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Abstract Paper industry being a mature mega-scale

industry is focusing on process oriented technical

modifications to reduce dependency on wood fibers

and resource utilization. In this research study, con-

ventional chlorine dioxide (D0) bleaching method was

modified to hot chlorine dioxide (DHT) with an aim of

reducing the effluent load with special concern to

chlorolignin compounds. These compounds were

measured by gas chromatograph equipped with ECD

detector. The chlorophenols, chlorocatechols,

chloroguaiacols, chlorovanillins, chlorosyringols and

bromophenols were reduced by 9%, 50%, 34%, 47%,

17% and 31%, respectively under DHT based sequence

at same dose of chemicals. The general environmental

parameters i.e. COD, BOD, TS, colour, lignin and

AOX also got reduced in DHT based sequence. The

modification of D0 to DHT was found to be effective as

effluent quality was enhanced without compromising

the optical and strength properties of cellulosic paper

even at low dose of chlorine dioxide.

Keywords Rice straw � Bleaching � Chlorine
dioxide � Effluent � Chlorolignin compound

Introduction

The concerns for environmental unbalancing and

consumer’s demands for product quality coerce the

pulp and paper industry to find fibrous substitutes for

woody raw materials and the environment friendly

techniques to convert these raw materials into fur-

nished products. The unharnessed lignocellulosic

biomass in agricultural fields and agricultural byprod-

ucts including cereal straws, hemp, bagasse, reed

grass, jute, kenaf and bamboo have high potential to

compete with forest based woody materials. The pulp

and paper mills are exploring the benefits of these agro

wastes in papermaking to endorse industry production

(Kaur et al. 2017a). Rice straw is a profuse and easily

accessible raw material in Asian countries that con-

sists of cellulose, hemicelluloses, lignin, silica and ash

content and produced in almost equal quantities to

grain during paddy cultivation (Kaur et al. 2018a). The

conversion of this agricultural residue into pulp and

paper may help the farmers to manage it without onsite

burning i.e. the major issue of air pollution, respiratory

problems and road accidents (Zhang et al. 2017a, b).
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The soda anthraquinone (AQ) pulping process is

widely used for efficient conversion of non woods into

fibrous pulp without much cellulose degradation (Hart

and Rudie 2014). Jahan et al. (2012) reported that

alkaline and hot water extraction of rice straw prior to

Soda-AQ pulping improved the pulp yields and quality

significantly. Jahan et al. (2015) suggested the delig-

nification of rice straw with organic acids as formic

acid: acetic acid: water to remove lignin and short

chain fibers without affecting the a-cellulose and silica
within the pulp. Approximately 90% of delignification

occurred during cooking of raw materials and rest is

achieved in bleaching using different oxidizing agents.

Among the whole pulp mill processes, the largest

amount of wastewater loaded with high BOD, COD,

colour, total solids and toxic chlorolignin components

is produced during pulp bleaching process (Singh and

Dutt 2014). The poor quality bleaching effluent even

after treatment possesses the characteristics unfavour-

able for aquatic life and beyond the prescribed limits

of pollution control boards. The major groups of

chlorolignin compounds found in pulp mill effluent by

their family are chlorophenols (CP), chlorocatechols

(CC), chloroguaiacols (CG), chlorosyringols (CS),

chlorosyringaldehydes (CSA), chlorovanillins (CV),

chlorinated resin and fatty acids (cRFA) etc. (Kaur

et al. 2017b). Zhang et al. (2018) also reported that the

conventional D0 stage bleaching effluent of sugarcane

bagasse pulp consisted of huge amount of chloro-

organic compounds. These chlorophenolic com-

pounds possess toxic characteristics and are well

known for inducing carcinogenicity and mutations.

These compounds can penetrate to the skin and may

cause malfunctioning of organs resulting in paralytic

attacks, lungs and heart disorders (Kaur et al. 2017a).

To become competitive and to make a way in the

National and International market, paper industry has

to adapt the inventive and intermittent technology

change with due consideration to the environmental

issues (Sankaralingam 2014). To minimize the gener-

ation and effects of toxic effluents, it becomes

important to recognize the precise constituents that

threaten the human health and environmental quality.

Technology advancement in bleaching process must

be executed in a manner that environmental and

human health can be sheltered with economic expan-

sion of the industry.

The Elemental chlorine free (ECF) and Total

chlorine free (TCF) are the two bleaching processes

that focus on elimination of toxic components from the

bleaching effluents. Studies revealed that TCF bleach-

ing of hardwoods resulted into weaker fiber strength,

lower brightness potential, lower yield, higher energy

requirements and high capital cost that have eroded its

further use as a successor to ECF (Jour et al. 2013). In

the USA, ECF process is regarded as being the Best

Available Technology and in Europe, the Commission

has decided that there is no significant difference

between TCF and ECF (CPI 2013).

ECF bleaching is the most adapted process by the

national and international paper industry as chlorine

dioxide (ClO2) is specific for lignin removal than other

oxidizing agents. ClO2 provides the good quality pulp

of high brightness without carbohydrates degradation

(Bouiri and Amrani 2011). The oxidation potential of

ClO2 is five times more than the molecular chlorine

thus consumed in low concentration during bleaching

results into less discharge of toxic chemicals into

wastewater (Kaur et al. 2018a). Effluents of ECF

bleaching are less polluted in terms of biological and

chemical oxygen demands, colour and adsorbable

organic halides (AOX) that included the chlorophe-

nols, bromophenols and resin fatty acids (Gomes et al.

2007). ClO2 oxidizes the phenolic and non-phenolic

structures of lignin into muconic acids and quinines,

attacks aliphatic double bonds that reduces colour and

neutralizes the radicals generated during the bleaching

reactions (Tavast et al. 2011). Delignification rate

determines the chemical consumption during bleach-

ing but presence of hexenuronic acid (HexA) repre-

senting the false lignin (generated during pulping)

may enhance the dose of these chemicals (Ventorim

et al. 2008). HexA are oxidized in acidic conditions

and exploit the major fraction of bleaching chemical

applied. Zhang et al. (2019) found that HexA not only

reacts with chlorine dioxide but also with its interme-

diates, such as hypochloric acid and chlorine thus

influence the bleaching rate and formation of

organohalides.

Modification in ClO2 bleaching at high temperature

and low pH (DHT) at first stage offers several

advantages in contrast to conventional D0 bleaching.

The hydrolysis of HexA occurs rapidly at high

temperature and low pH and can be removed easily

from the pulp (Jiang et al. 2006). This lowers the

consumption of chemicals during bleaching leading to

less generation of chlorolignin compounds. Lachenal

and Chirat (1998) reported that hot chlorine dioxide
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involves the reaction at low pH representing acid and

dioxide treatment in single stage using acid involved

for maintaining pH so there is no need to give any

extra acid stage. Low chlorine dioxide requirement

with same targeted brightness as in conventional D0

bleaching reduced the yellowing tendency of bleached

pulp, provided higher brightness ceiling and reduced

the pollution load in wastewater also (Ragnar and

Backa 2004). Different bleaching stages have specific

conditions of time, temperature and pH. If these

conditions will be modified, it may show negative

impact on the pulp characteristics. For DHT, the time—

2 h is specific as also studied in most of the research

papers available on DHT (Zhang et al. 2018; Gomes

et al. 2007; Milanez and Colodette 2005). A study by

Ventorim (2005) revealed that in DHT treatment with

increase in time and temperature, partial acid hydrol-

ysis of HexA occurred resulting into decrease in

generation of chlorinated organic halides which is not

a possible reaction in D0. The studies revealed that hot

chlorine dioxide stage is able to dissociate the phenolic

lignin and HexA and limit the generation of organ-

iochlorides (Zhang et al. 2017a, b, 2018). Many of the

research literatures studied were found to be oriented

towards the use of DHT at initial stage of bleaching for

kraft hardwood and bagasse pulp (Zhang et al. 2019;

Tavast et al. 2011; Davies et al. 2009; Ventorim et al.

2008; Ragnar and Backa 2004) but scarce literature

was available for the agricultural residues specially the

cereal straws. Available literature focuses on bright-

ness reversion, higher delignification, removal of

HexA and reduction in AOX generation but the

detailed impact of using DHT on major chlorolignin

groups is not presented yet.

Present study emphasized on use of rice straw in

papermaking as an approach for agro waste utilization

with industry benefits. With aim of reducing the

pollution load in wastewater elemental chlorine free

bleaching was performed. The D0 stage was modified

to DHT and its impact on final paper properties as well

as the effluent quality was studied. Reduction in

different chlorolignin compounds (CP, CC, CG, CS,

and CV) was studied. The research was oriented

towards the agro waste management and wastewater

pollution load elimination during paper production.

Results were expressed in terms of paper properties

achieved and wastewater load reduction due to DHT

stage.

Materials and methods

Rice straw processing

The raw material used for study was procured from a

village of Haryana, India. It was analyzed for its

chemical composition and found that it contained 33%

cellulose, 37% hemicelluloses and 13% lignin. The

cellulose within rice straw was measured using the

method of Updegroff, 1969. The hemicelluloses were

determined using TAPPI test method T 223 cm-01.

The acid insoluble lignin was quantified using T 222

om-85. The material was cooked in autoclave batch

digester (batch size-150 g oven dry weight basis) at

155 �C for 20 min. An alkali dose of 12%, 0.05% of

anthraquinone and water were added on over dry

weight basis of rice straw. The bath ratio of 1:4 was

maintained for each batch. After cooking, the black

liquor was removed then pulp was washed and

screened. The pulp produced was of 15 kappa number

with 37.3% ISO brightness and 14.2 cP viscosity. Rice

straw soda-AQ pulp possessed good physical charac-

teristics like tensile index 42.2 Nm/g, tear index

2.12 mNm2/g and burst index 2.46 kN/g and was

found suitable for papermaking.

Bleaching of rice straw pulp

With objectives of achieving 83% ISO brightness and

low wastewater load, the unbleached soda-AQ rice

straw pulp was bleached using ECF bleaching. A

control set (DEOPD bleaching) with conventional D0

process (temperature-55 �C, pH-3.0 and time-45 min)

with chlorine demand of 3.75% was executed where D

denoted the ClO2 and EOP represented oxygen rein-

forced alkali extraction using hydrogen peroxide. Four

more sets of same bleaching sequence were demon-

strated with modification of D0 stage to DHT (temper-

ature-85 �C, pH-2.0 and time-120 min), one at the

same dose as in control set and other three were at

10%, 15% and 25% lower chemical dose at initial

stage than control. Chlorine dioxide water was

procured from a nearby paper mill. To find the

chlorine demand, kappa factor 0.25 was selected based

on optimization performed in earlier study (Kaur et al.

2018a, b). The chorine demand of rice straw pulp was

calculated using formula given below:
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Chlorine demand %ð Þ ¼ Kappa number

� Kappa factor

The extraction stage was conducted at temp-75 �C,
pH-11 and 10% consistency for 120 min for all the

bleaching sets. The final bleaching with chlorine

dioxide at 10% consistency was performed for

180 min at 80 �C and pH 3.5. The pulp was well

mixed with the chemicals by kneading during bleach-

ing and placed in the water bath for D0, DHT and D

stages and in air heated digester for EOP stage. On

completion of bleaching process, pulp was filtered and

filtrate was collected as effluent. Pulp was washed with

filtered water to remove all the residuals of bleaching

chemicals and used for analyzing its optical and

strength properties.

Analysis of bleached pulp properties

The moisture content of the unbleached and bleached

pulps was analyzed using method IS 1060 (Part I)-

1966 (Revised 2009). To find the residual lignin in

unbleached pulp, kappa number was calculated using

TAPPI test method T 236 om 99 and the micro kappa

number of bleached pulp after EOP stage was analyzed

with method TAPPI UM-246. Viscosity of all the

bleached pulp sets was measured by using TAPPI test

method T 230 om-99 using Cannon viscometer (9721-

B62, USAmake) that directed the idea for degradation

of carbohydrates during pulping and bleaching. To

find the physical strength of the paper hand sheets of

60 g/m2 were prepared on a sheet former (make-

Universal) as per the TAPPI method, T 205 sp-97. The

tear index of handsheets was measured by L&W

tearing tester, SE 009 using method, T 414 om-88 in

which the force needed to tear the multiple piles of the

paper through a specified distance was noticed. The

L&W bursting strength tester, code 181 was used to

measure the burst index using method, T 403 om-91

where, the test specimens of handsheets were held

between annular clamps and subjected to an increasing

pressure by a rubber diaphragm. The diaphragm was

expanded by hydraulic pressure at a controlled rate,

until the test specimen bursted. The tensile index of

handsheets was analyzed using L&W tensile strength

tester, code 060 (TAPPI T 494 om-01). The method,

ISO-5267 was followed to analyze the Schopper-

Riegler number. The optical properties of pulp like

brightness, whiteness and yellowness were also

measured using instrument. Elrepho brightness tester

of L&W, code 070/071.

Effluent characterization

General characteristics

The effluent collected after each stage was character-

ized for different environmental parameters using

methodology of IS and APHA standards. The com-

posite effluents were prepared after mixing each stage

effluent in its volumetric proportion for all the

sequences studied. The methods included in IS: 3025

were adopted to find the BOD (Part 38 and 44), COD

(Part 58), pH (Part 11), TS (Part 15), TDS (Part 16) and

TSS (Part 17). Lignin content and colour within the

effluent were analyzed spectrophotometerically (U.V.

spectrophotometer, Varian Cary 100 Bio) following

the APHA test methods 5550 and 2120 C, respec-

tively. The AOX amount was measured using an AOX

analyzer (Thermo Scientific, ECS-1200) and follow-

ing the method ISO 9562.

Analysis of chlorophenolic compounds

The composite effluent samples of different bleaching

sets were analyzed for chlorophenolic compounds

using gas chromatograph equipped with electron

capturing detector (Varian 450 GC). 500 mL of each

sample was extracted and derivatized according to a

method given by Lindström and Nordin (1976). The

samples were acidified (2.0 pH) using 4 N H2SO4. The

samples were taken in separating funnels and 200 mL

of solvent mixture of diethyl ether and acetone (HPLC

grade) in ratio 90:10 was added to each separating

funnel. The samples were extracted for 48 h in the

solvent mixture with intermittent shaking. The emul-

sion formed during extraction was broken using heat

gun and all the ethereal solution of different samples

was transferred to new separating funnels. The

extracts were washed with 2.5 mL of 0.5 M sodium

bicarbonate to make the layer acid free. Sodium

hydroxide (0.5 M) was added to the separating funnel

and the content was shaken for 5 min. The aqueous

NaOH layer with extracted chlolophenolic compounds

was washed with fresh diethyl ether and taken in PTFE

lined screw capped glass tube. To maintain the pH the

0.5 mL of 0.5 M buffer solution of disodium hydrogen

phosphate was added. To covert the chlorophenols
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into their acetyl derivatives 0.5 mL of acetic anhy-

dride (AR grade) was added. The content was shaken

for 5 min and at last extracted in 4 mL of HPLC grade

n-hexane. The reference compounds including 34

isomers of various chlorophenolic compounds sup-

plied by Sigma Aldrich, USA, were also derivatized

by the same process as used for samples. The retention

time and area for each chlorophenolic component was

calculated by running the standards and their presence

was detected in sample by matching their retention

time (± 0.5 min) with those of pure standards. The

GC conditions for analysis are given below:

Column type Factor four Capillary column (VF-

1 ms)

Column dimensions 30 m 9 0.25 mm I.D. with 0.25 lm
thickness

Detector type ECD

Sample size (ll) 1

Detector temperature

(�C)
290

Injector 270

Column temperature

(�C)
Initial 100 for 3 min

100–180 @ 4 �C/min

180 for 10 min

180–270 @ 15 �C/min

270 for 2 min

Column pneumatics 1 mL min

Make up nitrogen

flow

28 mL min

Split ratio 1:20

Extraction efficiency

For calculating the extraction efficiency of each

chlorophenolic compound, standard solutions were

extracted and derivatized by the same process as used

for samples and their peak area was identified using

GC. The quantity of chlorophenols in the extracts was

estimated on the basis of peak area by using formula:

Extraction efficiency ð%Þ

¼ Peak area of extracted sample

Peak area of non extracted sample
� 100

Results and discussion

Effect of DHT on kappa number

The residual ClO2 in conventional D0 set was found to

be 69 ppm and in DHT treatment at same dose it was

reported as 51 ppm. On reducing the dose to 10% and

15% the residual ClO2 was decreased to 34 ppm and

21 ppm, respectively. The residual ClO2 was found to

be nil at 20% lower dose of ClO2. At higher time and

temperature in DHT, the most of the ClO2 was

consumed during bleaching and its effect was also

reflected during kappa number measurement after EOP

stage. The residual peroxide and ClO2 in EOP and D

stage were higher in DHTEOPD sequence than D0EOPD

sequence having same dose of ClO2 at initial stage

depicting the high dose of bleaching agents in these

two stages. Petit-Breuilh et al. (2004) found that DHT

bleaching is more efficient than D0 and support

chlorine dioxide dose reduction during bleaching.

The kappa number of D0EOP stage in control set was

found to be 2.8 but decreased to 1.9 in the pulp after

DHTEOP stage with same ClO2 dose as that of control.

Zhang et al. (2018) found that more lignin was

dissolved after increasing reaction temperature which

led to lower lignin content in comparison to the

control. For the pulp sets with 10% and 15% of ClO2,

the kappa number was reported as 2.1 and 2.5,

respectively. But on decreasing the chemical dose by

20% less ClO2, the kappa number was found to be 3.4.

It represented that better delignification occurred in

DHT treatments even at lower (10 and 15%) dose of

ClO2 at initial stage. Zhang et al. (2019) found that in

DHT stage, improved kappa number and brightness

reversion for bleached bagasse pulp was achieved. The

results of reduction in kappa number were also found

to be in good agreement with the findings of Zhou et al.

(2008) and Kumar et al. (2007).

Effect of DHT on optical properties

The digital photographs of the handsheets bleached by

different sequences are given in Fig. 1. Modification

of D0 into DHT stage showed marked influence on

optical properties of paper. Jahan et al. (2015) reported

the brightness of 80% ISO on bleaching rice straw

organosolv pulp with DEPD sequence consuming

25 kg ClO2 per ton of pulp. The brightness of pulp in

D0EOPD sequence was found to be 82.9% ISO where
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as in DHTEOPD sequence having same dose of ClO2 at

initial stage as in control, the brightness was found to

be 83.6% ISO. The result was in line with the earlier

study of Zhang et al. (2018) on DHT treatment of

bagasse pulp where the brightness increased by 1.86%

ISO in comparison to normal ClO2 treatment. The

studies by Rosenau et al. (2017) and Zwirchmayr et al.

(2017) have found that HexA-derived chromophores

have a prominent impact on brightness development

of chemical pulps during bleaching. For the sequence

in which the ClO2 was reduced by 10% at initial stage,

83.2% ISO brightness was observed. In DHTEOPD

sequence with 15% low dose of ClO2 at initial stage

the comparable brightness to the control set was

observed. On further reducing the ClO2 dose by 20%,

82.1% ISO brightness was achieved for rice straw

pulp. It indicated that DHT at initial stage was effective

in terms of achieving the optical properties even at low

dose of ClO2, better delignification occurs resulting

into higher or comparable brightness to the control set

of the rice straw pulp. Pie et al. (2016) revealed that

HexA formed during pulping reacts with intermediate

products of chlorine dioxide bleaching and affects the

bleachability and generation of adsorbabale organic

halides. A study by Ragnar and Backa (2004) also

reported that even on reducing the dose of ClO2 by

20–30%, the comparable brightness can be achieved in

DHT treatment in comparison to conventional D0

process. The whiteness of pulp was found to be 75.4%

in DHTEOPD sequence having same dose of ClO2 as in

control.

The whiteness of pulp in DHTEOPD sequence

having 10%, 15% and 20% low dose of ClO2 at initial

stage than control was found to be 74.6%, 74.1% and

74%, respectively and was better than whiteness

(72.8%) obtained for D0EOPD sequence. Kumar

et al. (2007) in their study on DHT bleaching of

hardwood and bamboo pulps observed the better

brightness and whiteness than the conventional D0

process. DHT had a significant role in the destruction of

the conjugated carbonyl resulting into increased

whiteness (Zhang et al. 2018). The yellowness of the

different pulp sets was also reduced in DHT based

sequences except when lowering chlorine dioxide

dose by 20%. Davies et al. (2009) reported that in DHT

not only the optical properties were improved but also

the brightness stability of the paper was enhanced. A

study by Zhang et al. (2017a, b) revealed that DHT is

found to be highly effective in dissociating the bonds

between HexA and hemicellulose and also possess

higher delignification selectivity. The data depicting

the effect of DHT on optical properties of paper is given

in Table 1.

Effect of DHT on strength properties

The modification of D0 stage of bleaching in DHT did

not show any potential impact on tear, tensile and burst

indices of handsheets prepared from rice straw soda-

AQ pulp. The tensile index of the pulp was increased

from 46.9 Nm/g in D0EOPD sequence to 47.5 Nm/g in

DHTEOPD sequence. The tensile index was further

increased slightly on reducing the ClO2 dose at initial

stage by 10%, 15%, 20%. The same trend of increase

was also observed for burst index that increased by

12% in DHTEOPD sequence in comparison to D0EOPD

sequence both having same dose of chemicals. On

reducing the ClO2 dose at initial stage by 10%, 15%

and 20%, increase of 11%, 13% and 15%, respectively

in burst index was observed. DHT stage imposed

negative impact on tear index as it was decreased by

5% in DHTEOPD sequence in comparison to D0EOPD

sequence. The tear index was found to be better in

DHTEOPD sequence having less dioxide dose at initial

stage than DHTEOPD sequence with 3.75% ClO2 dose.

The study on fiber morphology of bagasse pulp after

DHT treatment showed the lower fiber length values

Fig. 1 Digital photographs of the handsheets bleached by

different sequences
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than control set (Zhang et al. 2018). Eiras and Maria

(2002) in their study revealed that hot chlorine dioxide

bleaching at optimized dose and other conditions can

improve the pulp properties with saving the cost

by * 7%. A slight decrease in viscosity was also

observed in DHT based sequence. This may be

attributed to the high time period and temperature

during bleaching that attacks the cellulosic fibers and

converts them to short chain fibers. The chemical

reactions that occurred during HexA degradation at a

higher temperature were more sensitive than at the

temperature between 60 and 70 �C (Zhang et al.

2019), The final viscosity of DHTEOPD sequence was

found to be comparable (8.4 cP) to the conventional

D0EOPD sequence (9.0 cP). Ragnar and Backa (2004)

reported that the loss of viscosity was due to the

presence of small amount of elemental chlorine in

ClO2 produced in the mills. The final viscosity of the

set having 10% lower dose of ClO2 at initial stage in

DHT was found to be 8.6 cP but on further decreasing

the ClO2 dose by 15% and 20%, comparable viscosity

to D0EOPD sequence was achieved. In DHT based

sequence residual lignin and HexA content decreases

in the pulp, so, the hypochlorous acid attacks and

oxidizes the carbohydrates resulting into drop in pulp

viscosity. This loss is mainly due to excessive

degradation of carbohydrates under thermal and acidic

environment as also observed by Karim et al. (2011).

The results of viscosity in DHT based sequences were

reported in close proximity to the studies of Zhou et al.

(2008) and Lachenal and Chirat (1998). Zhang et al.

(2018) studied that during DHT stage the breakdown of

b-glycosidic and C–H bonds occurs that may be the

potential reason for drop in viscosity. The data

regarding the effect of DHT on paper properties has

been shown in Table 2.

Effect of DHT on general effluent characteristics

The significant impact on wastewater pollution load

was observed onmodifying the D0 stage to DHT as also

shown in Table 3. On comparing the single stage

effluent, it was found that EOP stage effluent was the

most polluted of D0EOPD sequence. The COD values

(kg/t) for EOP stage were found to be 21.7 for D0EOPD

sequence and 19.5 for DHTEOPD sequence. Mounteer

et al. (2007) reported that EOP effluents of bleaching

sequences are primarily loaded with approx. 13.6 kg/t

Table 1 Effect of DHT

stage on optical properties

of rice straw

Bleaching sequences D0EOPD DHTEOPD

% ClO2 at initial stage 3.75 3.75 3.37 3.19 3.0

Brightness (% ISO) 82.9 ± 0.3 83.6 ± 0.2 83.2 ± 0.2 82.8 ± 0.3 82.1 ± 0.3

Opacity (%) 81.1 ± 0.4 82.5 ± 0.3 82.3 ± 0.2 81.6 ± 0.3 81.2 ± 0.4

Whiteness 72.8 ± 0.5 75.4 ± 0.4 74.6 ± 0.3 74.1 ± 0.3 74.0 ± 0.3

Yellowness 5.75 ± 0.04 5.62 ± 0.02 5.69 ± 0.03 5.75 ± 0.04 5.81 ± 0.2

L* 94.0 95.5 95.1 94.2 93.8

a* - 0.36 - 0.30 - 0.34 - 0.33 - 0.37

b* 3.4 3.7 3.9 3.9 4.2

Table 2 Effect of DHT

stage on bleached pulp and

paper properties

Bleaching sequences DEOPD DHTEOPD

% ClO2 at initial stage 3.75 3.75 3.37 3.19 3.0

Tear index (mNm2/g) 5.42 ± 0.7 5.17 ± 0.9 5.24 ± 0.7 5.29 ± 0.8 5.37 ± 0.9

Tensile index (Nm/g) 46.9 ± 1.8 47.5 ± 1.4 48.1 ± 1.7 48.3 ± 1.3 48.9 ± 1.5

Burst index (kN/g) 3.34 ± 0.03 3.75 ± 0.07 3.70 ± 0.05 3.79 ± 0.06 3.83 ± 0.09

Double fold 24 30 35 37 36

Viscosity (cP) 9.0 8.4 8.6 9.0 9.0

�SR 40 42 42 40 39
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of COD and 3.8 kg/t of BOD. The COD was further

reduced in DHT based sequences on reducing the ClO2

dose. The COD for D0 stage was reported as 10.6 kg/t

and reduced to 8.4 kg/t in DHT having same dose of

ClO2 as in D0. The values for COD at 10%, 15% and

20% less dose of chlorine dioxide in DHT stage were

found to be 7.1 kg/t, 6.2 kg/t and 5.5 kg/t, respec-

tively. The BOD of DHT stage in all the sequences was

found slightly less in comparison to D0 stage. During

bleaching treatments chromophoric, highly oxidized,

polymeric lignin or chlorolignin derivatives are

formed that impart dark colour to the effluent.

The colour of DHT, EOP and D stage effluents in

DHT based sequences was found to be less in

comparison to different stages in conventional D0EOP-

D sequence. The effect of modification of D0 to DHT

and reducing the chlorine dose at initial stage on each

stage effluent quality is shown in Fig. 2.

As compared to control set at same dose of ClO2 in

initial stage in DHTEOPD sequence, the % reduction in

CODwas found to be 20%. On reducing the ClO2 dose

by 10%, 15% and 20%, the % reduction in COD

achieved was 25%, 33% and 44%, respectively. The

meager effect of DHT observed on BOD that was

reduced from 13.6 kg/t in control to 11.9 kg/t in

DHTEOPD sequence with 20% less ClO2 at initial

stage. A reduction of 19%, 33%, 36% and 41% was

observed in colour in DHTEOPD sequence (with same,

10%, 15% and 20% less doses of ClO2), respectively.

The significant reduction in lignin content was also

observed.

Majority of AOX comes from the first chlorine

dioxide stage (Lehtimaa et al. 2010). Study by Yao

et al. (2017) revealed that the compounds identified in

bleaching effluents are the degradation products of

lignin. During ClO2 bleaching, free chlorine is gener-

ated from ClO2 that reacts with residual lignin and

HexA in the pulp and generates AOX (Nie et al. 2015).

The amount of adsorbable halides was reduced

drastically in effluents of DHT based sequences.

Research investigation (Zhang et al. 2018; Nie et al.

2015, 2016; Yao et al. 2017) on removing the factors

responsible for AOX formation have been conducted

including DHT treatment so that the norms of Central

Pollution Control Boards can be fulfilled. Malhotra

et al. (2013) found that DHT stage inhibited the

chlorination of lignin and weakened the other ways for

the generation of AOX by oxychloride resulting into

lesser pollution load in bleaching effluents. Even

adding the same dose of chemicals in DHTEOPD

sequence as of conventional bleaching 13% reduction

in AOX was observed at high temperature and

extended time, the most of chlorine dioxide was

consumed during bleaching leading to more deligni-

fication with less pollution load. The result was found

to be in strong agreement with the results of Gomes

et al. (2007). On reducing the amount of ClO2 by 10%,

15% and 20% in DHTEOPD sequence, reduction of

25%, 33% and 41%, respectively was observed in

AOX. Different studies revealed that on decreasing the

dosage of chlorine dioxide at initial stage, the AOX

content may decrease by 50% without compromising

the brightness of the pulp (Zhang et al. 2018; Zhu et al.

2016; Ventorim 2005). Zhang et al. (2019) reported

that DHT breaks the bonds of lignin-HexA-Xylan

complexes which increase the degradation of HexA

and thereby decreasing the consumption of chlorine

dioxide in DHT stage.

Table 3 Effect of DHT stage on general characteristics of composite effluent

Bleaching sequences DEOPD DHTEOPD

% ClO2 at initial stage 3.75 3.75 3.37 3.19 3.0

Total solids (mg/L) 3850 ± 70 3740 ± 68 3798 ± 65 3810 ± 56 3710 ± 65

Total dissolved solids (mg/L) 3100 ± 40 3045 ± 45 2995 ± 35 2900 ± 50 2870 ± 40

Total suspended solids (mg/L) 670 ± 15 625 ± 20 720 ± 20 690 ± 15 740 ± 20

COD (kg/t) 38.5 ± 0.9 30.8 ± 0.8 28.8 ± 0.9 25.5 ± 0.7 21.4 ± 0.8

BOD (kg/t) 13.6 ± 2.0 13.1 ± 2.1 12.5 ± 1.5 12.7 ± 1.6 11.9 ± 1.4

Colour (PCU) 670 ± 6.0 540 ± 5.5 425 ± 5.4 410 ± 3.9 389 ± 3.5

Lignin (kg/t) 4.8 ± 0.4 3.1 ± 0.3 2.9 ± 0.2 2.7 ± 0.4 2.2 ± 0.3

AOX (kg/t) 0.96 ± 0.05 0.83 ± 0.04 0.72 ± 0.05 0.64 ± 0.03 0.57 ± 0.04
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Effect of DHT on generation of chlorolignin

compounds

The composite effluent of each sequence was charac-

terized for the type and amount of chlorolignin

compounds present in it. The effluents were found to

be rich in 26 chlorolignin compounds of family

chlorophenols, chlorocatechols, chloroguaiacols,

chlorosyringols, chlorosyringaldehyde and bromophe-

nols. Table 4 represents the type and amount of

chlorolignin compounds generated during pulp

bleaching. AOX content in effluent mainly comprises

the chlorophenols and guaiacols and chlorobenzenes

(Yao et al. 2017; Malhotra et al. 2013). The total

amount of these compounds was found to be 448 mg/t

in conventional D0EOPD sequence. On modifying the

D0EOPD sequence to DHTEOPD sequence with same

bleaching chemicals dose, the amount of chlorolignin

compounds was reduced to 361 mg/t. On reducing the

chlorine dioxide dose by 10, 15, 20% at initial stage,

the amount of these compounds reduced to 278 mg/t,

238 mg/t and 194 mg/t, respectively with comparable

paper properties. Zhang et al. (2018) during their study

on bagasse pulp bleaching found that the DHT stage is

an effective method of reducing the AOX content in

the ECF bleaching sequence. In DHT treatment with

increase in reaction time and temperature partial acid

hydrolysis of HexA occurred resulting into decrease in

generation of chlorinated organic halides (Ventorim

2005). Reduction in chlorine dose in DHT is more

efficient than D0 in terms of reducing the AOX (Zhang

et al., 2018).

The major chlorolignin compounds in bleaching

effluent of D0EOPD sequence were chalorocatechols

followed by chlorovanillins and chlorophenols. Mal-

hotra et al. (2013) also observed that chloroguaiacols

Fig. 2 Effluent characteristics after each stage of bleaching in different sequences where: C composite effluent sample, I initial

bleaching stage, II EOP stage and III last D stage
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and chlorophenols are the major contributor to total

chlorophenolic compounds in DED bleaching. The

literature regarding the detailed impacts of DHT on

chlorolignin compounds generation during rice straw

pulp bleaching till date was inadequate to discuss the

results of present study. The amount of chlorophenols

in D0EOPD sequence was estimated to be 100.3 mg/t

and was not much affected by DHTEOPD sequence at

same bleaching chemicals dose as of D0EOPD

sequence. The reduction achievement in chlorophe-

nolic compounds was less than reported by Zhang

et al. (2018) on DHT bleaching of bagasse fibres. Kaur

et al. (2017b) in their study on using chlorine dioxide

achieved the 92% reduction in chlorophenolic com-

pounds than chlorine based bleaching. This reduction

may further be improved by modifying the conven-

tional ECF bleaching to hot chlorine dioxide bleaching

even at lower dose of bleaching chemicals. On

reducing the dose of chlorine dioxide by 10%,

25.8% reduction in these compounds was achieved.

On further lowering the dose by 15% and 20%, the %

reduction was improved by 37.7% and 57% respec-

tively. Prasetyo et al. (2015) in his study reported that

72% reduction in chlorophenolic compounds was

achieved after enzymatic bleaching. The chlorocate-

chols that was found in the highest amount in D0EOPD

sequence were reduced potentially on modifying the

conventional D0 process to DHT. At same dose of

chlorine dioxide in DHTEOPD sequence as in D0EOPD

sequence, the amount of chlorocatechols was reduced

down to 35%. This reduction was further increased

(45%, 52% and 60%) with further decrease (10%, 15%

and 20%) in chemical dose of chlorine dioxide at

initial stage. Kumar et al. (2012) found the significant

reduction in chlorocatechols in DEOPD sequence but

the present study emphasized on further improvement

of DEOPD sequence to DHTEOPD sequence for reduc-

ing the pollution load of bleaching effluents. The

process modification during bleaching may enhance

the quality of wastewater that may prove to be helpful

for improving the efficiency of end of pipe wastewater

treatment plants (Kaur et al. 2017a). Chloroguaiacols

and chlorocatechols are compounds formed in higher

concentration during bleaching and remain bounded to

chlorolignins (Van den Berg et al. 2006). The most

affected group by DHT was chloroguaiacols that are

highly known for their aquatic toxicity. On reducing

the chlorine dioxide dose by 20%, 75% reduction in

chloroguaiacols was achieved. Many of the

chloroguaiacols like 4,6- dichloroguaiacol, tetra-

chloroguaiacol and 4,5,6-trichloroguaiacol were

reduced sarcastically on lowering the bleaching

chemical dose. On modifying the D0 process to DHT

without chlorine dioxide dose reduction, reduction of

31%, 36% and 39% was observed in 4,5,6-

trichloroguaiacol, tetrachloroguaiacol and 4,6-

dichloroguaiacol, respectively. When the temperature

was increased, the rate of bleaching increased as well

as the consumption of chlorine dioxide leading to low

formation of chlorilignin components (Alajoutsijärvi

2015). The compound, 3,5-dichloroguaiacol that gen-

erated in minute quantities in D0EOPD sequence was

not found in DHT based sequence. The compound

5-chloroguaiacol was not much affected by the DHT

process. The amount of chlorolignin components

present in bleaching effluents by their family has been

presented in Fig. 3.

Chlorovanillins were also reduced significantly

(47%) in DHTEOPD sequence in comparison to

D0EOPD sequence at same bleaching chemical dose.

The % reduction in chlorovanillins on reducing

chlorine dioxide dose by 10% at DHT stage was found

to be 56% and increased to 59% at 15% less chlorine

dioxide dose. Approx 64% of reduction in chlorova-

nillins was observed on reducing 20% of chlorine

dioxide dose at DHT stage. The 5,4-dichlorovanillin

was the most affected by the modification of D0

Fig. 3 Amount of chlorolignin components present in bleach-

ing effluents by their family where: CP chlorophenols, CC

chlorocatechols, CG chloroguaiacols, CV chlorovanillins, CS

chlorosyringols, BP bromophenols
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process to DHT whereas 3,4,5-trichlorovanillin was the

least affected by process change. The amount of

5-chlorovanillin was 3.1 mg/t in D0EOPD sequence

and not generated in DHT based sequence. The total

amount of chlorosyringols including chlorosy-

ringaldehyde in D0EOPD sequence was 36.8 g/t. A

reduction of 17% in these compounds was notified in

DHTEOPD sequence without reducing the bleaching

chemical dose that enhanced by 34%, 46% and 52%

on reducing the chlorine dioxide dose by 10%, 15%,

and 20% in DHTEOPD sequence, respectively. The 3,5-

dichlorosyringol was not produced in DHT based

sequences but meager impact was observed on

3-chlorosyringol. The amount of 2,6-dichlorosy-

ringaldehyde was reduced potentially on modifying

the D0 process to DHT and a reduction of 24% was

achieved in DHTEOPD sequence having same dose of

chlorine dioxide as in D0EOPD sequence. Kaur et al.

(2017b) found potential decrease in 2,6-dichlorosy-

ringaldehyde on incorporating oxygen bleaching stage

prior to ECF.

Only 2 components of bromophenols (2,6-dibro-

mophenol and 2,4,6-tribromophenol) were studied and

both were significantly contributing to the chloro-

lignin compounds in bleaching effluents. The amount

of bromophenols in D0EOPD sequence was 41 mg/t

and was reduced to 37.5 mg/t in DHTEOPD sequence

with same chlorine dioxide dose at initial stage. A

slight decrease in generation of these compounds was

found on decreasing the dose of chlorine dioxide in

DHTEOPD sequence. The modification of D0 process to

DHT has marked effect on generation of chlorolignin

compounds in bleaching effluents and the effect was

potentially enhanced on decreasing the dose of

bleaching chemicals at initial stage in DHT based

sequence.

Conclusions

The modification of conventional ClO2 bleaching to

high temperature and low pH chlorine dioxide

bleaching called DHT stage was found to be highly

effective in terms of reducing the chemical dose and

pollution load of wastewater with improved or com-

parable pulp and paper properties. The experiments

were demonstrated with DHT (temperature-85 �C, pH-
2.0 and time-120 min), one at the same dose as in

control set and other three were at 10%, 15% and 25%

lower chemical dose at initial stage than control. The

optical properties of pulp in DHTEOPD sequence

having same dose of bleaching chemicals and at

10% lower dose of chlorine dioxide at initial stage

were better than the conventional process. On reduc-

ing the dose by 15%, the brightness of the pulp was

comparable (82.8%ISO) to that obtained by D0EOPD

sequence. On reducing the chlorine dioxide dose by

10%, 15% and 20%, the % COD was cut down by

25%, 33% and 44%. The significant reduction in

chlorolignin compounds like 9% in CP, 50% in CC,

34% in CG, 47% in CV, 17% in CS and 31% in BP was

observed in DHTEOPD sequence in comparison to

D0EOPD sequence, both having same dose of chem-

icals which enhanced manifold on decreasing the

chlorine dioxide dose. The DHT bleaching with 20%

less chlorine dioxide was found to be optimal as huge

reduction in BOD, COD, colour and lignin is achieved

without much compromising the pulp and paper

properties.
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