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Elemental analyses and chemical degradation techniques were applied tocharacterize lignin compounds in different 
stages of the chlorine bleaching process and in total mill effluent. Ultrafiltration was used for separation of 
chlorolignins into three nominal molecular weight fractions. Alkaline CuO oxidation products were analyzed by 
HPLC with diode array detection. Major compounds were identified by reference to authentic compounds. For 
comparison, native lignins (MWL), haft lignins, and humic substances were studied as well. The oxygen, carbon 
and organic chlorine contents were closely similar in the various mill samples and their fractions. In all mill samples, 
vanillin and 6-chlorovanillin were the most abundant CuO oxidation products. There were no essential differences 
between the effluents before and after the activated sludge treatment. The results indicate the stability of 
chlorolignins during the bleaching and in particular during the purification. The fingerprint CuO/HPLC and 
elemental analyses showed clear differences between native lignins, humic substances and industrialchlorolignins. 
The method can be used for following the fate of chlorolignins in waterways and characterizing high-molecular- 
weight material. 

KEY WORDS Chlorolignin, structural charactenation, alkaline CuO-oxidation. reversed-phase HPLC, 
elemental analysis. 

INTRODUCTION 

Chlorobleaching of pulp is a significant source of pollution of recipient natural waters. 
During the bleaching process the residual lignins react with chlorine or other chlorine-con- 
taining bleaching agents, producing a complex mixture of organic compounds of various 
molecular sizes. Approximately 80% of the organic material in the spent bleach liquors of 
haft  pulp consists of the relatively high-molecular-weight material (MW>lOOO) known as 
chlorolignins.' 
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134 L. VIRKKI et al. 

Chlorinated compounds, especially chlorolignins, are only partially removed by waste- 
water The chemical structures and the chemical and environmental behaviour 
of chlorolignins are poorly understood. Recent studies have shown chlorolignins to 
be biologically inactive due to their macromolecular nature,' and non-toxic to aqueous 
 organism^.^ However, biological' and degradation or sorptioddesorption pro- 
cesses8 make them precursors of harmful low-molecular-weight chlorinated phenolic com- 
pounds such as chlorinated catechols, guaiacols, veratroles, and vanillins. These compounds 
cause sublethal effects, odour and off-taste in the recipient ~.aters." '~ Although the use of 
chlorine chemicals in pulp bleaching will decrease in the future, the need to know more 
about the chemical structure, harmful effects, and environmental behaviour of chlorinated 
high-molecular-mass materials continues. 

The major part of the dissolved organic matter in natural waters consists of acidic 
polymers generally classified as humic substances. The combined effects of humic sub- 
stances and chlorolignins on the aquatic environment are not known. 

The residual lignins undergo dramatic structural changes in the bleaching process. 
Although many comprehensive experiments have been performed to characterize the 
structures of chl~rolignins,'".''-'~ the results obtained have not been unambiguous. Structural 
studies have shown chlorolignins to have high carbonyl and carboxylic contents, while the 
methoxyl and hydroxyl contents are  OW.'.^*"-'^*'^ The adsorbable organic chlorine (AOX) 
concentration is 5-10% by weight, depending on process parameters, and seems to be low 
in the aromatic units. The content of phenolic structures is low and depends on the 
experimental method used.I7*I8 

Ultrafiltration (UF) is commonly used to fractionate samples according to molecular size. 
Being a relatively inexpensive, expedient, simple, non-destructive, and reagent-free tech- 
nique, it has been widely used to separate high-molecular-weight chlorolignins from small 
molecules and inorganic salts. Cut-off values of filters used for chlorolignin isolation are 

UF separations of natural organic polymers, such as 
humic substances, indicate that the results may depend to varying degree on several 
physicochemical parameters, including concentration, ionic strength, and pH."." It has been 
shown recently'' that the amount of components in bleached haft  mill effluent retained on 
UF (MW > lO,OO0) decreased upon dilution with distilled water indicating that the haloge- 
nated components occurred as micellar aggregates. 

Metal oxide oxidations have been widely used for degradation of high-molecular-weight 
materials such as lignins and humic substances. Chlorolignin samples have been oxidized 
with permanganate,"-13* I 7 - l 8  and humic materials and lignins of different mostly 
by milder CuO treatment. Gas chromatography and mass spectrometry (GC-MS) has usually 
been applied for analysis of the degradation products of lignins and humic substances. 
Reversed-phase high-performance liquid chromatography (RPHPLC) has been used in 
identifying the CuO oxidation products of softwood lignins in forest humus  layer^^@^' and 
various plant samples29*32-34 and also to separate phenols, phenolic aldehydes, ketones, and 
acids?' Pyrolysis combined to GC-MS is a modem analytical technique which has also been 
applied to characterization of lignin and humic substances.36s37 

Earlier studies on humus and lignin samples ''3' have shown CuO oxidation followed by 
RPWW analysis of phenolic degradation products to be a promising procedure to characterize 

typically 1000 or 2~.4.6.1l-13.l6.1~20 
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CHLOROLIGNLNS IN PULP MILL EFFLUENTS 135 

the structural building blocks of chlorolignins. The aim of the present study was to learn 
more about the chemical character of chlorolignins in successive stages of the chlorobleach- 
ing process and in effluent waters before and after activated sludge treatment in purification 
plants. The reliability of the results was assured by measuring the UV spectra of the HPLC 
peaks (diode array detector) and comparing these with the spectra of reference compounds 
synthesized in our labora t~ry .~*~ '  Ultrafiltration was used to isolate and separate high-mo- 
lecular-weight material from effluent waters but not for exact molecular weight determina- 
tions. Three molecular weight (MW) fractions of each sample were analyzed separately in 
order to characterize the distribution of chlorine, structural units, and functional groups in 
the fractions of chlorolignins. 

EXPERIMENTAL 

Reference compounds 

Several chlorinated and non-chlorinated reference compounds were used to assist in opti- 
mizing the HPLC conditions and in interpreting the chromatograms. Two standard mixtures 
were prepared. The mixture of non-chlorinated lignin-type phenolics consisted of 13 
compounds (see Figure 2A below): 3,4-dihydroxybenzoic acid (l), vanillyl(4-hydroxy-3- 
methoxybenzyl) alcohol (2), 4-hydroxybenzoic acid (3), vanillic (4-hydroxy-3- 
methoxybenzoic) acid (4), 4-hydroxybenzaldehyde (S), veratryl (3,4-dimethoxybenzyl) 
alcohol (6), 4-hydroxyacetophenone (7), vanillin (4-hydroxy-3-methoxybenzaldehyde) (8). 
4-hydroxy-cinnamic acid (9). acetovanillone (4-hydroxy-3-methoxyacetophenone) (lo), 
veratric (3,4-dimethoxybenzoic) acid (1 l), 2,4-dihydroxyacetophenone (12), and vera- 
traldehyde (3,4-dimethoxybenzaldehyde) (13). The mixture of chlorinated vanillic acids and 
vanillins consisted of 12 compounds (see Figure 2B below): 2-chlorovanillic acid (14), 
6-chlorovanillic acid (15). 5-chlorovanillic acid (16), 2,5-dichlorovanillic acid (17), 56-  
dichlorovanillic acid (18), 2-chlorovanillin (19), 5-chlorovanillin (20), 6-chlorovanillin 
(21), 2,5-dichlorovanillin (22), 2,6-dichlorovanillin (23), 5,6-dichlorovanillin (U), and 
trichlorovanillin (25). Syringic (4-hydroxy-3,5-dimethoxybenzoic) acid (26), 
syringaldehyde (27) and acetosyringone (4-hydroxy-3,5-methoxyacetophenone)(28) 
were also used as reference compounds. Several other compounds known as precur- 
sors or degradation products of lignin polymers were tested for the interpretation of minor 
chromatographic signals. The chlorinated reference compounds were prepared in our 
lab~ratory"~' and the other non-chlorinated reference compounds were commercially 
available. 

Samples and sample preparation 

Samples. Samples were obtained from a haft  softwood pulp mill in Central Finland 
(Aiinekoski Mills) employing a five-stage (D+C)EDED bleaching sequence (D+C = chle  
rine dioxide + chlorine treatment, E = alkaline extraction, and D = chlorine dioxide 
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Figure 1 Effluent treatment and sampling points at the pulp mill; DC =chlorine dioxide + chlorine. E = alkaline 
treatment, IN = inflow to purification plant, and OUT = outflow to recipient water. 

treatment) (kappa number 25-27) and an activated sludge treatment for the total effluent. 
Effluents were sampled at four points: the (D+C) stage (sample DC), the E stage (sample 
E), and the inflow (sample IN) and oytflow (sample OUT) streams of the biological 
purification plant (activated sludge) (Figure 1). 

The effluent waters were centrifuged and filtered through a membrane filter (0.45pm). 
The pH of the water samples was adjusted to 10.0 to prevent the formation of hydrogen 
bridges and aggregation during the ultrafiltration procedure. The following lignin and humic 
preparations were used as reference materials: MWL lignin (pine) (sample LIGN), commer- 
cial haft pine lignin (Indulin AT-R, Westvaco Co.) (sample JND) and Nordic fulvic acid 
reference (sample NOFA) from Norwegian humic lake Hellerudmyra. 

Ultrufiltration (UF). One-liter samples (DC, E, IN, and OUT) were ultrdiltered using a 
tangential flow membrane system (Millipore) with three molecular weight cut-off filters 
(P'ITK, PTGC and PCAC). The high-molecular-weight fractions (1, MW > 30,000; 2, MW 
10,000-30,000 and 3, MW 1,000-10,OOO) obtained for each sample (DC, E, IN, and OUT) 
were freeze-dried and the residual masses weighed. The samples were stored frozen for 
further analysis. Organic matter (OM) contents were detennined by subtraction of ash from 
the weighed masses of ultrafiltration. 
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CHLOROLIGNINS IN PULP MILL EFFLUENTS 137 

Elemental analyses and TOCI determination 

Elemental analyses (C, N, and H) were carried out by various combustion techniques with 
a Car10 Erba Elemental Analyzer at the University of Joensuu. Total amount of organically 
bound chlorine (TOCI) was determined by the oxygen combustion method.42 The residual 
weight of ashless samples were assumed to be the summed content of oxygen and sulfur. 

CuO oxidation and solid-phase extraction (SPE) column purification 

Alkaline cupric oxide oxidation was carried out in a homemade pressure bomb using a 
modified version of the method described by Kogel and Bochter.M 10-mg amounts of 
freeze-dried brownish powder of a mill sample fraction (DC-OUT, fractions 1-3) and of 
each reference material (LIGN, IND, NOFA) were placed in a pressure bomb. 50 mg CuO, 
10 mg Fe(NH&(S04)2 + 6H20, and 3 m12 M NaOH were added and the vessel was sealed 
under nitrogen. The bomb was maintained at 170°C reaction temperature for 2 hours after 
which the suspension of degradation products was cooled, centrifuged, washed, and acidi- 
fied.M The phenolic degradation products in the clear centrifuged solution (pH 2.0) were 
concentrated and purified on disposable sorbent extraction (SPE) columns. The SPE column 
material was reversed-phase C- 18 with particle size 40pm and filling volume 3 ml (Baker, 
Phillipsburg, USA). Other SPE materials tested for the purification were C-8, phenyl, and 
high hydrophobic C- 18 HHP (Baker). However, the recoveries of a standard mixture of four 
reference compounds (vanillic acid, vanillin, 5-chlorovanillin, and 5,6-dichlorovanillin) 
were poorer on these materials than on C-18 SPE columns, in which case a recovery of 
8 1-90% was achieved. Degradation products were selectively eluted from the SPE column 
with ethyl acetate, the ethyl acetate was removed with nitrogen, and the residue was 
dissolved in 1 ml of methanol (Rathburn). Samples were kept in the dark and refrigerated 
(4°C)  prior to HPLC analysis. When control CuO oxidation experiments were performed 
on mono-and dichlorinated vanillins, the chromatograms of degradation products indicated 
that the main part of the starting materials remained undegraded. The oxidation products 
comprised non-chlorinated and monochlorinated vanillins and vanillic acids. 

Liquid chromatography 

HPLC was carried out on a Model 1090 liquid chromatograph (Hewlett-Packard) equipped 
with an automated variable-volume injector and a diode array UV-visible spectrum detector, 
both controlled by HP ChemStation (Hewlett-Packard). The reversed-phase column was 
Spherisorb ODs, 5 pm, 250 x 4.6 mm (HPLC-Tech), and a (10 x 2 mm) precolumn (Vydac, 
40 pm) was used. All analyses were run with linear gradient elution, with 0.01 M phosphate 
buffer, pH 2.0 and acetonitrile (Rathburn). The starting eluent contained 10% acetonitrile 
and 90% phosphate buffer and the gradient was terminated after 50 min when the concen- 
tration of acetonitrile had reached 50%. During an additional 10 min, the concentration of 
acetonitrile increased to 70%. The injection volume was 20 p1. Chromatograms were 
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138 L. VIRKKl et al. 

recorded at 280 nm. The UV spectra were determined for integrated peaks of the chroma- 
tograms. For identification purposes, the retention times and UV spectra of sample peaks 
were compared with those of reference compounds. 

RESULTS AND DISCUSSION 

Elemental analysis and organic mutter (OM) 

Table 1 shows the sample data, the OM and ash contents, organic chlorine contents and 
elemental ratios WC, O/C and C/C1 of samples and reference materials. The atomic ratio of 
oxygen to carbon (OK) shows clearly that the mill samples (DC, E, IN, and OUT) are 
strongly oxidized compared to reference materials MWL lignins (LIGN), haft  lignins 
(IND), and humic sample (NOFA). This is a similar finding to those of Bennett et a t 4  and 
Morck et al. I' The oxygen and carbon concentrations were closely similar in all mill samples, 
and there were no marked differences between the various ultrCiltrated fractions of each 
sample. On the other hand, the carbon concentrations are higher and O/C ratios lower in the 
reference materials compared to those of the mill samples. The atomic ratio of hydrogen to 
carbon (WC) is related to the per cent saturation of carbon atoms. H/C values in mill samples 
vary from 1.2 to 1.6 and show significant aliphatic nature in all fractions. The present result 
is in good agreement with the earlier studies with 13C-NMR spectro~copy.'~ 

Table 1 Organic matter (OM), ash, organic chlorine contents and atomic ratios of NMW fractions and 
reference materials.* 

~ ~~ 

Sample NMW OM W M -  Ash W C  O/C C/Cl Cl 
code f K) (me& (%) ( m d u  @) (%) 

Dcl >30 40.6 (12.4) 19.8 1.55 1.01 18.6 6.1 
Dc2 10-30 84.7 (25.8) 9.4 1.29 0.90 15.1 7.8 
Dc3 1-10 202.7 (61.8) 328.0 12.8 1.32 0.98 15.1 7.3 

~~ ~ 

El >30 806.5 (41.1) 8.7 1.18 0.72 23.8 5.7 
E2 10-30 794.9 (40.5) 13.4 1.18 0.84 25.5 5.0 
E3 1-10 361.9 118.4) 1963.3 18.9 1.18 0.76 24.9 5.3 

IN1 >30 212.1 (32.3) 11.5 1.34 0.76 26.1 5.1 
IN2 10-30 235.4 (35.8) 10.9 1.25 0.85 23.4 5.4 
IN3 1-10 209.9 (31.9) 657.4 15.3 1.23 0.83 27.6 4.7 

~~ 

OUT1 >30 148.5 (33.0) 11.8 1.31 0.76 31.2 4.4 
OUT2 10-30 170.3 (37.9) 13.0 1.30 0.85 27.2 4.7 
OUT3 1-10 131.0 (29.1) 449.8 16.0 1.28 0.91 31.3 3.8 

LIGN ND 1.22 0.45 4 . 1  
IND 0.6 1.08 0.36 4 . 1  

NOFA ND 0.92 0.70 4 . 1  

*Percentaees are given on ash-free weight basis. ND =not detected; detection limit for chlorine measurements was 
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CHLOROLIGNINS IN PULP MILL EFFLUENTS 139 

The C/Cl ratios were slightly lower in the first chlorination (DC stage) waste than in other 
stages and slightly higher in outflow samples (OUT) and independent of molecular size. 
These results are in good agreement with those of other studies of modem kraft pulp mill 
effluents. 4~16.18 It is a remarkable finding that activated sludge treatment appeared to have 
no marked influence on the OCI concentration or on the elemental composition in the 
fractions studied. Only a small decrease was observed for OCI values of chlorolignins after 
the purification process. Nitrogen concentrations of the mill samples were from 0.2 to 0.6 
% and do not need specific discussion. Organic chlorine concentrations (OCI) of reference 
materials and nitrogen concentration of MWL sample (LIGN) were below the limit of 
determination (~0.1% for OCI and ~ 0 . 2 %  for N). 

As shown in Table 1, the amounts of OM in chlorolignin fractions indicate that the 
average size of the heterogeneous macromolecules was significantly smaller in the DC than 
in the E stage. This is a consequence of the low pH in the DC and high pH in the E stage. 
The formation of phenolate and carboxylate anion groups in chlorolignins under alkaline 
extraction conditions makes the higher-molecular-weight fraction more water-soluble in the 
E stage. Table 1 also shows that the total amount of OM decreased slightly in the purification 
process, but the distribution of OM among the molecular weight fractions remained almost 
the same from E stage to outflow sample (E-OUT). 

CuO oxidation and RPHPLC analysis 

The alkaline CuO oxidation used for the degradation of high-molecular-weight chlorolignin 
fractions cleaves the alkyl side-chains of the heteropolymeric material to single carboxyl 
substituents. Aromatic structures remain untouched and the CuO oxidation yields phenolic 
aldehydes, ketones and acids.” The simple and rapid RPHPLC method has been used for 
analysis of oxidation produ~ts ,~~. ’~  because it does not require complicated purification 
procedures or derivatization prior to chromatographic analysis. The separations of a mixture 
of 13 non-chlorinated phenolic compounds and a mixture of 12 chlorinated phenolic model 
compounds are shown in Figure 2 (W detection 280 nm). Most of the compounds were 
well resolved in a single run. Table 2 gives the capacity factors, k’, of the reference 
compounds; compounds which were identified in the samples are marked with crosses. 

Figure 3 shows the HPLC chromatograms of the samples DC, E, IN, and OUT (fraction 
3, MW 1-10 K). All the chromatograms of other fractions (fraction 1, MW > 30 K and 
fraction 2, MW 10-30 K) of mill samples were identical and therefore their chromatograms 
are not presented. The significant result is the overall similarity between the chromatograms 
of the different bleaching stages and total mill effluent. The characteristic peak in all 
chromatograms of the mill samples was that due to 6-chlorovanillin (peak no. 21, retention 
time (tR 29.6 min). Small traces of 6-chlorovanillic acid (tR 17.0 m h )  and 2-chlorovanillin 
(tR 26.5 min) were found in the effluent samples of chlorine bleaching (DC1-DC3) and 
alkaline extraction (El-E2) stages. The main non-chlorinated compounds identified in the 
chromatograms were vanillic acid (4), 4-hydroxybenzaldehyde (5), 4-hydroxyacetophenone 
(7), vanillin (8), and acetovanillone (10). 

The presence of 6chlorovanillin (21), the major chlorinated degradation product, indicates 
the low degree of chlorination in chlorolignins; only non-chlorinated and mono-chlorinated 
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Figure2 HPLC chromatograms of reference mixtures. (A) Non-chlorinated phenolic compounds, (B) chlorinated 
vanillic acid and vanillin compounds. For peak numbers, see Experimental. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
4
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



CHLOROLIGNINS IN PULP MILL EFFLUENTS 141 

Table 2 Capacity factors (k') of reference compounds.* 

COMPOUND No. k' D C  E IN OUT LJGN IND NOFA 

- - - - - - - 3.4-Dihydroxybenzoic acid 1 1.61 
Vanillyl alcohol 2 1.91 
CHydroxybenzoic acid 3 2.87 X 

Vanillic acid 4 3.50 x x x x x x x  
CHydroxybenzaldehyde 5 4.00 x x x x -  x -  
Veratryl alcohol 6 4.32 
4Hydroxyacetophenone 7 4.17 x -  x x - - -  
Vanillin 8 5.00 x x x x x x x  
CHydroxycinnamic acid 9 5.58 
Acetovanillone 10 5.79 x x x x x x -  
Veratric acid 11 6.23 
2.4-Dihydr.acetophenone 12 6.74 
Veratraldehyde 13 8.32 
2-chlorovanillic acid 14 4.56 
6-chlorovanillic acid 15 5.33 x x - - - - -  
5-chlorovanillic acid 16 7.01 
2,5-dichlorovanillic acid 17 1.72 
5.6-dichlorovanillic acid 18 8.41 
2-chlorovanillin 19 8.82 x x - - - - -  
5-chlorovanillin 20 9.32 
6-chlorovanillin 21 9.95 x x x x - - -  
2.5dichlomvanillin 22 11.8 
2,6dichlorovaniIlin 23 12.6 
5.6-dichlorovanillin 24 13.6 
trichlorovanillin 25 14.8 
syringic acid 26 3.85 X 

syringaldehyde 27 5.63 X 

Acetosyringone 28 6.67 X 

*The compounds identified in mill samples (DC, E, IN, OUT) and reference materials (LIGN, IND, NOFA) are 
marked with a cross. 

- - - - - - - 
_ _ - - - -  

- - - - - - - 

- - - - - - - 

- - - - - - - 
- - - - - - - 
- - - - - - - 
- - - - - - - 

- - - - - - - 
- - - - - - - 
- - - - - - - 

- - - - - - - 

- - - - - - - 
- - - - - - - 
- - - - - - - 
- - - - - - - 
- - - - - -  
- - - - - -  
- - _ - - -  

compounds were found among the degradation products. This observation is in accordance 
with the results of Morck et a1." Among the degradation products identified by RPHPLC, 
those derived from guaiacyl units (peaks 4, 8, 10, and 21) dominated strongly, as earlier 
observed by Morck et al. " Van Buren and D e n ~ e ~ ~  have reported the formation of 5-chloro-, 
6-chloro-, and 5,6-dichlorovanillins in chlorine-bleached pine kraft pulp and Vander Linden 
et al." the presence of 6-chlorovanillin among the oxidation products of chlorobleached 
spruce lignins. These and other indicate that in the chlorobleaching of pulp, the 
electrophilic aromatic substitution by chlorine occurs mostly in the 6 position (para position 
with respect to the methoxyl group) of the 4-hydroxy-3-methoxy-phenylpropane (guaiacyl) 
building block of softwood residual lignins. This structural unit yields 6-chlorovanillin in 
oxidative degradation and seems to be more stable than other units in both strong degradative 
bleaching conditions and activated sludge treatment. O'Connor and Voss' have shown that 
chlorinated phenolics can become adsorbed onto chlorolignins and be slowly released over 
time by simple desorbtion process. The present results show that 6-chlorovanillin can be 
found also in the CuO oxidation products of chlorolignin fractions after the biological 
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Figure 3 HPLC chromatograms of phenolic compounds from alkaline CuO oxidation of mill samples DC3 (DC 
stage), E3 (E stage), IN3 (inflow) and OUT3 (outflow). NMW 1-10 K. For peak numbers, see Figure 2 and 
Experimental. 
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purification process and in the products of dissolved chlorolignins in receiving water even 
10 km downstream of the pulp mill.39 

Figure 4 shows the chromatograms of reference samples LIGN, IND and NOFA. The 
main degradation products of pine MWL lignins (LIGN) were vanillic acid (4), vanillin (8), 
and acetovanillone (lo), with an unknown peak at 18.8 min and with vanillic acid being the 
main peak. The CuO oxidation of Indulin (IND) yielded the same pattern of non-chlorinated 
phenolic degradation products as the mill samples. The main peaks of the chromatograms 
were vanillic acid (4), 4-hydroxybenzaldehyde (5). 4-hydroxyacetophenone (7), vanillin (8), 
and acetovanillone (lo), with vanillin being the main product. In the chromatogram of the 
fulvic acid sample (NOFA), the pattern of phenolic degradation products contained almost 
equal amounts of 4-hydroxybenzoic acid (3), vanillic acid (4), syringic acid (26), vanillin 
(8), syringaldehyde (27) and acetosyringone (28) as main products. As expected, no 
chlorinated degradation products were detected for LIGN, IND and NOFA samples. The 
pFesent results of reference materials MWL lignins, kraft lignins and natural fulvic acid show 
clear difference in fingerprint chromatograms. The main degradation products in lignin 
samples are similar, but the ratios of vanillic acid (4). vanillin (8) and acetovanillone (10) 
are different. The chromatogram of kraft lignins (IND) resembles the chromatograms of mill 
samples (Figure 3). Among the degradation products of humic sample (NOFA) vanillic acid 
and vanillin are common to lignin samples and originate from the guaiacyl unit. 4- 
Hydroxybenzoic acid and syringyl compounds originate from other structural units of humic 
material. 

A comparison of the chromatograms in Figure 3 reveals an overall similarity between all 
mill samples. The main phenolic components were closely similar not only in all samples 
but also in all MW fractions of each sample (DC-OUT, 1-3). In earlier investigations of the 
characteristic structures of chlorolignins as determined by I3C-NMR,I6 we found no marked 
differences in the structures of the high-molecular-weight fractions of lignins from the E 
stage (sample E) to total mill effluent (sample OUT). The I3C-NMR spectra demonstrated 
that the chlorolignins contain olefinic/aromatic structures and carbons adjacent to oxygen 
or chlorine. Our results obtained by CuO oxidation followed by HPLC of the degradation 
products confirm that the chlorolignins contain phenolic material, which is partially chlori- 
nated. However, the degree of chlorination of the phenolic structures seems to be low. 

The major and minor peaks of the chromatograms were identified by comparison with 
the retention times and UV spectra of reference compounds. Phenolic aldehydes, ketones, 
and acids with different substitution patterns in the benzene ring give characteristic UV 
spectra; different substituents introduce specific features into the spectra. Figure 5 shows 
the UV spectra of the reference compounds vanillin (tR 16.0 min) and 6-chlorovanillin (k 
29.6 min) and of peaks at the same retention times in the chromatogram of sample D3. The 
HPLC system resolved the phenolic compounds effectively. Through the combination of 
retention times and UV spectra, the compounds in the chromatograms of the samples were 
identified reliably. 

CuO oxidation followed by RPHPLC analysis of the degradation products has been 
applied by our group to study the transport of chlorolignins in receiving waters. Earlier 
chroma tog ram^^^ and those of the present study (Figure 3) indicate that the structure of 
chlorolignins in the mill effluents and receiving waters is very similar and partially aromatic. 
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Figure 4 HPLC chmatograms of phenolic compounds from alkaline CuO oxidation of reference samples LIGN 
(MWL, lignin. pine), IND(kraft Ugnin), and NOFA (fulvic acid). For peak numbers, see Figure 2 and Experimental. 
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Figure 5 W spectra of two main peaks of the RPHF'LC chromatogram of mill sample DC3 occurring at 16.2 
min (A) and 29.6 min (C) and UV spectra of authentic compounds vanillin (B) and 6-chlorovanillin @). 

This work confirms that the characteristic phenolic oxidation products (vanillin and 6- 
chlorovanillin) of high-molecular-weight material are formed in bleaching process and do 
not change in activated sludge treatment and recipient watercourse. No marked change in 
the structure of chlorolignins occurred in natural waters downstream of the pulp mill and 
the same aromatic components were present in the degradation products of high-molecular- 
weight material as much as ten kilometers below the mill3'. The contents of vanillin in the 
samples of oxidated natural humic material and native MWL lignins are low compared to 
industrial lignins sample (IND) and mill samples (DC-OUT). Other phenolic components 
than vanillin dominate the chromatograms (measured at 280 nm) of degradated humic matter 
and native lignin samples. Evidently the aromatic character of water-soluble chlorolignins 
is stable. In conclusion, vanillin and 6-chlorovanillin can be used as a tracer compounds 
when following the fate of chlorolignins in water and also in sediment. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
4
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



146 L. VIRKKI er al. 

Acknowledgements 

We thank Paula Maatela for the TOCL determinations, Pirjo Vainiotalo for elemental 
analysis, Bo Hortling for providing the MWL lignins preparation, and Sirpa Hewe for 
organizing the sample collection. Part of the work has been supported by the Maj and Tor 
Nessling Foundation and the Academy of Finland. 

References 

1. K. P. Kringstad and K. Lindstrorn, Environ. Sci. Technol.. 18,236A-248A (1984). 
2. J. Junna and S .  Ruonala, Water Sci. TechnoL. 24.1-10 (1991). 
3. M. Gergov, M. Priha, M. Taka, 0. Valttila, A. Kangas and K. Kukkonen, Tuppi J . ,  71, 175-184 (1988). 
4. P.-E. S&gfors and B. Starck, Water Sci. Technol., 20, 49-58 (1988). 
5 .  A. H. Neilson, A.-S. Allard, P.-A. Hynning, M. Rembemger and L. Landner, Appl. Environ. Microbiol., 45, 

774-783 (1983). 
6. K.-E. Eriksson, M.-C. Kolar, P. 0. Ljungquist and K. P. Kringstad, Environ. Sci. Technol., 19, 1219-1224 

(1985). 
7. J. Paasivirta, H. Hakala. J. Knuutinen, T. Otollinen, J. Siirkki L. Welling, R. Paukh and R. Lammi, 

Chemosphere, 21,1355-1370 (1990). 
8. B. O’COMOr and R. H. Voss, Environ. Sci. Technol., 26,556-560 (1992). 
9. J. Paasivirta, J. Knuutinen, J. Tarhanen, T. Kuokkanen, K. Surma-aho, R. Paukku, H. K h % n e n ,  M. LahtiperS: 

and A. Veijanen, Warer Sci. Technol., 15.97-104 (1983). 
10. J. Paasivirta, P. Klein, M. Knuutila, J. Knuutinen, M. Lahtiperil, R. Paukku, A. Veijanen, L. Welling, M. 

Vuorinen and P. J. Vuorinen, Chemosphere, 16,1231-1241 (1987). 
11. K. Lindstrom and F. Osterberg, Holzforschung, 38,201-212 (1984). 
12. F. dsterberg and K. Lindstriim, Holzforschung, 39, 14S158 (1985). 
13. F. dsterberg and K. Lindstriim, Org. Muss Spectrom, 20,515-524 (1985). 
14. D. J. Bennett, C. W. Dence, F.-L. Kung, P. Luner and M. Ota, TappiJ., 54,2019-2026 (1971). 
15. J. Jokela and M. Salkinoja-Salonen, Environ. Sci. Technol.. 26, 1190-11% (1992). 
16. L. Virkki, Inrern. J. Environ Anal. Chem., 49, 149-161 (1992). 
17. M. Erickson andC. W. Dence Sven. Puppersridn, 79,316-322 (1976). 
18. R. Morck, A. Reimann and 0. Dahlman, Environmental fare and eflecrs of bleachedpulp mill effluenrs (Proc. 

SEPA Conf., Stockholm, Sweden, November 19-21, 1991, Swedish Environmental Protection Agency, 
Report4031) pp. 155-163. 

19. H.-L. Hardell and F. de Sousa, Sven. Pupperstidn., 4, 110-120 (1977). 
20. K. mister and E. Sjostriim, Sven. Pupperstidn., 81, 195-205 (1978). 
21. J. Kilduff and W. J. Jr. Weber, Environ. Sci. Technol., 26,569-577 (1992). 
22. L. B. Sonnenberg, J. D. Johnson and R. F. Christman, Adv. Chem. Ser., 219.3-23 (1989). 
23. M. Schnitzer and M. I. 0. De Serra, Can. J. Chem. 51, 1554-1566 (1973). 
24. J. R. Ertel and J. I. Hedges, Geochim. Cosmochim. A m . ,  48,2065-2074 (1984). 
25. D. L. Norwood, R. F. Christman and P. G. Hatcher, Environ. Sci. Technol., 21,791-798 (1987). 
26. R. D. Hartley, J. Chromurogr., 54,335-344 (1971). 
27. J. I. Hedges and J. R. Ertel, A d .  Chem.. 54,174-178 (1982). 
28. T. F. Lytle and J. S .  Lytle, Chemosphere, 16,171-182 (1987). 
29. S. Steinberg, M. I. Venkatesan and I. R. Kaplan. J. Chromatogr., 298,427434 (1984). 
30. I. Kogel and R. Bochter, Soil B i d .  Biochern., 17,637-640 (1985). 
31. F. Ziegler, I. Kogel and W. Zech, Z. Pflanzenernnehr. Boded. ,  149,323-331 (1986). 
32. R. D. Hartley and H. Buchan, J. Chromurogr.. 180, 139-143 (1979). 
33. B. Femandez de Simon, J. Perez-Hzarbe, T. Hernandez, C. Gomez-Cordoves and I. Estrella, Chromurogr., 

30,35-37 (1990). 
34. G. C. Galletti, R. Piccaglia, G. Chiavari, V. Concialini and J. G. Buta, Chromurogr., 26, 191-196 (1988). 
35. E. Burtscher, H. Binder, R. Concin and 0. Bobleter. J. Chromurogr., 252, 167-176 (1982). 
36. W. M. van Loon, J. J. Boon, R. J. de Jong and R. de Groot, Environ. Sci. Technol., 27,332-343 (1993). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
4
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



CHLOROLIGNINS IN PULP MILL EFFLUENTS 147 

37. J. M. Bracewell, K. Haider, S. R. Larter and H.-R. Schulten, in M. H. B. Hayes, P. MacCarthy, R. L. Malcolm 
and R. S .  Swift (Eds.) Humic Substances II, Wiley, Chichester, 1989, pp. 181-222. 

38. J. Knuutinen and P. Mannila, Wurer Sci. Technol., 24,437440 (1991). 
39. J. Knuutinen and P. Mannila, Finnish Humus News, 2,23-30 (1990). 
40. J. Hyotyl2inen and J. Knuutinen, Chemosphere. 26, 1843-1858 (1993). 
41. J. Hyotykinen, J. Knuutinen and Mannila. Environmental fate and eflecrs of bleached pulp mill efluenrs 

(Proc. SEPA Cod., Stockholm, Sweden, November 19-21, 1991, Swedish Environmental Protection 
Agency, Report 403 1) pp. 91-94. 

42. P. Maatela, Orgaanisesri sitouturnen kloorin mddritysmenetelmisrd Sellurehraan piiiisrot vasraanonavassa 
vesisriissd. Lic. Phil. Thesis, University of JyvaskylL 1991 (in Finnish). 

43. J. B. Van Buren and C. W. Dence, Tappi, 53,2246-2253 (1970). 
44. N. G. Vander Linden and G. A. Nicholls, Tappi, 59.1 10-1 13 (1976). 
45. S. Gupta, R. N. Madan and M. C. Bansal, HolrJorschung und Holzverwerfung, 39, 15-17 (1985). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
4
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1


