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Developing nations are highly subject to 
extensive environmental pollution, mainly due 
to the discharge of untreated industrial and 
domestic effluent.  The paper mill industry is 
considered to be among the top-most pollution 
sources and releases a variety of toxic and 
hazardous wastes.  It creates a massive threat 
to the environment by generating highly 
polluted effluent.  The bleaching section of the 
mill discharges the most toxic type of effluent 
containing AOX (absorbable organic halides), 
which are produced as a result of the chemical 
combination of chlorine that comes from the 

bleaching section with the residual lignin of 
the pulping effluent (Ali et al. 2001; Savant 
et al. 2005).  AOX are highly hazardous because 
the majority of members of this family are 
bioaccumulative, persistent and carcinogenic 
in character.  Dioxin, which is recognized to be 
the most deadly substance ever found on earth, 
also belongs to the same family of AOX (Arshad 
et al. 2009).

A variety of physical, chemical and 
biological techniques have been attempted to 
decrease the concentration of AOX in paper 
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mill effluent.  As the physical and chemical 
processes are extremely costly in terms of 
their operational and maintenance costings, 
biological treatment processes are generally 
chosen.  Among the biological techniques, the 
anaerobic technologies are regarded as more 
feasible options, particularly for developing 
countries because of their minimal amount 
of energy and nutrient consumption (Bhatti  
et al. 1996).  Moreover, the implementation of 
anaerobic technology has been demonstrated 
to be comparatively easy and cheaper while it 
can also be used for a variety of industrial and 
domestic waste treatments including the effluent 
of paper mills (Lettinga et al. 1980).

At present numerous anaerobic treatment 
systems are functioning effectively around the 
world for the treatment of paper mill effluents 
(Bajpai 2000).  Although they are extremely 
acknowledged for their treatability performance 
(Schellinkhout 1993), only insufficient work has 
been reported so far regarding the use of UASB 
reactors to eliminate AOX from the effluent 
of paper mills using NSSC (neutral sulphide 
semi-chemical) pulping process, which is the 
common pulping technique being practiced in 
Pakistan (ETPI Pak-EPA 1999).  It was earlier 
noticed that anaerobic technologies were able 
to reduce 40%–60% of the AOX concentration 
(Fitzsimons et al. 1990; Ferguson & Dalentoft 
1991).  However, it has now been demonstrated 
that about 96% of the phenolic compounds can 
be removed at a hydraulic retention time (HRT) 
of 30 h (Anushuya & Gupta 2008; Rajakumar 
& Meenambul 2008; Mini Bajaj et al. 2009) but 
it’s uneconomical to practically design a new 
UASB reactor merely on the basis of a longer 
retention time.  Through its efficiency for the 
treatment of other kind of wastes like textile mill 
effluent, its COD removal has been reported 
to be more than 90% at a quite relatively 
reasonable HRT (Wijetunga et al. 2008)

It has been observed that the treatment 
efficiency of a UASB reactor could be enhanced 

by adding an additional source of an easily 
biodegradable substance to the reactor (Scholz 
et al. 1995; Bajaj et al. 2009).  Adding methanol, 
the removal efficiency of the chlorophenolic 
wastes (members of the AOX family) in a 
UASB reactor had been observed to improve 
(Arshad & Hashim 2008) and also using an 
activated carbon with the digested sludge in 
an UASB reactor increases its performance 
(Mahadevaswamy et al. 2004; Hiroshi & 
Masasumi 2009; Arshad & Hashim 2010).  
Therefore, this study was specifically designed 
to determine the optimum design parameters 
i.e. organic loading rate (OLR) and hydraulic 
retention time (HRT) for the treatment of paper 
mill effluent employing the NSSC pulping 
process under anaerobic conditions.  The main 
objective of this study was to examine the 
removal efficiency of UASB in terms of COD 
and AOX reduction using actual paper mill 
effluent in the presence of methanol and an 
activated carbon.

MATERIAL AND METHODOLOGY

UASB Reactors Specification
The UASB reactors (namely R-I and R-II) used 
were made of acryl resin material, each with 
an effective volume of 6.0 l.  Water jackets 
were provided around the reactors to maintain 
a constant mesophilic temperature.  A mixing 
device (turbine shape, 3.81 cm × 7.62 cm) and 
a gas separator system were also provided in 
both the reactors (Arshad & Hashim 2008).  
A systematic diagram of the UASB reactor is 
shown in the Figure 1.

The UASB reactor R-I was filled with 
granular activated carbon (effective size 1.5 
mm–2.5 mm) to the total depth of 12.7 cm 
(Arshad & Hashim 2010).

Wastewater Characteristics
Actual wastewater sludge used in the study 
was obtained from the nearby local paper mill 
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using NSSC pulping process.  The wastewater 
characteristics data of the paper mills effluent 
is shown in the Table 1.

Substrate and Nutrients
Methanol was added to the feeding solution in 
reactor R-I to equalize its COD concentration 
to that of the actual effluent, by first diluting 
the same effluent with tap water.  The ratio 
of methanol to actual effluent in the feeding 
solution to reactor R-I was kept around 1:5 
(Arshad et al. 2010) during the course of study.  
For reactor R-II, the actual effluent without 
methanol was used as a feed solution.

Nitrogen and phosphorous were added to 
the feeding solutions of both the reactors, R-I 
and R-II in the form of (NH4)SO4 and KH2PO4, 
respectively, in accordance with the C:N:P ratio 
of 300:1:0.1 (Athar et al. 2008).  MgSO4.7H2O 
was also added to both the reactors at the 
concentration of 0.1 g/l (Bhatti et al. 1996). 

Seeded Sludge
A digested sludge fully acclimatized with 
paper mill effluent in the laboratory for about 
three weeks was added to both the reactors for 
the start-up (Yoochatchaval et al. 2008).  The 
concentration of MLSS and VSS of the seeded 

Reaction zone

Peristaltic pump
Outlet Feed tank

Biogas collector

Settling zone

Figure 1. Systematic diagram of UASB reactor.

Table 1. Wastewater characteristics of the paper mill effluent.

Parameters Concentration
Ph 8.2
Colour (units) 1650
COD (mg/l) 2984
AOX (mg/l) 22.08
Total solids (mg/l) 4562
Total volatile solids (mg/l) 1774
Total dissolved solids (mg/l) 2386
Total suspended solids (mg/l) 1094
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sludge were observed to be 62.28 g/l and 54.55 
g/l, respectively.

Experimental Analysis
The pH, temperature, COD, AOX etc of the 
influent and effluent of the reactors were 
analyzed and recorded regularly twice a week.  
Total gas production was monitored using 
standard NaCl solution.  All types of analysis 
were carried out using standard laboratory 
techniques (AWWA 2005).

RESULT AND DISCUSSION

Operating Parameters
Both the reactors were started up simultaneously 
and parallel according to the typical guidelines 
(Lettinga et al. 1984).  As the pH and temperature 
were the two most important and principle 
operational parameters of anaerobic digestion, 
great care was therefore taken towards their 
control during the course of the study period.  
Neutral pH was considered to be the most 
suitable range for microbial activities during 
anaerobic digestion (Bhatti et al. 1996), thus the 
pH of both the reactors were maintained around 
neutral by adding an external buffer solution in 
the form of 0.03 M NaHCO3 to the feed solution 
after a few days of operation when a drastic 

drop of pH was observed in these reactors.  The 
time course of pH during the study period of the 
reactors is shown in Figure 2.

The initial pH of both the reactors was 
slightly above neutral at the start of the study 
but later on a decreasing trend was observed 
after the second week.  The pH of the reactors 
R-I and R-II suddenly dropped down to 5.51 and 
5.02, respectively.  This normally happens under 
anaerobic conditions due to the accumulation 
of excess volatile fatty acids within the system 
during the start-up period but it can be controlled 
by adding an external buffer solution to the feed 
solution of the reactors.  In this study, 0.03 M 
NaHCO3 was used as the source of an external 
buffer to control the pH around neutral (Bhatti 
et al. 1996; Mtethiwa 2008).  The average pH of 
both the reactors R-I and R-II after the addition 
of an external buffering solution was observed 
to be 7.10 and 7.22, respectively during the 
course of study period, which also validated 
the effectiveness of using an external buffer 
solution (Arshad et al. 2010).

Similarly, for anaerobic digestion a 
mesophilic range of temperature was considered 
to be an optimum and suitable range (Henze 
et al. 1983) because at lower temperatures 
(Psychrophilic range) the microbial activity 
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Figure 2. Time course of pH during the study period.
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becomes quite slow (Switzenbaum et al. 
1980; Kennedy et al. 1982; Grin et al. 1985) 
while at higher temperatures (thermophilic 
range) a number of potential problems arise, 
e.g. high endogenous death rate (Henze et al. 
1983; Buhr et al. 1977).  Therefore, in this 
study the temperature of both the reactors was 
kept constant at 27°C–33°C by using external 
heating devices (water jackets).

Both the reactors R-I and R-II were started 
up simultaneously and in order to avoid organic 
shock to the reactors, the OLR was gradually 
increased starting from 0.2 kg-COD/m3-day to 
5.5 kg-COD/m3-day and the hydraulic retention 
time (HRT) was slowly decreased from 78 h to 
6 h during the course of the study period.

Treatability Evaluation of the Reactors
OLR and HRT are the important design 
parameters of wastewater treatment systems 
which determine the capital cost and establish 
their engineering and economic feasibility.  
During this study, the effects of OLR and HRT 
on the removal efficiency of COD and AOX 
concentrations in the reactors were observed 
thoroughly and the relevant data obtained 
during the course of the study period has been 
plotted as shown in Figures 3–6.

The data indicates that the treatment 
efficiency of the reactors R-I and R-II was 
greatly influenced by the OLR and HRT.  
The lower OLR and higher HRT seem to be 
in quite favourable conditions for achieving 
higher treatment performance under anaerobic 
conditions in both the reactors R-I and R-II in 
terms of COD and AOX removal, and vice-
versa.  Such operational conditions of lower 
OLR and higher HRT make the system design 
uneconomical when applied to larger field 
scales.  It was noticed that for every increase 
in OLR or decrease in the HRT, there was an 
abrupt decrease in the treatability performance 
of reactors R-I and R-II.  This might be due to 
the sudden shock of a heavy organic load or the 
excessive accumulation of organic acids within 
the systems. 

The data indicated that corresponding to 
optimum operating conditions, i.e. OLR of 
3.5 kg-COD/m3-day and HRT of 22 h, the 
overall COD removal in reactors R-I and R-II 
was 88% and 64%, respectively.  The AOX 
removal in reactors R-I and R-II corresponding 
to same operating conditions were noticed to 
be 72% and 47%, respectively.  Throughout 
the study, it was observed that the reactor R-I 
(with activated carbon) gave comparatively 
better treatment efficiency than the reactor R-II 
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(without activated carbon), which indicated that 
the addition of activated carbon to the UASB 
reactor enhanced its treatability performance. 

The previous studies showed that anaerobic 
digestion, in combination with other treatment 
systems like aerobic, membrane filtration etc. 
is able to remove 40%–65% AOX (Lee et al. 
1993; Hall et al. 1995; Francis et al. 1997; 
Tezel et al. 2001) but if it is used single-
handedly than only 42%–45% of AOX could 
be removed (Fitzsimons et al. 1990).  Ferguson 
and Dalentoft (1991) reported 40%–65% 

AOX removal while observing the treatability 
efficiency of the bleaching effluent of pulp 
and paper mills under anaerobic conditions.  
Comparison between COD and AOX removal 
efficiencies of the UASB reactors based on 
similar studies is mentioned in the Table 2.  The 
present study seemed to be more reliable and 
gave better treatment efficiency of COD and 
AOX.  This was because the new strategy was 
modified to work under anaerobic conditions in 
an UASB reactor where methanol as the source 
of an easily biodegradable substance was added 
to the feeding solution and also the usage of 
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activated carbon with the digested sludge.  The 
Figures 4–6 provide practical design aid for 
the UASB reactor to treat paper mill effluent 
employing the NSSC pulping process. 

Production of Biogas
Initially small gas bubbles were observed during 
the starting period.  Appropriate collection of the 
biogas was done at the end of second week.  The 
gas collection system consisting of saturated 
NaCl solution was installed in the reactors R-I 
and R-II.  The data obtained pertaining to the 

biogas generated during the course of the study 
period is illustrated in Figure 7.

It was observed that the two design 
parameters i.e. OLR and HRT had important 
roles on the amount of biogas production under 
normal conditions of pH and temperature.  
The amount of biogas generated is directly 
related to the amount of feeding solution in the 
reactor, and the HRT plays a significant role in 
controlling the rate of biogas production.  It was 
observed that there was a significant reduction 
in the amount of biogas production for both the 
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reactors R-I and R-II in the last weeks of the 
study period when the HRT was relatively low 
(below 12 h).  The reason is that the lower HRT 
promotes the washout of sludge from the reactor 
and hence the amount of biogas production 
decreases by design.

Under optimum conditions, the average 
amount of biogas produced in the reactors R-I 
and R-II was observed to be 0.33 l/g CODremoved 
and 0.41 l/g CODremoved, respectively.  The 
average methane composition was slightly 
different for both the reactors R-I and R-II, i.e. 
61% and 58%, respectively.  The enhancement 
in the methane composition was mainly due 
to the adsorption of refractory material by 
activated carbon.  It was also noticed that the 
reactor R-I displayed a reduced amount of 
biogas generation, which might be due to the 
low mixing of substrate and biomass owing 
to the presence of activated carbon within the 
system that made the sludge particles more 
dense.  The overall gas production in both the 
reactors remained close to the theoretical value 
of 0.35 l/g CODremoved which indicated the 
efficacy and consistency of the systems used 
in the study, as it has been previously reported 
that the presence of recalcitrant material within 
such kinds of waste caused reduction in biogas 
production (Arshad et al. 2009).  Comparison 
between biogas productions under anaerobic 

condition for similar waste is also mentioned 
in Table 2.

Bio-kinetic Co-efficient
Puspendu (2008) reported that the Garu second-
order model was the best fit model for a wide 
range of data sets in the UASB reactor.  For 
this study, the kinetic constants of Y, kd, k, Ks 

were determined by using the experimental 
data obtained during the course of study period 
to explore the performance appraisal of reactor 
R-I.  The intercept line and the slope of line from 
the graph plotted between Lr and 1/θc gave the 
values of kd and Y, respectively.  This plot is 
shown in Figure 8.  Y was determined to be 0.26 
g-VSS/g-TOC or 0.8 g-VSS/g-COD, while kd 
was found to be 0.02 d–1.  The plot between 1/S 
and 1/Lr is shown in Figure 9.  As shown, k and 
Ks were determined to be 0.7 g-TOC/g-VSS.d 
(about 1.9 g-COD/g-VSS.d) and 0.3 g-TOC/l, 
respectively.

The kinetic constants determined in this 
study were compared with similar work 
conducted by using only methanol, as the sole 
carbon source in the feeding solution, as shown 
in the Table 3.  This table indicates that the 
presence of the use of actual paper mill effluent 
has negligible impact on the bio-kinetic constant 
of the reactors.  The ‘k’ value appears to be 

Table 2. Comparison of similar studies.

Substrate Operational parameters COD and AOX 
removal Biogas production Reference

Methanol OLR = 21 g-COD/L-d COD = 70% 0.30 l/g-CODremoved Bhatti 1996
Synthetic waste 

(Chlorophenol)
OLR = 6.25 g-TOC/L.d
HRT = 12–48 h COD = 80% 0.13 l/g-CODremoved

CH4 = 60%
Arshad & 
Hashim 2008

NSSC pulping 
effluent

OLR = 2.75 kg-COD/m3d
HRT = 38 h COD = 35% 0.17 m3/kg-CODrem-d

CH4 = 61%
Arshad et al. 
2009

Bleaching effluent 
(Paper mill)

OLR = 2.14 kg-COD/m3-d
HRT = 38 h

COD = 64%
AOX = 49%

0.19 l/g-CODremoved

CH4 = 58%–60%
Arshad & 
Hashim 2010

Paper mills  
effluent

OLR = 3.5 kg-COD/m3-d
HRT = 22 h

COD = 88%
AOX = 72%

0.33 l/g-CODremoved

CH4 = 60%–61% This study
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reasonable, showing the good potential of the 
applicability of anaerobic treatment of paper 
mill effluent in the presence of activated carbon 
and methanol.

CONCLUSION AND 
RECOMMENDATIONS

The usage of methanol as an easily biodegradable 
substance in the presence of activated carbon 
with the digested sludge in a UASB reactor 
seems to be an extremely viable option for the 
treatment of paper mill effluent.  The COD 
removal efficiency can be specifically enhanced 

from 64% to 88% and the AOX removal from 
47% to 72%, at an OLR of 3.5 kg-COD/m3-
day.  The optimum HRT for the UASB reactor 
design to treat such wastes under a mesophilic 
range of temperature and neutral pH was found 
to be 22 h.

The presence of activated carbon in the 
UASB reactor reduced the mixing of biomass 
and substrate, and consequently affected the 
formation of biogas.  The gas production could 
be decreased from 0.41 l/g CODrem to 0.33 l/g-
CODrem by using activated carbon within the 
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Figure 9. Determination of kinetic coefficiants of k and Ks.
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reactor.  The average methane composition of 
biogas showed an increase from 58% to 61% 
by using activated carbon and methanol within 
the UASB reactor.  Kinetic coefficients of k, Ks, 
Y and kd for paper mills effluent treatment in 
UASB reactors were 0.7 g-TOC/g-VSS.d, 0.3 
g-TOC/l, 0.26 g-VSS/g-TOC and 0.02 day–1, 
respectively.

The feasibility of the treatment for paper 
mill effluent in a single-step UASB reactor 
in the presence of methanol, as an easily 
biodegradable substance, and activated carbon 
is a highly viable method but detailed study 
is essential to identify the exact behavior of 
the activated carbon and methanol during the 
process of digestion.  Cost analysis for design 
of the UASB reactor needs to be evaluated on 
a mega scale if activated carbon is to be used, 
while the impact of variable pH and temperature 
also needs to be evaluated thoroughly.
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