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Abstract: An experimental study was carried to find out the degradability of black liquor of pulp and paper mill wastewater for 
biomethanogenesis in continuous stirred tank reactor (CSTR) and followed by activated sludge process (ASP). Continuous stirred 
tank reactor was used in present study for anaerobic digestion of black liquor, while completely mixed activated sludge system was 
used for aerobic digestion. A maximum methane production was found upto 430ml/day, chemical oxygen demand was reduced upto 
64% and total volatile fatty acid increased upto 1500mg/l from 975mg/l at 7.3 pH, 37 ºC temperature and 8 days hydraulic retention 
time during anaerobic digestion. In activated sludge process (aerobic digestion) chemical oxygen demand and biological oxygen 
demand reduction were 81% and 86% respectively at 72 hr hydraulic retention time.  
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Introduction 
 

Paper industry in India is not as modernized as in 
western countries. In general, Indian paper mills take a wide 
variety of cellulosic and non-cellulosic raw materials. The pulp 
and paper mills in India utilizes different cellulosic materials, 
about 43% wood forest based, 28% agro based and 29% 
waste paper based of the total installed capacity 
(Balakrishanan, 1999). 
 

 For various operations, pulp and paper mills require 
large volume of water and in turn release huge amount of 
effluent in the form of black liquor loaded with many pollutants 
(Ingle, 2000; Yedla et al., 2002). The black liquor effluent is 
dark brown in color and associated with high biochemical 
oxygen demand (BOD), chemical oxygen demand (COD), total 
solids and organic carbon (Panesar et al., 1999). Black liquor 
effluent from pulp and paper mill is a complex colloidal solution 
of various inorganic components and organic polymeric 
substances like lignin, carbohydrates and their complexes. 
 

 Treatment methods for wastewater which are being 
used in pulp and paper mill industries are chemical coagulation, 
flocculation, sedimentation, flotation, filtration and other 
biological methods like activated sludge process, trickling 
filters, stabilization pond, anaerobic digestion, lagooning etc. 
These effluent treatment plants require high capital and 
operational cost, which small pulp and paper mills cannot 
afford.  
 

 Biological processes are more economical and eco-
friendly than advance wastewater treatment due to its low 
running and maintenance cost. Anaerobic digestion of organic 
waste has been an attractive alternative to aerobic treatment 
process because it produces methane rich gas (Webb, 1983). 
Out of the total cost of paper production, energy is the single 
largest cost input and accounts for 30% of the cost of paper. 
Huge amount of biodegradable biomass generated as waste is 
available for utilization as a source of energy, which can be 

treated for pollution abatement as well energy generation 
(Mathur, 1998). Furthermore aerobic post treatment of some 
anaerobically treated effluent streams remove elemental 
toxicity, which could not be removed in anaerobic treatment 
(Sierra et al., 1991). 
 

 On the above observations, present study has been 
undertaken to stabilize the pulp and paper mill wastewater 
(black liquor) using anaerobic (biomethanation) followed aerobic 
(activated sludge process) biodegradation. 
 

Materials and Methods 
 

Sample collection and storage: The samples of black liquor of 
pulping mills were collected from M/s Satia Paper Mills Ltd., 
Muktsar, Punjab (India) in precleaned plastic cans. pH and 
temperature was measured just after the sampling and the 
samples were stored in acidic (pH below 2) condition at 5°C 
temperature to avoid any change in the physico-chemical 
characteristics. 
 

Physico-chemical analysis of black liquor: The pH and 
temperature of black liquor were recored using pH meter and 
thermo-probe at the site of collection. The analysis of physico-
chemical analysis was carried out according to APHA (1989). 
 

Experimental setup for anaerobic digestion: The reactor of 5l 
capacity was filled with 2 l of raw effluent and 1 l of digested 
cattle waste slurry on the Ist day experimental set up. Digested 
cattle waste slurry collected from experimental biogas plant, 
Deptt. of Microbiology, CCS Haryana Agricultural University, 
Hisar was used as seed material. The reactor was connected 
with two glass aspirator bottles, one for collection of gases and 
other for collection of displaced water from the gas bottle. Tubes 
were connected to facilitate addition of raw effluent, for 
removing of treated effluent and for also gas transfer. The 
reactor was completely sealed with the molten wax after tubing. 
A continuous stirring of the effluent was done with the help of 
magnetic   stirrer.  Rest   of   the  volume   of   the   reactor   was  
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Table – 1: Characteristics of pulp and paper mill wastewater 
(Black liquor). 

 

S.No. Parameter of waste water 
analysis 

Concentrations 

1. Colour Dark brown 
2. Temperature (oC) 32oC 
3. pH 11 
4. COD 28000 mg/l 
5. BOD 9000 mg/l 
6. Total solids (TS) 35000 mg/l 
7. Total dissolved solids (TDS) 22500 mg/l 
8. Total suspended solids (TSS) 12500 mg/l 
9. Total volatile fatty acid (TVFA) 975mg/l 
10. Electrical conductivity (EC) 32.6 m mho/cm 
11. Total kjeldahl nitrogen (TKN) 310mg/l 
12. Oil and grease (OandG) 3250mg/l 
13. Total alkalinity (TA) (as 

CaCO3) 
8000mg/l 

14. Bicarbonate alkalinity (as 
CaCO3) 

8000mg/l 

15. Phosphate (as PO4+2) 80.2mg/l 
16. Sulphate (as SO4+2) 130mg/l 
17. Chloride (as Cl-) 1533mg/l 
18. Zinc 0.988mg/l 
19. Lead 0.125mg/l 
20. Nickel 0.093mg/l 
21. Copper 0.064mg/l 
22. Chromium 0.050mg/l 
 

was maintained by raw effluent periodically during 20 days. The 
pH of the reactor was adjusted between 6.7-7.3 with the help of 
dilute solution of 1N sulphuric acid or 1N sodium hydroxide 
solution. The ratio of COD, nitrogen and phosphorous was 
maintained 100:5:1 by the addition of urea and diammonium 
phosphate (DAP). 
 

Experimental setup for aerobic digestion: The aerobic 
digestion of anaerobically treated effluent was carried out in 
ASP process. A high grade plastic bucket (as reactor) was filled 
with 5 l of water to which about 50gm of cow dung and 1 l 
sewage waste water as seed material were added for the 
development of culture. Oxygen was provided to the tank with 
the help of three pumps, which was based on diffused aeration, 
and maintaining the DO level at 2.4mg/l. Initially the 
concentration of the raw effluent feeding to the aerobic digester 
was low and increasing up to the required concentration during 
20 days stabilization period. The overflow of the aeration tank 
goes into the clarifier through a pipe and sludge settled in the 
clarifier was recycled approximately 50-60% in the aeration 
tank. 
 

Results and Discussion 
 

The results of physico–chemical characteristics of 
black liquor are presented in Table 1. The effluent was dark 
brown in colour having pH of 11. The colour of the effluent was 
due to lignin compound and the high pH of black liquor may be 

attributed to the nature of chemicals used for bleaching of the 
pulp (Panesar et al., 1999). The BOD, COD and Total Solids of 
waste water were much higher than the permissible limits. 
 

Anarobic followed by aerobic digestion: Both volume of 
CSTR and ASP digester was maintained at 5 l with respect to 
gas production rate daily feeding and withdrawal to and from the 
reactor, were made 8 days HRT of CSTR reactor. Then 
anaerobically treated effluent diluted to 50:50 with distilled water 
and that was used for further aerobic degradation. To maintain 

the flow rate 1ml/min, the HRT of ASP was 72 hr, pH (7.31 ± 
0.10) and temperature (37ºC) were maintained during the 
anaerobic digestion while in aerobic digestion sludge volume 
index (SVI) and mix liquor suspended solid (MLSS) were 

maintained to an average value of 61.1 ± 2.6 ml/g and 2.72 g/l 
respectively.  
 

Initially in acidogenesis phase, TVFA was highly 
increased and decreased with increase in pH of the reactor due 
to presence of methanogenic bacteria which was buffered by 
the volatile fatty acid present in the reactor and observed 

1236.88 ± 44.27 mg/l of TVFA during the study period. 
Maximum gas production of 430ml/day and 64% COD reduction 
was observed in CSTR. The reduction of colour and COD in the 
treated paper mill effluent usually very low (Cecen, 1994; 
Knudsen et al., 1994), due to presence of highly non 
biodegradable cellulose, hemicellulose, xylose, lignin, phenol 
compounds and various toxic substances such as adsorbed 

organic halides (AOX), but the BOD reduction was 86.15±0.68 
during aerobic treatement (Metcalf and Eddy, 1992) mentioned 
that microorganism use carbonaceous BOD either by 
nitrification or stabilization.  
 

The results of fortnight study of the treated 
wastewater from CSTR and ASP are given in tables 2 and 3. 
The reduction of TS and TDS were 71.43% respectively and 
64.22% during anaerobic digestion and 72.92% and 75.21% 
respectively in aerobic digestion, major portion removed by 
sedimentation of sludge in clarifier (McCarthy et al., 1991). It 
may be consumed by microbes for their food (Hulmes et al., 
1993). The increase in EC may be due total oxidation and 
decomposition of organic matter into simple nutrients (Iqbal and 
Mehta, 1998) and increase in total alkalinity may be due to 
oxidation (humic acid), salts of weak acids such as acitic acid, 
propionic acid, hydrogen sulphide, ammonia and hydroxide 
(Sawyer et al., 1994). Oil and grease was reduced to 66.15% by 
anaerobic reactor and 79.62% in aerobic reactor. Reduction of 
oil and grease may be due to biological growth that destroys the 
emulsifying agent, which has sufficient adsorptive power to hold 
oil and grease for its oxidation (Sawyer et al., 1994). Low 
concentration of heavy metals like zinc, lead, nickel, copper and 
chromium 38.06%, 16.00%, 45.16%, 2.5% and 40.00% 
respectively in anaerobic digestion and also decreased 39.47%, 
20.00%, 24.24%, 37.04% and 33.33% respectively during 
aerobic digestion of black liquor (Tables 2 and 3). 
 

 Very good positive correlation (r ≥ 0.8-0.9) found 
among  COD  reduction  and  TVFA;  COD and Gas Production;  
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Table – 2:  Fortnight study during anaerobic (CSTR) digestion. 
 

Phase 1 Phase 2 Phase 3 Phase 4 

Concentration level 

Average 
concentration 

Average 
% 
reduction 

 
Parameter 

Influent Effluent Influent Effluent Influent Effluent Influent Effluent Influent Effluent  

Colour Dark 
brown 

Dirty 
brown 

Dark 
brown 

Dirty 
brown 

Dark 
brown 

Dirty 
brown 

Dark 
brown 

Dirty 
brown 

Dark 
brown 

Dirty 
brown 

 

Temperature (°C) 20 37 21 37 20 37 23 38 21 37 ** 
pH 6.70 7.30 6.70 7.37 6.70 7.27 6.70 7.33 6.70 7.10 ** 
COD mg/l 28000 11360 28000 10880 28000 10240 28000 10240 28000 10680 61.86 
TS mg/l 35000 10100 35000 10000 35000 10000 35000 9900 35000 10000 71.43 
TDS mg/l 22500 8050 22500 8100 22500 8000 22500 8050 22500 8050 64.22 
EC m mho/cm 32.6 44.5 32.6 45.1 32.6 44 32.6 45.2 32.6 44.8 ** 
TKN mg/l 310 112 310 110 310 105 310 105 310 108 65.16 
Oil and grease mg/l 3250 1000 3250 1100 3250 1100 3250 1200 325 1100 66.15 

Total alkalinity mg/l 8000 9300 8000 9310 8000 9290 8000 9300 8000 9300 ** 
Phosphate mg/l 80.20 51.70 80.20 50.80 80.20 54.50 80.20 55.30 80.20 53.10 33.79 
Sulphate mg/l 130 93.8 130 95.5 130 95.5 130 97.3 130 95.5 26.54 
Chloride mg/l 1533 1225 1533 1207 1533 1207 1533 1171 1533 1202 21.59 
Zinc mg/l 0.988 0.614 0.988 0.612 0.988 0.612 0.988 0.610 0.988 0.612 38.06 
Lead mg/l 0.125 0.107 0.125 0.105 0.103 0.105 0.125 0.103 0.125 0.105 16.00 
Nickel mg/l 0.093 0.052 0.093 0.052 0.093 0.050 0.093 0.050 0.093 0.051 45.16 
Copper mg/l 0.064 0.050 0.064 0.048 0.064 0.048 0.064 0.046 0.064 0.048 25.00 
Chromium mg/l 0.050 0.030 0.050 0.030 0.050 0.030 0.050 0.030 0.050 0.030 40.00 

**Shows that there was an increased in the level of the parameter 

Phase 1 = After 15 days Phase 2 = After 30 days Phase 3 = After 45 days Phase 4 = After 60 days 
 

Table – 3: Fortnight study during aerobic (ASP) digestion. 
 

Phase 1 Phase 2 Phase 3 Phase 4 

Concentration level 

Average 
concentration Parameter 

Influent   Effluent Influent Effluent Influent Effluent Influent Effluent Influent Effluent 

Average 
% 
reduction 

Colour 
Dirty 
brown 

Slightly 
brown 

Dirty 
brown 

Slightly 
brown 

Dirty 
brown 

Slightly 
brown 

Dirty 
brown 

Slightly 
brown 

Dirty 
brown 

Slightly 
brown 

- 

Temperature °C 20 25 20 27 21 28 21 28 20.5 27 ** 

pH 6.7 7.25 6.7 7.28 6.7 7.34 6.7 7.37 6.7 7.31 ** 

COD mg/l 5680 1100 5600 1048 5580 1048 5600 1000 5615 1049 81.32 

BOD mg/l 2400 350 2300 320 2300 310 2300 300 2325 312.75 86.55 

TS mg/l 4560 1280 4520 1215 4530 1235 4520 1180 4532.5 1227.5 72.92 

TDS mg/l 3580 890 3540 880 3540 880 4540 870 3550 880 75.21 

EC m mho/cm 23.3 28.6 23.3 28.5 23.3 28.5 23.3 28.5 23.3 28.5 ** 

TKN mg/l 53.3 20.5 51.2 18.2 50.5 18.2 50.5 16.5 51.37 18.35 64.28 

Oil and grease mg/l 455 95.5 455 93.3 450  90 450 90 452.5 92.2 79.62 

Total alkalinity mg/l 4310 6200 4300 6200 4310 6100 4310 6100 4305 6150 ** 

Phosphate mg/l 22.00 6.15 22.00 6.15 20.0 6.10 20.00 6.00 21.00 6.10 70.95 

Sulphate mg/l 50 25 50 23 48 22 48 20 49 22.5 54.08 

Chloride mg/l 866 397 880 390 832 383 852 369 857.5 384.75 55.13 

Zinc mg/l 0.382 0.231 0.380 0.231 0.380 0.230 0.378 0.228 0.380 0.230 39.47 

Lead mg/l 0.050 0.040 0.051 0.040 0.050 0.040 0.049 0.040 0.050 0.040 20.00 

Nickel mg/l 0.035 0.026 0.033 0.025 0.033 0.025 0.031 0.024 0.033 0.025 24.24 

Copper mg/l 0.028 0.018 0.028 0.020 0.026 0.018 0.026 0.015 0.027 0.017 37.04 

Chromium mg/l 0.016 0.012 0.015 0.010 0.014 0.010 0.015 0.008 0.015 0.010 33.33 

**Shows that there was an increased in the level of the parameter. 

Phase 1 = After 15 days Phase 2 = After 30 days Phase 3 = After 45 days Phase 4 = After 60 days 
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Table – 4: Correlation among the physico-chemical properties of pulp and paper mill wastewater during anaerobic digestion. 
 

Parameter pH COD reduction TVFA Gas production 

pH 1 0.603 0.483 0.709 
COD reduction  1 0.891 0.927 
TVFA   1 0.828 
Gas production    1 
 

Table – 5: Correlation among the physico-chemical properties of pulp and paper mill wastewater during aerobic digestion. 
 

Parameter pH MLSS SVI TS reduction Cl reduction COD 
reduction 

BOD 
reduction 

pH 1 0.449 0.483 0.835 0.704 0.885 0.955 
MLSS  1 -0.378 0.403 0.405 0.571 0.685 
SVI   1 0.581 0.448 0.352 0.506 
TS reduction    1 0.705 0.838 0.901 
Cl reduction     1 0.683 0.629 
COD reduction      1 0.946 
BOD reduction       1 

 
TVFA and Gas Production in anaerobic process and between 
BOD and COD reduction; TS and BOD reduction; TS and COD  
reduction, pH and BOD reduction; pH and COD reduction and 
pH and TS reduction in aerobic process while other parameter 

shows moderate (r ≥ 0.8-0.5) and mild (r < 0.5) correlation 
(Table 4 and 5). 
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