 10 mmol/L phenylglyoxalic acid added to the reaction mixture (cc, = 0.1 mmol/L, T=90 °C, pH 12, p(O,) = 8 bar)

Lignin model CarbOhydrate CO,lignin model compound CO,carbohydrate _ACGO min, €60 min,benzoic acid
compound model compound (mmOl/L) model compound lignin model compound = 7Acf)0 min,phen.
(g/lL) (mmol/L) glyox. acid (Mmol/L)
- - 0 0 - 0.00
Veratryl alcohol - 10 0 0.17 0.05
2,2'-Biphenol - 10 0 0.15 0.13
Veratryl alcohol - 90 (=15 g/L) 0 16.0 3.94
- Dextran 0 15 g/L - 4.66

3.4. Generation of hydrogen peroxide in the presence of
lignin and carbohydrate model compounds

Several studies have shown that hydrogen peroxide is
generated in the oxidation of lignin model compounds with
oxygen [9,23-25]. We used phenylglyoxalic acid, which
immediately reacts with hydrogen peroxide to form the
highly unreactive product benzoic acid, to determine
whether hydrogen peroxide was generated in the bis(o-
phenanthroline)Cu-catalysed reactions [9,28]. As shown in
Table 1, no benzoic acid was formed from phenylglyoxalic
acid in the presence of bis(o-phenanthroline)Cu alone, but it
was formed if any of the three model compounds was
present as well (Table 1). This indicates that hydrogen
peroxide is generated in the bis(o-phenanthroline)Cu-
catalysed reactions of all three model compounds.

3.5. Effect of hydrogen peroxide on the catalytic reactions

The oxidation of veratryl alcohol was carried out in the
presence of added hydrogen peroxide to determine whether
hydrogen peroxide interferes the bis(o-phenanthroline)Cu-
catalysed reactions. As shown in Fig. 4, the conversion after
reaction of 30 min was 9.5% in the presence of the added
hydrogen peroxide (15 mmol/L) and only 1.2% in its
absence. In a non-catalytic experiment with added hydrogen
peroxide, the conversion of veratryl alcohol after reaction
of 30min was only 0.3% (Fig. 4). In other words,
bis(o-phenanthroline)Cu is required to activate the hydrogen
peroxide for the oxidation of veratryl alcohol.

—>»— p(oxygen) = 8 bar

—&— p(oxygen) = 8 bar and ¢(hydrogen peroxide) = 15 mmol/L

= =& = p(oxygen) = 8 bar and ¢(hydrogen peroxide) = 15 mmol/L,

no catalyst

18 -

16

14 -

12 4

10 4
8 4
6 4
4 4
24
0

conversion [%]

0 50 100 150 200
time [min]

Fig. 4. Effect of hydrogen peroxide on the conversion of veratryl alcohol
(Co.ver. ale. = 10 mmol/L, ccy = 0.1 mmol/L, T=90 °C).

Simultaneous oxidation of veratryl alcohol and 2,2’-
biphenol in the presence of dextran and phenylglyoxalic acid
(no hydrogen peroxide added) was carried out to determine
more precisely the effect of generated hydrogen peroxide on
the bis(o-phenanthroline)Cu-catalysed reactions. As shown
in Fig. 5, the relative viscosity of the reaction mixture
decreased even in the presence of high concentration
(100 mmol/L)) of phenylglyoxalic acid. From this we
conclude that bis(o-phenanthroline)Cu catalyses the depo-
lymerisation reaction of dextran with oxygen in the absence
of hydrogen peroxide. (Hydrogen peroxide has been shown
effectively to depolymerise dextran in the absence of any
catalyst at room temperature [29].) The elimination of
hydrogen peroxide with phenylglyoxalic acid dramatically
lowered the conversions of the lignin compounds (especially
2,2'-biphenol), however, demonstrating the important role of
hydrogen peroxide in the oxidation of the lignin compounds
(Fig. 5).

18 O conversion of veratryl alcohol
B conversion of 2,2'-biphenol
16 A O relative viscosity 1.4
— £
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concentration of phenylglyoxylic acid

Fig. 5. Effect of phenylglyoxalic acid on the conversions of veratryl alcohol
and 2,2'-biphenol and on the relative viscosity of the reaction mixture
(o,ver. ale. = 1 mmol/L, €0,2,2"-biphenol = 1 mmol/L, Codexran = 15 g/L,
Cear = 0.1 mmol/L, T=90 °C, pH 12, p(O,) = 8 bar). The optimum value
of the relative viscosity of 1.44 has been determined using the reference
sample containing 15 g of dextran in 1 L of buffer solution, pH 12.
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As noted above, the bis(o-phenanthroline)Cu-catalysed
reactions of all three model compounds generated hydrogen
peroxide, and the hydrogen peroxide affected the rate of the
reactions. The amounts of benzoic acid formed from
phenylglyoxalic acid (Table 1) indicated that the reactions of
2,2'-biphenol and particularly of dextran generated more
hydrogen peroxide than the reaction of veratryl alcohol. In
the simultaneous oxidation of the two lignin model
compounds, a part of the hydrogen peroxide generated in
the oxidation of 2,2-biphenol evidently reacted with
veratryl alcohol. This increased the oxidation rate of
veratryl alcohol while decreasing the oxidation rate of
2,2'-biphenol. Correspondingly, the increases in the oxida-
tion rates of veratryl alcohol and 2,2’-biphenol in the
presence of dextran (Fig. 3) evidently were the effect of the
hydrogen peroxide generated in the reactions of dextran.
Because the reactions of the lignin compounds consumed
some of the generated hydrogen peroxide, the depolymer-
isation of dextran was slightly slower in the presence of the
lignin model compounds than in their absence.

3.6. Comparison of bis(o-phenanthroline)Cu and
Co-sulphosalen catalysts

The reaction kinetics with the bis(o-phenanthroline)Cu
catalyst was found to be very different from the kinetics of
the cobalt-sulphosalen-catalysed reaction. In our study with
Co-sulphosalen [9], the oxidation of veratryl alcohol
followed first order kinetics with respect to veratryl alcohol,
in agreement with a reaction mechanism in which one
veratryl alcohol molecule was oxidised per catalytic reaction
cycle and hydrogen peroxide was generated in stoichio-
metric ratio 1:1. With bis(o-phenanthroline)Cu the reaction
order with respect to veratryl alcohol was 1.7, indicating a
reaction mechanism in which more than one veratryl alcohol
molecule was oxidised per catalytic reaction cycle. Liu et al.
[19] found Cu-diimine catalyst bis(2,2'-bipyridine)Cu to
oxidise two benzyl alcohol molecules to benzyl aldehyde per
catalytic reaction cycle in acetonitrile solution [19]. Unlike
us, however, they found no evidence for the generation of
hydrogen peroxide. The generation of hydrogen peroxide
and its role in the reactions of bis(o-phenanthroline)Cu-
catalysed oxidation of veratryl alcohol make our reaction
mechanism considerably more complex than the mechanism
derived by Liu et al. [19].

Both with bis(o-phenanthroline)Cu and with Co-sulpho-
salen [9], the generation of hydrogen peroxide in the
presence of the three model compounds (veratryl alcohol,
2,2-biphenol and dextran) affected the catalytic reactions.
In the presence of either of the catalysts, the elimination of
the generated hydrogen peroxide through addition of
phenylglyoxalic acid to the reaction mixture suppressed
the reaction rates of all model compounds. However, the
relative viscosity of the reaction mixture decreased only
when bis(o-phenanthroline)Cu was used as the catalyst. This
means that, unlike Co-sulphosalen, bis(o-phenanthroli-

ne)Cu-catalysed the depolymerisation of the carbohydrate
model compound dextran with oxygen as well as with
hydrogen peroxide. Moreover, the oxidation rates of the
lignin model compounds with bis(o-phenanthroline)Cu
were much more dependent on the generation of hydrogen
peroxide than the rates with Co-sulphosalen, which were
only slightly lower in the absence than in the presence of the
generated hydrogen peroxide [9]. The more abundant
generation of hydrogen peroxide in the presence of dextran
with bis(o-phenanthroline)Cu than with Co-sulphosalen as
catalyst, and perhaps also the better ability of bis(o-
phenanthroline)Cu to catalyse the oxidation of the lignin
model compounds with the generated hydrogen peroxide,
might also explain why the bis(o-phenanthroline)Cu-
catalysed oxidation rates of the lignin model compounds
increased with the concentration of dextran, whereas with
Co-sulphosalen the rates were almost independent of it [9].

4. Conclusions

The aim of this study was to explore the selectivity of the
highly active oxidation catalyst bis(o-phenanthroline)Cu in
the oxygen bleaching of pulp. We found that the generation
and reactions of hydrogen peroxide play a key role in the
bis(o-phenanthroline)Cu-catalysed oxidation of the lignin
model compounds veratryl alcohol and 2,2'-biphenol.
Elimination of the generated hydrogen peroxide dramati-
cally lowers the conversions of the lignin compounds.
Unfortunately, bis(o-phenanthroline)Cu also catalyses the
depolymerisation of the carbohydrate model compound
dextran with both oxygen and hydrogen peroxide. A
selective oxygen bleaching catalyst should catalyse only
the oxidation of lignin compounds and not the depolymer-
isation of carbohydrate compound. From our results we infer
that the selectivity in the oxygen bleaching process with the
bis(o-phenanthroline)Cu catalyst would be even lower with
the effect of hydrogen peroxide eliminated and that
improving the selectivity of active Cu-diimine catalysts
will be a challenging task.
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