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The pulp bleaching following DEPD and ODED sequences has been studied for pollution load reduction in the effluents. The
mixed hardwood kraft pulp is bleached to 87% ISO target brightness under optimum conditions in the laboratory. The effluents

of individual pulp bleaching stages are characterized for comparision of pollution load generation. The optimum kappa number

reduction of 45%, during oxygen delignification, was achieved at a NaOH dose of 20 kg/t of O.D. pulp with minimal viscosity drop

(12%). KF value of 0.3 was found optimum for attaining the target brightness for both the sequences. The ODED sequence required

lesser total active chlorine (aCl") as compared to DEPD sequence. The bleach chemical (aCl’) saving by use of O2 delignification is

45% as compared to DEPD sequence. ODED sequence effluents were found to be having low pollution load as compared to DEPD

sequence due to the reduction (45%) of initial kappa number of the pulp after O2 delignification stage.
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INTRODUCTION

The paper manufacture involves pulping
of fibrous raw material and bleaching as
major processes. The pulping degrades
the lignin network, removes its soluble
fractions from the plant tissue, and
produce unbleached pulp which still
contains residual lignin (2.5-4%). The
residual lignin is accountable for the
undesirable dark colour of the pulp [1].
The pulp bleaching is aimed to attain
desired brightness and purify the pulp
from unwanted impurities that may affect
the quality of the final product. Wood
pulping,
coating operations are the major sources

preparation, bleaching, and
of pollution generation during paper
manufacture.

The paper industry effluent is a complex
mixture of various organic and inorganic
chlorinated

pollutants i.e. organics

(phenols, resin and fatty acids, dioxins and
furans etc.), heavy metals, dyes, starch,
nutrients etc. The pulp bleaching effluent
is responsible for most of the pollution
load and toxicity [2, 3]. When chlorine
(C12) or chlorine based chemicals are
used for bleaching chlorinated organics
are generated in the bleach plant effluent
which are collectively estimated as
adsorbable organic halides (AOX) [4, 5].
Chloroorganics are toxins, tend to persist
in the environment, and can biomagnify
through food chain [6]. The paper mill
effluents have been reported to potentially
induce aquatic toxicity, particularly at the
reproductive stage [7].

The paper industry is now facing the
challenge to meet out effluent discharge
standards. The pollutants generation in
the effluent can be reduced by adopting
various internal process improvement

measures and end-of- pipe effluent
treatment. The reduction of pollutant
generation at source is the best approach.
The substitution of hazardous CI2
based
with elemental chlorine free (ECF) and
totally chlorine free (TCF) bleaching has

resulted in reduction of AOX generation

conventional pulp bleaching

in the effluent. AOX generation can be
decreased by reducing the amount of
CI2 used for the bleaching i.e. by pre-
chlorination modifications e.g. extended
delignification [8] and oxygen (0O2)
delignification [9], chlorination stage
changes e.g. replacement of CI2 by
chlorine dioxide (ClO2) [1], and post
chlorination modifications e.g. use of O2
and H202 in the first caustic extraction
stage [10-12].

ECF bleaching is presently the dominant
technology producing about 75% of the
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world’s bleached chemical pulp [13].
02 delignification is an attractive pre-
bleaching stage of current ECF and
TCF bleaching processes [14]. It is a
commonly used process before bleaching
to further remove lignin and reduce the
bleach chemical dose and cost [15].
The paper industry uses huge amount
of fresh water i.e. 150-200 m3/ton of
paper produced and 75% of which is
released as effluent [16]. The recycling
of the oxygen stage effluent reduces
water consumption, volume, and colour
of the effluent. C102 has been utilized as
a promising delignifying reagent for pulp
bleaching owing to its high selectivity,
i.e. preferentially oxidizing lignin in the
presence of carbohydrates thus preserving
pulp quality, and significant decrease in
generation of AOX [17].

The aim of the present investigation is to
study reduction of effluent pollution load,
i.e. BOD, COD, color, and AOX during
mixed hardwood kraft pulp bleaching
with ODED and DEPD sequences.

EXPERIMENTAL

Materials

NaClO2 solution was used for in-situ

generation of chlorine dioxide (D stage).
NaOH solution was used for the alkaline
extraction (E stage). H202 (30%) (SQ
grade) was used as oxidant in alkaline
extraction (EP stage) of pulp. The pH
of the pulp and the aqueous solutions
was adjusted with 1M H2SO4 or
NaOH solutions. The unbleached mixed
hardwood (Eucalyptus: Poplar, 70: 30)
kraft pulp was procured from a paper
mill in India. The pulp was hand washed,
screened, air dried, and stored in air tight
polythene bags for further bleaching
experiments in the laboratory.

Pulp Bleaching

Before oxygen delignification and
bleaching the air dried pulp was soaked in
water overnight and disintegrated at 3%
consistency for 4-5 min using a laboratory
pulp disintegrator. The disintegrated pulp
was squeezed and placed in refrigerator
below 4 °C in plastic bags which was used
for further bleaching experiments within
one week. The pulp was bleached to a
target brightness of 87% ISO following
ODIED2 and D1EPD2 sequences under
the controlled laboratory conditions
(Table 1). O, D, E, and EP refer to O2
delignification, C102, alkaline extraction,
and H202 reinforced alkaline extraction

stages, respectively. O2 delignification
was performed with 100 g O.D. pulp (one
autoclave). NaOH and MgS04.7H20
were added to the disintegrated pulp and
desired consistency was set. The pulp
was hand mixed and transferred into
laboratory autoclaves which were then
filled with O2 after expelling air. The
autoclaves were then placed in ethylene
glycol bath [18]. After completion of
the reaction, autoclaves were taken out
and cooled to room temperature. Pulp
was taken out and washed with plenty of
water on a screen. The excess water was
drained off by squeezing and the pulp
was stored in polythene bags for further
bleaching experiments. The oxygen
delignified pulp was characterized for
kappa number, viscosity, and brightness.
The chlorine demand on the pulp was

calculated using the following formula:

Chlorinedemand (%aCl™)
= Kappano. x Kappafactor ....... 1)

Of the total 70%
was given in the first (D1) stage and
remaining 30% in last stage (D2). All the
bleaching experiments were performed

chemical dose,

in polythene bags with 200 g O.D. pulp.
The disintegrated pulp was adjusted

TABLE 1 Pulp bleaching conditions for different stages of DEPD and ODED sequences

DED ODED

Parameter

D, Ep D, D, E D,
Kappa no. 15 15 (8.3 after O stage)
Kappa factor 0.30 0.30
Total aCl™ (% O.D. pulp) 4.5 2.49
Bleach chemical (% aCl") 3.15 -—-- 1.35 - 1.74 -—-- 0.75
Residual aCl™ (%) Nil - 0.04 - Nil -—-- Nil
NaOH (% O.D. pulp) - 0.7 - 2.0 -—-- 0.7 -—--
H,0, (% O.D. pulp) - 0.3 -—-- - - -—-- -—--
Consistency (%) 10 10 10 10 10 10 10
End pH 3.5 10.5 33 - 3.5 114 32
Temperature (°C) 70 70 70 100 70 70 70
Time (min) 180 90 180 75 180 90 180
0, pressure (kg/cm?) -—-- -—-- -—-- 6 - - -
MgS0,.7H,0 (%) e - -—-- 0.2 - -—-- -—--
Brightness (% ISO) 87.3 86.9
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to desired consistency and pH, bleach
chemicals were added, hand mixed,
and placed in the water bath at desired
temperature. The pulp was well kneaded
by hand from time to time during
bleaching. After bleaching, the pulp was
filtered and filtrate was collected. The
pulp was washed with distilled water in a
Buchner funnel. The filtrate and washings
were mixed and characterized. All the
bleaching experiments were performed
in duplicate and average values reported.

Analytical methods

The pulp brightness was measured
with TECHNIBRITE ERIC 950 from
Technibrite Corporation, USA (ISO
standard 2469). The viscosity of the pulp
was estimated by capillary viscometer
method using 1 M cupriethylenediamine
(CED) solution. TAPPI test method (T
230 om-99) was followed. Pulp kappa
number was determined by TAPPI test
method T 236 om — 99.

Bleach liquor and residual chlorine
analysis

Strength of NaClO2 solution (40 g/L of
NaClO2), as active chlorine (aCl"), was
determined by titrating against standard
0.1 N Na2S203 solution using starch
(0.5%) as indicator. To 10 mL of NaClO2
solution, 10 mL KI (10%), and 10 mL
acetic acid (10%) were added and the
resulting solution was titrated against
standard Na2S203 solution. End point
was blue to colorless. Strength of the
bleach liquor was calculated using the
following formula:

Strength of bleachliquor (g/L)
= Normality of bleachliquor x 34.5 ....... ?2)

Same procedure was followed for the
determination of residual chlorine in the
spent bleach liquor. Here, 100 mL of
spent bleach liquor was titrated against
standard 0.01 N Na2S203 solution [18].

Hydrogen peroxide analysis

10 mL of H202 solution was diluted to
250 mL in a volumetric flask. 10 mL KI

(10%), 10 mL H2SO4 (4N), and 1 mL
ammonium molybdate (1%) were added
to 5 mL of this solution and the resulting
solution was titrated against standard 0.1
N Na2S203 solution using starch (0.5%)
as indicator [19]. The end point was blue
to colorless. Strength of H202 solution
was calculated using the following
formula:

Strength of H,0O, (g/L)
= Normality of H,O, solution x 34 ....... 3)

Effluent characterization

The pulp bleaching (individual stage)
effluents were characterized for colour
(Pt-Co method, measured at 465 nm
using  UV-VIS  spectrophotometer,
SPEKOL 2000, Analytic Jena), pH,
BOD (by measuring dissolved oxygen
before and after incubation at 20 °C for
5 days), COD (determined by closed
reflux titrimetric method) [20], and AOX
(analyzed on AOX analyzer, ECS 1200,
using column method).

RESULTS AND DISCUSSION

02 delignification was targeted for 40-
50% reduction in pulp kappa number
with minimum drop in the pulp viscosity.
02 is poorly selective at high degree of
delignification and may lead to reduction
in pulp quality and yield, if used
extensively, by carbohydrate degradation

OViscosity (cF)

50 - 8 kappano.
25
EZ 601
o 8
e =
= 2
: 2
s 8 40 1 3.5
= =
=&
S

0 10

[21]. The carbohydrate degradation is
caused by active O2 species and chain
type reactions initiated by HOOs, O2e—,
and HOe, which are generated through
the reduction of O2 species and the lignin
reactions [22]. The optimization of the
alkali charge (NaOH) during O2 stage
was carried out by varying alkali dose
(10-30 kg/t O.D. pulp) under optimum
conditions (Table 1). Figure 1 depicts
the effect of NaOH charge during O2
delignification on pulp kappa number,
viscosity, and brightness. As NaOH
charge is increased there is a decrease
in the pulp kappa number but the pulp
viscosity also drops. At a NaOH charge
of 10 kg/t O.D. pulp, kappa number
is reduced by 39% which is below the
target reduction of 40-50%. At 20 kg/t
O.D. pulp of NaOH charge, almost 45%
kappa number reduction is achieved with
12% viscosity drop. At higher NaOH
dose (30 kg/t O.D. pulp), the viscosity
drops by 19% and kappa number by 51%.
The target kappa no. reduction (40-50%)
was achieved with 20 kg/t O.D. pulp of
NaOH charge with minimal viscosity
drop. Hence, a NaOH dose of 20 kg/t
O.D. pulp was selected as optimum for
generating oxygen delignified pulp.
The pulp brightness increased as NaOH
charge was increased. A brightness of
49% ISO was obtained at 20 kg/t O.D.
pulp of NaOH charge.

B Brightness (% [50)

0 30
MaOH charge (kg/'t O.1D. pulp)

Figure 1 Effect of alkali charge during oxygen delignification on pulp kappa
number, viscosity (cP), and brightness (% ISO).
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The pulp was bleached to 87% ISO
target brightness following DEPD and
ODED sequences. The pulp bleaching
conditions for different stages of DEPD
and ODED sequences are mentioned
in Table 1. The kappa factor (KF) was
varied (0.28-0.35) for attaining 87% ISO
target brightness. KF value of 0.3 was

found optimum for attaining the same
target brightness for both sequences.
Figure 2 (a) and (b) illustrates the effect
of KF on pulp brightness during DEPD
and ODED bleaching sequences for
achieving 87% ISO target brightness,
respectively. Table 2 shows quantity of
different chemicals charged for attaining

87% ISO target brightness during DEPD
and ODED sequences. The total active
the
DEPD > ODED. The bleach
chemical (aCl”) saving by use of O2
delignification is 45% as compared to
DEPD sequence.

chlorine consumption followed
order:

0.3 0.32 0.34

Kappa factor

100 - 100 -
6‘ 95 - 8 95 ~
E: 920 A g/ 90 -
= w
L 85 - £ 85 4
= ) =
= 80 - B 80 -
A &
qs T T T qs
0.28 0.3 0.32 0.34 0.28
Kappa factor
Figure 2 Effect of kappa factor on pulp brightness during
(a) DEPD and (b) ODED sequence for 87% ISO target brightness
The average  analytical effluent reduction (45%) of initial kappa number

characteristics of different stages of
DEPD and ODED pulp bleaching
sequences are summarized in Table 3.
ODED sequence effluents were found to
be having low pollution load as compared
to DEPD sequence. This is due to the

of the pulp after O2 delignification stage,
which in turn reduces the active chlorine
multiple required for the next bleaching
stages and environmental load [1]. The
major pollution load came from first
two bleaching (D1 and E or EP) stages

for both the sequences. During kraft
pulp bleaching, a significant amount of
organic matter is dissolved in the first
two bleaching stages i.e. chlorination and
alkaline extraction [23].

TABLE 2 Chemical charge (kg/t O.D. pulp) required for different bleaching sequences

for achieving 87% ISO target brightness

Chemical charge (kg/t O.D. pulp)
Stage Chemical
DE;D ODED

o, | e 20*
O NaOH | - 20

MgSO,7H,0 | - 2
D, ClO, 11.98 6.63

NaOH 7 7
E or Ep

H,0, 7 —
D, ClO, 5.13 2.84
Final brightness (% ISO) 87.3 86.9
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TABLE 3 Generation (kg/t O.D. pulp) of BOD, COD, color, and AOX during different stages

of DEPD and ODED sequences

Quantity (kg/t O.D. pulp)
Sequence Stage

BOD COD Color AOX

D, 32 12.2 14.1 0.27

DE;D Ep 2.5 10.1 16.7 0.23
D, 0.8 23 1.1 0.05

D, 1.8 6.5 1.8 0.16

ODED E 1.5 5.1 2.0 0.14
D, 0.8 1.6 0.9 0.04

The higher color was generated in
DEPD sequence as compared to ODED
sequence. While E or EP stage effluents
were characterized with high color as
compared to D1 and D2 stages of both the
bleaching sequences. The COD and color
load of the effluents is also a function
of the kappa number of the unbleached
pulp and KF, the kappa number being the
variable having the highest impact. The
kappa number decrease of the unbleached
pulp decreases the amount of COD,
color, and AOX generation during pulp
bleaching at high C1O2 substitution levels
[23]. The higher amount of AOX was
generated in DEPD sequence effluents
as compared to ODED sequence. This is

CONCLUSIONS

due to the requirement of higher chemical
charge (45 kg C/t OD pulp) for achieving
the same target brightness as compared
to ODED sequence (24.9 kg aCl/t OD
pulp). For ODED sequence lowest AOX
was generated due to use of O2 stage. The
effluent AOX loadings decrease with a
decrease in initial kappa number [23, 24].
Both the bleaching sequences (DEPD
and ODED) were effective in reducing
AOX generation below the set regulatory
standard (1 kg/t of product) [25].

02 stage effluent can be recycled to
the chemical recovery system which
the environmental

decreases impact

of bleach plant [1]. Application of O2

delignification has been reported to offset
the total bleaching costs by 20% on an
average [26]. One of the main reasons for
not adopting O2 delignification process
(particularly in small mills) is the high
capital costs of O2 delignification plant.
But in order to meet AOX discharge
standards and closing of the bleach
cycle, the mills may look at O2 as a pre-
bleaching stage. The mills which will not
be able to install O2 pre-bleaching stage
can meet up effluent discharge standards,
particularly with regard to AOX, by using
ODED and DEPD

sequences can be adopted with regard to

DEPD sequence.

meeting AOX discharge standards.

ODED bleaching sequence produced lower pollution load in the effluent as compared to DEPD

sequence. AOX generation in the effluents is reduced below the set regulatory standard (1 kg/t of

product) by both the bleaching sequences. O2 pre-bleaching stage is found to be an attractive option

for meeting AOX discharge standards as well as closing of the bleach cycle. O2 delignification

required 45% less bleach chemical (aCl") as compared to DEPD sequence for achieving same target

brightness. Hence, paper mills can meet effluent discharge standards, cleaner production, and water

conservation using ODED sequence. While, DEPD bleaching sequence could be a potential option

for smaller paper mills to achieve AOX discharge standard. The control of AOX in the effluent is one

of the major environmental challenges before the pulp and paper industry. Hence, adoption of new

cleaner bleaching technologies is the need of the hour.

ACKNOWLEDGEMENT

The research grant for this study provided by Ministry of Human Resource and Development,

Government of India is gratefully acknowledged.

-14-



REFERENCES

1.
2.

10.

11.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

Dence, C.W. and Reeve, D.W., Pulp Bleaching - Principles and Practice, TAPPI Press, Atlanta, Georgia, 227, 752 (1996).

Mohanrao, N.R., Mathur, R.M., Suryavanshi, D.G., Kulkarni, A.G., Pant, R., Sharma, Y.K., and Rao, A.R.K., Sesbania aculeata
- a potential raw material for small and big paper mills, IPPTA Journal, 19 (3): 47-51 (1982).

Afroz, Z. and A. Singh, Impact of pulp and paper mill effluent on water quality of river Aami and its effect on aquatic life (fish),
Global Journal of Pharmacology, 8: 140-149 (2014).

Roy, M., Chakrabarti, S.K., Bharadwaj, N.K., Chandra, S., Kumar, S., Singh, S., and Bajpai, PK., Characterization of
chlorinated organic material in eucalyptus pulp bleaching effluents, Journal of Scientific and Industrial Research, 63: 527-535
(2004).

Requejo, A., Rodriguez, A., Colodette, J.L., Gomide, J.L., and Jiménez, L., TCF bleaching sequence in Kraft pulping of olive
tree pruning residues, Bioresources Technology, 117: 117-123 (2012).

Dey, S., Choudhury, M.D., and Das, S., A review on toxicity of paper mill effluent on fish, Bulletin of Environment,
Pharmacology and Life Sciences, 2: 17-23 (2013).

Waye, A., Annal, M., Tang, A., Picard, G., Harnois, F., Guerrero-analco, J.A., Saleem, A., Hewitt, L.M., Milestone, C.B.,
Maclatchy, D.L., Trudeau, V.L., and Arnason, J.T., Canadian boreal pulp and paper feedstocks contain neuroactive substances
that interact in vitro with GABA and dopaminergic systems in the brain, Science of Total Environment, 468-469, 315-325
(2014).

Greenwood, B.F., A review of the basis for and the current status of modified continuous cooking, Proc: AIChE, Forest Products
Division, New York, 9 (1988).

Trench, L. and Harper, S., Oxygen bleaching practices and benefits: an overview, TAPPI Journal, 70 (11): 55-61 (1987).

Shilin, C., Huaiyu, Z., Shiyu, F.U., and Lihui, C., Regulation of superoxide anion radical during the oxygen delignification
process, China Journal of Chemical Engineering, 15 (1): 132-137 (2007).

Hart, P.W. and Hsieh, J.S., Reducing AOX by increasing oxidation potential in the first caustic extraction stage, TAPPI Journal,
74 (11): 117-121 (1991).

Anderson, J.R. and Carmichael, D.L., Hydrogen peroxide technology for chlorine reduction, Proc: 76th Annual Meeting, CPPA
Technical Conference, Chemical Pulp Bleaching Session, CPPA, Montreal, B 209 (1990).

Lal, P.S., Tripathi, S., Subrahmanyam, S.V., and Kulkarni, A.G., Bleaching of bamboo pulp to high brightness, Proc: International
Conference on Pulping and Bleaching, Stockholm, Sweden June (2005).

Argyropoulos, D.S., Suchy, M., and Akim, L., Nitrogen centered activators of peroxide reinforced oxygen delignification,
Industrial and Engineering Chemistry Research, 43: 1200-1205 (2004).

Sunakar, P., Chandra, P.J., and Prasada, T.U., A Comprehensive approach for the characterization of pulp and paper industry
post oxygen stage effluent, Research Journal of Chemical Sciences, 2(7): 41-46 (2012).

Panigrahi, J.C., Ratho, B.P., Harichandan, A.K., and Goel, M.C., Strategies towards environmental sustainability of a large
integrated pulp and paper mill in India, Paper India., 15 (1): 16-23 (2012).

Karim, M.R., Islam, M.N., and Malinen, R.O., Response of Eucalyptus camaldulensis and Acacia mangium kraft pulp in
different ECF bleaching options, Wood Science and Technology, 45: 473-485 (2011).

Laboratory manual for pulp and paper laboratory, NORAD-COURSE, University of Trondheim, The Norwegian Institute of
Technology, Department of Chemical Engineering (1993).

Vogal, A L., Textbook of Quantitative inorganic analysis (6th ed.), 422-436 (2002).

Clesceri, L.S., Greenberg, A.E., and Eaton, A.D., Standard Methods for the Examination of Water and Wastewater (20th ed.),
American Public Health Association, 2 (3), 4 (87), 5 (3) and 5 (15) (1998).

Ruuttunen, K. and Vuorinen, T., Concomitant usage of transition metal polyanions as catalysts in oxygen delignification:
laboratory bleaching trials, APPITA Journal, 60 (3): 235-240 (2007).

Guay, D.F., Cole, B.J.W., Fort, R.C., Genco, J.M., and Hausman, M.C., Mechanism of oxidative degradation of carbohydrates
during oxygen delignification, I. Reaction of methyl-p-D-glucopyranoside with photochemically generated hydroxyl radicals,
Journal of Wood Chemistry and Technology, 20: 375-394 (2000).

Tsai, T.Y., Renard, J.J., and Phillips, R.B., Formation of polychlorinated phenolic compounds during high chlorine dioxide
substitution bleaching, part 1: laboratory investigation, TAPPI Journal, 77 (8): 149-157 (1994).

Yin, C., Renard, J.J., and Phillips, R.B., Formation of polychlorinated phenolic compounds during high chlorine dioxide
substitution bleaching, part 2: biotreatment of combined bleach plant effluents, TAPPI Journal, 77 (8): 158-162 (1994).

CPCB, Environment Protection Rules 1986, pp 445. Online at: http://cpcb.nic.in/Industry-Specific-Standards/Effluent/445.
pdf.

Reid, D.W., Ayton, J., and Mullen, T., CPPA oxygen delignification survey, Pulp and Paper Canada, 99 (11): 43-47 (1998).

-15-



