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ABSTRACT Poor brownstock washing led to increased levek of 
polychlorinated dibenzop-dioxins (PCDDs) and f urans (PCDFs) in softwood 
pulps after the chlorination stage and in the final effluent. Additional 
washing in the laborato y with copious amounts of aqueous ethanol 
decreased chlorinated dioxins and f urans by 80%. These results demonstrate 
the presence of solvent-extractable precursors for PCDD/Fs associated with this control 
unbleached pub. Pulping 

Based on analyses of the brownstock pulps for dibenzop-dioxin (DBD) Surfactants 
and dibenzo furan (DBF], material balance calculations suggest there must 
be other precursors for the chlorinated analogs. Spiking unbleached pulps with 
higher than normal lmek of brownstock and screen room defoamers used in 
our milk had no significant effect on the formation of chlorinated dioxins 
and f urans after bleaching. Laborato y studies ako showed that the use of 
surfactants during brownstock washing could reduce the levek of PCDD/Fs 
bzl as much as 25%. 

Small amounts of 2,3,7&tetrachloro- 
dibenzo-p-dioxin (2378-TCDD) and 
2,3,7,8-tetrachlorodibenzofuran 
(2378-TCDF) have been detected in 
pulp mill sludges and effluents (1-7). 
It  also has been established that these 
materials are formed mainly if not 
exclusively in the chlorination stage of 
bleaching (6, 7). 

The effect of improved removal of 
extractable materials during brown- 
stock washing on the formation of 
PCDDs and PCDFs was evaluated in 
mill trials and in laboratory bleaching 
studies. Possible precursors for 
PCDD/Fs in the unbleached pulp 

include the unchlorinated analogs, 
dibenzofuran (DBF), and dibenzo-p- 
dioxin (DBD), as well as low-molec- 
ular-weight lignin fragments gener- 
ated during pulping, which include 
diary1 ethers, substituted phenols, and 
catechols. Alkyl-substituted DBD/Fs 
may be present as well. 

Direct chlorination of DBD/F is 
known to produce PCDD/Fs (8-15). 
The unchlorinated compounds have 
been detected recently in unbleached 
and bleached pulps (9-12). Brown- 
stock defoamers have been identified 
as one source of these compounds ( 1 1 ,  
12). There is still some confusion 

concerning the relative contribution 
of these unchlorinated precursors to 
the overall formation of PCDD/Fs in 
pulp bleaching. 

Published studies with model com- 
pounds generally conclude that the 
chlorination of DBF does produce the 
TCDF isomers normally associated 
with pulp bleaching processes (10-15). 
In contrast, early reports suggested 
that chlorination of DBD did not 
produce TCDD isomers in a pattern 
characteristic of bleached pulps (10, 
13, 14). 

When DBD was chlorinated in 
aqueous solutions, the two major 
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TCDD isomers were 2378-TCDD and 
1278-TCDD, in a ratio of about 60:40 
(10, 14). Bleaching of pulp in the 
laboratory typically produced only the 
2378-TCDD isomer with only small 
amounts of the 1278-TCDD isomer 
(10, 13, 14). It was shown in more 
recent studies that the chlorination of 
DBD in the presence of bleached pulp 
does lead to the pattern of TCDD 
isomers expected in pulp (15). 

We have consistently found signif- 
icant levels of the 1278-TCDD isomer 
in analyses of our laboratory and mill- 
bleached pulps and also in the chlo- 
rination of isolated kraft lignin (Fig. 
1) (16). We have demonstrated that 
these isomer patterns are strongly 
affected by the amount of chlorine 
used for bleaching and reaction time 
(17). The low levels of 1278-TCDD 
found in some analyses also may be 
due to a selective loss of certain 
isomers in the extensive clean-up 
procedures used (18). Artifacts of the 
analytical procedure can obviously be 
misleading in developing mechanistic 
interpretations. 

The chlorine substitution pattern 
also could be influenced by substitu- 
ents already present on the unchlo- 
rinated structure. The existence of 
alkyl-substituted furans (19)  and 
phenoxy-substituted dioxins (20) has 
been reported recently. 

i! - a 
a" 

Role of contaminants 
The role of contaminants in the for- 
mation of PCDD/Fs has been ques- 
tioned since the discovery of chlorinat- 
ed dioxins and furans in pulp mill 
effluents and sludges. Numerous 
organic and inorganic additives are 
used in every part of the papermaking 
process. Swedish researchers have 
presented evidence that evaporator 
condensates from the process of con- 
centrating black liquor can enhance 
the formation of PCDD/Fs in C-stage 
pulps (19). A common energy-saving 
and water-conserving practice is to 
use the hot condensate as shower 
water on the final stage of the brown- 
stock washers. The carry-over of black 
liquor solids into the bleach plant due 
to incomplete washing also may en- 
hance the formation of PCDD/Fs. 

Canadian studies showed that some 
oil-based additives used in brown- 
stock washing and other areas to 
control the natural foaming tenden- 
cies of pulp mill filtrates contained 
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2 Formation of 2378-TCDD in C-stage pulp after spiking brownstock with commercial defoamer 
products at 20 lbiton of pulp (Solid bars are controls with no added defoamer.) 
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1. TCDD isomers on chlorination of (A) 
unbleached softwood pulp and (B) isolated 
softwood lignin 

A 

relatively high levels of DBF (11, 12). 
When these products were added to 
unbleached pulp in the laboratory at  
three to five times the normal appli- 
cation rate, a dramatic enhancement 
of both 2378-TCDD and 2378-TCDF 
levels in chlorinated pulp was ob- 
served in several cases (Table I). 

After reviewing their work, we 
conducted similar tests on 12 commer- 
cial defoamer products used in our 
mills and found that none of the 
products tested gave such dramatic 
increases in TCDD/F levels (Fig. 2). 
Those products which gave levels of 
2378-TCDD slightly higher than the 

3. The effect of brownstock washing on the 
formation of 2378-TCDD in mill-produced 
hardwood pulps, D-stage samples were 
duplicates from the same D-stage 

C-stage E-stage D-stage D-stage 

I 

controls (no added defoamer) are n 
longer used in our mills. Several 
defoamer suppliers are actively work- 
ing with their oil suppliers to ensure 
that only the highest quality oils are 
used in their formulations. 

Effect of brownstock washing 
Trials were conducted in 1987 at a 
Westvaco mill to test the effects of 
black liquor carry-over. Brownstock 
washing was improved for a 30-h 
period by increasing the shower water 
flow and maintaining relatively low 
production rates. A second 24-30-h 



4. Characterization of liquid squeezed from brownstock pulp during poor washing trial, third- 
staqe brownstock washer 

~~ ~~ ~ 

SAMPLE NUMBER 

I. Effect of added defoamers or oil on 
formation of 2378-TCDDiF during the 
chlorination stage (72) 

2378- 2378- 
TCDD, TCDF, 

PPt PPt 

Control 11 160 
Defoamer A 110 91 0 

Defoamer B 81 280 
Defoamer C 140 1200 

trial was conducted later in the same 
week with decreased shower water 
flow to simulate relatively poor 
brownstock washing. Composite sam- 
ples were taken throughout the bleach 
plant and waste treatment system to 
characterize each period. These were 
analyzed for TCDD/Fs. The results 
are shown graphically in Fig. 3. The 
chlorinated and extracted pulps and 
final bleached pulp all had lower 
TCDD/F levels during the period of 
good washing. 

Characterizing brownstock 
washing 
The efficiency of brownstock washing 
stages in removing solids from pulp 
is commonly used as a measure of 
washing performance. This perfor- 
mance can be determined by measur- 
ing sodium carry-over for instance 
and is often expressed as NazSO4 (salt 
cake) loss. In our study, the quantity 
of organic material carried into the 
bleach plant with the brownstock was 
considered to be more important. 
Therefore, several tests were used to 
determine organic carryover more 
directly. 

The liquid squeezed from the 
brownstock pulp was subjected to a 
variety of tests to quantify the amount 
of chlorine-reactive organic material 
present. Tests included chlorine de- 
mand, chemical oxygen demand 
(COD), permanganate demand, and 
iodine demand. The percent solids in 
the liquid was determined also for 
comparison. Pulp samples were taken 
from the last stage of the brownstock 
washers and from the deckers, which 
thicken the pulp after screening. As 
shown in Fig. 4, all these tests gave 
similar information. The y-axisvalues 
were normalized to facilitate compar- 
ison of these techniques. Samples 
were collected every 3 h during the 
“poor washing” phase of the mill trial. 
The permanganate consumption test 
was chosen for further work since the 
test is easily run and the chemicals 
used are familiar and readily availa- 
ble at  the mills. 

This test was used to quantify the 

degree of washing during the trials 
(Fig. 5). The carry-over was about 
30% higher in the pulp from the final 
wash stage during the poor washing 
period. After screening, the differ- 
ence in the carry-over between the two 
trial periods was slightly less, requir- 
ing from 10-20% more permanganate. 

The average permanganate con- 
sumption of the liquid associated with 
the screened pulp was 1.7 g/L during 
the poor washing trial versus 1.5 g/ 
L during the period of good washing. 
A 1.5-g/L permanganate consump- 
tion corresponds roughly to a chlorine 
demand of about 0.3 g/L. Chlorination 
of the material in this liquid can 
require as much as 10 Ib Cldton of 
pulp, depending on the water recycle 
pattern at  the mill. 

Ethanol washing 
of brownstock 
The limits of improved washing were 
tested in the laboratory by washing a 
brownstock pulp sample with both 
aqueous and absolute ethanol before 
chlorination. As compared to no 
washing, the solvent washing lowered 
the amount of 2378-TCDD/F formed 
in the subsequent stage by up to 80% 
(Figs. 6 and 7). Based on precursor 
analyses, this solvent washing did not 
remove all of the unchlorinated DBD 
and DBF from the unbleached pulp, 
but a substantial reduction was ob- 
tained (Table 11). 

It appears likely that other precur- 
sors for PCDD/Fs exist. The ethanol- 
washed brownstock contained only 7.2 
ppt of DBD, or about 40 “femtomoles” 
per gram of pulp (fm/g). The C-stage 
pulp alone contained 20.7 ppt (65 fm/ 
g) of 2378-TCDD and 61 ppt (190 fm/ 
g) of all TCDD isomers. Some TCDDs 
were probably present in the filtrate, 
although it was not analyzed. Fur- 
thermore, the 40 fm/g of DBD would 
have been converted to penta-, hexa-, 
hepta-, and octachloro isomers as well 
as tetrachloro. 

For the furans, the ethanol-washed 
pulp contained 1540 ppt of DBF, or 
about 9.2 picomoles per gram of pulp 
(pm/g). According to Canadian re- 
sults, the conversion of DBF to 2378- 
TCDF is about 0.94 mole percent (15). 
We found that about eight times more 
2378-TCDF was produced in the C- 
stage pulp alone than would be pre- 
dicted by using this conversion factor. 

Since more chlorinated dioxins and 

January 1990 Tappi Journal 187 



furans were formed than can be 
explained by the residual DBD or 
DBF in the ethanol-washed pulp, we 
propose that degradation of residual 
lignin during bleaching leads to 

The effect of treating the brown- 
stock pulp with an extended leaching 
a t  high pH and then water washing 
before chlorination also was tested in 
the laboratory. The purpose was to 
test a more practical means to further 
promote the removal of low-molec- 
ular-weight lignin and other precur- 
sors before chlorination. A 3-h leach- 
ing period a t  pH>11 lowered the 
2378-TCDD levels by 25% and the 
2378-TCDF level by over 60%, as 
compared to bleaching an untreated 
brownstock pulp. Since the leaching 
lowered the kappa number, the chlo- 
rine charge was reduced to maintain 
a constant chlorine factor (CF), as 
defined here: C F  = % Clz/kappa 
number. The sum of all tetrachloro- 
substituted dioxins was reduced by 
about 60% as a result of the extended 
leaching period. 

ti- 
8 a 8 formation of PCDD~. 

Washingwith surfactants 
Another more practical way to im- 
prove brownstock washing was tested 
in the laboratory. Several experimen- 
tal surfactants which were being 
developed as “drainage aids” were 
used in laboratory simulations to test 
the effect of improved washing on the 
formation of TCDD/Fs. 

As shown in Table 111, two of the 
additives were effective in lowering 
the 2378-TCDD levels in C-stage pulps 
about 20%, as compared to a control 
in which the brownstock was washed 
with water only. Filtrates were not 
analyzed. The levels of 2378-TCDF 
also were lowered by about 20-25%. 

These results suggest that employ- 
ing drainage aids in brownstock 
washers could be used to lower the 
levels of PCDD/Fs formed in bleach- 
ing. However, the effect was relatively 
small as compared to other process 
options being developed. 

Conclusions 
The effectiveness of brownstock wash- 
ing influences the concentrations of 
PCDD/Fs formed in the first stage of 
bleaching. Poor washing in mill trials 
produced higher levels of these mate- 
rials than during a control period with 
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5. Permanganate Consumption of liquid squeezed from brownstock pulp during mill trials. Solid 
bars are samples from deckers after screening. Open bars are samples from the final stage of 
brownstock washins. 

l4 I Good washing 

SAMPLE NUMBER 

1 4 1  
Poor washing n 

SAMPLE NUMBER 

111. Effect of washing aids (surfactants) in brownstock washing on formation of TCDD/Fs in C- 
stage softwood pulps: CF = 0.27 
I I 

2378- Total 2378- Total 
TCDD, TCDD, TCDF, TCDF, 

PPt PPt PPt PPf 

Control 33.1 33.1 488 1153 
Product 1 33.8 33.8 452 1184 
Product 2 26.6 29.8 359 831 
Product 3 25.7 33.1 331 862 

good washing. Removing extractable 
material from unbleached pulp in the 
laboratory with ethanol resulted in 
significantly lower concentrations of 
TCDD/Fs upon bleaching. Based on 
the quantity of unchlorinated dioxins 
and furans remaining in the ethanol 
washed pulp, other precursors for 
TCDD/Fs must exist. Residual lignin 
remaining undegraded in the fiber is 
proposed as a source of these mate- 
rials. The use of experimental drain- 
age aid in laboratory simulations of 
brownstock washing (surfactants) 
lowered the formation of TCDD/Fs by 
20-25%. 

II .  Effect of ethanol washing on removal of 
dibenzo-p-dioxin (DBD) and dibenzofuran 
fDBFl from softwood brownstock DUID 

Sample 
description 

Control 
Unbleached pulp 
C-stage pulp 
E-stage pulp 

EtOH Washed 
Unbleached pulp 
C-stage pulp 
E-stage pulp 

DBD, 
PPt 

189 
60 
22 

7.2 
4.5 
8.9 

DBF, 
PPt 

5600 
4590 
2700 

1540 
3940 
2320 

Jkperimental procedures 
General methods 
Unbleached, screened softwood pulp 
was collected from a mill. The .kappa 
number was determined using TAPPI 
um T236 os-76. An aliquot of the pulp 
was processed through the chlorination 
and extraction stages with no addition- 

al prewashing or processing. Another 
aliquot of pulp was extensively washed 
with water, aqueous ethanol, and then 
absolute ethanol (described in a later 
section) before bleaching. 

The kappa factor KF is defined as 



6. The effect of ethanol washing on the formation of 2378-TCDD; 
averaae of two exoeriments [softwood DUID. kaDDa no. 26.4, chlorine 

7. The effect of ethanol washing on the formation of 2370-TCDF; 
averaae of two exoeriments (softwood DUID, kama no. 26.4, chlorine 

-n.d. (0.3) n.d. (0.2) 

factor'6.27) 

84 
~ 

. .  . 

1401 1 

,201 

0- 
UNBLEACHED 

0 Unwashed = EtOH washed 

C-STAGE E-STAGE 

1400 

1200 lE1 EtOH washed 
0 Unwashed 

loool 800 

400 6oot 
I I  
I I  fi 

r. Experimental conditions for laboratory work 

Set 1 Set 2 
Un- EtOH Un- EtOH 

washed washed washed washed 

Kappa number 
Viscosity, cp 

Before chlorination 
26.4 26.4 26.4 26.4 
27.1 27.3 27.1 27.3 

Chlorination 

0.d. pulp used, g 
Final pH 
Actual CI, consumption, 
25 mL K number 

O.D. pulp used, g 
Alkali, % 
Initial pH 
Final pH 
25 mL K number 

70 
1.4 

O h  on 0.d. pulp 7.9 
6.7 

Extraction 

40 
3.0 

11.7 
8.1 
3.6 

70 
1.4 
7.9 
7.9 

40 
3.0 

11.9 
8.5 
3.9 

300 
1.6 
7.9 
6.4 

60 
3.0 

12.5 
9.8 
3.4 

290 
1.6 
7.9 
6.3 

60 
3.0 

12.9 
9.5 
3.4 

KF = ["/. Clz + (% ClOz x 2.63)y change after ethanol washing a5 
kappa number compared to the original pulp. After 

chlorination, the pulp slurry was 
A KF of 0.30 was used in all chlor- thickened with no additional washing 
inations with 10% substitution of ClOz, to maximize PCDD/F concentrations 
added af ter  Clz-water. The un- in the pulp. High chlorine charges 
bleached pulp kappa number did not were used to ensure the formation of 

measurable levels of PCDD/Fs. 

Table IV. 

Filtrate permanganate consumption 
The liquid squeezed from unbleached 
pulp samples was subjected to essen- 
tially a K number, or permanganate 
number, test using 25 mL. The volume 
of filtrate used in the test was adjusted 
to give near 50% consumption of the 
permanganate. Total liquid volume 
was adjusted to 200 mL. Acid and 
permanganate were added to the 
stirred liquid and were allowed to 
react for 10 min. A potassium iodide 
solution was added to quench the 
unreacted permanganate, and the 
iodine was titrated with standardized 
sodium thiosulfate. 

Ethanol washing. The desired 
quantity of unbleached softwood pulp 
was slurried in water a t  1% consisten- 
cy and was stirred mechanically for 
10 min. 

The slurry was filtered using a 300- 
mesh screen in a large Buchner 
funnel. (Contact with plastics and 
paper were avoided - all glassware 
was rinsed before use with absolute 
ethanol). The "first pass" filtrate was 
poured back through the formed pad 
of pulp to retain fines and fibers. As 
much filtrate was removed as possible 
using aspirator vacuum. 

The pulp was then washed (without 
disrupting the pad) with a volume of 
50% aqueous ethanol equivalent to 
three times the estimated water con- 

Experimental details are given in 
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tent of the pad. The  ethanol was  added 
without vacuum on the Buchner fun- 
nel, was allowed to s i t  1 min, and  was 
then pulled through the pad by suc- 
tion. No fines loss was noted by  visual 
inspection of the lightly colored fil- 
trate. This washing was repeated with 
warm (45°C) absolute  (200 proof) 
ethanol, then again with 50% aqueous 
ethanol, and  finally with portions of 
hot deionized water  until the  ethanol 
odor in the pulp was not detectable. 

The  pad was mixed in  a Hobar t  
mixer. P u l p  kappa  n u m b e r  was  found 
to be unchanged as compared to  the 
unwashed sample. Yield was near 96% 
after  ethanol washing. 

Chlorination stage. Seventy- or 
300-gram batches (0.d. basis) of pulp 
at 3% consistency were chlorinated in 
2-L or  12-L cont inuous ly  s t i r r e d  
reactors. Chlorination temperature 
was 50"C, and retention t i m e  w a s  1 
h in every case. All tests were conduct- 
ed at 10% substitution of CIOz, added 
15 s af ter  injection of chlorine water. 
Residual active chlorine in  the filtrate 
was  determined following the  reac- 

8 
3 

tion. Chlorinated K numbers (25 m L )  
were  determined as well. See Table  
I V  for a d d i t i o n a l  experimental 
details. 

Extraction stage. \Forty- or sixty- 
g r a m  batches of pulp were extracted 
at 70°C i n  a s ta in less  s teel  Parr 
reactor for 1 h. Testing on this  pulp 
included viscosity and CE K number. 

Analytical. A l i q u o t s  of u n -  
bleached, chlorinated, and extracted 
pulps were analyzed for  PCDD/F and 
DBD/F by  Tr iangle  Laborator ies ,  
1nc.O 

Literature cited 
1. The national dioxin study, Tiers 3, 5, 

6, and 7, EPA 440/4-87-003, Office of 
Water Regulations and Standards, 
Washington, D.C., February 1987. 

2. Amendola, G. A., Barna, D., Blosser, 
R., LaFleur, L., McBride, A., Thomas, 
F., Tiernan, T., and Whittemore, R., 
Chemosphere B(1-6):118 (1989). 

3. U. S. EPA/Paper industry cooperative 
dioxin screening study, National 
Council Paper Industry Air Stream 
Improvement (NCASI), Technical 
Bulletin No. 545, May 1989. 

4. McBride, A. C., Amendola, G. A., 
Blosser, R. O., Whittemore, R. C., 
Thomas, F., LaFleur, L. E., and 
Tiernan, T. O., U.S. EPA/Paper indus- 
try cooperative dioxin screening study, 

5.  Clement, R. E., Tashiro, C., Suter, S., 
Reiner, E., and Hollinger, D., Chem- 
osphere 18(1-6): 1189(1989). 

6. Swanson, S. E., Rappe, C., Kringstad, 
K. P., and Malmstrom, J., Emissions 
of PCDDs and PCDFs from the pulp 
industry, presented at the Seventh 
International Symposium on Chlori- 
nated Dioxins and Related Com- 
pounds, University of Nevada, Las 
Vegas, 1987. 

7. Swanson, S. E., Rappe, C., Malm- 
strom, J., and Kringstad, K. P., Chem- 
osphere 17(4): 681(1988). 

8. Dioxins, Vol. 111, Assessment of dioxin- 
forming chemical processes, Walk, 
Haydel and Associates, Inc., New 
Orleans, La., June 1980. 

9. LaFleur, L.E., NCASI, unpublished 
results. 

10. Rappe, C., Swanson, S., Kringstad, K., 
de Sousa, F., Johansson, L., and Abe, 
Z., Laboratory bleaching of pulp using 
various model compounds, presenta- 
tion at  the Eighth International Sym- 
posium on Chlorinated Dioxins and 
Related Compounds, University of 
Umea, Sweden, p. 238. 

11. Allen, L. H., Berry, R. M., Fleming, 
B. I., Luthe, C. E., and Voss, R. H., 
Chemosphere 19(1-6): 741(1989). 

12. Voss, R. H., Luthe, C. E., Fleming, 
B. I., Berry, R. M., and Allen, L. H., 
Pulp Paper Can. 89(12): 151(1988). 

13. Kringstad, K., 1988 CPPA Environ- 
ment Conference, CPPA, Montreal, p. 
47. 

EPA-440/1-88-025, 1988. 

14. Swanson, S., Dioxins in the bleach 
plant, Ph. D. thesis, Institute of Envir- 
onmental Chemistry, University of 
Umea, Umea, Sweden, 1988. 

15. Berry, R. M., Fleming, B. I., Voss, 
R. H., Luthe, C. E., and Wrist, P. E., 
Preventing the Formation of Dioxins 
During Chemical Pulp Bleaching, 
presented at  the 75th CPPA Annual 
Meeting, 1989. 

16. Hise, R. G., Wright, B. T., and Swan- 
son, s. E., Formation of chlorinated 
dioxins and furans from lignin and 
lignin model compounds, presented at  
the 9th International Symposium on 
Chlorinated Dioxins and Related Com- 
pounds, Environment Ontario, New 
York, p. PLP1. NCASI published 
abstracts and copies of slides, in press. 

17. Hise, R. G., unpublished results. 
18. Tondeur, Y., Triangle Laboratories, 

Inc., personal communication. 
19. Buser, H. R., Reller, L. O., Swanson, 

S., and Rappe, C., Methyl, polymethyl 
and alkyl polychloro-dibenzofurans 
identified in pulp mill sludge and 
sediment, presentation at the Eighth 
International Symposium on Chlori- 
nated Dioxins and Related Com- 
pounds, University of Umea, Sweden, 
p, 235. 

20. Naikwadi, K. P., Hom, K. P., and 
Karasek, F. W., Characterization of 
chlorophenoxy substituted polychlori- 
nated dibenzo-p-dioxins formed by 
catalytic activity of metallic constitu- 
ents of MSW flyash, presentation at  
the Eighth International Symposium 
on Chlorinated Dioxins and Related 
Compounds, Dioxin '88, University of 
Umea, Sweden, p. 376. 

21. Kringstad, K. P., de Sousa, F., Johans- 
son, L., Kolar, M. C., Swanson, S. E., 
Rappe, C., and Glas, B., Bleaching and 
the environment, addendum to the 
paper presented by K. P. Kringstad at  
the 1988 International Pulp Bleaching 
Conference, TAPPI PRESS, Atlanta, 
p. 63. 

The authors express their appreciation for the 
careful laboratory work of A. D. Webb and C. 
M. Croft. The drainage aids were supplied by 
Patti E. Brown from Quaker Chemicals. Her 
assistance in conducting this part of the study 
is also acknowledged. 

190 January 1990 Tappi Journal 


