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Influence of sulfur compounds,
manganese, and magnesium on
oxygen bleaching of kraft pulp

BORJE S. GEVERT aAnD SVEN . LOHMANDER

XIDIZED WHITE LIQUOR HAS

been used in place of sodi-

um hydroxide, as an alkali

source, in the oxygen delig-
nification stage for many years. The
use of oxidized white liquor maintains
the mill’'s sodium balance when the
spent bleach liquor is recycled to the
recovery system. The white liquor is
oxidized to convert the sulfide, which
otherwise could adversely affect the
pulp during the bleaching. However,
the necessity of oxidizing the white
liquor is disputed, since a very rapid
conversion of sulfide is expected dur-
ing the oxygen bleaching stage.
Contradictory results have previously
been reported (1, 2). Moreover, inter-
actions between catalytically active
transition metals and sulfur com-
pounds can take place during the
bleaching. This paper details the influ-
ence of varying sulfur compounds,
e.g., sulfide and thiosulfate, on medi-
um-consistency oxygen delignifica-
tion. The influence of manganese and
magnesium protector is investigated
as well. For this reason, the un-
bleached pulp is first carefully purified
by soaking to avoid the influence of
other metals during bleaching and
then impregnated with salt solutions
of manganese and magnesium.

EXPERIMENTAL
Preparation of soaked pulp
Kraft pulp from softwood, consisting
of Picea abies (70%) and Pinus
sylvestris (30%), was washed with
deionized and distilled water. To re-
move most of the magnesium, calci-
um, and catalytically active transition
metals, the pulp was soaked with a so-

lution of sulfur dioxide for 30 min at
pH 2.5. After washing, the pulp was
soaked at 5% consistency and pH 8.5
for 24 h in an ethylenediamine-
tetraacetic acid (EDTA) solution con-
taining 6 g/L of the complexing agent.
The pulp was then washed again,
soaked with SO,- water, and finally
washed and centrifuged to a consis-
tency of 31.5%. This pulp was used in
all experiments. Analysis of the soaked
pulp is given in Table L

Preparation of alkali sources
To investigate the influence of varying
sulfur compounds during oxygen
bleaching, five different alkali sources,
denoted A-E, were used in these ex-
periments. Analyses of these liquors
are given in Table IL The first liquor
(A) was prepared by dissolving NaOH
(105 g), NazCO3 (20 @), and NasS -9
H,O (138 @) in distilled water to form
1 L of solution. This liquor had a com-
position close to that of a mill white
liquor. Liquors B and C were prepared
from liquor A by oxidation in 1500-mL
rotating autoclaves for 20 and 60 min,
respectively. The temperature during
these oxidations was 100°C, and the
initial oxygen pressure was 0.5 MPa,
determined at 20°C.

The liquors were oxidized in 200-g
portions. The initial molar ratio of
0,:8* during these oxidations was
above 2, thus theoretically permitting
all of the sulfide to be converted to sul-
fate. As can be seen in Table II, the sodi-
um sulfide in liquor A was almost
completely converted to other sulfur
compounds, mainly thiosulfate, follow-
ing the longer oxidation time, while
18% of the sulfide remained uncon-
verted after the shorter oxidation

large proportion of the sulfate that was
formed during the bleaching could not
be derived from thiosulfate. The addition
of a substantial amount of manganese
suppressed the depolymerization of the
cellulose markedly, giving rise to in-
creased selectivity, defined as the viscos-
ity at a given kappa number.When
magnesium protector was added in the
molar ratio Mg:Mn = 10, a further gain
in selectivity was obtained, but the rate
of delignification was somewhat
retarded.

Application:

Manganese removal from the pulp can
be done during the oxygen bleaching,

yielding a pulp that is easier to further
bleach.

time. Liquor B, with a large content of
polysulfide sulfur (PS = S $*",72>0), had
a dark brown color. Liquor C had a
pale yellow color.

After preparation, these liquors
were stored at 4°C in completely filled
bottles and used in the oxygen bleach-
ing experiments within 24 h. The re-
sults of the oxidations in Table II agree
well with those obtained under alter-
native conditions (3, 4). As can be
seen in Table II, the effective alkali (EA
= NaOH + 0.5 Na,$) in liquors A-C is
approximately constant (slightly de-
creasing with increasing time of oxi-
dation). For this reason, the addition of
sodium hydroxide to the following
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Int. viscosity,
Kappa no. dmd/kg Mg
17.8 965 0.044
- - 10.7
“Iron was mainly present in an inactive form in silicates (10).

Ca Mn Fe
0.027 0.0027 0.022
10.8 1.5 12.3

I. Analysis of the soaked kraft pulp. Metal concentrations are given in mmol per 100 g pulp

(upper values) as well as in ppm wt./wt.”

Alkali NaOH, Na,CO,,
source g NaOH/L g Na,CO,/L
A 105.0 20.0

B I11.0 20.0

C 113.6 20.0

D 116.0 20.0

E 116.0 20.0

*PS = Polysulfide sulfur = SnSI', n>0

°EA = Effective alkali = NaOH + 0.5 Na,§

NaS, NasS,0 PS:,
g S/L g S/L g S/IL
18.5 - -
33 9.7 4.1
0.2 14.1 0.5

- 18.5 -

Na,SO,, Na SO, EA®,
g S/IL g S/L g NaOHI/L

- - 116.5

0.2 0.8 115.1

1.8 1.6 113.9

- - 116.0

- - 116.0

Il. Analyses of alkali sources A~E

two solutions was increased. Liquor D,
in which all of the sulfide in liquor A
was replaced by one half the molar
amount of thiosulfate, was prepared
by dissolving NaOH (116 g), Na,CO,
(20 g@),and Na,S,0, (46 @) in 1 L of dis-
tilled water. Finally, liquor E was pre-
pared as a reference by dissolving
NaOH (116 g) and NaZCO3 20 g) to
form a 1-L solution. Hence, liquor E is
lacking in sulfur compounds. The con-
centrations of PS and sulfate in liquors
B and C were determined gravimetri-
cally [(5) and TAPPI T 624 cm-85, re-
spectively], while the concentrations
of other sulfur compounds, i.e., sul-
fide, sulfite, and thiosulfate, were de-
termined iodometrically (6). More
than 98% of the sulfur present in
liquors B and C appeared as PS, sulfide,
sulfite, thiosulfate, or sulfate (Table II).
The concentrations of NaOH, Na,CO,,
and EA were determined by acidic
titration (SCAN-N 2:63).
Oxygen bleaching

Samples corresponding to 20 g dry
pulp were mixed with solutions of
aqueous manganese (ID sulfate (when
applied), aqueous magnesium sulfate
(when applied), and distilled water.
Finally, 5.0 g of one of the solutions
(A-E) was added to obtain a pulp con-
sistency of 10%. The oxygen bleaching
was executed in three series, denoted
1-3.Series 1 is characterized by no ad-

264 TAPPI JOURNAL OCTOBER 1997

ditions of metal compounds to the
pulp before the bleaching. Series 2 is
characterized by the addition of 0.5
mmol manganese(IDsulfate per 100 g
pulp (275 ppm wt./wt.) and series 3
by the addition of 0.5 mmol man-
ganese(IDsulfate and 5.0 mmol mag-
nesium sulfate per 100 g pulp (275
and 1215 ppm wt./wt., respectively)
before the bleaching.

The oxygen bleaching was carried
out in 1500-mL autoclaves at 100°C
and an initial oxygen pressure of 0.5
MPa, determined at 20°C. The bleach-
es were terminated after 15, 30, 60,
and 120 min (including the heating
period to 100°C) by cooling the auto-
claves in tap water. After releasing the
pressure, the pulp was separated from
the spent liquor by filtration through a
10 cm diameter Buchner funnel. The
spent liquor was passed once through
the filtercake to remove suspended
particles. An aliquot of the spent
liquor was passed through a coarse ul-
trafilter with a separation limit corre-
sponding to a molecular mass of
100,000 (reported by the manufactur-
er, Amicon Inc., Beverly, MA). This sep-
aration limit also corresponds to an
approximate effective diameter cutoff
of 5 nm.

After washing the pulp with dis-
tilled water, the kappa number (SCAN-
C 1:77) and the intrinsic viscosity

(SCAN-C 15:62) were determined. The
metal determinations in the spent
liquors were carried out by atomic ab-
sorption, and the concentrations of
total sulfur were measured on a sulfur
determinator [SC 132 (Leco)]. Values
for sulfate and thiosulfate in the spent
liquors were determined gravimetri-
cally and by potentiometric titration
with mercuric chloride, respectively
(TAPPI T 625 cm-85).

RESULTS AND DISCUSSION
Selectivity

Figure 1(a) shows a plot of viscosity
vs. kappa number after bleaching for
15, 30, 60, and 120 min, according to
series 1 (no addition of metals). As can
be seen in the figure, the lowest selec-
tivity, defined as the viscosity at a given
kappa number, was found after bleach-
es in which alkali source A was used.
The loss in selectivity, as compared to
the other bleaches in the series, result-
ed from increased depolymerization
of the cellulose and a decreased rate of
delignification. Hence, the sulfide ini-
tially present in liquor A adversely af-
fected the selectivity. The differences
between the other bleaches in the se-
ries were minor, although a slight loss
in selectivity was observed when
liquor E was applied, primarily due to
a decreased rate of delignification.



Evidently, the presence of a large
amount of thiosulfate during the
bleaching (alkali source D) does not
reduce the selectivity. The influence of
PS is much more difficult to study,
since these compounds are already
quite unstable at room temperature
and exist in a complicated equilibrium
involving sulfides of varying chain
lengths. However, the presence of
small amounts of sodium sulfide and
PS at the start of the bleaching do not
seem to affect the selectivity (alkali
source B). This is certainly due to a
very rapid oxidation of these com-
pounds in the initial stage of the
bleaching. The pulp, e.g., the phenolic
lignin, probably acts as a catalyst
(7-9), and the initial molar ratio,
0,:8%, is about 500 when liquor B is
used as the added alkali. The pulp
viscosities in this series are markedly
decreased in all bleaches after 60 and
120 min. This may be due to the cat-
alytic effects of transition metals still
remaining in the pulp after the soak-
ing. Extremely small amounts of transi-
tion metals such as iron could also be
present in the alkali sources (10).

When a large amount of man-
ganese (0.5 mmol per 100 g pulp) was
added before the oxygen bleaching
(according to series 2), the depolymer-
ization of the cellulose was greatly re-
tarded in all bleaches after 60 and 120
min [see Fig. 1(b)]. The effect on the
delignification rate was small. Similar
results have been achieved under
other conditions (11-13). Hence, the
added manganese suppressed the cat-
alytic effects of other transition metals,
probably by favoring reaction paths
that gave rise to reduced depolymer-
ization of the cellulose.

The trend in this series is approxi-
mately the same as that obtained dur-
ing bleaching without the addition of
manganese [Fig. 1(2)]. Even in series 3,
when both manganese (0.5 mmol per
100 g pulp) and magnesium (5.0
mmol per 100 g pulp) were added be-
fore the bleaching, the trend was, on
the whole, unchanged [see Fig. 1(c)].
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1. Influence of alkali sources A-E during oxygen bleaching of the soaked pulp. Original
pulp kappa no: 17.8; original viscosity: 965 dm*lkg. (a) No additions of metals before the
bleaching. (b) Addition of 0.5 mmol Mn per 100 g pulp (275 ppm wt./wt.) before the
bleaching. (c) Additions of 0.5 mmol Mn and 5.0 mmol Mg per 100 g pulp (275 and 1215
ppm wt.Iwt,, respectively) before the bleaching.

However, in this series, the depolymer-
ization of the cellulose, as well as the
delignification rate, was slightly retard-
ed. It should be emphasized that all
bleachings were carried out at a high
alkalinity. The final pH values in the
spent liquors, after bleaching for 15,
30, 60, and 120 min, were 12.7, 12.6,
12.4,and 12.0, respectively, for series 1
and 2,and 12.6,12.5,12.3,and 11.7, re-

spectively, for series 3.

The results from series 1-3 clearly
demonstrate that the selectivity is
greatly impaired by the initial pres-
ence of a large amount of sulfide dur-
ing the bleaching. Hence, it is
necessary to at least partially oxidize
the white liquor. The presence of a
large amount of thiosulfate results in a
slight gain in selectivity.
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Total sulfur, thiosulfate, and sulfate in spent liquors
Assuming complete dissolution during bleaching of the sulfur
compounds derived from each of the alkali sources (A-D), the
concentration of total sulfur in the spent liquor would be
0.514 g S/L. As shown in Table III, most of the sulfur (86-95%
of the added amount in all bleaches) was found in the spent
liquors. The differences are all within the limits of experimen-
tal error. Thus, as expected, most of the sulfur could be recov-
ered in the spent liquor. Most of this sulfur appeared as
thiosulfate and sulfate. Thiosulfate was the dominating species
after bleaching for 15 min, while sulfate already predominated
in several spent liquors after 60 min. Other sulfur compounds,
e.g., polythionates, might be present as well. Conspicuous in
this respect is trithionate, since higher polythionates readily
decompose under many conditions to yield trithionate (74).
As previously mentioned, it is likely that the oxidation rate of
sulfide is increased in the presence of organic matter,e.g., phe-
nolic lignin. When alkali source D was used, however, the for-
mation of sulfate was markedly lower than in the bleaches in
which other sulfur-containing alkali sources were applied
(Table IID).

To investigate the influence of pulp during the oxidation
of sulfide and thiosulfate, two further experiments were car-
ried out in the absence of pulp. Five grams of alkali source A
and D, respectively, were each diluted with distilled water to
200 g and were oxidized separately for 60 min under the same
conditions described previously. Hence, the molar ratio O,:8*
was the same as during the bleachings, i.e., approximately
100. After these oxidations, 47% of the total amount of sulfur
in the liquor appeared as sulfate when alkali source A was ap-
plied, while only 4.8% was found as sulfate when alkali source
D was applied. Thus, the formation of sulfate was nearly ten
times as high in the former case. These results should be com-
pared to the values in Table III, where 42-51% of the total sul-
fur in alkali source A appeared as sulfate in the spent bleach
liquors after bleaching for 60 min. The corresponding value
was 16% when liquor D was applied. Evidently, a great deal of
the sulfate formed during the bleaching could not be derived
from thiosulfate, although an increase in the formation of sul-
fate from thiosulfate occurred in the presence of pulp.
Moreover, the thiosulfate seems to be better preserved in the
presence of manganese and magnesium during bleaching (se-
ries 2 and 3). Thiosulfate is known to react with peroxides
(which are formed initially and throughout an oxygen bleach-
ing stage), according to the following reaction:

2802 +4HO, - SO +
SOz +4 HO (1)

Also, magnesium compounds are well known to retard the
decomposition of peroxides in alkaline media. The presence
of magnesium compounds during the bleaching therefore
could result in enhanced concentrations of thiosulfate. The in-



Series and 15 min 30 min 60 min 120 min
alkali source Mg Mn Mg Mn Mg Mn Mg Mn
2A - 0.055 - 0.062 - 0.065 - 0.073
2B - 0.058 - 0.069 - 0.076 - 0.073
2C - 0.055 - 0.060 - 0.060 - 0.069
2D - 0.047 - 0.056 - 0.055 - 0.065
2E - 0.055 - 0.069 - 0.078 - 0.078
3A 0.86 0.084 1.1l 0.144 1.23 0.182 1.40 0218
3B 091 0.084 1.22 0.126 1.58 0.171 2.00 0212
3C 0.95 0.045 1.44 0.118 1.56 0.155 1.85 0.182
3D 091 0.085 0.99 0.109 1.07 0.146 1.40 0.158
3E 091 0.095 1.07 0.122 1.77 0.182 2.06 0.222
IV. Magnesium and manganese compounds in spent liquors after bleaching for 15, 30, 60, and 120 min. Metal concentrations are given in
mmol/L.
Series and 15 min 30 min 60 min 120 min

alkali source Mg Mn Mg Mn Mg Mn Mg Mn

2A - 0.055 - 0.062 - 0.065 - 0.073

2A - 0.011 - 0.011 - 0.015 - 0.018

2B - 0.011 - 0.024 - 0.018 - 0.018

2C - 0.015 - 0.015 - 0.015 - 0.018

2D - 0.015 - 0.018 - 0.018 - 0.018

2E - 0.005 - 0.016 - 0.016 - 0.020

3A 0.025 0.002 0.029 0.002 0.058 0.004 0.082 0.013

3B 0.016 0.002 0.025 0.002 0.060 0.004 0.196 0.011

3C 0.016 0.002 0.021 0.002 0.053 0.004 0.210 0.011

3D 0.037 0.002 0.045 0.005 0.062 0.005 0.210 0016

3E 0.016 0.002 0.016 0.002 0.049 0.004 0.122 0.011

V. Magnesium and manganese compounds in the ultrdfiltrates of the spent liquors after bleaching for 15, 30, 60, and 120 min. Separation

limit of the ultrafilter corresponding to a molecular mass of 100,000. Metal concentrations are given in mmol/L.

creased concentrations of thiosulfate
in the spent liquors, found in the pres-
ence of manganese only (series 2), are
more puzzling. More exhaustive inves-
tigations are required to explain these
observations. The trithionate formed
in Eq. 1,which also could be formed in
other reactions, is probably negligible
in the oxidized white liquor, since it is
much less stable at higher hydroxide
ion concentrations, according to the
following reaction:

2507+60H -S0O.>+

4SQ*+3HO 2
This reaction could also explain in
part the slight loss in EA during the ox-
idations of white liquor (Table ID) (3).

MAGNESIUM AND MANGANESE IN
SPENT LIQUORS
Manganese in spent liquors from
series 2
In the spent liquors from series 2, the

concentrations of manganese were
low, without exception (Table IV).If a
complete dissolution of the added
manganese (0.5 mmol per 100 g pulp)
is assumed, then the concentration in
the spent liquor would be 0.56
mmol/L. As shown in Table IV, the
largest proportion of manganese in
the spent liquor was 14.1% of the
added amount. The amounts of man-
ganese in the spent liquors increased
slightly with increasing bleaching
time, due to the formation of organic
complexing agents, e.g., hydroxy
acids.

The proportions of manganese in
the filtrates from ultrafilter 100,000,
present as colloids and low-molecular
complexes, were very low (Table V).
Thus, most of the manganese in the
spent liquors was found in large col-
loids. The missing proportion of man-
ganese in the spent liquor, calculated
as the difference between the added
amount and the amount found in the

spent liquor, is either bound to the
pulp, which is itself a good chelating
agent for manganese at high pH values
(15), or is present in colloids and ag-
gregates of such large dimensions that
they are retained by the filtercake
when the spent liquor is passed
through. As expected, the sulfur com-
pounds present in most bleaches do
not seem to form any soluble com-
plexes with manganese, since the pro-
portion of manganese in the spent
liquor is not increased in the presence
of soluble sulfur compounds.
Magnesium and manganese in
spent liquors from series 3
When both magnesium and man-
ganese were added in a molar ratio of
10:1,the amounts of manganese in the
spent liquors were markedly in-
creased (Table IV) due to coprecipita-
tion of manganese with magnesium
compounds, e.g., magnesium hydrox-
ide, which later will be partially trans-
ferred into the liquor phase during the
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sium, manganese, oxidation, oxygen
bleaching, soaking, sulfur compounds,
white liquors.

bleaching. In most spent liquors, the
proportion of dissolved manganese
paralleled the proportion of dissolved
magnesium. Still, the largest dissolved
proportion of manganese was only
40.0% of the added amount.

It should be emphasized that the
concentrations of manganese in the
ultrafiltrates (Table V) were lower
when magnesium was added, com-
pared to the ultrafiltrates from series
2. Hence, nearly all of the manganese
in the spent liquors from series 3 ap-
peared in colloids of large dimensions.
The concentration of magnesium was
enhanced with increasing bleaching
time, mainly due to an increased solu-
bility of precipitated hydrated magne-
sium oxides when the concentration
of hydroxide ions was decreased (16,
17). Yet, even after bleaching for 120
min (pH = 11.7), only a minor portion
of the added magnesium was present
in the spent liquor. An increased dis-
solution of magnesium and man-
ganese during the bleaching could be
obtained by a reduction in the added
alkali (the final pH should be about
10.0 for a complete dissolution) or by
the addition of complexing agents,
e.g., hydroxy acids or EDTA (18).

CONCLUDING REMARKS
The initial presence of a large amount
of sodium sulfide during oxygen
bleaching resulted in a dramatically
impaired selectivity. It therefore is
necessary to oxidize the white liquor,
at least partially, before entering the
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oxygen bleaching stage. In fact, a con-
version of 82% of the initial amount of
sodium sulfide in the white liquor was
found to be sufficient to produce a sat-
isfactory selectivity after bleaching.
The sodium thiosulfate formed during
the oxidation had a slightly favorable
influence on the selectivity. After
bleaching for only 15 min, the total
amount of sulfur present in the bleach-
es appeared almost quantitatively in
the spent liquor, mainly as thiosulfate
and sulfate. Only a minor portion of the
sulfate formed during the bleaching
could be derived from thiosulfate.
Thus, other reaction paths must be pri-
marily responsible for the formation of
sulfate under these conditions.

A substantial addition of man-
ganese improved the selectivity due to
a decreased depolymerization of the
cellulose. The concentrations of man-
ganese in the spent liquors from these
bleaches were low. When magnesium

protector was added in a molar ratio
Mg:Mn = 10, the depolymerization, as
well as the delignification, was slightly
retarded. The proportion of man-
ganese in the spent liquors was
markedly enhanced in the presence of
magnesium. This manganese ap-
peared almost completely in colloids
of large dimensions. Apart from the in-
creased amounts of thiosulfate in the
spent liquors, interactions between
metals and sulfur compounds pro-
duced no observable effects. T)
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