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Abstract

Present study focused on the bio-removal of chlorophenols from the pulp and paper mill effluents which is a serious concern, for this 
work we used diluted black liquor containing 12 different chlorophenols and having high absorbable organic halogen (AOX), extractable 
organic halogen (EOX) and chemical oxygen demand (COD). Bio-removal  of the chlorophenols was evaluated in open reactor system 
using consortium of five efficient bacterial strains isolated from the sludge of same industry, Gas chromatography (GC) analysis confirm 
that these isolate removed more than 95% of 12 different chlorophenols [2,4,6-trichlorophenol (2,4,6-TCP); 2,4,5-trichlorophenol 
(2,4,6-TCP); 2,3,4,5-tetrachlorophenol (2,3,4,5-TeCP); 3,4,6-trichloroguacol; 3,4,6-trichlorocatecol; 3,4,5-trichlorocatecol (3,4,5-TCP);  
Tetrachloroguaiacol; Tetrachlorocatecol; Trichlorosyringol; Pentachlorophenol (PCP); 3,4,5-trichloroguacol; 4,5,6-trichloroguacol] which 
are under regulation of environmental protection agency (EPA) in the wastewater to less than detection level,. Simultaneously AOX 
removal was 82%, EOX 65% and COD 92% was observed. Present result shows the high efficiency of the consortium for the pulp 
and paper mill effluents. Finally these isolate were identified using 16s rRNA gene sequencing which revealed that Rhodococcus sp. 
(SS1), Aeromonas sp. (SS2) Chryseobacterium sp. (SS3) Uncultured bacterium clones (SS4) and Pseudomonas sp. (SS5). Further this 
consortium was found to be noble and can be used for the removal of pollutants from the industrial effluents. 
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Introduction
Pulp and paper industry being categorized under the red category 

polluting industries, it has been under tremendous environmental 
pressure, to improve the performance to decrease the pollution level. 
Water consumption being large and the effluents volume generated 
are also large. The effluent treatment processes adopted guarantee the 
achievement of parameter values below the pollution control board 
norms, including specific effluent discharge. Different chlorinated or 
chlorolignin derivatives formed during Kraft pulp bleaching, such as 
chloroguaiacols, chlorophenols, chlorocatecols and some chloroali-
phatics are extremely toxic and recalcitrant compounds are generated 

from pulp bleaching process, that accumulate in sediments or at dif-
ferent levels of the trophic chain. When discharged into aquatic sys-
tems, they are responsible for detrimental effects towards all life forms 
[1]. The United states environmental protection agency (EPA) [2], 
regulates twelve different chlorophenolic substances 2,4,6-trichloro-
phenol (2,4,6-TCP); 2,4,5-trichlorophenol (2,4,6-TCP); 2,3,4,5-tet-
rachlorophenol (2,3,4,5-TeCP); 3,4,6-trichloroguacol; 3,4,6-trichlo-
rocatecol; 3,4,5-trichlorocatecol (3,4,5-TCP); Tetrachloroguaiacol; 
Tetrachlorocatecol; Trichlorosyringol; Pentachlorophenol (PCP); 
3,4,5-trichloroguacol; 4,5,6-trichloroguacol in the wastewater to less 
than detection level, among all the chlorophenols PCP in surface and 
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ground water and soil is a major environmental concern [3] because 
PCP is very toxic and dangerous compounds in nature. PCP is toxic 
to all life forms as it is an inhibitor of oxidative phosphorylation in 
plants [4]. A number of methods such as oxygenolysis, hydroxylation 
or reductive dehalogenation process have been used to eliminate 
chlorophenols from industrial effluents, but none of these methods 
or their combinations have achieved complete mineralization of chlo-
rophenols [5,6]. Although chemical methods are efficient, they may 
generate undesirable byproducts, besides being very expensive. By 
contrast, biological methods are generally more efficient and low-cost 
than chemical methods. Biological depletion is extremely attractive 
for waste treatment processing because microorganisms mineralize a 
variety of compounds [7,8]. Microorganisms showed excellent abil-
ity at tolerating and removing PCP, by converting it into a non-toxic 
compound or by using PCP as the sole source of carbon [5]. However, 
the chlorophenolic removal rates of reported bacterial species have 
been found to be not efficient for this reason there is still need for con-
tinued search of more efficient bacterial strains for bioremediation of 
chlorophenols from effluents of pulp and paper mill. Therefore we 
choose PCP which is more toxic and having highest chloride ion, as 
carbon source to isolate the resistant bacteria, keeping in view the 
bacterium able to grow on this, can be able to utilize other chloride 
containing compounds. This paper has focused on the removal of 12 
different chlorophenols and organic pollutant in open bioreactor sys-
tem from effluents of pulp and paper mills by using consortium of five 
efficient bacterial strains.

Material and Methods
Sample collection

Pulp paper mill effluent sample were collected from M/s Shree 
Gopal Unit (BILT) pulp paper mill, Yamunanagar, Haryana, India. 
This industry adopts Kraft process for pulping and the bleaching 
sequence in the mill is CDEOPD1D2; 20% chlorine dioxide 
substituted chlorine stage, extraction stage with oxygen and peroxide 
reinforced, two stage chlorine dioxide bleaching in the last stages. It 
is true that generation of chlorophenolic compounds depends upon 
the bleaching sequence, particularly on the usage of chlorine in the 
first stage. In the present case all the chlorophenolic compounds that 
have been detected are due to the above reason. Diluted black liquor 
from a kraft pulp plant was used as a basal substrate in the reactors 
because black liquor as the basic component of synthetic effluents has 
already been used by other researchers and has proven appropriate 
for laboratory studies of effluent treatment for pulp and paper mills 
[9,10].

Microorganism

Bacterial strains were isolated from sludge of pulp and paper 
mill by enrichment method in mineral salt medium (MSM), 
supplemented with PCP 3 mM as sole source of carbon and energy. 
The MSM contained the following components at the specified 
concentrations (in mg/L): KH2PO4, 800; Na2HPO4, 800;MgSO4.7H2O, 
200; CaCl2.2H2O, 10; NH4Cl, 500; plus 1 mL of trace metal solution 
which includes FeSO4.7H2O, 5; ZnSO4.7H2O, 4; MnSO4.4H2O, 0.2; 

NiCl.6H2O, 0.1; H3BO3, 0.15;CoCl2.6H2O, 0.5; ZnCl2, 0.25; and 
EDTA, 2.5. PCP was added to the medium after being sterilized 
by syringe filter through a 0.2 µm membrane. Bacteriological agar 
at 1.5% (w/v) was added for MSM plate preparation. The bacterial 
culture maintained at 37 ± 2°C. 

Bioreactor

The bioreactor designed on laboratory scale was fabricated by us-
ing glass fibers (size 28 x 13 cm) having 10 liter capacity but the efflu-
ent volume used for treatment was 6 liter. It has an outlet, present in 
the uppermost part of the reactor, and an outlet at lower part of but it 
was kept closed. The upper part outlet was connected to primary clar-
ifier and further this is connected with secondary clarifier. From sec-
ondary clarifier treated effluents were discharged. The stirring of the 
effluent was made possible by fixing a motor. The motor speed was 
120 rpm per min, oxygen was provided by passing air through an air 
pump. Inside the bioreactor following condition was maintained, dis-
solved oxygen (DO) 1±0.5 mg/L, Temp 35˚C, flow rate 8.1 /hr, COD 
1400 mg/L, AOX 2500 mg/L, EOX 800 mg/L and initial load of dif-
ferent concentration of 12 different chlorophenols viz 2,4,6-trichlo-
rophenol (2,4,6-TCP); 2,4,5-trichlorophenol (2,4,5-TCP); 2,3,4,5-tet-
rachlorophenol (2,3,4,5-TeCP); 3,4,6-trichloroguacol; 3,4,6-trichlo-
rocatecol; 3,4,5-trichlorocatecol (3,4,5-TCP);  Tetrachloroguaiacol; 
Tetrachlorocatecol; Trichlorosyringol; PCP; 3,4,5-trichloroguacol; 
4,5,6-trichloroguacol given in (Table 1). 1.5% (106 CFU/mL) micro-
bial consortia of 5 efficient strains were added as inoculums when 
OD was more than 0.5. Reactor was continuously operated for 7 d; 
sample was collected at every 24 hr to check the microbial growth and 
released chloride ion. Control experiments were set up in parallel to 
estimate the levels of chlorophenols and organic pollutant without 
microbial inoculants.

Serial No. Compounds Concentration in 
bioreactor (mg/L)

1 2,4,6-trichlorophenol 0.381

2 2,4,5-trichlorophenol 0.141

3 2,3,4,5-tetrachlorophenol 0.144

4 3,4,6-trichloroguacol 0.073

5 3,4,6-trichlorocatecol 0.305

6 3,4,5-trichlorocatecol 0.373

7 Tetrachloroguaiacol 0.312

8 Tetrachlorocatecol 0.332

9 Trichlorosyringol 0.319

10 Pentachlorophenol 0.399

11 3,4,5-trichloroguacol 0.341

12 4,5,6-trichloroguacol 0.081

13  AOX 2856±58

14  EOX 800±92

15  COD 1200±52

Table 1: Characterization of chlorophenolic compounds, absorbable organic 
halogen (AOX), extractable organic halogen (EOX) and chemical oxygen demand 
(COD) load in the bioreactor before treatment.
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Determination of Chloride release assay, COD, AOX and 
EOX 

Bacterial biomass was measured in term of increase in the form 
of colony forming units (CFU). It was determined by taking 1 mL 
of the effluent sample and plating them on nutrient agar plates by 
serial dilution method to count the CFU. Chloride ion released in 
the effluents was determined at every 24 hr of interval up to 7 d 
using 5 mL of culture filtrate, using Orion ion analyzer model 940 
(NyCo Systems, USA) with calibrated chloride ion selective electrode. 
Chloride concentration was determined using a calibration curve 
plotted from the log of chloride molarity for a series of standard 
samples ranging from 10 to 1000 mg/L. COD was determined by 
dichromate reflux method APHA [11] in this method, the sample 
was refluxed with potassium dichromate and sulphuric acid, and 
titrated with ferrous ammonium sulphate. The AOX content was 
estimated as per DIN [12] with little modification. EOX content in 
sludge was estimated as per EPA method 9023 [13] by using Euroglas 
Netherlands instrument ECS-2000 according to the manufacturer’s 
recommended procedure. 

Estimation of chlorophenols

Removal efficiency chlorophenols was determined from the 
treated effluents of secondary clarifier, sample collected on 1st 3rd 5th 
and 7th day of treatment. In extraction of chlorophenols, the effluents 
were clarified by centrifugation at 8,000 rpm for 5 min. The free 
supernatant cells fractions were extracted three times with an equal 
volume of n-hexane by shaking vigorously for 15 min in a standard 
separating funnel. The organic layer was dried with anhydrous 
sodium sulfate. The residue was finally dissolved in a 50 µL mixture 
of n-hexane: ethyl acetate (10:1) and analyzed immediately on a GC. 
The GC analyses were performed in electron capture detection mode 
with a gas chromatograph Nucon GC-5765 (Centurion Scientific, 
India) capillary column DB-5 (30 meter length 9 0.025 mm i.d. 9 
0.25 Lm film thickness) was used at a temperature program of 50 °C 
(2 min), then raised to 10 °C /min to 280 °C, where it was held for 
10 min. Helium was used as the carrier gas at a constant flow of 1.2 
mL/min. The samples were analyzed in splitless mode at an injection 
temperature of 250°C, and detector temperature of 280 °C, The 
injected volume was 0.1 µL.

Identification of bacterial isolates

Total DNA was extracted as per standard protocol from 
overnight grown cultures. The 16S rRNA gene was amplified from 
1 μL purified genomic DNA using a polymerase chain reaction 
(PCR) as described by Karn et al. [14]. The amplified product was gel 
purified using QIA gel extraction kit, Qiagen, USA, and sequenced at 
DNA sequencing facility, Delhi University, India .The sequence data 
was analyzed by BLAST analysis and identified based on the closest 
identity of reported sequence data. The sequences were deposited in 
GenBank database (http://www.ncbi.nlm.nih.gov/) under accession 
no. KF278595 (SS1), KF278599 (SS2), KF278596 (SS3), KF278597 
(SS4) and KF278598 (SS5). Phylogenetic tree were constructed using 
the Mega (v 5.1) software. Sequences or construction of the trees were 
downloaded from the NCBI GenBank site. 

Data analysis

Data were analyzed by using ANOVA (Analysis of variance) 
software and the means were compared by Tukey-Kramer Multiple 
Comparison Test at p < 0.05. Three replicates were used for each 
study. All the analyses were performed using GraphPad Prism (v 
4.03) software.

Results and Discussion
Removal of chlorophenols and organic pollutant in 
bioreactor

Environmental concerns coupled with governmental regulation 
have prompted research on the environmental friendly of industrial 
effluent. Pulping process utilizes large amounts of water, which 
reappear in the form of an effluent. The most significant sources of 
pollution among various process stages are wood preparation, pulping, 
pulp washing, screening, washing, bleaching, and paper machine and 
coating operations. Among the processes, pulping generates a high-
strength wastewater especially by chemical pulping. The effluent 
discharged from pulp and paper mill carries a high COD load due 
to the presence of organochlorine compounds generated during the 
pulping and bleaching processes. These organic compounds in the 
effluents are degradation products of lignin. Among these, tri, tetra, 
and pentachlorophenol, chlorinated catechols, chlorinated guaicols 
and dioxins are of particular importance, as they are known to be highly 
recalcitrant, and responsible for colour, mutagenicity, carcinogenicity 
and toxicity of the effluent [15]. Removal of these pollutants is of great 
importance it was observed that the bioreactor treatments by aerobic 
microorganisms showed a reduction in pollution load significantly. 
In the present study we also found that aerobic treatment in the 
bioreactor has made significant in the removal of chlorophenolic 
compounds from 3rd day and 5th of the treatment (Table 2) the reason 
behind this microbial consortia initially adapted and start to multiply 
further depletion of the chlorophenols was observed. The survival of 
microbial consortia was monitored by determining the growth in the 
form of CFU (Figure 1). The number of cells increased in the effluents 
showing that microorganism luxuriously able to grow by utilizing 
organic contaminants from the effluents without addition of any 
extra nutrients. However, numerous studies have demonstrated that 
under aerobic conditions, chlorophenols can be efficiently reduced 
until a complete mineralization [7,16-18]. Previously remediation of 
pulp and paper mill sludge has been conducted by Karn et al. [14] 
using Kocuria sp. grown well and able to remove up to 70% of the 
PCP from the sludge contaminated with 100 mg/L. Melin et al. [19] 
conducted in fluidized bed reactors evaluated the treatment of lower 
concentrations of chlorophenols, characteristic of contaminated 
groundwater. Degradation of xenobiotic compounds is believed to 
more rapidly and efficiently degrade by the aerobic bacteria. The 
indigenous bacteria derived from the same environment or sludge 
used in this study showed sufficient growth abilities. Removal of 
organic pollutants was monitored by checking chloride ion from the 
effluents, Chloride ion release was increased gradually and attained 
highest concentration of 0.5 mM within 5 d, with a slight variation in 
pH (ranging from 7.8 to 7.2) (Figure 2). Although there was a positive 
correlation between chloride release and chlorophenols removal, the 
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Serial No. Chlorophenols 1st Day 3rd Day 5th Day 7th Day Removal % Control

1 2,4,6-trichlorophenol 0.381 0.229 0.123 0.030 92±4 0.387

2 2,4,5-trichlorophenol 0.141 0.102 0.043 0.007 95±2 0.132

3 2,3,4,5-tetrachlorophenol 0.144 0.099 0.068 0.018 88±7 0.148

4 3,4,6-trichloroguacol 0.073 0.071 0.003 ND 99±2 0.081

5 3,4,6-trichlorocatecol 0.305 0.217 0.146 0.024 89±7 0.321

6 3,4,5-trichlorocatecol 0.373 0.302 0.122 0.008 99±8 0.352

7 Tetrachloroguaiacol 0.312 0.221 0.118 0.015 95±6 0.323

8 Tetrachlorocatecol 0.332 0.258 0.176 0.014 98±4 0.313

9 Trichlorosyringol 0.319 0.217 0.123 0.016 96±3 0.305

10 Pentachlorophenol 0.399 0.302 0.165 0.02 95±5 0.399

11 3,4,5-trichloroguacol 0.341 0.286 0.126 0.007 98±2 0.323

12 4,5,6-trichloroguacol 0.081 0.065 0.011 ND 99±2 0.078

Table 2: Depletion in chlorophenolic compounds in the bioreactor due to microbial consortia is given in table. Data represented in terms of (mg/L). Uninoculated 
reactor chlorophenols concentration remains unchanged.

ND: Not Detected
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Figure 1: Growth pattern of microbial consortia (CFU/mL) growth in the 
effluent containing organic pollutants and chlorophenols.
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Figure 2: Release of chloride ion in effluents at different time intervals due 
to breakdown of chlorophenols by microbial consortia.

relationship was very obvious as the chloride released could have been 
contributed by the chlorophenols. Previous report also suggested that 
degradation of chlorophenols by other bacteria isolates and release of 
chloride ion in to the medium [20]. Chu and Kirsch [21] described a 
bacterial strain (KC3) capable of mineralizing [14C]-PCP to 14CO2 
when supplied as a sole carbon source. Polychlorinated phenols (3 
to 5 chlorines) are converted to chlorohydroquinones as the initial 
intermediates (hydroquinone pathway). Subsequent reactions are 
known to progressively remove chlorines from the ring prior to ring 
cleavage [22]. On the other hand, this may also be done by means of 
hydroxylation reactions which convert PCP into other compounds 
such as tetrachlorohydroquinone (TCHQ) [17,18] by replacing the 
chlorine atom with a hydroxide, converting the PCP into intermediate 
products [17,18].

High amount of AOX and EOX values were observed in effluents 
samples possibly due to usage of higher amount of elemental chlorine 
in the bleaching process. Different organochlorine contaminants like 
Adsorbable organic halides (AOX) and Extractable organic halides 
(EOX) in the effluents were analyzed (Table 1). AOX values decreased 
from 2856 mg/L to 515 mg/L in the effluents where as EOX values 
decreased from 800 mg/L to 280 mg/L results showed that microbial 
consortium able reduced the high level of AOX 82% and EOX 65% 
as compre to control sample. Earlier studies on the treatment of the 
paper mill effluents using white-rot fungi have reported high removal 
efficiency for AOX and EOX from Kraft pulp bleaching were 32% and 
36%, respectively by incubation by Ceriporiopsis subvermispora CZ-3 
[23,24].  Present result showed that bacterial strain in microcosm 
form removed greater extent or high percentage of AOX as well as 
EOX, which is of great importance.

Table 2 presents the mean chlorophenolic compounds 
removal values in the bioreactor system and the chlorophenols 
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concentration in control reactor (without microbial inoculants) 
after the experimental period. It can be seen that the removal 
in the bioreactor was superior, the average individual values for 
organochlorine removal efficiency in bioreactor were: 99.9% for the 
4,5,6-trichloroguacol; 3,4,5-trichlorocatecol; 3,4,6-trichloroguacol, 
97% for the 3,4,5-trichloroguacol; Tetrachlorocatecol, 95% for the 2, 
4, 5-TCP Tetrachloroguaiacol and PCP. Correa et al. [23] observed 
that after an acclimatization period, removal efficiency of 2,4,6-TCP 
during aerobic process was always above 95%. Present microbial 
consortia were able to remove COD from 1200 mg/L to 132 mg/ L 
approximately 92% removal efficiency was observed in the reactor. 
In the recent studies aerobic processes have been recently used for 
the treatment of textile wastewater as standalone processes and 
it is confirmed that they are efficient and cost effective for smaller 
molecules. Various researchers Coughlin et al. [24]; Khehra et al. 
[25]; Buitron et al. [26]; Sandhaya et al. [27] found the use of an 
aerobic reactor is an effective technique to treat industrial wastewater. 
Various researcher Kornaros & Lyberatos [28]; Balan & Monteiro [29] 

affirm that among low cost, viable alternatives, available for effluent 
treatment and decolorization, the biological systems are recognized 
by their capacity to reduce biochemical oxygen demand (BOD) 
and COD through conventional aerobic biodegradation. Therefore 
present studies suggest that indigenous microbes are adapted for 
particular environment can be exploited for the remediation of site 
contaminated in the environments using a bioaugementation as an 
option. The addition of pollutant degrading microorganisms is most 
likely to succeed in environmental cleanup when the introduced 
organisms are active and competitive. This needed to be worked out at 
biochemical and genetic level. Considering the degradation potential 
of all isolates, it can be used as a consortium to decontaminate the 
chlorophenolics contaminated site in the environment.

Microorganism-identification and phylogenetic relationship 

Bacterial strains were isolated by enrichment method using 
pentachlorophenol as a sole carbon or energy sources. Based on their 
potential to grow on PCP five isolates were selected for further study 
and designated as SS1, SS2, SS3, SS4 and SS5. All the selected isolate 
were able to grow at high concentration up to 3 mM of PCP. Further 
identification of the isolates were done by 16s rRNA gene sequencing. 
Though 16S rRNA gene is found conserved on evolutionary scale, 
it is still diverse enough to identify and classify the eubacteria 
[30]. The 16s rRNA gene sequence prepared for BLAST and RDP-
II analysis showed that SS1, shown close identity to Rhodococcus 
sp. family Nocardiaceae and belong to phylum Actinobacteria; 
SS2 Aeromonas sp. belong to family Aeromonadaceae, phylum 
Proteobacteria; SS3 Chryseobacterium sp. family Flavobactericeae 
and phylum Bacteroidetes; SS4 Uncultured bacterium clones 
family Enterobactericeae and phylum Proteobacteria whereas 
SS5 Pseudomonas sp. family Pseudomonadaceae and phylum 
Proteobacteria. Five sequences included in the dataset retrieved from 
NCBI, to create phylogenetic tree which shown in (Figure 3). Present 
result was supported by previous finding of Apajalahti & Salkinoja-
Salonen [31,32] reported Rhodococcus chlorophenolicus able to degrade 
four different chlorophenols like 2,3,5-trichlorophenol (2,3,5-TCP), 
2,3,6-trichlorophenol (2,3,6-TCP), 2,3,4,5-tetrachlorophenol (2,3,4,5-
TeCP) and PCP with limited concentration. Goswami et al. [33] also 
found that Rhodococcus erythropolis able to utilize 2, 4-dichlorophenol 
(2, 4-DCP). This shows that Rhodococcus sp. has potential to utilize 
chlorophenols as a carbon sources. The degradation of a mixture of 
phenol was studied by Buitrón et al. [26] 4-chlorophenol (4-CP), 
2,4-dichlorophenol (2,4-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP) 
in acclimated activated sludge and by Aeromonas sp., Pseudomonas 
sp. and Chryseomonas luteola. Activated sludge was acclimated for 
70 d to 40 mg phenols per liter then the microorganisms responsible 
for the chlorophenol degradation. Present isolates having abilities 
to degrade wide range of chlorophenols. When new organisms have 
been isolated with high biodegradation efficiency, their biochemical 
versatility has been found to be immense. Attempts to determine 
microbial diversity in natural environments like soil are limited 
by the inability of the microbiologists to culture specific microbes 
present in a particular environmental sample. However, the isolation 
of those microbes will often require a targeted intelligent approach 
to screen the biosphere for its presence [20]. Strain SS5 belongs to 
genus Pseudomonas is widely applied for the degradation of phenolic 
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Figure 3: Neibhour-joining tree based on 16sr RNA gene sequence showing 
the phylogenetic relationship between the related isolates. Bootstrap values 
expressed as percentage of 1000 replicates.
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compounds. These bacteria are known for their immense ability 
to grow on various organic compounds. Some previous reports 
(Radehaus & Schmidt [34]; Shah & Thakur [35] also showed the 
degradation of PCP by other Pseudomonas species. Strain SS4 shown 
closet identity with uncultured bacterium clones and Enterobacter sp. 
sequences. Recently Karn et al. [36] found Enterobacter sp. were able 
to remove PCP up to 2 mM concentration. Furthermore, bacterial 
consortium showed the greatest efficiency in regards to, removal of 
all 12 different chlorophenols in the bioreactor which is under the 
regulation USEPA.
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