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Abstract

The gas chromatographic detection and quantitative determination of various chlorophenolics as well as resin and
fatty acids have been carried out in the chlorination and caustic extraction stage effluents generated in the laboratory
by bleaching a bamboo pulp. A number of chlorinated phenols, catechols, guaiacols, syringaldehydes and resin acids
as well as non-chlorinated saturated and unsaturated fatty acids together with resin acids have been detected. The
concentration of various compounds detected have also been compared with the reported *°LCsy, values. © 1997

Elsevier Science B.V.
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1. Introduction

The dwindling forest cover and increasing de-
mands of the paper, industry worldwide is in-
creasingly requiring the use of hardwoods and
nonwoods (agroresidues and grasses) for making
paper. Bamboo (Bambusa), a grass, has been one
of the most popular raw materials used by the
Indian paper industry. It gives a long fibered pulp
(comparable to softwoods) that forms a strong
paper. With the diminishing forests in India bam-
boo has also, become scarce but is still used by a
large number of paper mills, particularly in east-
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ern and southern India.

The paper industry is a high pollution load
industry. Among the various sections, bleaching
often accounts for the largest fraction of toxicity.
The pulp produced by digestion with chemicals is
brownish in color and requires bleaching to pro-
duce pulps of acceptable brightness. In developing
countries the use of chlorine and other chlori-
nated compounds such as calcium or sodium
hypochlorite with an intermediate caustic extrac-
tion is common for nonwoody materials.

The compounds responsible for the toxicity of
chlorination (C) and caustic extraction (E) stage
effluents are chlorophenolics together with resin
and fatty acids [1,2]. The chlorophenolics are
formed during the C-stage of pulp bleaching and
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are solublized in the E-stage. The nature and
amount of chlorophenolics formed will depend
upon the nature of the lignin and the bleaching
conditions [3,4]. The resin and fatty acids found in
bleach plant effluent originate from the fibrous
raw material. Their amount depends on the spe-
cies and on the degree of washing of the un-
bleached pulp.

During the last two decades intense research
efforts have been devoted to the identification of
the various compounds [5—10] in bleach plant
effluents and to the investigation of their possible
biological effects [11-15]. These studies have been
performed mostly on softwoods. Very little infor-
mation is available on the nature and the quanti-
ties of various compounds present in bleach plant
effluents formed from Indian varieties of hard-
woods or agroresidues. In the present investiga-
tion we report the results of the detection and
quantitative determination of various pollutants
formed during the chlorination and extraction
stages of the bleaching of bamboo pulp.

2. Experimental

The chlorophenols and fatty acids used were
obtained from the Sigma Chemical Company (St.
Louis, USA) and Aldrich Chemical Company
(Milwaukee, USA). The  chlorocatechols,
chloroguaiacols, chlorovanillins, chlorosyringalde-
hydes, chlorosyringols, resin acids and chloro
fatty acids were supplied by Helix Biotech. Cor-
poration (Richmand, B.C. Canada). Solvents
comprising n-hexane, acetone, diethyl ether and
methyl tertiary butyl ether used were HPLC
grade. Analytical grade acetic anhydride was used
after redistillation. Other reagents used for detec-
tion studies were of analytical reagent grade.
Standard solutions of chlorophenols were pre-
pared in acetone/water (10:90), resin and fatty
acids in methanol/diethyl ether (10:90) solution.

Unbleached washed (bamboo) kraft pulp was
provided by Central Pulp and Paper Research
Institute (CPPRI), Saharanpur. Tappi Test
method T,3 ¢m-85 was used to determine the
residual lignin content (kappa number = 37.4) of
the pulp.

Pulp bleaching was carried out in more than
one bleaching stages. A fraction (70%) of the
chlorine demand (0.25 x kappa number) was ap-
plied as elemental chlorine in chlorination stage.
All chemicals were applied as %0.D. (oven dried)
pulp.

Unbleached pulp (35 g O.D. basis) was
bleached under the conditions shown in Table 1.
The volumes of effluent generated in the C and E
stage were 1.81 and 2.02 1, respectively. The
effluents were characterized by pH, total dissolved
solids, BODs (biochemical oxygen demand), COD
(chemical oxygen demand) [16] and color mea-
sured on a Shimadzu spectrophotometer model
UV 2100/S.

Extraction of chlorophenols from the effluents
was performed by simple modification of the pro-
cedure suggested by Lindstrom and Nordin [5].
The E-stage effluent (500 ml) or the C-stage
effluent (1000 ml) was adjusted to pH 2 and
extracted with 200 and 400 ml of 90:10 diethyl
ether/acetone mixture for 48 h, respectively with
intermittent shaking. Extraction of resin and fatty
acids from effluents has been achieved as sug-
gested by Voss and Rapsomatiotis [8]. The
effluent (E-stage 50 ml or C-stage 100 ml) was
adjusted to pH 9 and extracted with equal volume
of methyl tertiarybutyl ether for 1 h.

Chlorophenols as acetyl derivatives [17], resin
and fatty acids as methyl esters [18] were analysed
using Shimadzu gas chromatograph (Model GC-
9A). The GC conditions are given in Table 2.
Retention times (RT) were determined using stan-
dard solutions of various chlorophenolic com-
pounds, resin and fatty acids. In each case 1 ml
sample was derivatized and 1 pl of the derivatized
extract was injected into the column.

Table 1
Bleaching conditions

Parameters C-stage E-stage
Cl, applied (% (demand)) 70 —
NaOH applied (% (OD pulp)) — 03
Consistency (%) 3.5 10

pH 1.8-2.0 11-12
Temperature (°C) 25 60
Time (min} 60 75

All chemicals charged as %0.D. (oven dried) pulp.



Table 2

GC conditions for the analysis of chlorophenolics and resin

and fatty acids
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Parameters HR-1 OV-101
Detector FID FID
Detector range 10° 10°
Chart speed (cm min™ 5 5

1)
Sample size (pl) 0.5-1 0.5

Injection (min) (split
less)
Column dimensions

30 mx0.32 mm

-
P

25 mx0.32 mm

Film thickness 0.25 pm 0.27 um
Injection and detector 275 300
temp (°C)
Column temperature 80 for 3 min 190 for 4 min
°0
80—160 at 2°C 190-210 at 1°C
min~! min !
160 for S min 210-230 at 2°C
min~!
160-260 at 10°C 230-250 at 3°C
min ! min ™!
260 for 15 min 250 for 15 min

3. Derivatization procedure

3.1. Chlorophenolics

To 4.5 ml of sample (or diluted sample) taken
in teflon lined screw capped glass tube, 0.5 ml of
0.5 M Na,HPO, and 0.05 ml of acetic anhydride
were added. After adding 1 ml of n-hexane, the
mixture was shaken for 3 min and 0.5-1.0 pl of
the hexane extract was injected into the HR-1
column.

3.2. Resin and fatty acids

Resin and fatty acids were derivatized with
dropwise addition of etheral solution of dia-
zomethane to | ml of the sample till a yellow
color persisted for some time. The excess dia-
zomethane was destroyed by dropwise addition of
glacial acetic acid. The resulting solution was
evaporated to dryness with a current of nitrogen
gas. The dried mass was dissolved in methanol/di-
ethylether (10:90) solution and making the total
volume 1 ml. A 0.5 pl of this solution was injected
into OV-101 column.

3.3. Extraction efficiency determination

3.3.1. Chlorophenolics

The standard solution of 0.1 mg chloropheno-
lics (1000 ml) was extracted and derivatized. An-
other solution of 0.1 mg chlorophenolics (1 ml of
100 mg 17 ") was derivatized without extraction.
The extracted and nonextracted chlorophenolics
derivatives were injected into HR-1 column (0.5 ul
each) and the peak areas were determined in both
the cases. The extraction efficiency (EF) was cal-
culated from the equation:

Peak area of extracted sample 100

(1)

EF (%) =
) Peak area of nonextracted sample

3.3.2. Resin and fatty acids

The standard solution of resin and fatty acids
(50 ml of 0.1 mg 1~ !) was extracted and deriva-
tized. Another solution (1 ml of 5 mg 1™!) con-
taining 5 pg of resin and fatty acid was
derivatized without extraction. The extracted and
nonextracted resin and fatty acid were injected
into OV-101 column (0.5 pl each) and the peak
areas were determined in both the cases. The
extraction efficiency was calculated using the Eq.
().

The various chlorophenolics, resin and fatty
acids were detected by matching the retention
time with those of pure standards within +0.1
min. For some compounds the value of RT were
nearly the same. In these cases the average quanti-
ties were determined. For carrying out quantita-
tive analysis, response factor (RF) and extraction
efficiency (EF) of various compounds were deter-
mined.

4. Results

The characteristics of effluents generated in lab-
oratory are shown in Table 3. The values of RT
and concentration of various detected chlorophe-
‘nolics, resin and fatty acids are given in Table 4
and Table 5, respectively. The values of RT show
that most of the chlorophenolics and resin and
fatty acids can be separated on Ulbon HR-1 glass
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Table 3
Characteristics of effluents generated in the laboratory

Parameters Effluent

C-stage E-stage
pH 2.2 10.7
Dissolved solid (mg 17") 1088.0 1288.0
BOD (mg 17") 120.0 136.0
COD (mg 17" 593.0 722.0
Colour (Pt. Co) 1134.0 3875.0

capillary and fused silica OV-101 capillary
columns, respectively. The quantities of various
categories of chlorophenolics, resin and fatty
acids expressed as g per tonne of oven dried pulp

Table 4

(g odt—!) are given in Table 6 and Table 7,
respectively.

5. Discussion
5.1. Chlorophenols

Six categories of chlorophenolics are present in
spent bleach liquor obtained from Indian variety
of bamboo pulp. These are chlorophenols, chloro-
catechols, chloroguaiacols, chlorosyringols,
chlorosyringaldehydes and chlorovanillins. The
retention times and concentration of various
chlorophenolics observed in the bamboo spent
bleach liquor are given in Table 4.

Retention time and concentrations of various chlorophenolics in the effluent

Chlorophenolics RT (min)
2-Chlorophenol 7.82
3-Chlorophenol 8.89
4-Chlorophenol 9.03
2,6-Dichlorophenol 12.96
2.5-Dichlorophenol® 13.97
2.4-Dichlorophenol* 14.05
2.3-Dichlorophenol 15.71
3,4-Dichlorophenol 17.51
6-Chloroguaiacol 17.94
2,4.6-Trichlorophenol 19.10
2,3,5-Trichlorophenol 22.30
2.4,5-Trichlorophenol 22.75
2.3,4-Trichlorophenol 24.61
4.6-Dichloroguaiacol 24.88
3,4-Dichloroguaiacol 25.44
4,5-Dichloroguaiacol 27.96
3,6-Dichlorocatechol 28.51
3.5-Dichlorocatechol 29.65
3.4.6-Trichloroguaiacol* 30.49
6-Chlorovanillin® 30.58
3.4,5-Trichloroguaiacol 34.01
3.4,6-Trichlorocatechol 36.29
2-Chlorosyringaldehyde 38.75
Pentachlorophenol 39.21
3.4,5-Trichlorocatechol 39.79
Tetrachloroguaiacol 40.58
Trichlorosyringol 41.70
Tetrachlorocatechol 45.96
2.6-Dich.syringaldehyde 46.38

odt, Oven dried tonne pulp.
 Indicate single unresolved peak.

C-stage (g odt™")

E-stage (g odt™")

0.21 —
— 4.61
0.21 1.15
0.51 —
1.81 9.52
1.81 9.52
— 0.06
0.36 -—
— 0.11
2.58 25.38
0.51 0.23
1.03 -
0.26 —
— 1.15
—- 1
— 2.
7.75
23.78 -
0.18 2.88
0.18 2.88
0.36 6.35
1.55 —
20.68 —
2.07 46.16
35.67 16.15
0.51 3.46
0.26 2.30
17.06 6.34
7.24 46.16
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Table 5

Retention time and concentrations of various resin and fatty acids in the effluent

Acids RT (min) C-stage (g odt—1) E-stage (g odt™")
Palmitic* 4.92 49.11 154.00
Heptadecanoic* 6.55 0.36 3.05
Oleic® 8.07 2.58 8.07
Linolenic® 8.11 2.58 8.07
Stearic* 8.71 1.03 17.30
Pimaric* 11.30 0.31 0.29
Sandaracopimaric® 11.70 1.55 577
[sopimaric* 12.90 2.58 16.15
Dihydroisopimaric® 13.90 0.52
Arachidic® 15.00 0.41 346
Neoabietic* 17.90 1.55 .15
Chlorodehydroabietic 1¢ 21.60 1.03 8.07
Chlorodehydroabietic 114 23.00 3.62 3.46
Tricosanoic* 28.90 3.10 1.73
12.14-Dich.dehydroabietic® 30.40 1.03 1.15
Lignoceric* 33.30 5.17 17.30
9,10.12,13-Tetrach.stearic® 35.70 2.06 1.73

odt, Oven dried tonne pulp.

“ Saturated fatty acid.

® Unsaturated fatty acid.

¢ Resin acid.

¢ Chloro resin acid.

¢ Chloro fatty acid.

"Indicate single unresolved peak.

The structure of lignin is very complex. It is a
polymer formed by an enzyme initiated dehydroa-
bietic polymerization of a mixture of three differ-
ent p-hydroxy cinnamyl alcohols (p-coumeryl,
coniferyl and sinapyl alcohols). Compared with
wood lignin, the structure of grass lignin has been
less studied. It varies significantly with source.
Some grass lignins are thought to contain mainly
p-coumary! units but other grass lignins appear to
approximate the hardwood lignin [19]. During
pulp chlorination lignin is chlorinated and breaks
down to simpler chlorophenolic compounds. The
solubility of chlorophenolics is low in acidic con-
dition (C-stage) and they are solubilized in alka-
line condition (E-stage). The nature and
concentration of different chlorophenolic com-
pounds formed that ultimately end up in SBL
depend upon quantity of lignin i.e., kappa num-
ber of pulp, nature of lignin, and bleaching condi-
tions, i.e., chlorine charged, pH, temperature and
consistency (expressed as g O.D. pulp per 100 g
pulp suspension).

Among the various chlorophenolics found in
C-stage effluent the maximum contribution came
from 3.4,5-trichlorocatechol (35.67 g odt—").
Other significant contribution came from 3,5-
dichlorocatechol (23.78 g odt~'), 2-chlorosy-
ringaldehyde (20.68 g odt '), tetrachlorocatechol
(17.06 g odt—'). Small contributions were made
by 2,6-dichlorosyringaldehyde (7.24 g odt = 1), 3,6-
dichlorocatechol (7.75 g odt ~'). Minor quantities
of 2,4/2,5-dichlorophenol (3.62 g odt~"), 2.4,6-
trichlorophenol (2.58 g odt ~'), pentachlorophe-
nol (2.07 g odt "), 3.4,6-trichlorocatechol (1.55 g
odt "), 2.4,5-trichlorophenol (1.03 g odt ~ ") were
also present. Other chlorophenolic compounds
detected in the effluent had concentration about
0.5 g odt ! or less.

In E-stage maximum contribution came from
2.6-dichlorosyringaldehyde (46.16 g odt~') and
pentachlorophenol (46.16 g odt™'). Significant
contribution came from 2.,4,6-trichlorophenol
(25.38 g odt—"), 2,5/2,4-dichlorophenol (19.04 g
odt—1"), 3,4,5-trichlorocatechol (16.15 g odt—!).
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Table 6

Quantity of various categories of chlorophenolics in the bleaching effluent

Chlorophenolics C-stage (g odt ") E-stage (g odt™") (C+E)
(g odt™") %
Chlorine substitution
Monochlorophenols 21.28 8.75 30.03 9.53
Dichlorophenols 43.26 70.44 113.70 36.09
Trichlorophenols 42.40 53.29 95.69 30.38
Tetrachlorophenols 17.57 9.80 27.37 8.69
Pentachlorophenols 2.07 46.16 48.23 15.31
Reactive group
Phenols 11.36 96.63 107.99 34.28
Catechols 85.81 22.49 108.30 34.38
Guaiacols 1.05 17.98 19.03 6.04
Other phenols 28.36 51.34 79.70 25.30
Total chlorinated phenolics 126.58 188.44 315.02 100.00

Minor quantities of tetrachlorocatechol (6.34 ¢
odt—"), 3.4,5-trichloroguaiacol (6.35 g odt™!),
3.4.6-dichloroguaiacol/6-chlorovanillin = (5.76 g
odt—'),  3-chlorophenol (4.61 g odt™'),
trichlorosyringol (2.3 g odt "), tetrachloroguaia-
col (3.46 g odt™'), 4,5-dichloroguaiacol (2.88 g
odt '), 4-chlorophenol, 4,6-dichloroguaiacol and
3,4-dichloroguaiacol (1.15 g odt~' each) were
also present. Other chlorophenolic compounds
detected in the effluent had concentrations about
0.5 g odt™ ' or less.

The chlorophenolics can be categorized on the
basis of chlorine substitution. The total quantities
of mono, di, tri, tetra and penta chlorophenolic
compounds (g odt ') in C-stage, E-stage and
combined spent bleach liquor (C stage + E stage)
are given in Table 6. Dichloro and trichloro com-
pounds contribute 66% of the total detected
chlorophenolic compounds in the combined SBL.
Similarly the components can be categorized
based on the reactive groups. Catechols, vanillins,
syringaldehydes and syringols contribute 60% of
the total chlorophenolics components in the com-
bined SBL. The concentration of chlorinated gua-
iacols is higher in the E-stage liquor than in the
C-stage liquor. The chlorinated catechols predom-
inate in C-stage effluent. This behavior is similar
to the behavior observed with effluents of wood
pulps. This is presumably, due to the low solubil-

ity of chlorinated guaiacols at low pH and the
sorption of these compounds on the fibers. Alter-
natively these chloroguaiacols may form only
upon the alkaline hydrolysis of chlorinated lignin
in the E-stage.

3.2, Resin and fatty acids

Table S gives various categories of resin and
fatty acids detected in the effluent. These are
saturated fatty acids, unsaturated fatty acids,
resin acids chlorinated resin and fatty acids. The
quantities of resin and fatty acids are higher in
E-stage effluent than in C-stage effluent. This is
due to the higher solubility of resin and fatty
acids in alkaline media. The quantities of various
chlorinated and non-chlorinated resin and fatty
acids in C-stage, E-stage and combined spent
bleach liquor (C stage + E stage) are given in
Table 7. From the table we can conclude:

1. The quantities of fatty acids- are much higher
than resin acids.

2. The quantities of total saturated fatty acids are
much higher than unsaturated fatty acids.

3. The quantities of chlorinated resin acids are
much higher than chlorinated fatty acids.
The palmitic acid was the most significant satu-
rated fatty acid (203 g odt * ') of the detected resin
and fatty acids. Other major saturated fatty acids
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Table 7

Quantity of various categories of resin and fatty acids in the bleaching effluent

Acids C-stage (g odt *") E-stage (g odt™') (C+E)
(godt™"y %

Non-chlorinated

Saturated fatty acids 59.18 196.84 256.02 77.74

Unsaturated fatty acids S.16 16.14 21.30 06.47

Resin acids 6.51 23.36 29.87 09.07
Chlorinated

Chloro fatty acids 2.06 1.73 3.79 01.15

Chloro resin acids 5.68 12.68 18.36 05.57
Total resin and fatty acids (both chlorinated and non chlori- 78.59 250.75 329.34 100.00

nated)

were lignoceric (22.5 g odt ') and stearic acid
(18.33 g odt~'). Minor quantities of heptade-
canoic, arachidic, tricosanoic acid (3.4-4.8 ¢
odt™ ) were also detected. Among the various
unsaturated fatty acids oleic/linolenic acids were
found in significant amounts (about 21 g odt ).

[sopimaric was the major resin acid (18.73 g
odt ~') detected. Significant amount of sandara-
copimaric acid (7.32 g odt~') was also detected.
Minor quantities (0.5-2.7 g odt ') of pimaric,
dihydroisopimaric and neoabietic acid were de-
tected. Both the isomers of monochlorodehydroa-
betic acid contributed major share (16.18 g odt ")
to the detected chloro resin acids. Minor quanti-
ties of 12,14-dichloroabetic acid (2.18 g odt—!)
and 9,10,12,13-tetrachlorostearic acid (3.79 g
odt ~ ') were also detected.

6. Toxicity

The toxicity of the effluent was evaluated by
comparing the quantities of various chloropheno-
lics, resin acids and fatty acids detected in the
effluent with the values reported in the literature
[4,20,21]. **LC,, is the lethal concentration at
which 50% of the test organisms will get killed
when the test organism is exposed to the toxicant
for a period of 96 h under standard test condi-
tions. Reported “°LCs, values indicate that
chlorophenolics, resin acids, unsaturated fatty

acids and chlorinated resin and fatty acids are
toxic. Resin acids are more toxic than unsaturated
fatty acids.

The concentrations of 2.,4.6-trichlorophenol
(0.44 mg 17") and pentachlorophenol (0.80 mg
17"y in E-stage and dichlorocatechols (0.61 mg
1 " in C stage were found to be higher than the
reported respective “°LCs, values. The concentra-
tions of all other chlorophenolics, resin and fatty
acids were less than the respective **LCy, values.

The *°LCy, value indicates the toxic concentra-
tion of a particular compound when present
alone. However, when a number of toxic com-
pounds are present, interfering effect may be ob-
served. Substantial evidence now exists which
indicates that the threshold toxic concentration
may be as low as 5-10% of *°LCy, values [22].

Apparently concentrations of a large number of
chlorophenolics, resin and fatty acids may exceed
their respective threshold concentrations. So it
can be inferred that the untreated spent bleach
liquor of bamboo is of environmental concern.
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