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a b s t r a c t

Polyoxometalate (POM) catalyzed ozonation of chemical pulps in organic solvent media was found to
be particularly effective and selective environmentally benign bleaching approach providing a way for
substantial increase in pulp brightness, viscosity and degree of delignification in comparison with other
ozone-based bleaching techniques. A series of tested low-boiling polar aprotic and protic organic solvents
showed a well-defined capacity for ozonation improvement in the presence of Keggin-type heteropolyan-
ion [PMo7V5O40]8− (HPA-5). Even moderate solvent proportion of 6% (w/w) in the reaction solution caused
eteropolyanion
zone
zone bleaching
rganic solvent
ucalypt kraft pulp

additional gain in brightness up to 3.4% ISO with simultaneous increase in pulp viscosity up to 8.8% and
lignin removal up to 18.9% after HPA-5 catalyzed ozonation (0.8% O3; 0.5 mM HPA), as compared with the
control solvent-free process. An aqueous acetone solution was found to be the preferred reaction medium
in terms of pulp brightening and delignification. Under optimized conditions, the POM-catalyzed ozona-
tion of eucalypt kraft pulp in acetone/water solution showed remarkable brightness improvement by

ligni
ter m
15.1% ISO with additional
with pulp bleached in wa

. Introduction

Early transition metal oxygen anion clusters (polyoxometa-
ates or POMs) find a wide application as versatile green catalysts
or liquid-phase oxidation of different organic substances [1,2].
eteropolyoxometalates (free heteropolyacids and salts of het-
ropolyanions) possessing the properties both of strong acids and
f very efficient oxidants hold a great interest now for application
s bi-functional catalysts in homogeneous and heterogeneous sys-
ems [3–5]. Remarkable features of heteropolyanions (HPAs) such
s a high solubility in water and oxygen containing organic sol-
ents, a high stability over a wide temperature and pH range and an
bility of easy regeneration (re-oxidation) by molecular dioxygen,
ydrogen peroxide and ozone have opened up new possibilities for
PAs utilization as efficient catalysts for environmentally benign

chlorine-free) selective delignification of lignocellulosics [6–8].
ontinuous reuse (recirculation) of catalytic solution in a close-loop
ode opens the possibility for development of totally effluent-

ree POM bleaching technology with carbon dioxide and water
s the only byproducts after lignin oxidation [6]. The �-Keggin-
ype mixed-addenda HPAs, such as molybdovanadophosphate

eteropolyanions of the series [PMo(12−n)VnO40](3+n)−, were rec-
gnized as the more suitable POMs for oxygen bleaching of
hemical pulps [9]. The heteropolyanion [PMo7V5O40]8− or HPA-
showed the best results in terms of delignification. However, the

∗ Corresponding author. Tel.: +351 21 3634662; fax: +351 21 3645000.
E-mail address: anatoly@isa.utl.pt (A.A. Shatalov).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.07.043
n removal by 39.4% and increase in intrinsic viscosity by 3% in comparison
edia.

© 2009 Elsevier B.V. All rights reserved.

high acidity of the reaction media (pH 1–2) required for optimal
catalytic action of HPA-5 affects negatively the carbohydrate com-
plex of bleached pulp, causing undesirable hydrolytic (solvolytic)
polysaccharide degradation and respective loss in pulp viscosity
[10,11].

The low pH of reaction media limits the HPA-5 application
for oxygen delignification, but makes it very attractive for ozone
bleaching operating under the same acidic pH range. In HPA-
catalyzed bleaching, the extremely high oxidation potential of
ozone can substantially reduce the redox cycle of catalyst regenera-
tion in comparison with oxygen or peroxide delignification, thereby
providing an accelerated rate of bleaching reactions and a higher
efficiency of the bleaching process as a whole.

Ozone is the most powerful and particularly potential oxida-
tion agent in pulp bleaching technology [12]. The ozone bleaching
stage, as an integrated part of the advanced totally chlorine-free
(TCF) bleaching sequences, was recently applied to different types
of conventional (sulfur-based) and unconventional (organosolv)
pulps from a wide variety of woods and non-wood (agro-fibre)
sources [13–15]. Despite the extremely high reactivity of ozone
(oxidizing potential of +2.07 eV [16]), a low selectivity of ozone
treatment towards lignin (due to unwanted reactions with cellulose
leading to a deterioration of pulp quality) restricts the delignifica-
tion capacity of ozone and limits its application in pulp bleaching

technology as a whole. A variety of different chemicals, so-called
“cellulose protectors”, has been tested as the additives for reaction
solution with an aim to improve ozonation performance. The pos-
itive effect of some organic solvents on pulp ozonation has been
reported [17–20].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:anatoly@isa.utl.pt
dx.doi.org/10.1016/j.cej.2009.07.043
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Obviously, the bleaching effect depends on the nature of the
organic solvent used. The comparative response of pulp to ozone
treatment in different reaction media is shown in Figs. 1–3. Four
tested solvent-based reaction systems (i.e., methanol-, ethanol-,
A.A. Shatalov, H. Pereira / Chemical

The selectivity improving of ozone bleaching still remains to be
olved in spite of intensive efforts mounted in this field in the last
wo decades. The change in redox properties of oxidation bleaching
ystem by application of POM catalysis can be a feasible way to
ncrease selectivity and efficiency of pulp ozonation.

Early experiments on HPA-5 catalyzed ozone bleaching in
queous medium showed promising results in terms of deligni-
cation [9], but the substantial loss in pulp viscosity was also
evealed, indicating low suppression of radical-induced polysac-
haride degradation.

The development of a novel particularly effective and selective
ulp bleaching approach using POM-catalyzed ozonation in organic
olvents as a reaction media is reported in the present paper. The
ffect of organic solvent and process variables on ozonation results
nd POM catalysis is discussed.

. Materials and methods

.1. Materials

Industrial unbleached eucalypt (E. globulus L.) kraft pulp (Portu-
el Mill) with 41.60 ± 0.05% ISO brightness, 2.39 ± 0.03% residual
ignin (as Klason and acid-soluble) and an intrinsic viscosity of
320 ± 2 mL g−1 was used. Before bleaching, the pulp was thor-
ughly washed with deionized water to remove all residual black

iquor.
Molybdovanadophosphate heteropolyanion HPA-5 was pre-

ared by stoichiometric reaction of MoO3, V2O5, NaH2PO4 and
a2CO3 according to a previously described procedure [21].

Organic solvents as well as all other chemicals used were of
nalytical grade purity and purchased by Sigma–Aldrich, Riedel-de
aen and Fluka companies.

.2. Ozonation of kraft pulp

Pulp ozonation (3% consistency; 0.8% ozone charge; pH 2; 20 ◦C)
as performed in a 1 L Fischer glass batch reactor equipped with a
igh-speed teflon-covered stirrer and connected with a laboratory
ischer-502 ozone generator. After ozonation, pulps were thor-
ughly washed with deionized water. Acidic pulp treatment with
iluted sulfuric acid (pH 2; 30 min) was performed before ozonation
o increase ozone selectivity towards lignin. Ozone concentration
as measured using a conventional iodometric procedure. Two

eplicated ozonation were performed for each experimental con-
ition set.

.3. Pulp analysis

Residual lignin content was determined as Klason and acid-
oluble lignin according to T 222 om-88 and UM 250 TAPPI
tandards. Pulp viscosity was measured in cupri-ethylenediamine
CED) solution according to SCAN-CM 15:88 standard. Handsheet
ormation for physical and reflectance test was performed accord-
ng to TAPPI T 205 om-88 and TAPPI T 272 om-92 standards,
espectively. Physical properties of pulp hand-sheets were exam-
ned according to TAPPI T 220 om-88 standard. Pulp optical
roperties (ISO brightness and DIN 6167 C/2 yellowness index) were
easured by CM-3630 Spectrophotometer (Minolta).

The content of aldehyde (CHO) groups in pulps was measured
pectroscopically at 546 nm (Shimadzu, UV-160A) after color reac-

ion with 2,3,5-triphenyltetrazolium chloride [22].

Hexenuronic acid (HexA) groups in pulps were quantified by
elective hydrolysis in formic acid–sodium formate buffer followed
y UV-spectroscopy (Shimadzu, UV-160A) of the formed 2-furoic
cid at 245 nm [23].
ering Journal 155 (2009) 380–387 381

All measurements were replicated to obtain reproducible
data.

Having in mind the economical and technological feasibility of
possible chemicals recovery, a few low-boiling polar aprotic (ace-
tone and dioxan) and protic (methanol, ethanol, n-propanol and
isopropanol) organic solvents were chosen as a potential reaction
media for POM-catalyzed ozone bleaching of chemical pulps.

3. Results

For solvent screening experiments, the industrial eucalypt (E.
globulus) kraft pulp was ozonated under fixed conditions of ozone
charge and catalyst (HPA-5) concentration in the presence of 6% (by
weight) of organic solvent. The brightness development as well as
the extent of lignin and carbohydrate degradation during ozonation
was examined and compared with control (solvent-free) test.

3.1. Comparative effect of different organic solvents on
POM-catalyzed ozonation

As can be seen from Table 1, the conventional ozonation in water
media (control test) is fairly effective in delignification and bright-
ness development of eucalypt kraft pulp. But, the substantial drop
in pulp viscosity (by 30.3%) with respective loss in pulp strength
properties (expressed as tear, burst and tensile strength) is also
observed, indicating intensive carbohydrate degradation.

The presence of POM (HPA-5) catalyst in aqueous solution has
a positive effect on the selectivity of pulp ozonation (see control
vs. POM/water, Table 1), by somewhat decreasing residual lignin
and increasing pulp viscosity. But the pulp brightness, as the most
important bleaching property, is only slightly affected.

It is evident from Table 1, that the addition of organic solvent into
the reaction mixture substantially improves POM-catalyzed ozona-
tion. Even a moderate solvent proportion of 6% (w/w) in aqueous
solution caused a gain in brightness with simultaneous increase in
pulp viscosity and lignin removal in comparison with POM/water
and, particularly, with control (water, catalyst-free) ozonation.
Fig. 1. Delignification efficiency of POM-catalyzed pulp ozonation in various reac-
tion media (expressed as lignin decrease per unit of ozone applied). Ozonation
conditions: 3% pulp consistency; [O3] = 0.8% odp; [HPA-5] = 0.5 mM; 6% (w/w) sol-
vent concentration; pH = 2.
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Table 1
Results of HPA-5 catalyzed ozonation of eucalypt (E. globulus L.) kraft pulp in organic solvent/water reaction media (3% pulp consistency; [O3] = 0.8% odpa; [HPA-5] = 0.5 mM; 6% (w/w) solvent concentration; pH = 2).

Medium composition Brightness
(%ISO)

Yellowness
index

Residual lignin
(%odp)

Intrinsic viscosity
(ml/g)

HexA (�mol/g) CHO (mmol/100 g) Tear index
(mN m2/g)

Burst index
(kPa m2/g)

Tensile index
(N m/g)

Control ozonation (water) 53.2 ± 0.06 28.4 ± 0.02 1.83 ± 0.01 920 ± 2 14.88 ± 0.08b 11.12 ± 0.04c 3.86 ± 0.07 0.12 ± 0.02 3.02 ± 0.06
POM/water 53.4 ± 0.03 28.3 ± 0.03 1.75 ± 0.04 951 ± 1 21.53 ± 0.10 8.80 ± 0.05 4.14 ± 0.09 0.15 ± 0.01 3.51 ± 0.08
POM/water/methanol 55.8 ± 0.05 26.9 ± 0.03 1.54 ± 0.02 970 ± 2 17.44 ± 0.11 7.08 ± 0.02 4.43 ± 0.06 0.16 ± 0.02 3.98 ± 0.09
POM/water/ethanol 55.2 ± 0.03 27.1 ± 0.02 1.58 ± 0.03 1035 ± 3 19.46 ± 0.09 7.53 ± 0.01 4.43 ± 0.07 0.15 ± 0.03 4.21 ± 0.07
POM/water/acetone 56.8 ± 0.05 26.3 ± 0.04 1.42 ± 0.01 950 ± 1 17.10 ± 0.04 8.40 ± 0.03 4.16 ± 0.11 0.18 ± 0.03 4.58 ± 0.12
POM/water/dioxane 55.8 ± 0.08 26.9 ± 0.02 1.59 ± 0.02 1026 ± 2 17.35 ± 0.08 6.60 ± 0.06 4.52 ± 0.10 0.21 ± 0.01 4.44 ± 0.08
POM/water/1-propanol 54.1 ± 0.03 28.0 ± 0.04 1.81 ± 0.04 1028 ± 2 19.91 ± 0.06 6.72 ± 0.05 4.27 ± 0.09 0.19 ± 0.03 4.08 ± 0.06
POM/water/isopropanol 51.7 ± 0.03 29.6 ± 0.03 1.78 ± 0.03 1017 ± 1 24.35 ± 0.10 7.44 ± 0.03 4.08 ± 0.06 0.17 ± 0.03 4.31 ± 0.06
Water/ethanol 53.7 ± 0.04 28.0 ± 0.03 1.79 ± 0.01 995 ± 2 19.05 ± 0.07 8.30 ± 0.04 4.23 ± 0.08 0.15 ± 0.01 3.85 ± 0.07
Untreated pulpd 41.6 ± 0.04 35.5 ± 0.02 2.39 ± 0.04 1320 ± 3 45.88 ± 0.09 0.97 ± 0.01 4.08 ± 0.08 0.20 ± 0.02 4.68 ± 0.10

a Ozone charge, % on oven-dry pulp.
b �mol of hexenuronic acid (HexA) groups per gram of oven-dry pulp.
c mmol of aldehyde (CHO) groups per 100 g of oven-dry pulp.
d Properties of initial untreated (unbleached) eucalypt kraft pulp.
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ecrease per unit of viscosity decrease; Fig. 3), followed by diox-
ne, acetone and methanol solutions. The ozonation results in
-propanol and isopropanol solutions were somewhat poorer and
omparable with solvent-free (POM/water) system.

Improved pulp viscosity in solvent-based ozonation systems is a
esult of carbohydrate protection against oxidative degradation due
o scavenging by solvent of active radical species (basically hydroxyl
nd perhydroxyl radicals) [24] formed after direct ozone decom-
osition or indirectly by the reaction of ozone with lignin [12,25].
ince the carbohydrate degradation during ozonation results from
he formation of oxidized functional groups such as carbonyl [26],
he content of aldehyde (CHO) groups in ozonated pulp can indi-
ate the degree of polysaccharide oxidative degradation. As can be
een from Table 1, the conventional ozonation in water (control
zonation) causes intensive pulp oxidation, increasing CHO content
rom 0.97 mmol to 11.12 mmol per 100 g of treated pulp. The pres-
nce of POM inhibits oxidation reactions leading to decrease in CHO
roups by about 20% in comparison with control, presumably due to
eported radical scavenging capacity of HPAs [27]. In POM/solvent

edia, the CHO content of ozonated pulps is 4.5–25% less than in
OM/water and 24–40% less than in control (catalyst-free/water)
zonation, indicating substantial suppression of radical-induced
arbohydrate degradation. Among the tested solvents, the high-
st degree of pulp oxidation was detected in POM/acetone (CHO of
.40 mmol per 100 g of pulp) and the lowest in POM/dioxane media
CHO of 6.60 mmol per 100 g of pulp).

The importance of pulp viscosity as a measure of carbohydrate
reservation lies in its capacity to predict the strength proper-
ies and, eventually, the practical usability (and, sometimes, the
uitability as a whole) of tested pulps. As evident from Table 1,
he elevated intrinsic viscosity of pulps ozonated in POM/solvent

edia is directly related with their better strength properties. The
earing, bursting and tensile indexes of these pulps are notably
igher than those found for control (water) and POM/water ozona-
ion and near the strength indexes of untreated (unbleached)
ulp.

The POM catalysis has some effect on hexenuronic acids
HexA) of ozonated pulps (Table 1). HexA (4-deoxy-�-l-threo-hex-
-enopyranosyluronic acid) is formed from 4-O-methylglucuronic
cid side-groups of hemicellulosic heteroxylan during alkaline
ulping of lignocellulosics [28]. HexA was found as a major acidic
ubstituent in kraft pulp, covering over 83% of the total residual
ronic acids [29]. Due to its unsaturated nature, the HexA was
hown to act as carbohydrate-derived chromophore, detrimen-
ally affecting optical properties of bleached pulps, i.e., decreasing
rightness and increasing brightness reversion [30]. Quantification
f HexA has therefore a direct practical interest and importance for
ulp bleaching. Ozone, as a strong electrophile, reacts readily with
exA and causes HexA degradation by about 68% in control eucalypt
raft pulp (Table 1). The presence of POM inhibits HexA degrada-
ion. The mentioned POMs capacity to suppress radical-induced
ozone-based) reactions is a most probable reason of increased
exA content in POM/water ozonated pulp. The HexA content in
OM/solvent media is somewhat lower. Considering the extremely

ow stability of HexA towards acidic reaction conditions [28], such
s occurring in pulp ozonation, the higher acidic activity of solvent-
ased reaction solutions can partially explain the additional HexA

osses (due to acid-catalyzed solvolytic degradation) in comparison
ith aqueous (POM/water) media.

As shown in Fig. 4, strong positive correlations can be observed
etween brightness improvement during POM-catalyzed ozona-

ion of eucalypt kraft pulp in organic solvents and lignin and,
articularly, HexA removal (R2 = 0.911 and R2 = 0.951, respec-
ively). This pointed to the significance of carbohydrate-derived
hromophores (beside the lignin-based ones) in brightness devel-
pment of chemical pulps in the chosen bleaching system.
Fig. 4. Gain in brightness as a function of lignin (top) and HexA (bottom) loss during
POM-catalyzed pulp ozonation in various organic solvents. Ozonation conditions:
3% pulp consistency; [O3] = 0.8% odp; [HPA-5] = 0.5 mM; 6% (w/w) solvent concen-
tration; pH = 2.

To underline the catalytic effect of POM, the catalyst-free
pulp ozonation in organic solvents have been carried out using
ethanol–water solution (proved to be beneficial for ozone bleaching
[18]) as a reaction media (see water/ethanol in Table 1). Simi-
lar to previously reported data [18], the addition of ethanol (6%,
w/w) reduced carbohydrate degradation thereby increasing pulp
intrinsic viscosity, but only slightly effected pulp delignification
and brightness in comparison with control (water) ozonation. The
introduction of POM catalyst substantially improved efficiency and
selectivity of ozonation (see POM/water/ethanol in Table 1). The
notable increase in pulp brightness (by 1.6% ISO), degree of delig-
nification (by 12%) and pulp viscosity (by 4%) was observed in
comparison with non-catalyzed ethanol–water system, pointing to
decisive role (contribution) of catalyst for successful pulp ozona-
tion.

3.2. POM-catalyzed ozonation in acetone/water solution

Based on the results of solvent screening experiments, the
acetone–water reaction media was chosen for further studies of

POM-catalyzed ozonation. The effect of solvent content and catalyst
concentration was examined.

As shown in Figs. 5 and 6 (top), the progressive increase in sol-
vent proportion in the reaction mixture causes impressive increases
in pulp brightness and delignification. A brightness gain by 11.6%
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Fig. 5. Effect of organic solvent content (top) and POM concentration (bottom) on
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Fig. 6. Effect of organic solvent content (top) and POM concentration (bottom)

The intrinsic viscosity of pulps ozonated in acetone solution
ignin removal during pulp ozonation. Ozonation conditions: [HPA-5] = 0.5 mM; 3%
ulp consistency; [O3] = 0.8%; pH = 2 (top) and 20% (w/w) of solvent; 3% pulp con-
istency; [O3] = 0.8%; pH = 2 (bottom). Error bars represent the standard deviation of
hree replicates.

SO and additional lignin removal by 17.8% was observed with a
ise in solvent content in the reaction mixture from 6% to 60%
w/w), offering substantial bleaching improvement (by 15.1% and
9.4%, respectively, for brightening and delignification) in com-
arison with POM/water ozonation. The accelerated intensity of
leaching reactions was particularly notable when solvent propor-
ion exceeded 40% (w/w), pointing to marginal concentration of
rganic solvent in the reaction solution for successful pulp ozona-
ion.

It is evident from Fig. 7 (top) that the increase in solvent content
p to 40% (w/w) has favorable effect on carbohydrates, increasing
ulp intrinsic viscosity and thereby improving selectivity of ozona-
ion as a whole in comparison with aqueous solution, as a result
f scavenging by solvent of active oxygen-centered radical species
ormed during ozonation. The content of CHO groups in ozonated
ulps decreases directly (R2 = 0.97) with increase in solvent pro-
ortion in the bleaching solution (Fig. 8, top) thereby confirming
he effective suppression of oxidative degradation reactions. The
urther increase in solvent concentration causes a substantial drop
n pulp viscosity, indicating intensive polysaccharide degradation.

similar effect was also observed during HPA-catalyzed oxy-

en delignification in ethanol/water medium and was partially
ssociated with increased intensity of acid-catalyzed (solvolytic)
egradation processes under high organic solvent concentrations
11].
on brightness development during pulp ozonation. Ozonation conditions: [HPA-
5] = 0.5 mM; 3% pulp consistency; [O3] = 0.8%; pH = 2 (top) and 20% (w/w) of solvent;
3% pulp consistency; [O3] = 0.8%; pH = 2 (bottom). Error bars represent the standard
deviation of three replicates.

The effect of POM concentration on the course of ozonation reac-
tions is illustrated in Figs. 5–7 (bottom). It can be seen that the
maximal efficiency of POM-catalyzed ozonation in acetone media,
i.e., the maximal catalytic effect of POM on ozone bleaching, can
be achieved with a catalyst concentration of 1 mM. The additional
lignin removal (by 7%) and brightness improvement (by 1% ISO)
was noted with change in POM concentration from 0.5 mM to
1 mM (under fixed acetone content of 20% (w/w)). The subsequent
increase in catalyst concentration up to 4 mM led to a considerable
drop in pulp delignification and brightening thus greatly decreas-
ing the efficiency of ozonation as a whole. The enhanced ozone
reactivity at 1 mM POM was also confirmed by analysis of CHO
groups in ozonated pulps (Fig. 8, bottom). The maximal degree
of pulp oxidation (the highest CHO content) found at 1 mM POM
pointed to maximal intensity of oxidative bleaching reactions under
this catalyst concentration. The remarkable agreement in the POM-
depending bleaching profiles of CHO groups, lignin removal and
brightness improvement was observed, underlining the signifi-
cance of catalyst concentration for effective pulp ozonation.
continuously increases with a rise in catalyst concentration from
0.5 mM to 4 mM (Fig. 7, bottom). A small “shoulder”, easily noticed
in the plot at 1 mM POM, is a result of the above-mentioned elevated
oxidation (or oxidative degradation) of ozonated pulps under this
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Fig. 7. Effect of organic solvent content (top) and POM concentration (bottom) on
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Fig. 8. Effect of organic solvent content (top) and POM concentration (bottom) on
content of aldehyde (CHO) groups in ozonated pulps (expressed as mmol of CHO
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ntrinsic viscosity of ozonated pulps. Ozonation conditions: [HPA-5] = 0.5 mM; 3%
ulp consistency; [O3] = 0.8%; pH = 2 (top) and 20% (w/w) of solvent; 3% pulp con-
istency; [O3] = 0.8%; pH = 2 (bottom). Error bars represent the standard deviation of
hree replicates.

arginal catalyst concentration. Nevertheless, the change in vis-
osity at 1 mM POM is not so appreciable and keeps the general
endency on viscosity improvement.

The change in solvent and catalyst concentration has no essen-
ial effect on the physical (mechanical) properties of ozonated
ulps (Table 2). The minimal changes in bursting and tearing pulp
trength are within the range of standard deviation and have

o statistical significance. At the same time, it is clear that the
ensile strength of ozonated pulps is better under higher sol-
ent and lower POM concentrations, evidently being related to
he degree of pulp delignification under these ozonation condi-
ions.

able 2
ffect of solvent content and catalyst (POM) concentration on physical properties of ozon

zonation conditions Tensile index (N m/g)

cetone 6% (w/w); [HPA-5] = 0.5 mM 4.58 ± 0.12
cetone 20% (w/w); [HPA-5] = 0.5 mM 4.83 ± 0.08
cetone 40% (w/w); [HPA-5] = 0.5 mM 5.75 ± 0.05
cetone 60% (w/w); [HPA-5] = 0.5 mM 6.09 ± 0.10

0.5 mM HPA-5]; acetone 20% (w/w) 4.83 ± 0.06
1.0 mM HPA-5]; acetone 20% (w/w) 4.64 ± 0.05
2.0 mM HPA-5]; acetone 20% (w/w) 4.24 ± 0.07
4.0 mM HPA-5]; acetone 20% (w/w) 4.01 ± 0.05
groups per 100 g of oven-dry pulp). Ozonation conditions: [HPA-5] = 0.5 mM; 3% pulp
consistency; [O3] = 0.8%; pH = 2 (top) and 20% (w/w) of solvent; 3% pulp consistency;
[O3] = 0.8%; pH = 2 (bottom). Error bars represent the standard deviation of three
replicates.

4. Discussion

The catalytic effect of mixed-addenda heteropolyoxovanado-
molybdates as reversible oxidants in liquid-phase oxidation
electron transfer or redox type oxidations is commonly expressed
by the simplified reaction scheme [31]:
Substrate + POMox → Substrateox + POMred (1)

POMred + Oxidant → POMox (2)

where POMox and POMred are the oxidized and reduced forms of
POM, respectively; Substrateox is the oxidized form of substrate and

ated eucalypt kraft pulp (O3 charge 0.8% on oven-dry pulp; pH = 2).

Burst index (kPa m2/g) Tear index (mN m2/g)

0.18 ± 0.03 4.16 ± 0.11
0.19 ± 0.02 3.95 ± 0.09
0.22 ± 0.01 3.91 ± 0.10
0.22 ± 0.02 4.09 ± 0.09

0.19 ± 0.03 3.95 ± 0.07
0.20 ± 0.01 3.86 ± 0.09
0.21 ± 0.01 3.62 ± 0.06
0.23 ± 0.02 3.79 ± 0.08
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xidant is O2, O3 or H2O2. The oxidation of organic substrates occurs
ue to the ability of V(V) to accept electrons from the substrate.
he reduced V(IV) can be oxidized back to V(V) via reaction with
ppropriate oxidant, closing thereby the redox cycle by catalyst.
hus, the HPA of series [PMo(12−n)VnO40](3+n)− with n > 1 have the
roperty of easy reversible multi-electron oxidants [32].

During one-stage POM-oxidation (the case of the present study),
oth reaction steps, i.e., stoichiometric oxidation of the substrate
1) and re-oxidation of the reduced form of the catalyst (2), take
lace simultaneously. The thermodynamic condition for POM (HPA-
) catalyzed pulp bleaching (or, basically, delignification) by ozone

s the following:

o (Lignin) < Eo (POM) < Eo (O3) (3)

here Eo (Lignin), Eo (POM) and Eo (O3) are the oxidation poten-
ials, respectively, of lignin (0.4–0.6 eV vs. NHE at pH 1) [33], HPA
0.68–0.71 eV vs. NHE at pH 1) [34] and ozone (2.07 eV at pH 2) [16].

The bleaching efficiency of POMs (reaction step (1)) is therefore
ompletely controlled by intensity (or efficiency) of POMs regener-
tion along the bleaching (reaction step (2)). Considering the better
zone solubility in organic solvents (under the same physical con-
itions, i.e., temperature and ozone partial pressure, the ratio of
quilibrium ozone concentration in organic solvent and in water
s about 10 [35], as a result of reduced interfacial tension of the
iquid phase leading to facilitated ozone mass transfer to the sol-
ent solution [20]), the increased delignification rate in organic
olvents is a result of higher concentration of active (dissolved)
zone in the reaction mixture and increased therefore intensity of
atalyst re-oxidation (regeneration) during ozonation. Obviously,
he concentration of dissolved ozone is directly related to solvent
roportion in solution explaining thereby substantial acceleration
f ozonation bleaching activity observed under elevated solvent
acetone) concentrations.

The enhanced solubility of lignin (or lignin degradation prod-
cts) in organic solvents can also contribute to better pulp
elignification during solvent-assisted ozonation in comparison
ith water [36]. The dissolution effect varies for different solvents

nd depends on their hydrogen-bonding capacity (ı-value), which
ormally increases in solvent mixtures with water [37]. At the same
ime, it was reported that the addition of ethanol has no effect on
zone delignification (i.e., lignin removal) of kraft pulp [18], pre-
umably because of high degree of molecule association in alcohols
hat decreases the solvent capacity for lignin solubilization [37].

The remarkable concentration’s dependence of HPA-5 catalytic
ctivity is a result of structural and redox changes of the catalyst
n the reaction solution under ozonation conditions. In diluted acid
olutions the HPAs suffer degradative dissociation with formation
f defect (lacunary) heteropoly species and release of VO2

+ ions
3]. These latter, having higher oxidation potential than the parent
PA (0.87 V vs. 0.71 V, pH 1) [38], were shown to be the principal
ctive species in oxidation of the phenolic model compounds [39]
nd cellulose [11]. The HPA resistance to dissociation increases in
oncentrated solutions [3]. Thus, the highest rate of ozone delignifi-
ation observed in 1 mM HPA-5 solution is associated with maximal
elease of VO2

+ ions from the coordination sphere of POM. The fur-
her increase in HPA-5 concentration retards its dissociation and
owers the content of free VO2

+ ions in solution, what in its turn
auses decrease in pulp delignification and brightening, as well.
n excellent correlation (R2 = 0.993) was found between gain in
rightness and lignin removal pointing to the important role of

ignin-derived chromophores.

The limited dissociation of HPA-5 and reduced release of VO2

+

ons is an obvious reason of the observed increase in intrinsic vis-
osity of pulps ozonated under elevated catalyst concentrations.
he suppression of polysaccharide degradation leads to viscosity

mprovement up to 9.1% with change in POM concentration in reac-
ering Journal 155 (2009) 380–387

tion solution from 0.5 mM to 4.0 mM. Contrary to the expectations,
no appreciable drop in pulp viscosity was noted under a critical
catalyst concentration of 1 mM, confirming the protective effect of
organic solvent against oxidative degradation of carbohydrates.

The practical (commercial) feasibility of the proposed bleach-
ing approach will be obviously depending on the costs/efficiency
of chemicals recovery and, consequently, on the environmental
impact of this technology. The totally effluent-free (TEF) concept
of POM bleaching with repeated recirculation of the reaction solu-
tion can minimize any catalyst and solvent losses with the liquid
process streams after pulp ozonation, meeting thereby the eco-
nomical and ecological concerns related to chemical recovery. The
risk of catalyst (heavy metals) retention in bleached pulp can be
excluded by efficient pulp washing after POM stage, as it was shown
by pilot-plant experiments on POM promoted oxygen delignifica-
tion [40]. Some inevitable solvent vapors formed, e.g., during liquor
preparation before reuse in the next ozonation cycle, can be easily
recycled back by simple condensation without significant increase
in bleaching costs.

The distribution of ionic species in pulp suspension (Donnan
effect) and its influence on mechanism of POM re-oxidation and
pulp delignification under applied ozonation conditions still need
to be studied, to find the ways for further process improvement.
These studies are currently under progress in our research group.

5. Conclusions

A novel particularly effective and selective approach of POM-
catalyzed ozone bleaching of chemical pulps using organic solvents
as a reaction media has been developed. A series of organic
solvents were shown to have a well-defined capacity for ozona-
tion improvement in the presence of Keggin-type mixed-addenda
molybdovanadophosphate heteropolyanion HPA-5. The maximal
bleaching effect (the highest pulp brightening and delignification)
was observed in aqueous acetone solution. Under optimized condi-
tions, the POM-catalyzed ozonation of industrial eucalypt kraft pulp
in acetone/water media showed a brightness improvement by 15.1%
ISO with an additional lignin removal by 39.4% and an increase in
intrinsic viscosity by 3% in comparison with conventional ozonation
in water media.
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