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Abstract The objective of this study was to set-up a pilot
plant and to evaluate its effectiveness for biological
nitrogen and organic matter removal from tannery waste-
water in Ethiopia. A pilot wastewater treatment plant
consisting of a predenitrification-nitrification process was
constructed and operated for 6 months. This was fed with
a raw tannery wastewater obtained from the Modjo
Tannery located 70 km south of the capital, Addis
Ababa. Up to 98% total nitrogen and chemical oxygen
demand, and 95% ammonium nitrogen removal efficien-
cies were achieved in the system. The average effluent
ammonium nitrogen ranged from 8.4 mg l−1 to
86.0 mg l−1, whereas the average effluent for nitrate
nitrogen ranged from 2.9 mg l−1 to 4.4 mg l−1. The average
values of denitrification and nitrification rates determined
by nitrate and ammonium uptake rates (NUR and AUR)
were 8.0 mg NO3-N [g volatile suspended solids
(VSS)]−1 h−1 and 5.4 mg NH4-N (g VSS)−1 h−1,
respectively, demonstrating that the treatment processes
of the pilot plant were effective. Further studies of the
effect of chromium III on AUR showed 50% inhibition at
a concentration of 85 mg l−1, indicating that this metal was
not causing process inhibition during performance opera-
tions. Thus, the predenitrification-nitrification process was
found to be efficient for simultaneous removal of nitrogen
and organic substrates from tannery wastewaters.

Introduction

Tannery wastewaters are very complex and are character-
ised by high contents of organic and inorganic nitrogenous
compounds, chromium (III), sulphides (S2−), suspended
and dissolved solids [United Nations Environment Pro-
gram (UNEP) 1991]. The discharge of too high nitrogen
concentrations into the receiving waters without proper
treatment would lead to eutrophication, i.e. algal outbreaks
and/or fish death in rivers, lakes and coastal areas
(Cheremisinoff 1996; Metcalf and Eddy 1991; Mussati
et al. 2002; UNEP 1991). The predominant N fraction in
tannery wastewaters is organic N emanating from the
breakdown of nitrogenous compounds from processed
hides and skin. Ammonia nitrogen is extremely toxic to
fish and other aquatic life at high concentrations (UNEP
1991).

In Ethiopia, there are more than 20 tanning industries,
concentrated mainly in the southern central part of the
country. More than 90% of the existing tanning industries
in Ethiopia do not have any type of wastewater treatment
and discharge their wastewaters directly into nearby water
bodies and open land. Recently, however, effluent
regulations and guidelines have been developed as part
of the Environmental Policy of the Federal Government of
Ethiopia (GOE 2002). Consequently, discharge standards
for nitrogen necessitate treatment of wastewaters from
chrome tanneries that are mainly undertaken through
processes of nitrification and denitrification.

Biological denitrification is the dissimilatory reduction
of nitrate to nitrogen gas by heterotrophic bacteria using
nitrate as an electron acceptor and degradable organic
matter as carbon source under anoxic conditions. Nitrifi-
cation is the biological oxidation of ammonia to nitrite/
nitrate by two specialised groups of autotrophic bacteria
that takes place under aerobic conditions (Focht and
Verstraete 1977; Kuenen and Robertson 1988).

Different biological systems comprising different con-
figurations have been used to efficiently remove carbon
and nitrogen pollution from combined municipal and
industrial wastewater types (Banas et al. 1999; Borzacconi
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et al. 1999; Collivignarelli and Bertanza 1999; Gupta and
Sharma 1996; Henze 1991; Pochana and Keller 1999;
Stevens et al. 1999). Little is known, however, about their
effectiveness to treat wastewaters generated by tanning
industries. A high content of organic compounds together
with the presence of biological inhibitors such as chromi-
um and sulphide in tannery wastewaters affect the
treatment processes (Weimann et al. 1998; Wiegant et al.
1999).

The specific objectives of this study were, therefore, (1)
to set-up a pilot plant for predenitrification and nitrifica-
tion processes and test its effectiveness for simultaneous
nitrogen and organic matter removal from tannery waste-
waters, and (2) to evaluate the nitrification and denitrifi-
cation potential of the pilot plant using nitrate uptake rate
(NUR), and ammonia uptake rate (AUR) in the presence
of different concentrations of chromium III as toxicant. In
this study, evaluation of the treatment efficiencies and
process performances of the pilot plant during the 6 months
of plant operation are presented.

Materials and methods

Experimental set-up

The predenitrification-nitrification pilot process plant was
developed and installed on the premises of the Department
of Biology, Addis Ababa University, and its performance
was monitored for 6 months from March to August 2002.
Figure 1 shows the design of the pilot plant, which
consists of an influent feeding tank, a denitrification
reactor of 100 l, equipped with a vertical stirrer (RGL 2,
Heidolph, Kelheim, Germany), an aerobic activated sludge
unit of 200 l and a 50 l sedimentation (clarifier) tank. The
process was adjusted in such a way that influent waste-
water was pumped from the influent collection tank into a
denitrification tank at a flow rate of 5 l h−1 using a
peristaltic pump (PD 5206, Heidolph) to maintain the
nominal hydraulic residence time (HRT) of the anoxic and
aerobic reactors at 20 h and 40 h, respectively. The mixed
liquor from the activated sludge, and sludge from the
effluent were recycled to the head of the denitrification
reactor at rates of 100–200% and 100–150% by a
peristaltic pump and airlift pump, respectively (Table 1).

Process start-up

The denitrification and the aerobic reactors were initially
seeded with a mixture (90:10) of acclimatised waste from
the Ethiopia tannery wastewater treatment plant and from
the Kaliti municipal waste treatment pond system. This
was used as a starter inoculum of microorganisms and
substrate to activate the process. The system was
subsequently fed with combined raw tannery wastewaters
(soaking, pickling and tanning processes) that were
sampled from the Modjo Tannery, 70 km away from the
pilot treatment site installed at the University.

The process performances consisted of four feeds of 30,
28, 26 and 33 days, respectively, over the study period.
The operational parameters of the pilot plant for the four
experimental feeds and average values of mixed liquor
suspended solids (MLSS), mixed liquor volatile suspended
solids (MLVSS), sludge volume index (SVI) and dissolved
oxygen (DO) are given in Table 1. After 1 year of the
process performance, experiments were carried out with
increased organic loading rates from 1.1 kg chemical
oxygen demand (COD) m−3 day−1 to 2.0 kg COD m−3

day−1 in order to evaluate whether the system could
possibly withstand high loading perturbations over time.

Fig. 1 Pilot wastewater treat-
ment plant designed for nitrogen
and organic matter removal
from tannery wastewaters in
Ethiopia

Table 1 Pilot plant operational parameters. COD Chemical oxygen
demand, BOD biological oxygen demand, MLSS mixed liquor
suspended solids, MLVSS mixed liquor volatile suspended solids,
SVI sludge volume index, DO dissolved oxygen

Parameter Feeds

I II III IV

COD overall loading rate (kg m−3 day−1) 1.13 1.08 0.88 0.72
BOD5 overall loading rate (kg m−3 day−1) 0.3 0.28 0.26 0.25
MLSS recycle, R 1R 1R 2R 2R
Sludge return, R 1R 1R 1.5R 1.5R
MLSS (g l−1) 2.4 2.7 3.1 3.6
MLVSS (g l−1) 1.7 2.0 2.0 2.2
SVI (ml g−1) 38.0 43.3 54.0 65.5
DO aerated (mg l−1) 2.2 3.7 3.8 5.8
DO anoxic (mg l−1) 0.05 0.07 0.02 0.06
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NUR and AUR measurements

In order to determine the denitrification and nitrification
capacity of the system, NUR and AUR batch experiments
of the sludge were determined according to Kristensen et
al. (1992). Two 2-l capacity plastic lab scale reactors (R1
and R2) were used for the NUR and AUR batch
experiments where 1.5 l activated sludge sampled from
the pilot plant was added to each reactor. Tannery
wastewater was added to R1 as an internal carbon source
whereas acetate was added to R2 as an external source of
carbon, which was used as a reference. All experiments
were conducted four times. The NUR experiments were
carried out under anoxic conditions by flushing the
reactors with N2 gas.

The effect of chromium on AUR

The inhibitory effect of chromium on the nitrification
activities of sludge from the pilot plant was determined by
AUR experiments in four batches where chromium III was
added at concentrations of 50, 85, 170, 255 mg l−1,
respectively. The other reactor (R1) without the addition of
chromium was used as a reference for calculating the
actual nitrification rate of the sludge. Toxicity was
quantified in terms of the reduction in AUR of the
microorganisms in the activated sludge versus that in the
control. In all cases, AUR (nitrification rate) and NUR
(denitrification rate) were calculated as a change of
ammonia nitrogen [mg NH4-N g volatile suspended solids
(VSS)−1 h−1] and nitrate nitrogen (mg NO3-
N g VSS−1 h−1), respectively. In both the NUR and
AUR experiments, samples were taken after 1, 15, 30, 60,
120 and 180 min and filtered immediately through
Whatman filter paper.

Analyses

The raw tannery wastewater samples were analysed twice
a month for a number of parameters to assess its biological
treatability. The analyses of the combined raw wastewaters
were made on composite samples immediately after
sampling. COD, total N, PO4

3−, NH4-N, NO3-N, NO2-N,
S2− and SO4

2− were all measured calorimetrically using a
spectrophotometer (DR/2010, Hach, Loveland, Co.)
according to Hach instructions. Standard methods
(APHA 1992) were used to determine BOD5, suspended
solids (SS) and VSS. Total chromium (Tot-Cr) was
determined using Buck Scientific Model 210 VGP atomic
absorption according to standard methods (APHA 1992).
Total dissolved solids (TDS), conductivity and salinity of
the wastewater samples were measured using a conduc-
tivity meter (CO 150, Hach). DO was regularly monitored
using a DO probe (YSI 5905, Yellow Springs Instruments,
Yellow Springs, Ohio). Temperature and pH were also
measured on a routine basis throughout the experimental
period. SVI was determined using a 1-l measuring cylinder
over 30 min of settling time.

Results

Average influent and effluent characteristics of the waste-
waters for the four experimental feeds are given in Table 2.
The influents were characterised by high alkalinity content
with a resulting pH value of above 10.0 due to the
chemicals used in leather processing. Influent total N and
COD concentrations ranged from 927.0 mg l−1 to
2,140.0 mg l−1 and 9,583.0 mg l−1 to 13,515.0 mg l−1,
respectively, whereas influent ammonium N varied from
149.0 mg l−1 to 178.0 mg l−1. Sulphide and Tot-Cr
concentrations were in the range of 466.3–794.0 mg l−1

and 23.3–42.5 mg l−1, respectively, during the process
feeding stages. The data in Table 2 show that tannery
effluents are rich in nitrogen, especially organic nitrogen,
but very poor in phosphorus.

Table 2 Average characteristics
of the influent and effluent
wastewaters for the four experi-
mental feeds (concentrations are
in mg l−1, except for pH, tem-
perature, conductivity and sali-
nity). Tot-Cr Total chromium,
TDS total dissolved solids

Parameter Feed I Feed II Feed III Feed IV

Influent Effluent Influent Effluent Influent Effluent Influent Effluent

pH 11.1 7.8 10.6 7.8 10.6 7.7 10.6 7.6
Temperature (°C) 21.5 18.3 23.4 16.3 21.7 17.6 21.6 20.2
COD 10,860.0 527.2 13,515.0 525.0 9,853.0 391.0 10,386.7 157.0
BOD5 3,197.0 127.3 3,665.0 121.3 2,655.7 96.3 2,106.3 26.7
Total N 927.0 166.7 2,140.0 125.0 1,293.0 70.0 1,040.0 17.5
PO4

3− 15.1 4.1 13.6 0.6 17.3 1.5 10.8 1.0
NH4-N 160.4 86.0 178.0 81.9 149.0 41.9 161.2 8.4
S2− 794.0 5.4 747.5 18.0 592.5 17.1 466.3 0.7
SO4

2− 400.0 308.3 470.0 306.5 680.0 357.5 480.0 356.2
Tot-Cr 42.5 3.1 38.2 4.2 27.5 0.3 23.3 0.2
NO3-N – 2.9 – 4.2 – 3.6 – 4.4
TDS 6,080.0 1,070.0 7,730.0 870.5 7,500.0 1,155.0 5,930.0 963.0
Conductivity (μs cm−1) 13,890.0 2,126.7 16,550.0 1,760.0 15,720.0 2,220.0 11,438.4 2,018.0
Salinity (%) 7.0 1.0 8.0 0.8 8.0 1.1 6.3 1.0

335



As can be seen from Table 2, high values of effluent
COD, BOD5, total nitrogen and ammonium nitrogen were
recorded for the first two experimental feed phases, but
were substantially decreased in the last two successive
feeds. The effluent total N and ammonium N concentra-
tions varied between 17.5–166.7 mg l−1 and 8.4–
86.0 mg l−1, respectively, whereas the NO3-N concentra-
tions ranged from 2.9 mg l−1 to 4.4 mg l−1. Similarly,
effluent COD and BOD5 concentrations were in the range
of 157.0–527.2 mg l−1 and 26.7–127.3 mg l−1, respec-
tively. The effluent pH was also observed to decrease in
successive feeds and was between 7.6 and 7.8. There was
a substantial decrease in Tot-Cr (0.2–4.2 mg l−1) and
sulphide (0.7–18.0 mg l−1).

The pilot plant treatment efficiencies for the four
experimental feeds are reported in Table 3. The pilot
plant showed high total N and COD removal efficiencies
of 98% in the last experimental feed. The removal rates
varied between 82–98% for total N and 95–98% for COD.
The higher COD removal in the pilot plant processes was
associated with higher denitrification efficiency. BOD5,
S2− and Tot-Cr were almost completely removed during all
runs (Table 3).

The average ammonium N removal rate was progres-
sively increased from 50% for the first and second feeds to
95% removal efficiency in the fourth experimental feed
phase. The latter was achieved at an organic loading rate
of 0.72 kg COD m−3 day−1 (Fig. 2) and the corresponding
average effluent ammonium nitrogen concentration was
8.4 mg l−1. At high organic loading rate, ammonium
nitrogen removal rate was low and effluent ammonium N
concentrations were high (>60 mg l−1). To evaluate
whether the system could possibly withstand higher
loading perturbations over time, an experiment was
performed at increased COD loading rates of 1.1–2.0 kg
COD m−3 day−1 after a year of the study period. At a COD
loading rate of 1.5 kg COD m−3 day−1, ammonium
nitrogen removal rate was 70%. As the organic loading
rate increased to 2.0 kg COD m−3 day−1, the correspond-
ing ammonium nitrogen removal rate was only 40%.
Similarly, an inverse relationship was also noted between
DO and ammonium nitrogen concentrations in the system
(Fig. 3). The measured DO concentrations of the oxic
reactor varied from 1.2 mg O2 l

−1 to 6.0 mg O2 l
−1 during

the experimental period.

NUR measurements

The denitrifying capacity of the biological processes of the
pilot plant determined by NUR experiments is shown in
Fig. 4. NUR experiments gave results ranging from 6.5 mg
NO3-N g VSS−1 h−1 to 9.3 mg NO3-N g VSS−1 h−1 for the
test wastewater used as an internal carbon source and 5.7–
7.7 mg NO3-N g VSS−1 h−1 when acetate was used as
external carbon source. The average denitrification rate
with internal carbon source was found to be 8.0 mg NO3-
N g VSS−1 h−1, which indicates the denitrification
potential of the pilot plant. The NUR test with the addition
of acetate as external carbon source showed an average
denitrification rate of 6.7 mg NO3-N g VSS−1 h−1.

The effect of chromium on AUR

The values of nitrification rates measured with the AUR
experiments ranged from 4.3 mg NH4-N g VSS−1 h−1 to

Table 3 Pilot process plant treatment efficiencies, η=(Cinf−Ceff)/Cinf
where Cinf and Ceff are influent and effluent concentrations,
respectively

Feed Removal efficiencies

Total N η NH4-N η COD η BOD5η S2−η Tot-Cr η

I 0.82 0.46 0.95 0.96 0.99 0.93
II 0.94 0.54 0.96 0.97 0.97 0.89
III 0.95 0.68 0.96 0.96 0.99 0.99
IV 0.98 0.95 0.98 0.98 0.99 0.98

Fig. 2 The effect of organic loading rate on ammonium N removal
efficiency of the pilot plant

Fig. 3 Effect of dissolved oxygen (DO) on nitrification efficiency
of the pilot plant
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6.4 mg NH4-N g VSS−1 h−1. The highest nitrification rates
were reported in runs III and IV, indicating the efficiencies
of the sludge of the pilot plant. Figure 5 shows the effect
of chromium III on ammonium uptake rate using activated
sludge from the pilot plant. The nitrification rate slowly
decreased over the four runs for the different chromium III
concentrations. At chromium concentration of 50 mg l−1,
the AUR was almost similar to the reference test. The
toxic effects of chromium III increased with increasing
concentrations of the metal, and 50% inhibition was
observed at a concentration of around 85 mg l−1.

Discussion

This study examined the characteristics of tannery waste-
waters and its biological treatability in pilot plant
operations, the activity of the sludge and the effects of
toxicants on process efficiency. The process plant showed
increased total N removal efficiencies of 82, 94, 95 and
98%, respectively, for the four experimental feeds despite

of high chromium and sulphide content in the influent. A
similar removal efficiency of 90–98% was reported (Hirata
et al. 2001) from industrial wastewaters discharged from
metal recovery processes. High COD removal efficiencies
(95–98%) were also registered for the pilot process plant
throughout the experimental feed phases.

From the sludge activity of the process plant (Fig. 4), it
was observed that denitrification rates using influent
tannery wastewater as internal carbon source were 20–
40% higher compared with values obtained with acetate as
an added carbon source. The higher denitrification rate
with tannery wastewater as internal carbon source
indicates that tannery wastewaters contain a broad range
of easily biodegradable organic matter that can maintain
active denitrifying consortia in the system, thus ensuring
complete denitrification capacity of the system without the
need for any external carbon source. Earlier reports
(Kajuwa and Klapwijk 2000; Kristensen et al. 1992)
show that NUR has effectively been used to determine the
denitrification capability of a treatment system.

An interesting point to note was that ammonium N
removal efficiencies of 46–68% for the first three
consecutive feeds increased significantly to 95% in the
fourth feed. These results were consistent with the results
of laboratory measurements of potential AUR. It was
reported (Hirata et al. 2001) that ammonia removal
efficiency of 80% to 92% was achieved as a result of
acclimatising microorganisms with increasing residence
time. Longer retention times retain abundant nitrifiers in
the process.

The nitrification rates of the pilot plant in the beginning
probably suffered due to an insufficient acclimatisation
period for the nitrifying consortia to stabilise themselves in
the system. This period was perhaps in turn affected by
organic loading rates; low DO levels and system mal-
function resulting from foaming of the wastewater. At the
beginning of the experiment, excessive foam formation in
the aerated tank caused by influent surfactants resulted in
the escape of activated sludge solids to the effluent, which
increased the sludge-wasting rate, thereby a decrease in
sludge residence time. Similarly, when the DO level in the
reactor was less than 2.0 mg l−1, the nitrification rate was
only 25% and ammonium oxidation increased with
increasing DO concentrations in the system (Fig. 3).
Numerous reports (Cao et al. 2002; Dangcong et al. 2001;
Philips et al. 2002) have indicated that in order to ensure
that DO is not a limiting factor in the nitrification reaction,
a level not less than 2.0 mg l−1 must be maintained.

Variations in organic loading rate to the process plant
were also observed to have an effect on ammonium
nitrogen removal rate. At a COD loading rate of more than
1 kg COD m−3 day−1, ammonium nitrogen removal rate
was only around 50–60% (Fig. 2). Higher organic loads
accelerate the heterotrophic growth rate and the sludge
quantities produced in the system, thus decreasing the
fraction of nitrifiers present in an activated sludge system
(Gupta and Gupta 2001; Jokela et al. 2002; Kristensen et
al. 1992). Thus, the contribution of autotrophic nitrifica-
tion would be minimal.

Fig. 4 Sludge activity showing the denitrification potential of the
pilot plant

Fig. 5 Effect of chromium III on ammonium uptake rate using
activated sludge from the pilot plant
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The system was also fed with increased organic loading
rates from 1.1 kg COD m−3 day−1 to 2.0 kg COD m−3

day−1 to evaluate whether it could possibly withstand
higher loading perturbations over time after 1 year of plant
operations. At a COD loading rate of 1.5 kg COD m−3

day−1, the ammonium nitrogen removal rate was 70%. As
the organic loading rate increased to 2.0 kg COD m−3

day−1, the corresponding ammonium removal rate was
only 40%. The result showed that ammonia oxidation
increased slightly, by 10%, when COD loading rate was
increased from the original loading rate by 50%. When the
loading rate increased by 100%, the removal rate again
decreased, verifying that high organic loading to the
aeration tank affected the nitrification efficiency of the
system.

Nitrification, like most bacterial processes, is affected
by pH and temperature conditions. Different studies
indicate the applicable range of pH and temperature to
be about 6.5–8.6 and 5–30°C, respectively (Cheremisinoff
1996; Cloete and Muyima 1997; Grunditz et al. 1998; Im
et al. 2001). In this study, the pH and the temperature of
the nitrification reactor varied from 7.5 to 8.2 and 15°C to
20°C, respectively, indicating that these parameters were
within the normal range of operating conditions in the
system.

AUR investigations with different concentrations of
chromium III showed 50% inhibition at a concentration of
around 85 mg l−1. Chromium III is readily precipitated
from solution between pH 6 and 10 (Basu et al. 1997;
Kotás and Stasicka 2000), thus making it less available to
biological systems in high pH sludge. Consequently, the
concentration of this metal in the activated sludge solution
is very low, and may not affect the nitrifying population in
the reactor. AUR experiments in the presence of
chromium III showed that this metal did not cause process
inhibition during pilot plant operations. It has been
demonstrated that information from AUR can be used to
identify possible inhibitory effects from wastewaters
(Kristensen et al. 1992; Madoni et al. 1999).

The SVI and SS in the activated sludge were in the
range of 38–65 ml g−1 MLSS and 2.0–4.0 g l−1,
respectively, in the completely aerated tank during pilot
plant performances (Table 1). These parameters demon-
strate the well-settling properties of the activated sludge
and good formation of activated sludge biomass. It is also
reported that well-settling activated sludge is characterized
by an SVI value of less than 100 ml g−1, whereas sludge
with bulking problems usually has an SVI value greater
than 200 ml g−1 (Cloete and Muyima 1997; Gupta and
Sharma 1996).

It was interesting to note that the effluent values
achieved towards the fourth experimental feeds of the pilot
plant (Table 2) were in agreement with the permissible
limits for discharge of tannery effluents into surface water
bodies adopted in many countries compiled by the United
Nations Industrial Organization (UNIDO) (Bosnic et al.
2000).

From the overall results of the process plant, it can thus
be concluded that the predenitrification-nitrification pro-

cess has high nitrogen removal capability. This process
favoured the growth of high consortia of denitrifiers in the
anoxic tank and encouraged the consortia to attain high
denitrification efficiency; it also improved the overall
nitrification efficiency of the system. More than 90% COD
and 95% S2− were removed in the predenitrification
anoxic basin. Chromium III, the heavy metal available in
tannery wastewater, was likely precipitated or adsorbed by
the sludge in the first stage, thus causing no harm to the
nitrifying populations. Therefore, it was found to be
operationally efficient for simultaneous removal of nitro-
gen, organic substrates and other pollutants from tannery
wastewaters.
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