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ABSTRACT In a laboratory bleaching study, we assessed the influence of the
chlorine ratio and oxygen bleaching on the amounts of polychlorinated
dibenzofurans (PCDFs) and polychlorinated dibenzo-p-dioxin (PCDDs)
Jormed. A significant factor affecting the amounts of PCDF and PCDD is the
chlorine ratio. On well-washed laboratory pulp, oxygen bleaching bas little or
no effect. The beneficial effects of oxygen bleaching on the amounts of
PCDFs and PCDDs observed in mill-scale studies is therefore likely the result of
the muich greater efficiency in pulp washing through the oxygen bleaching
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Toxicity

Polychlorinated  dibenzofurans
(PCDFs) and polychlorinated
dibenzo-p-dioxin (PCDDs) are two
series of tricyclic planar aromatic
compounds that are highly toxie and
environmentally persistent. Each
series consists of a number of chle-
rinated homologs (monochloro to
octachloro) and a large number of
isomers (1835 PCDF isomers and 75
PCDD isomers). Those isomers chlo-
rinated at all four lateral positions
(2,3,7,8-} possess extraordinary toxic-
ity (1-2). Thus, these eompounds are
the subject of concern in recent years,
and reviews have been published

*Correspondence.

describing their formation and occur-
renee (3-4).

Recently, PCDFs and PCDDs have
been identified in pulp mill sludges,
in pulp bleach plant effluents, and in
pulp and paper products (5-8). Preli-
minary work on our series of studies
showed that these compounds form
during the bleaching processes and
are a result of the use of chlorine (9).
The PCDFs and PCDDs appeared in
the first chlorination stage and were
in greatest quantity in the pulp.
Among the PCDFs, the TCDF's were
present in highest concentration, and
of the TCDF's, the 1,2,7,8- and 2,3,7,8-
TCDF isomers dominated the profile
(9). The PCDDs were present at lower

concentrations than the PCDFs, Of
the PCDDs detected, the TCDDs were
in highest quantity, and of these,
2.3,7,8-TCDD was present at the
highest concentration. The PCDF and
PCDD amounts decreased in the
stages subsequent to the first chlori-
nation (C)stage—i.e., the first alkaline
extraction (E) stage and the hypo-
chlorite (H) stage—but increased
slightly in the first chlorine dioxide
stage. The overall PCDF and PCDD
patterns observed in the first chlori-
nation stage were also detected in the
subsequent stages (9).

This study was carried out to deter-
mine on a laboratory seale the impor-
tance of such factors as chlorine ratio
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and oxygen bleaching on the amounts
of PCDFs and PCDDs formed. Oxy-
gen bleaching and the use of low
chiorine ratio are measures that may
reduce discharges of chlorinated
organic matter from pulp bleach
plants (10). Variations in concentra-
tions between C and E stages, parti-
tioning between pulp and liquor, and
the effects of adding peroxide in the
E stage were also considered. Only
softwood kraft pulps, well washed in
the laboratory, were included. In Part
11, we will apply the laboratory results
in a full mill-scale study. Results from
this mill-scale study will be presented
in a later article,

Experimental procedures
Choice and preparation of pulp

Unbleached, softwood kraft pulp was
obtained from a pulp mill producing
850 tons of bleached pulp per day. The
pulp was produced without conden-
sates in the washing operations and
had a kappa number of 31. Before
laboratory bleaching, the pulp was
washed once again in the laboratory,
reducing the kappa number to 30.5.

Bleaching processes

The chlorine gas, obtained from AGA,
Special Gas, Sweden, consists of 99.8%
Cl: and 0.2% CO:. The chlorine dioxide
used was prepared from sodium
chlorite in one of our laboratories. All
pulp suspensions were formed using
tap water from the City of Stockholm.
Pulp washings were also performed
using tap water.

In aecordance with normal labora-
tory procedures, all (C85+D15)-stage
and E-stage experiments were per-
formed in heat-sealed polyethylene
bags. To examine whether the poly-
ethylene may influence the rate of
formation or the amounts of PCDFs
or PCDDs, one series of (C85+D15)-
stage and E-stage experiments was
duplicated in glass.

The effect of chlorine ratio was
studied by treating 120 g of the pulp
in a (C85+D15)-stage, varying the
chlorine ratio (as active chlorine)
between 0.05 and 0.25. Chlorine ratio
is defined as the charge of elemental
chlorine and chlorine dioxide, ex-
pressed as active chlorine in percent
of pulp divided by the kappa number.
The conditions used in the (C85+D15)
stage were 3.5% pulp consisteney, a
temperature of 40°C, and a reaction
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time of 60 min. In all experiments, the
chlorine was almost completely con-
sumed at the end of the reaction time.
The chlorinated sample was filtered
on a Buchner funnel and washed
twice, each time with 500 mL of cold
water, The spent liquor and a portion
{30 g} of the pulp were reserved for
analysis.

The remaining, chlorinated pulp
was treated in an E stage using the
following conditions:

¢ Pulp consistency: 10%

® Charge of alkali: equivalent to 15-
20 kg NaOH/ton of pulp

s Temperature: 60°C

& Reaction time: 60 min.

Thereafter, the pulp was again fil-
tered in a Buchner funnel and
washed. The filirate and pulp were
reserved for analysis,

A part of the commerecially pro-
duced softwood kraft pulp was
bleached in the laboratory in an
oxygen stage using the following
conditions:

¢ Pulp consistency: 25%
¢ Alkaline charge: 2%

¢ Temperature: 100°C
& Pressure: 8 bar

¢ Reaction time: 30 min.

After oxygen bleaching, the pulp was
washed extensively to reach a kappa
number of 21.6.

The oxygen-bleached pulp was
further bleached in a (C856+D15)-stage
and E-stage under conditions identi-
cal to those deseribed. The chlorine
ratios used were 0.10, 0.20, and 0.25,
respectively. Bleaching with a chlo-
rine ratio of 0.20 was carried out
twice. In one of the samples, 0.20%
hydrogen peroxide calculated on pulp
was added in the E stage.

PCDF and PCDD analyses

PCDF and PCDD analyses were
performed separately on three frac-
tions from each pulp suspension.
These fractions were:

1. The filtered, air-dried pulp

2. Fine particulate matter filtered
from the pulp-free aqueous liquor
using a 0.45-um membrane filter

3. The aqueous liquor itself.

The analytical methods used are
described eisewhere (8, 14).

The solid samples (pulp and fine
particulate matter) were soxhlet

extracted with toluene, and the aque-
ous liquer filtrates were extracted in
a separatory funnel with dichlorome-
thane. A three-column cleanup of the
samples followed. The three columns
used were:

1. 40% HoS0, on silica gel
2. Activated basic alumina (Woehhn
basic akt.I)

3. 18% Carbopak C (Supelco) on Celite
545,

The extracts were analyzed by high
resolution gas chromatography/high
resolution mass spectrometry
(HRGC/HRMS) using a VG 70-250E
or VG 70-2508 mass spectrometer
operating in the selected ion monitor-
ing mode. PCDFs and PCDDs were
identified by matching responses of
the characteristic ions in the molec-
ular ion cluster with the theoretical
ion abundances (£10%) and by mateh-
ing retention times (3 s) of fetra-
through octe-PCDF and -PCDD to
those of actual isomers established
through periodic analysis of retention
time standards.

The PCDFs and PCDDs were quan-
tified by comparing the isomer re-
sponses to the response of authentic
2,3,7,8-isomers in quantification
standards that were analyzed at
intervals of no more than once every
8 h of instrument operation. Monitor-
ing the response of the quantification
standard was also one important
aspect of the guality assurance pro-
gram to assure consistent instrument
calibration and response. The quality
assurance program for these samples
also ineluded preparation and analy-
sis of laboratory blanks, which were
prepared in series with the actnal
samples.

Another important aspect of the
quality assurance program was the
inelusion of ¥C-labeled compounds as
internal standards for the PCDF and
PCDD homologs. A total of six °C-
PCDFs and -PCDDs were added to
each sample before extraction and
cleanup. Two additional *C-labeled
isomers were added to each cleaned
up extract before analysis. The re-
sponse of all eight BC-isomers was
measured in each sample to monitor
variations in sample preparation
efficiencies and in instrument re-
sponse and to determine possible
matrix effects. The recovery of these
BC-surrogate compounds was calcu-
lated for each sample. These recovery



I. Detection limits for isomers in Figs. 1 and2 1. Distribution of tetra- through octa-CDFs and -CDDs in (CB5+D15)-stage pulp suspension samples
from laboratory bleaching of softwood kraft pulp at a chlorine ratio of 0.20. (Detection limits are

. 1
in Table’ I}
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values were used to correct the mea- Results and discussion

sured results to compensate for ana- .
lyte loss during work-up and for The influence of chlorine ratio

instrument variation. with unbleached pulps

The reproducibility in analysis of As mentioned, certain characteristic
blood, human milk, liquid and solid patterns appear for the various
samples from incinerators, and pulp PCDFs and PCDDs (6, 7, 9) in the
and bleach plant liquors using ap- analysis of bleach plant samples. In
propriate C-surrogates was pre- these patterns, the 2,3,7,8-TCDF and
viously found to be approximately 20- 2,8,7,8-TCDD isomers often dominate
30% for tetra- and penta-CDFs and - the profile. Other isomers are also
CDDs (11-12). detected, however, including the

1,2,7.8-TCDF and penta- and hexa-
CDF's and -CDDs. Occasionally, even
hepta- and octa-CDFs and -CDDs are
detected. Figure 1 shows the quanti-
ties of each of the fetra- through octa-
CDFs and -CDDs found in the bleach-
ing of softwood kraft pulp using a
chlorine ratio of 0.20. Only values for
the (C+D) stage are presented. In the
figure, each line represents the sum
of the respective isomers in the pulp,
in fine particulates, and in the liquor,
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with this sum caleulated as ug/ton of
pulp. Detection limits (DL) are given
in Table 1.

The graphs show that not all exist-
ing PCDFs and PCDDs are detectable
in the samples. Of the PCDFs and
PCDDs present, the TCDI's appear in
highest quantity, and the dominating
isomer is 2,3,7,8-TCDF. Another
isomer is 1,2,7,8-TCDF. Among the
TCDDS, four isomers were detected,
with the highest level for 2,3,7,8-
TCDD. In the analysis of the un-
bleached pulp, 1,3,6,8-TCDD and
1,3,7.9-TCDD were detected. These
isomers have been identified as con-
taminants in chlorophenols. The raw
water used by the pulp mill, from
which the bleached pulp was ob-
tained, is known toc contain chloro-

phenols (13).
Signifieant quantities of PeCDFs,
PeCDDs, H=xCDFs, HxCDDs,

HpCDFs, and HpCDDs are also pres-
ent in the pulp suspension. Also, in
these congener groups, the toxie
2,3,7,8-substituted isomers are pres-
ent in the highest concentrations.
Generally, the major part of PCDFs
and PCDDs were detected in the pulp
fraction of the (C+D)-stage suspen-
sion, with only approximately 10% of
the PCDF's and PCDDs in the ligquor
and fines.

Similar analyses were also carried
out on the pulp suspension from the
successive E stage. Figure 2 shows
the fetra- through octa-CDFs and -
CDDs. The basic pattern shown in
Fig. 1 is also apparent in Fig. 2. The
levels in the (C+D) and E stages are
similar, except for the levels of
1,2,3,7,8-PeCDD and -OCDD being
higher in the E stage suspension. In
this suspension, approximately 30-
50% of the total amount of PCDF's and
PCDDs was found in the liquor and
fine material.

Four parameters were chosen to
illustrate the influence of the chlorine
ratio on the formation of PCDF's and
PCDDs. These were the amounts of
2,3,7,8-TCDF, 2,3,7,8-TCDD, the U.S.
EPA TCDD Toxic Equivalence Fac-
tor (TEF) and the Nordic TEF (14,
15), respectively. .

These parameters were selected to
best illustrate the toxic aspects of the
PCDFs and PCDDs found. Table II
shows the U.8. EPA and Nordic
TCDD Toxic Equivalence Weighting
Factors. Figure 3 illustrates the
effect of chlorine ratio on the four
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2. Distribution of tetra- through octa-CDFs and CDDs in E-stage pulp suspension samples from
laboratory bleaching of softwood kraft pulp at a chloring ratie of 0.20. (Detection limits in Table Il
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parameters as found in the
(C85+D15)-stage suspension. Figure
4 illustrates the results obtained for
the respective successive E stages.
The results in these figures, expressed
in pg/ton of pulp bleached, are the
combined results of analysis of the
pulp, liquor, and fine particulate
fractions in the suspensions.

In accordance with the previous
observations, the four PCDF and

PCDD parameters already appear in
the (C85+D15) stage. In general, the
levels in the E stage are the same or
slightly higher. A carryover of the
PCDFs and PCDDs, formed during
chlorination, to the E stage is logical.
However, the higher concentrations of
1,2,3,7,8-PeCDD and -OCDD strongly
indicate that in addition a denovo
synthesis may take place in the E
stage.



3. Levels of four characteristic PCDF and PCDD parameters calculated per ton of pulp bleached
in {C85+D15)-stage pulp suspension samples from the laboratory bleaching of a softwood kraft
pulp {kappa no. 30.5) using five different chiorine ratios. {DL = 0.002ug/ton for TCDF and 0.004ug/

ton for TCDD)
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4. Levels of four characteristic PCDF and PCDD parameters calculated per ton of pulp bleached
in E-stage pulp suspension samples from the laboratory bleaching of a softwood kraft pulp (kappa

ne. 30.5) using five different chicrine ratics. (DL = 0.002pg/ton for TCDF and 0.004g/ton for TCDD.)
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A significant conclusion is that an
exponential relationship seems to
exist between PCDF and PCDD con-
centrations and the chlorine ratio
used. This relationship is exhibited for
all four parameters, and it indicates
that even a small reduction in the
chlorine ratio may result in a signif-
icant drop in the PCDF and PCDD
levels.

Currently, a chlorine ratio of 0.20-
0.25 is quite normal in the bleaching
of softwood kraft pulp. A large drop
may be observed within a range of
chlorine ratios from 0.25 to 0.15. The
implication is that within limits
dictated by mill operations, the levels
of PCDF's and PCDDs ean be greatly
affected by the chlorine ratio used. In
fact, at chlorine ratios at or below (.15,
the concentrations of all four parame-
ters are only slightly above or at the
limits of detection.

A similar relationship has been
found for higher chlorinated phenols
in other studies (15, 16). It is not
apparent from our work whether
there is a connection between forma-
tion and the eoncentrations of chlor-
inated phenols, and formation and the
amounts of PCDFs and PCDDs.

In our study here, only the two first
bleaching stages were investigated.
No attention was paid to a final
bleaching result with regard to final
brightness or other pulp qualities.
These aspects will be considered in
Part Ii,

The influence of chlorine ratio
with oxygen-bleached pulps

The same general pattern of PCDF
and PCDD isomers found in the
bleaching of unbleached softwood
kraft pulp was also obtained in the
bleaching of pulp prebleached with
oxygen to kappa number 21.6. Thus,
the relative distribution .of PCDFs
and PCDDs shown in Figs. 1 and 2
was also detected after bleaching the
oxygen-bleached samples with the
2,3,7,8-TCDF and 2,3,7,8TCDD iso-
mers dominating. In all, there was
only a relatively small number of
other isomers present, although the
PeCDFs and PeCDDs did appear in
somewhat higher concentrations.

In Figs. 5 and 6, the same four
PCDF and PCDD parameters have
been used to illustrate the effect of
chlorine ratio. Again, the results are
the combined results of analysis of the
pulp, liquor, and fine particulate
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fractions in these suspension and are 5. Levels of four characteristic PCDF and PCDD paramelers calculated perpg/ton of bleached
expressed in pg/ton of pulp bleached. pulp in (Ca5+D15)-stage pulp suspension samples from the faboratory bleaching of an oxygen-

In accordance with what was found bleached pulp (kappa no. 21.6) using thiee different chlorine ratios. (DL = 0.002ug/ton for TCDF
for unbleached pulp, Figs. 5 and 6 2nd 0004ug/ton for TCDD)
show that the four PCDF and PCDD o
parameters already appear in the
(C85+D15) stage. An exponential
relationship between chlorine ratio
and the various parameters seems to
exist.

An additional parameter we exam-
ined is the addition of hydrogen
peroxide in the E stage. Hydrogen
peroxide is often added to enhance the
delignifying effect of the E stage.
Thus, included in Fig. 6 are the four
PCDF and PCDD parameter levels in
E-stage samples with and without AT
peroxide addition. As shown, the - - EPA *Qx;;’;g:‘s“'_a,'eme '
hydrogen peroxide treatment has L S
little effect on the formation of PCDFs
and PCDDs.

A comparison of Figs. 3-6 suggests
that oxygen bleaching does not have
any significant effect on the overall
amounts of the four PCDF and PCDD
parameters, as calculated per ton of
pulp. However, the pulps used in this
study were washed extremely well in
the laboratory prior to bleaching.
Other studies suggest that in full mill-
scale operations, oxygen bleaching
has an advantageous effect in decreas- g ot fow oharacteristic PODF and PODD parameters in E-stage pulp suspension samples
ing PCDF and PCDD concentrations {with and without hydrogen peroxide} from the laboratory bleaching of an oxygen bleached pulp
(18). Therefore, this decrease must be {kappa no. 216} at three different chlorine ratios, calcuated in ug/ton of pulp bleached. (DL =
a result of the oxygen bleaching in the 0.002ug/ton for TCDF and 0.004 ug/ton for TCDD.)

mill functioning as an effective wash-
ing stage, removing PCDF and PCDD
precursors.

‘zareTepF 0 | sl asrsrepn

Nordic toxic equivalence -
factors - -

T T T

Conclusions

A significant factor that affects PCDF
and PCDD formation in the bleaching
of pulp using chlorine is the chlorine
ratio. Oxygen bleaching may also
affect PCDF and PCDD concentra-
tions but probably only through the
benefit of effective washing pro-
cedures. S T .
When evaluating the PCDF and | _EPA-Iqxic.equiv_aIenge_ EE I e N 'h_lordic_loxid'e'q'(jivale'r_'!cé':"'
-PCDD concentrations in bleach plant " _"a“."-’_s-. S AR - = f?"-‘."’_s_- e
samples, it is advisable to determine ' S
the levels in all three fractions: aque-
ous liguor fraction, fine particulate
matter in the liquor, and in the pulp.O
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