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BIOLOGICAL PROCESSES FOR REMOVAL
OF OIL FROM WASTEWATER – A REVIEW
Asha Srinivasan and Thiruvenkatachari Viraraghavan*
Faculty of Engineering, University of Regina, Regina, Saskatchewan, Canada.

SUMMARY
Wastewater from oil extraction industries such as palm
oil and olive oil mills contain high levels of oil. Oil containing wastewater is of great concern as it creates problems such as foaming, growth of filamentous bacteria and
floc formation in the treatment system. Physico-chemical
methods such as flotation, adsorption and skimming are employed to remove oil. Biological processes are also commonly used because most oils are biodegradable. Biological processes such as aerobic and anaerobic treatment systems and biodegradation methods using microorganisms
and enzymes have been used for reducing the oil content.
Aerobic systems such as activated sludge process using both
acclimatized and non-acclimatized sludge are common.
Among the biodegradation methods, the use of microorganisms and enzymes, either alone or in various combinations have been reported. Bacteria such as Acinetobacter
sp., Pseudomonas sp., fungus such as Aspergillus sp., Mucor sp. and photosynthetic bacteria were found to remove
oil. Microorganisms that produce hydrolytic enzymes include fungi such as Penicillium restrictum and Candida
rugosa. Anaerobic systems involve use of reactors such
as upflow anaerobic sludge blanket reactors, upflow anaerobic sludge fixed film bioreactor and modified anaerobic bioreactors. The review shows that vegetable oils present in wastewater can be readily removed by biological
treatment methods.

KEYWORDS:
oily wastewater, biological treatment, biodegradation, enzymes.

INTRODUCTION
Plant and animal oils are handled in industries such as
olive oil and palm oil mills, butter, paints, polishes, detergent and soap manufacturing units [1]. Industries such as
slaughter houses, dairy, meat packing and food processing
operations are also known for producing oily wastewaters.
Further, oil constitutes one of the major types of organic
matter found in municipal wastewater [2, 3].

Oils are essentially triglycerides consisting of straight
chain fatty acids attached, as esters, to glycerol [4]. The
component fatty acids of edible oil vary considerably. They
can differ in chain length, may be saturated or unsaturated,
and may contain an odd or even number of carbon atoms.
Palm oil has a fatty acid profile including palmitic, linoleic,
oleic and steric acids while olive oil has palmitoleic, palmitic, linoleic and oleic acids [5].
Oil can be characterized in three ways: by polarity,
biodegradability and physical characteristics. Polar oils
normally are derived from animal and vegetable material,
such as wastes from food processing operations. It is generally acknowledged that polar oils are biodegradable and
therefore become part of the organic load that must be handled in a biological treatment process. Non-polar oils are
usually derived from petroleum or mineral sources and generally are considered to be poorly biodegradable. By physical characteristics, oils are usually designated as being nonfloatable or dispersed (emulsified) and non-dispersed [6].
The amount of oil-containing wastewater increases
every year due to urbanization and industrial development.
The real concern is with dispersed oil. Some of the dispersed oils can be removed from wastewater by primary
sedimentation or by skimming or by adsorption to settleable solids. Nevertheless, chemically or physically stabilized oil-water emulsions should be managed in an appropriate manner. This is necessary because oils that pass
through physico-chemical processes contribute to the levels
of biological oxygen demand (BOD) and chemical oxygen
demand (COD) in the effluents [7-9]. Thus biological treatment processes are commonly used to remove emulsified
oils from wastewater.
In the biological treatment process, biodegradable oil
becomes part of the BOD load acted upon by the microorganisms and is decomposed along with other organic materials. Non-polar oils transported to a biological treatment
process are incorporated to a large extent into the biological floc. These adsorbed oils are then removed with the
waste sludge stream. Oil remaining in effluent from secondary processes are residual non-polar materials not removed by physical processes or with waste biological
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sludge, polar oils not oxidized by microorganisms, and
natural oils occurring as a normal component of bacterial
cells. The polar fraction of the effluent grease and oil
would be expected to degrade further along with other biodegradable materials in effluent streams. The non-polar
fraction would be more persistent and would continue to
exert its effects on the quality of the receiving water [6].
This review provides an overview of biological systems
adopted in the removal of vegetable oils from wastewater.
AEROBIC TREATMENT OF OILY WASTEWATER

In aerobic wastewater treatment systems, oils are generally believed to be biodegradable and therefore considered as part of the organic load that is treated [6]. However,
oils have detrimental effects on oxygen transfer. They
reduce the rates at which oxygen is transferred to biofilms,
thereby depriving the microorganisms of oxygen [8].
Young [6] reported that oxygen demand of influent dispersed polar oil should be considered as part of the normal
BOD load to the treatment plant so that effluent BOD
measurements would include the oxygen demand of biodegradable oil in the effluent samples.
Moreover, the amount of oil present in an activated
sludge system has been shown to be related to the occurrence of the filamentous actinomycete Narcodia amarae
known to be involved in the formation of scum and stable
foams [10].
Treatment of oily wastewater in the activated sludge process

Young [6] carried out studies by mixing biological solids with vegetable oil and correlated the effluent BOD characteristics with the amount of oil added. It was observed that
removal of oil by mixed microbial population was equal to
or better than BOD removal suggesting that not only biodegradation occurred, but also adsorption took place.
A batch study was conducted by Hsu et al. [11] for
olive oil degradation by acclimated activated sludge. The
results showed that the maximum removal rate of olive oil
was in the order of 0.1 g/L/h. Hsu et al. [11] found that adsorption of oil contributed to their removal from
wastewater. However, Choa and Yang [8] reported that
adsorption of oils caused a decrease in specific gravity as
well as the ability of the sludge to settle, resulting in process failure. These results suggest that oil adsorption may
influence the performance of aerobic processes such as
the activated sludge process (ASP).
In a study carried out by Jung et al. [12], an activated
sludge process treating oil at concentrations of 400 and
600 mg/L, achieved COD removal efficiencies of 86 and
75 %, respectively. However, at 800 mg/L of oil in the
feed, the COD removal efficiency of the bioreactor dropped
markedly. Liu et al. [13] achieved a 90% COD removal efficiency at a high oil concentration of 660 mg/L on a batch
activated sludge system under mesophilic conditions with
a temperature as low as 21o C. Also, at 13,500 mg/L of oil
concentration, activated sludge still achieved removals in

the range of 63.7-76.2%. These results contradicted those
of Jung et al. [12], who studied dairy wastewater and it was
postulated that the nature of oil in the pet food wastewater
studied by Liu et al. [13] was predominantly of animal
origin than mineral, which was not only non-inhibitory but
also biodegradable. Also it was suggested that mechanisms
such as coating the biological floc and hindering oxygen
transfer by oil had adverse impacts on the biological system.
A study by Wakelin and Forster [4] showed that acclimatized activated sludge exhibited higher performance than
a non-acclimatized one even though the microbial growth
pattern and removal of oil were similar. Since activated
sludge is a mixture of different microorganisms, which can
be dominated by different species, their respective domination can be dictated by the type and concentration of the
substrate [14]. Therefore, the results reported by Wakelin
and Forster [4] suggest that the differences in overall performances of various microbial cultures could be due to differences in enzyme systems. This further suggests that the
use of mixed microbial cultures such as activated sludge,
particularly when it has been acclimatized to oil can offer
the best option for the treatment of oily wastewaters.
The efficiency of a laboratory scale activated sludge
treatment process for edible oil refining industry effluent
was evaluated by Mkhize et al. [15]. Treatability studies
were conducted using an anaerobic/aerobic sequencing
batch reactor (SBR). The results showed 75% influent COD
reduction and more than 90% removal of oils and suspended solids. A continuous laboratory-scale nutrient removal system was designed. COD and phosphate reductions of 44% and a 36%, respectively, were achieved at an
organic loading rate of 0.5 kg COD / kg MLSS / d.
Aerobic degradation and detoxification of wastewater
from olive oil industry was investigated by Fadil et al. [16].
It was observed that olive oil mill wastewater (OMW) did
not generally contain sufficient nitrogen and phosphorus
for an adequate aerobic purification process. Furthermore,
substrate containing OMW, nitrogen, phosphorus and sulphate achieved the highest COD removal value. This observation indicated the increased performance of aerobic
culture supplied with nutrients. The performance of separate aeroic, anaerobic and a combined anaerobic - aerobic
process for biological treatment of green olive debittering
wastewater was evaluated by Aggelis et al. [17]. The aerobic treatment resulted in a degradation efficiency of 71.6
– 75.9% but required pH correction and hardly affected
the polyphenolic compounds. However, the combined anaerobic – aerobic treatment achieved a COD and polyphenol
reduction by 74% and 19.6%, respectively.
Treatment of oily wastewater in the attached growth process

A continuous bench scale rotating biological contactor (RBC) was studied by Najafpour et al. [18] to treat palm
oil mill effluents (POME) using S. cerevisiae as biomass.
In the study about 88% COD was removed with the low-
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est flow rate of 1.1 L/h of POME. When the flow rate was
increased to 3.6 L/h the reduction of COD decreased to
57%. It was found that the initial biomass loading and
fixing biofilm of S. cerevisiae on the surface of RBC
significantly improved the treatability of POME and after
5 days of operation the population of S. cerevisiae gradually decreased while other dominant bacteria were replaced.
In a study carried out by El-Masry et al. [19], a sand
biofilm filter system with bacterial strains of Pseudomonas
sp. and P. diminuta was used for removal of vegetable oil.
Results showed that the biofilm system reduced oily
wastewaters. Even in cases of a high degree of pollution, oil removal at 100% efficiency, BOD at 95.9%
and COD at 96%, at a 50 mL/h flow rate using one unit of
biofilm system was achieved. On using two units in sequence, a complete removal of oil, BOD and COD with an
efficiency of 100% at a flow rate 100mL/h was achieved.
Treatment of oily wastewater in
combined suspended and attached growth system

To enhance biodegradation of oils, Keenan and Sabelnikov [9] proposed the use of a combination of suspended and attached growth treatment systems using selected bacterial strains capable of degrading oils. The authors found that the oil content in the effluent could not be
reduced to values below 0.3 g/L from 1.512 g/L by using
a suspended growth treatment system, whereas adding a
biofilter to the suspended growth system substantially reduced the oil content in the wastewater to 0.028 g/L. The
increase in the efficiency of the system was the result of an
increased concentration of bacterial cells, which was accompanied by increased microbial activity, growth and
maintenance of microbial populations that was associated
with attached growth systems. However the treatment system reported by Keenan and Sabelnikov [9] sporadically
failed and the content of oil in wastewater increased to
0.386 g/L. The authors attributed this failure to malfunction
of the pH adjustment system.
BIODEGRADATION OF OILS

Various microorganisms have the ability to produce
extra-cellular lipases that hydrolyse triglycerides to fatty
acids and glycerol [4, 20, 21]. Examples are the bacteria
Pseudomonas fluorescens, Chromobacterium vinosum and
the fungi Aspergillus niger, Humicola lanuginose [22] and
Rhizopus delemar [23]. Oils in this case are used as substrates for microbial growth, resulting in an increase in the
concentration of microorganisms in the treatment system.
The current practice to improve the biodegradation of organic compounds is bioaugmentation, which is the addition
of microorganisms or enzyme preparations for treatment
of wastewater. Two approaches are in use related to biodegradation of oils in wastewater [9]: use of enzyme preparations and use of viable microorganisms.
Microbial degradation of oils

Generally, microbial oil degradation is considered to
occur as a result of hydrolysis of oil by secretion of lipase,
an oil degrading enzyme, which catalyses the degradation
of oil to organic acids and volatile fatty acids (VFA) via
beta oxidation, a fatty acid degradation pathway. Finally,
oil is decomposed to CO2 and H2O [24].
Keenan and Sabelnikov [9] studied the biodegradation of corn, olive, sunflower and waste oils by a variety
of bacterial strains such as Acinetobacter sp., Rhodococcus sp. and Caseobacter sp. that were isolated from different environments based on their ability to grow on vegetable and waste oils and by commercial bacterial preparations specifically designed for oil degradation. They found
that for all bacterial strains and preparations corn oil and
waste oils supported microbial growth more efficiently than
either olive or sunflower oil. Moreover, the Caseobacter
strain and one commercial preparation could not grow on
olive oil at all. Wakelin and Forster [4] reported similar
results on Acinetobacter strain which was found to grow
efficiently on oils among other bacterial species tested,
including Rhodococcus rubra, Nocardia amarae, and Microthrix parvicella. However, even Acinetobacter sp. could
not reduce the content of lipids in wastewater to values
lower than 0.1g/L. From the initial oil content of 1.5 g/L,
the lowest values achieved using Acinetobacter sp. were
0.35 g/L for corn oil and 0.267 g/L for waste oil. Keenan
and Sabelnikov [9] also reported that microbial growth was
better on unrefined than on refined oils; this was likely
because the former contained nutrients, which were removed while making refined oil.
In a study carried out by El-Bestawy et al. [25], eight
bacterial species were isolated from vegetable oil contaminated industrial wastewater, four of which were found to
have the ability to degrade oil in the contaminated
wastewater. These isolates were identified as Pseudomonas sp., P. diminuta, P. Pseudoalcaligenes and Escherichia
sp. Results showed that all the tested bacteria were able to
degrade the palm oil completely and utilized the free fatty
acids as a carbon source. The combination, Pseudomonas
sp. and P. diminuta, produced the highest degradative activity fol-lowed by combination, Pseudomonas sp., P.
diminuta and P. Pseudoalcaligenes. Also the combination,
Pseudomonas sp. and P. diminuta, produced the highest
activity in re-ducing COD by 93% and BOD by 100%.
An inoculum containing a mixed culture of fifteen bacterial isolates from various fatty wastewater samples was
developed by Tano-Debrah et al. [26] to degrade oils. The
inoculum was effective in wastewaters with pH ranging
from 4.5 to 9.5 and the optimum treatment temperature was
20-25oC. It was observed that the optimum oil degradation
occurred in the alkaline pH range. Microorganisms generally live at the oil-water interfaces from where they attack
the oil molecules and microbial oxidation is rapid when the
hydrocarbon molecule is in intimate contact with water
which requires adequate mixing or dispersion of the water
and oil. Adequate mixing occurs in emulsion formation. In
acidic media, emulsion formation is generally poor, com-
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pared to that in alkaline media. The observed better activities in the alkaline medium might have been due to better
emulsification. Biodegradative tests with the inoculum
developed by Tano-Debrah et al. [26] on samples of eight
different oils showed that the organisms in the culture
could degrade several oils of plant and animal origin.
Takeno et al. [24] studied removal of cooking oil from
domestic wastewater. A continuous treatment of oil containing wastewater was carried out with agar-immobilized Rhodobacter Shaeroide S, a photosynthetic bacterium, at a fixed
dilution rate of 0.4/day. The results indicated that 96% of
the oil was removed from the wastewater, and the maximum
removal rate of oil reached approximately 3.83 kg oil/m3/
day. The study showed that immobilized photosynthetic
bacteria directly decomposed one part of the oil contained
in wastewater, while oil-decomposing bacteria (naturally
growing Pseudomonas and Bacillus) decomposed another
part of the oil degrading it to organic fatty acids such as
propionic and acetic acid. Photosynthetic bacteria consumed
these acids. As a result, oil degradation was promoted by
the addition of photosynthetic bacteria and the combination
showed significant decomposition of oil from wastewater.
Bioseparation of suspended solid and oil from POME
was investigated by Prasertasan et al. [27]. Two thermotolerant lipase producing fungal isolates, ST4 and ST29
were observed to remove 98.9% and 88.9% of oil, respectively. The high treatment efficiency was found to be the
consequence of the entrapment of most suspended solids
and residual oil of POME in the polymer excreted from
these strains. Secondary treatment of the culture filtrates
conducted using a photosynthetic bacterium, Rhodocyclus
gelatinosus R7 under optimal conditions resulted in 71%
COD removal.
Lipases are widely produced in fungi and their production and activity in organisms, such as Rhizopus, Mucor and Aspergillus have been well studied [28-30]. In a
study conducted by Gopinath et al. [31] on thirty-four wild
fungal species associated with edible oil mill wastes, the
species Absidia corymbifera, Aspergillus fumigatus, Aspergillus japonicus, Aspergillus nidulans, Aspergillus
terreus, Cunninghamella verticillata, Curvularia pallescens, Fusarium oxysporum, Geotrichum candidum,
Mucor ra-cemosus, Penicillium citrinum, Penicillium
frequentans, Rhizopus stolonifer, and Trichoderma viride
were found to exhibit the maximum lipase activity. It is
known from literature that lipase-producing fungi can
utilize oil as a main carbon source, which has approximately twice the energy value of glucose, and are capable
of reducing COD of the oil effluent [32, 33]. When fungi
are confronted with fats and oils in a growth medium, triacylglycerol is hydrolyzed by fungal lipases to yield diacylglycerol, monoacylglycerols, free fatty acids and
glycerol.
A study was conducted to determine the ability of
Mucoralean fungi to treat edible - oil - containing industrial
effluent [34]. Fifty-eight fungal strains were isolated, of

which Cunninghamella echunulata reduced COD by 98.2%
and Emirisella nidulans was observed to produce maximum gamma-linoleic acid (GLA) as a by-product. A laboratory based sunflower oil waste was found to be effectively
degraded by Mucor circinelloides [35]. The fungus was
found to exhibit a preference for the utilization of unsaturated fatty acids in the presence of acetate. The study suggested that fungi could be used in oil waste removal while
at the same time biomass rich in essential fatty acids such
as linoleic acid and GLA can also be produced. Bioconversions of sunflower oil and rapeseed oil in fed-batch cultures
fermented with Candida tropicalis were studied by Fabritius
et al. [36]. Cofermentations with palmitic acid resulted in
successful transformations to different 3- hydroxydioic
acids.
The ability of Aspergillus fumigatus Fres. and Aspergillus nidulans (Eidam) wint from Nigerian palm produce
to degrade vegetable oils was examined [37]. Both the
species were readily found to hydrolyze palm oil and palm
kernel oil and good growth was recorded on triglycerides
used as a source of carbon. Extracellular lipases were detected and found to be active at a pH of 5.6. The growth
of Aspergillus oryzae on palm oil effluent was investigated
by Barker and Worgan [38]. The fungus grew in a batch
culture indicating utilization of principal substrate components, with a period of protein assimilation followed by
lipid and carbohydrate utilization. Supplementation with an
inorganic nitrogen source was found to be necessary and
BOD reductions of 75% and COD reductions of 75% to
80% in batch cultures were observed.
Aspergillus niger was observed to posses extracellular
enzymes that hydrolyze pectins, polyphenols and tannins. It
degrades many phenolic compounds and can be used for
pretreatment of olive black water [39]. The organic fraction of olive oil mill waste includes sugars, tannins, polyphenols, polyalcohols, pectins and lipids [40]. Hamdi et al.
[39] observed a reduction in COD of 52.5 % using A. niger
in aerobic conditions. Average COD removals of 55%,
52.5% and 62.8% in olive mill wastewater fermented with
Geotrichium sp, Aspergillus sp, Candida tropicalis, respectively, were observed by Fadil et al. [16]. Under optimum
conditions, 63% and 70% COD were found to be removed
by C. versicolor and F. trogii, respectively [41]. Addition
of sulphate, glucose and nitrogen had no effect on biodegradation and high yields were obtained by fungi immobilized in calcium alginate gels. In a study conducted by
Yesilada et al. [42] treating OMW aerobically with fungi,
it was found that Coriolus versicolor, Funalia trogii and
Pleurotus sarorcaju showed high reductions in COD. The
ability of Phanerochaete chrysosporium to degrade the
phenolic compounds of olive oil mill wastewater and to
decrease the COD using cells immobilized on loofah was
examined by Ahmadi et al. [43]. The fungus did not grow
on the concentrated wastewater and a reduction of 50% in
COD was observed. Pleurotus ostreatus grown in bioreactor batch cultures in a model OMW (diluted and sterilized) was observed to cause significant phenolic removal
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[44]. Laccase, the sole ligninolytic enzyme detected in the
growth environment, was found to be produced during
primary metabolic growth. The toxicity of OMW against
the seeds of Lepidium sativum and the marine Branchiopoda
Artemia sp. was observed to decrease after biotreatment.
Pleurotus ostreatus was able to reduce phenolic content and
toxicity of sterilized OMW, in bioreactor cultures. However, it was concluded by Aggelis et al. [44] that high OMW
dilutions should be used, and/or additional treatment should
be applied before use of the OMW in the environment.
In a study carried out by Zheng et al. [45] on treatment
of salad oil manufacturing wastewater using yeast isolates,
a large loss of biomass was observed which subsequently
reduced the treatment efficiency. Of the five yeast species
used in the study, only Candida tropicalis remained in the
aeration tank possibly because it had better settleability.
Addition of nitrogen to the final effluent stimulated the activity of this yeast, which resulted in treatment efficiency
similar to that of the mixed yeast system. Lanciotti et al.
examined the ability of different Yarrowia lipolytica yeast
strains to grow in OMW and to reduce its COD level [46].
Results showed that some Yarrowia lipolytica strains are
good candidates for the reduction of the pollution potential of OMW and for the production of enzymes and metabolites such as lipase and citric acid. In another study
conducted on Yarrowia lipolytica, it was observed that the
yeast reduced the COD level of OMW by 80% and produced useful biomass and enzyme lipase [47].
Biodegradation of oil under thermophilic conditions

At temperatures above 50oC, the oil aggregates melt,
and stable emulsions of substrates with a large surface area
are formed during agitation. Under such conditions, the bioavailability of such hydrophobic substrates for enzymes and
microorganisms is significantly increased. From a technological point of view, high temperatures are desirable, because the viscosity of the streams decreases, and thus diffusion and mass transfer are accelerated [10]. Biological treatment of oils under thermophilic conditions, i.e., above 60oC,
is expected to be advantageous due to favorable changes in
physical properties of these hydrophobic compounds with
increasing temperature.
Becker et al. [10] studied the aerobic thermophilic degradation of olive oil using a pure culture of bacterial strain,
Bacillus thermoleovorans IHI-91, in a continuously operated stirred tank reactor. It was observed that an oil removal of more than 90% of the initial oil concentration of
2 g/L was obtained at a residence time of 2 h. A relatively
high maximum biomass yield of 1.05 g dry cell per g olive
oil consumed was measured in the study. A severe growth
inhibition was observed when the feed olive oil concentration was increased to more than 4 g/L. Compared with
data from mesophilic processes the oil degradation rates
obtained under thermophilic conditions were extremely
high. Lapara and Alleman [48] attributed this difference to
the fact that nitrifying bacteria, floc-forming organisms and
higher organisms those aid flocculations were not present,

which affected sludge sedimentation. In subsequent experiments, Becker et al. [10] treated wool-scouring wastewater
and results showed that aerobic thermophilic treatment of
wool scouring wastewater using Bacillus thermoleovorans
IHI-91 was possible.
Markossian et al. [49] carried out a study on the same
strain, Bacillus thermoleovorans IHI-91 and observed that
the aerobic bacterium grew optimally at 65oC and pH 6.0
and secreted a high level of lipase. The strain was observed
to utilize several oils such as olive oil, sunflower oil, soya
oil, and fish oil as sole carbon and energy source without an
additional supply of growth factors. A degradation of about
93% of triolein, which is present in olive oil, was observed
after only 7 h of fermentation at a maximal growth rate of
1.0 h-1. Because of its production of high concentrations of
thermoactive lipases and esterases, the bacterium was found
capable of degrading a wide range of oils at high temperatures.
Enzymes for treatment of oily wastewaters

Lipases are enzymes or biocatalysts, which have the
ability to catalyze cleavage of carboxyl ester bonds in tri-,
di-, and monoacylglycerols [50]. Lipases cleave ester bonds
of triacylglycerols with the consumption of water molecules
(hydrolysis). There are several research studies available on
the treatment of oily wastes using lipase [4, 51]. Most of
these studies focused on pre-treatment of wastewater from
dairies and slaughterhouses. There is a wide range of scientific studies investigating enzymatic hydrolysis processes to
precede traditional biological treatment. These enzymes catalyze the hydrolysis of complex organic compounds, transforming them into substances that can be readily biodegraded by the microbial consortium present in subsequent
biological treatment [52].
Use of enzyme preparations is not attractive because it
is only used for hydrolysis of oils to fatty acids and glycerol [53, 54]. The fatty acids liberated can form colloidal
particles that aggregate and precipitate from solutions during changes in environmental conditions in the treatment
system causing clogging and process failure [8]. Therefore,
this approach provides only a partial solution to the problem. Process stability may also depend on the state of the
added enzyme preparations. If added in solution, enzymes
would be lost from the system. It is also difficult to recover
them from reactor effluent at the end of the catalytic process, which is an even more expensive exercise. In contrast,
immobilized enzymes would be retained within the system
and most likely would have improved stability in relation to
environmental conditions [53]. Immobilized enzymes have
the advantages of multiple usage, controlled reactions, and
mechanical stability [55]. Despite these advantages, the use
of immobilized enzymes in wastewater treatment has been
limited by several factors, mainly the high cost of the enzymes connected with immobilization procedure. Also, loss
of enzyme activity during the immobilization procedure
and during the reaction is the main hurdle for widespread
commercialization [55].
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In a study conducted by Jeganathan et al. [56], the hydrolysis of oil originated from pet food industrial
wastewater was evaluated. Lipase from Candida rugosa
was immobilized and applied in the hydrolysis experiment.
Lipase from Candida rugosa is a microbial enzyme produced by fermentation of yeasts. It was extensively used
for oil hydrolysis [55, 57, 58] because it is one of the
commercially available lipases that have the ability to
liberate all types of acyl chains. Results of the study conducted by Jeganathan et al. [56] showed that approximately 50% of the oil was hydrolyzed due to the enzyme
activity. A significant increment in COD and VFA production was also observed. During the 3-day experiment,
approximately 65% of the beads was recovered and after
the hydrolysis, approximately 70% of the enzyme activity
remained in the beads. The study showed that the immobilized lipase could be used up to 4 cycles with a 55%
activity recovery. However, after 4 cycles, the activity
loss was critical probably due to lipase leakage from the
beads and/or blockage of substrate/ product. The study
showed the potential of immobilized lipase as a pretreatment step in biological treatment of pet food manufacturing wastewater.
Jung et al. [12] treated dairy wastewater in a batch activated sludge system with and without an enzymatic prehydrolysis stage. Fermented babassu cake containing Penicillium restrictum lipase was used in the pre-hydrolysis
stage. The efficiency of the pre-hydrolysis was monitored
through the formation of free acids. During the study, a
marked difference between the concentration of free acids
before and after the hydrolysis was observed indicating a
modification in composition of wastewater even when a
small quantity of fermented cake (0.2%) was utilized. After
enzymatic hydrolysis the COD values were observed to rise
due to the presence of organic compounds in the enzymatic
cake besides microorganisms and proteins. Even being fed
with high COD concentrations, the hydrolyzed bioreactor
maintained COD removal efficiencies in the range of 82%
to 93% indicating that products of enzymatic hydrolysis
were easily metabolized by the microbial consortium present in the activated sludge. Also growth of biomass was
observed to be more intense in the hydrolyzed bioreactor.
A study on biological treatment of dairy wastewater
containing high levels of oil was conducted by Leal et al.
[59]. The study used two identical upflow anaerobic sludge
blanket (UASB) reactors, one fed with wastewater from
an upstream enzymatic hydrolysis step and the other with
raw wastewater. The hydrolysis was carried out at 35oC for
14 h using an enzyme preparation obtained through solidstate fermentation, presenting pronounced lipase activity.
The UASB reactor fed with the hydrolyzed wastewater assimilated the increase of oil content in the influent and
showed stable COD removal even when the oil concentration was raised to 1000 mg/L.
Dharmshiti and Kuhasuntisuk [60] investigated the effect of addition of lipase to a biological system treating restaurant wastewater. These authors reported that the oil con-

tent was totally removed after 48 h incubation of the wastewater with the enzyme. However, the amount of enzyme
preparation used by these authors was appreciably high.
Cammarota et al. [52] first proposed hydrolysis of oil in
dairy wastewater by a solid preparation of lipase. The results of the work showed that a pre-treatment with enzymatic hydrolysis improved the treatment of dairy
wastewater in a bench scale UASB reactor. A similar
work was carried out by Leal et al. [61], using a liquid
preparation of enzymes and batch operated anaerobic reactors. The highest level of oil investigated by these authors
was 1200 mg/L and the removal attained in reactors fed
with the hydrolyzed stream was significantly higher than
that reached in the control reactor without pre-treatment.
Therefore, enzymatic pre-treatment is found to improve the
performance of anaerobic reactors treating industrial
wastewaters containing high oil concentrations. Gombert
et al. [62] studied lipase production by Penicillium restrictum in solid-state fermentation using babassu oil
cake as a substrate. The highest lipase activity was observed after 24 h of cultivation with 2% olive oil enrichment. Mendes et al. [63] used a com-mercially available
pancreatic lipase to pre-treat oil rich wastewater from
dairy industries. The results confirmed in-creased levels of
biogas production and higher COD and color removal. The
pretreatment was optimized for 12 h hy-drolysis time, enabling high-biogas formation and organic matter removal
(78.2%).
ANAEROBIC TREATMENT OF OILY WASTEWATERS

During anaerobic treatment of oily wastewater, biotransformation of oil takes place in the following steps [64]:
• Hydrolysis to unsaturated long chain fatty acids (LCFA);
• Saturation of unsaturated LCFAs; and
• β- oxidation of saturated LCFA to volatile fatty acids.
β- Oxidation Pathway

In an anaerobic environment, lipids are first hydrolyzed
to glycerol and free LCFAs. This process is catalyzed by
extracellular lipases that are excreted by the acidogenic
bacteria. Further conversion of the hydrolysis products
takes place in the bacterial cells. Glycerol is converted to
acetate by acidogenesis, while the LCFAs are converted to
acetate and hydrogen through β-oxidation pathway. β-oxidation is considered a limiting step in the anaerobic degradation of complex organic substrates [65-67], because
LCFA oxidizing bacteria are slow growers (growth rate 0.10.3 per day) [68]. As syntropic substrates, their anaerobic
microbial degradation is limited by high hydrogen partial
pressure [68, 69]. Hydrogen is produced in several steps in
the anaerobic degradation of complex organic substrates and
removed from the process mainly by hydrogen consuming
methanogens and some acetogenic bacteria [69].
Anaerobic treatment
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In anaerobic treatment processes, the characteristics of
oily wastewater lead to many challenges. Sludges with
diverse characteristics with poor activity can develop and
have foam on the surface of the water. This may also affect
the biomass losses with an effluent, decreasing biomass
quantity within the reactor and hence the efficiency of the
treatment system. In addition, oil can be adsorbed on the
surface of the anaerobic sludge, which may limit the
transport of soluble substrate to the biomass. At a lower
temperature, oils may solidify and create operational problems such as clogging and producing unpleasant odours
[52].
Problems with anaerobic treatment of wastewater containing oil result from two phenomena: (1) adsorption of a
light oil layer around biomass particles causing biomass
flotation and washout and (2) acute toxicity of LCFA, especially unsaturated LCFA, to both methanogens and acetogens, the two main trophic groups involved in LCFA degradation [66]. The conversion of LCFA to acetate in anaerobic process is limiting for gas production and removal of
COD [70]. The design of anaerobic systems to treat
wastewaters containing vegetable oils must account for
slow degradation of LCFA and potential inhibition by
LCFA. The breakdown of LCFA is often the rate-limiting
step in the degradation of a complex substrate [71].
Experimental work carried out by Beccari et al. [72] on
anaerobic treatment of OMW showed that the inhibition
of methane production was mainly caused by the presence
of lipids in the OMW. The experimental work was carried
out in a semi continuous two-reactor system fed with diluted OMW. Saturation of unsaturated LCFA was identified
as the key factor to prevent inhibition of methanogenesis. It
was concluded that presence of a modest hydrogenotrophic
activity in the first reactor was sufficient to obtain an
almost quantitative conversion of unsaturated LCFAs to
palmitic acid, thus drastically lowering inhibition on methanogenesis in the second reactor. However, degradation of
saturated LCFAs did not continue beyond the formation
of palmitic acid. Concentration of hydrogenotrophic bacteria within the acidogenic reactor was not high enough to
allow the progression of the β- oxidation down to VFAs.
Another study was carried out by Beccari et al. [73] on
OMW to investigate the interaction between the acidogenesis and methanogenesis occurring in anaerobic digestion. It
was observed that most of the lipids in OMW were degraded in both the stages. A low methanogenic activity,
established in acidogenic conditions due to the partial degradation of the chemical inhibitor, was observed to be the
key factor in determining lipid degradation even in acidogenesis. The results of the study suggested that two-phase
anaerobic digestion might be adopted as a suitable process
for optimizing OMW degradation.
Saacti et al. [70] investigated treatment of wastewater
from a sunflower oil industry in a pilot-scale mesophilic
UASB reactor. The removal efficiencies of total lipids and
fatty acids were observed to be above 70% at organic load-

ing rates between 1.6 and 7.8 kg COD/ m3 d and at optimum retention times of 2.0 and 2.8 days. The conversion
rate of removed COD to methane was between 0.16 and
0.354 m3 CH4 / kg COD. Hanaki et al. [74] anaerobically
treated cafeteria wastewater containing about 30% of oil on
a COD basis in a single-phase system and two-phase systems. The two-phase system achieved approximately 85%
of methane conversion from removed COD, while the single-phase achieved only about 70% on average. The difference between systems was reflected by the oil content
of the wastewaters on a COD basis. Therefore, the results
showed that oil was degraded only in the two-phase system, and little degradation of oil took place in a single-phase
system.
POME treatability in an anaerobic hybrid digester studied by Borja et al. [75] showed that at an organic loading
rate (OLR) of 16.2 g/L day and HRT of 3.5 days, COD
removal efficiency and methane yield of 92.3% and 0.335
m3/ kg were achieved, respectively.
Najafpour et al. [76] studied anaerobic digestion of
POME in an upflow anaerobic sludge-fixed film (UASFF)
bioreactor. The study revealed that that the use of UASFF
reactor was a good strategy to accelerate anaerobic granulation and to achieve high COD removal efficiency in a short
period of time. The reactor was found to be very efficient in
the treatment of diluted and high strength POME at a high
OLR and a short HRT. High COD removals of 89 and 97%
at an HRT of 1.5 and 3 days were achieved, respectively.
Also, it showed that the use of packing media in the middle portion reduced channeling problem and loss of biomass due to flotation associated with poorly performing
UASB reactors.
Faisal and Unno [77] studied the treatability of POME
using a modified anaerobic bioreactor (MABR). It was observed that removal of COD and oil varied from 87.4 to
95.3% and from 44.1 to 91.3%, respectively. The total
volatile fatty acid production was 1450 mg/L at an HRT of
3 days and gradually decreased to 608 mg/L at an HRT of
10 days.
Anaerobic digestion of OMW was studied on a laboratory scale through chemical-physical processes followed
by biological treatment by Filidei et al. [78]. Anaerobic
digestion was observed to reduce organic load by 78-89%
and phytotoxocity tests carried out on Lepidium sativum
seeds showed that the anaerobic treatment considerably
reduced the phytotoxic character of OMW. Anaerobic digestion of chemically pretreated OMW was observed to
reduce COD in the range of 0.77-0.65 g of COD degraded
per g of COD fed to the reactor by Banitez et al. [79].
Wahaab and El-Awady [80] studied treatment of meat
processing wastewater containing oil and grease in a UASB
reactor followed by a RBC. A removal efficiency of only
58% was achieved for oil by using the UASB and when a
RBC followed it, an overall efficiency of 91% was achieved
with the oil concentration of 10 mg/L in the final effluent.
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Nakhla et al. [81] evaluated the use of a new biosurfactant derived from cactus for treatment of oily wastewater
anaerobically. The addition of biosurfactant to high oil
wastewater produced a 164-238% increase in the total COD
biodegradation rate coefficient and a 164-247% increase in
particulate COD rate coefficient. Results from a full-scale
mesophilic anaerobic digestion system indicated that the
addition of the biosurfactant at doses of 130-200 mg/L decreased oil concentrations from 66,300 to 10,200 mg/L
over a two-month period. Del Nery et al. [82] evaluated the
performance of poultry slaughterhouse wastewater using a
treatment system consisting of two UASB reactors along
with a dissolved air floatation system. The UASB showed
total chemical oxygen demand and soluble chemical oxygen
demand removal efficiencies of 67% and 85%, respectively.
The organic matter removal efficiency of the treatment plant
was observed to reach about 90%.

SUMMARY COMMENTS

Biological processes for removal of oil from
wastewater comprise of both aerobic and anaerobic processes and involve microorganisms to degrade them (Table 1 and 2). ASP is the most commonly used aerobic
treatment process for oily wastewater. Various studies on
ASP report on the use of both acclimatized and nonacclimatized activated sludge. Also, researchers have
reported on the use of a combined suspended and attached
growth process for degrading oil. The most common anaerobic treatment technique in-

TABLE 1 - Biological treatment.
S. No.

Biological treatment

Source of oil

Efficiency/ Remarks

Reference

1
2
3
4

Acclimated ASP
ASP
Batch ASP
Anaerobic/ aerobic SBR

OMW
Dairy wastewater
Pet food wastewater
Edible oil industrial effluent

[11]
[12]
[13]
[15]

5

Aerobic treatment
Combined anaerobic-aerobic treatment
RBC
Sand biofilm filter

OMW

Bakery wastewater
OMW
Sunflower oil industrial effluent
Cafeteria wastewater
POME
POME
POME

81.7% total lipids removal
70% removal efficiency of total lipids
85% of CH4 converted from removed COD

[72]
[70]
[74]
[75]
[76]
[77]

15

Combined suspended
and attached growth
Two-reactor anaerobic system
UASB
Anaerobic treatment (2- phase system)
2-stage UASB
Anaerobic hybrid digester
Upflow anaerobic sludge
fixed film bioreactor
Modified anaerobic bioreactor

Maximum removal rate 0.1 g/L/h
86% COD removal
90% COD removal
90% oil removal
75% COD reduction
71.6-75.9% COD reduction
74% COD reduction
88% COD removal
100% oil removal
96% COD reduction
Reduction in oil content from 0.3 g/L to 0.028 g/L

POME

16
17
18

Anaerobic digestion
Anaerobic digestion
UASB followed by RBC

OMW
OMW
Meat processing wastewater

87.4-95.3% COD removal
44.1-91.3% oil removal
78-89% reduction in organic load
0.77-0.65 g COD degraded / g COD fed
91% oil removal

6
7
8
9
10
11
12
13
14

POME
Vegetable oil

92.3% COD removal
89-97% COD removal

[17]
[18]
[19]
[9]

[78]
[79]
[80]
[81]

TABLE 2 - Microbial degradation.
S No.

Microorganism

Source

Efficiency/ Remarks

Reference

1

Acinetobacter sp.
Rhodococcus sp.
Caseobacter sp.
Acinetobacter sp.

Corn, olive, sunflower and waste
oils

Corn and waste oil supported all bacterial strains than
olive and sunflower oil

[9]

Corn and waste oil

[4]

Pseudomonas sp.
P. diminuta
P. pseudoalcaligens
Escherichia sp.
Rhodobacter shaeroide S
Cunninghamella echinulata
Mucor circinelloides
Aspergillus fumigatus
Aspergillus nidulans
Aspergillus oryzae
Aspergillus niger

Vegetable oil

Reduce lipid content from 1.5 g/L to 0.35 g/L for corn
and to 0.267 g/L for waste oil.
Pseudomonas sp. and
P. diminuta combined, reduced COD by 93% and BOD
by 100%

Domestic wastewater
Edible oil effluent
Sunflower oil waste
Vegetable oils

96% oil removal
98.2 % COD reduction
Presence of acetate enhanced sunflower oil utilization
Hydrolyze palm and palm kernel oil

[24]
[34]
[35]
[37]

POME
OMW

75-80% COD reduction
52.5% COD reduction

[38]
[39]

2
3

4
5
6
7
8
9
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10

C. versicolor
F. trogii
C. versicolor
F. trogii
P. sarorcaju
Phanerochaete chrysosporium
Yarrowia lipolytica
Bacillus thermoleovorans IHI-91

11
12
13
14
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OMW
OMW
OMW
OMW
OMW, wool scouring wastewater

63% COD reduction
70% COD reduction
High COD reduction

[41]

50% COD reduction
80% COD reduction
90% oil removal,
93% triolein

[43]
[46], [47]
[10], [49]

[42]

TABLE 3 - Use of enzymes.
S No.
1
2
3

Lipase
Lipase from Candida rugosa
Lipase from Pencillium restrictum
Lipase from Pseudomonas aeruginosa

Oil
Pet food industrial wastewater
Dairy wastewater, OMW
Restaurant wastewater

volves the use of USAB reactors. Studies have been conducted on the use of a two-stage reactor system, especially
for treatment of OMW. Research has also been made on use
of hybrid bioreactors such as two-stage UASB, UASFF
bioreactor and MABR for treatment of POME. Such hybrid
reactors are found to be efficient in degrading oil and are
gaining importance.
Biodegradation of oils in wastewater involve the use of
microorganisms and use of enzyme preparations. Numerous bacterial strains such as Pseudomonas sp., Acinetobacter sp. have been found to degrade oils such as corn and
sunflower. Use of photosynthetic bacteria for treating oil
containing wastewater is being investigated. Fungal species such as Cunninghamella echinulata, Coriolus versicolor and Funalia trogii were found to be effective in degrading vegetable oil effluents. Biodegradation of oil under
thermophilic conditions is also being investigated to degrade OMW.
Researchers have studied the effects of adding enzymes to biological systems treating oil. Lipases from Candida rugosa and Penicillium restrictum are reported for pretreating oily wastewater. Treatment of oily wastewater using
lipase mainly focuses on pre-treatment. Numerous studies
have investigated enzymatic hydrolysis as a pre-treatment
technique for traditional biological processes (Table 3). Enzymatic preparations produced through solid state fermentation are gaining importance in treating wastewater with
high oil and grease contents.
Although the conventional biological processes are
quite effective in the removal of oil from wastewater, the
use of microorganisms and enzymes show an excellent
promise in oil removal. Further research on the use of fungi
and enzymes in oil removal is necessary before these could
be adopted.
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WATER/SEDIMENT QUALITY ASSESSMENT
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AT THE BLACK SEA COAST OF TURKEY
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SUMMARY

INTRODUCTION

The high biological productivity in nutrient-enriched
water means that the biochemical oxygen demand (BOD)
and sediment oxygen demand (SOD) in the water column
are high as dead material is broken down. The objective of
this research included testing sediment oxygen demand parameter measurements by laboratory techniques, determining spatial distribution of sediment characteristics, and
evaluating the relationship between SOD and depositional
environment in the Kızılırmak River at the Black Sea coast
of Turkey. SOD rates were dependent on the method; therefore, care should be taken in comparing SOD data obtained
by different methods. There is a need for a carefully researched standardized method for SOD determinations. In
this study, SOD is investigated in laboratory experiments
in which sediments are subjected to controlled conditions
of two different techniques. According to both results of
SOD measurement methods, mean SOD values were changing in the range of 0.25 – 0.61 g O2 / m2 / day ; indicating
that the river bed had a high sand and water content (average 25.46% of wet weight) whereas low organic matter
content (average 3.85% of dry weight) characteristics.
Analyses of eight stations produced results that showed
statistically significant differences between the two methods (F (2.18)=16.610 P<0.01) when tested during the same
time period, under the same conditions. In this study the
measured field and laboratory data will be useful in understanding the sediment/water quality of the water body and
also provide parameters that may be used when developing
numerical water quality models for the Kızılırmak River.

KEYWORDS: sediment, dissolved oxygen, sediment oxygen
demand, sediment/water interaction, water quality.

Sediment chemistry is closely linked to the water
quality of the overlying water body. Many water-borne
pollutant and nutrient species are predominately associated with particulate matter that can settle and become sediment. Oxygen demand in river, lake and coastal sediments is a key issue in determining water quality. Thus, it
is important to quantify precisely and identify the processes responsible for sediment oxygen demand in shallow coastal environments [1, 2].
Sediment oxygen demand (SOD) is a component of the
dissolved oxygen (DO) balance of natural water bodies such
as a river section, a lake or a reservoir. Other components
are the biochemical oxygen demand (BOD), oxygen exchange through the water surface (reaeration), photosynthesis and respiration of plants, respiration of animals, and
chemical reduction or oxidation processes. Horizontal advection and dispersion by the flow must also be considered
[3]. The high biological productivity in nutrient-enriched
water means that BOD and sediment oxygen demand in the
water column are high as dead material is broken down.
Thus, oxygen can be stripped out of the water column if the
body of water is not well mixed. This can result in a series
of ancillary problems with raw water quality, such as high
manganese, iron, ammonia and hydrogen sulfide concentrations, all of which are released from the sediment under
reducing conditions. Sediment oxygen demand provides information about the rate at which settled organic matter is
remineralized and may serve as an integrative measure of
sediment metabolism. SOD has been found to be an important sink for dissolved oxygen in a wide variety of surface waters. Moreover, since an increase in temperature
will result in increased rates of bacterial respiration and
biochemical reaction, higher SOD values are expected at
higher temperature. Typically, the lowest SOD rates (0.5-1
g/ m2. day at 20 ºC) are observed for sediments with a
high sand component and little organic matter, moderate
rates (1 to 3 g/m2.day at 20 ºC) occur in silty sediments
containing a moderate amount of organic matter, and the
highest rates are found at sites polluted with organic
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sludge. Typical SOD values are usually provided as a
function of the mineralogical composition of sediments
(e.g. in Higashino and Stefan, 2005 [4]). In some rivers,
SOD accounts for as much as 50 percent of the total oxygen
depletion, making SOD a critical element in water quality
modeling studies. SOD is therefore an integral part of
assessing the quality of water in a system [5-7].
The objective of this research includes testing sediment oxygen demand parameter measurements by means
of laboratory techniques, determination of spatial distribution of sediment characteristics, and evaluating the relationship between SOD and depositional environment in the
Kızılırmak River at the Black Sea coast of Turkey.
MATERIAL AND METHODS
Study Site

The study was conducted on the Kızılırmak River,
the longest river in Turkey. The Kızılırmak River has
78.646 km2 drainage area, which covers approx. 11% of the
Turkish territory, and it transports approximately 831 million m3 water to the Black Sea with an average flow of
185 m3/s. The Kızılırmak Delta, located in the central Black
Sea region, is one of Turkey's most important wetland complexes. The delta is classified as a Wetland of International
Importance according to the Ramsar Convention. It covers
an area of 50.000 ha that includes freshwater marshes and
swamps, coastal lakes, and lagoons. More than 310 bird
species, or 70% of all known bird species in Turkey, use
the delta for breeding, wintering, and migration. The economic use of the delta includes reed cutting, fishing, grazing, farming, recreation, hunting, logging and housing.
The Kızılırmak Delta ecosystem, like many other wetlands throughout the world, is seriously threatened by
development, urban and agricultural pollution, swamp
forest clearcutting, over-grazing, extensive hunting, and
over-fishing [8].
There are two main dams on the Kızılırmak River, the
Hirfanlı Dam and Karakaya Dam. Other important dams on
Kızılırmak River which generate hydro-electrical energy
are the Altınkaya and Derbent Dams (for the purpose of
electricity and irrigation), located in the vicinity of Bafra
City, and Kesikköprü and Kapulukaya Dams. These dams
will ensure that there are no further floods in the channel
through the delta. The dams are also preventing any sediment from reaching the coast. Serious coastal erosion is
inevitable in the coming years. The agricultural lands of
Kızılırmak Delta are extensively irrigated from the canals,
the river and groundwater and the existing drainage system appears to function well [9].
Two approaches for measuring SOD were reviewed by
Truax et al. (1995) [10] including in-situ respirometry and
laboratory respirometry methods. Numerous techniques
have been developed for each approach. A given amount of
sediment is enclosed in a chamber with a known water

volume and oxygen uptake is measured over time. The SOD
rate is then calculated based on the area of the enclosed
sediment, the volume of water in the chamber, and the rate
of uptake [11].
Both methods have their own pros and cons. Laboratory measurements are generally more accurate than field
measurements as they are carried out in a more controlled
environment. However, transportation of sediment from the
site to the laboratory inevitably involves a certain degree of
disturbance to it, no matter how careful the process is. The
extent of reproducibility of ambient field conditions in the
laboratory may also affect the accuracy of the measurements. The delayed measurement of sediment samples may
also have an effect. In situ field measurements can minimize
manipulation of sediment and can reflect ambient field
conditions well. But the measurement is carried out on site,
usually under a more dynamic ambient environment, which
affects the degree of accuracy to a certain extent.
Moreover, depending on the actual configuration details and
design of the equipment, the process of in situ measurement may also disturb the ambient conditions [12].
Laboratory techniques require the collection of undisturbed sediment cores or dredge samples for later analysis
in the laboratory under controlled conditions. In research
extent, sediment samples were taken seasonally, four times
through a year (2004-2005) from Kızılırmak riverbed by an
Eckman-Birge grab sampling device. The study area and the
locations of the sampling stations are given in Figure 1.
Site selection was designed to obtain representative SOD
measurements from the Kızılırmak River while maintaining spatial coverage of the study area.
To evaluate surface water quality and to test different
parameters that offer some comparative SOD results, surface water samples were also collected. The following parameters were measured on each sample: in sediment samples; sediment organic matter content, sediment moisture
content, sediment pH, sediment grain size distribution, and
SOD determination studies were performed. Besides, temperature (ºC), pH, conductivity, salinity, total suspended
solids (TSS), total dissolved solids (TDS), COD, BOD5,
total phosphorus, sulfate, and chloride ion concentrations
were analyzed in water samples from the same stations, and
water/sediment quality evaluation studies were performed.
All the parameters, except SOD, were measured according
to standard methods (APHA, AWWA, WPCF [13]).
Field measurements of water temperature, specific conductance, pH, salinity and DO were taken near the river
surface using a multiparameter water-quality instrument
(Consort C535). Each bottom-sediment sample was physically inspected for color, odor, and grain size (sand, silt, or
clay) to determine the variability and frequency of sediment
types in the study area. All sediment samples were separately determined for moisture. The sediments were dried at
110 ºC for 24 h and ground with a mortar and pestle then
sieved to determine the grain size distribution. Organic
matter was determined as loss of weight at 550 ºC for 2 h.
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FIGURE 1 - Sampling stations of the study site.

SOD was measured using batch samples in the laboratory for each of the sampling seasons (The main laboratory SOD experiments were conducted during spring, April
2005, and summer, July 2005). Two different experimental methods were performed to measure SOD. One of
them was the determination of SOD values using incubated
BOD bottles containing sediment samples.
According to this technique, SOD measurements were
conducted in 300 ml BOD bottles (batch reactor) incubated
at 20±2 ºC for 5 days. Replicate sediment samples each of
20-40g were placed in a BOD bottle. The bottles were then
filled to the rim with the pretreated river water samples
saturated with oxygen taken from the original site. The
samples were placed on a bench and the sample bottles were
continuously stirred for 1 min, then the set-up was initially
allowed to stay for 20 min as described by Chau (2002)
[12] and Kinaci (2004) [18]. After the initial readings, the
dissolved oxygen was determined on a daily basis by use
of an oxygen probe until the oxygen was driven to below
detection level. The method used to calculate the SOD
followed that described by Hanes and White (1968) [14].
A DO depletion curve was constructed with the cumulative DO depletion plotted as the abscissa and time plotted
as the ordinate. The slope, calculated as a least square fit
from the linear mid-portion of the DO depletion curve, represented the SOD in units of gO2 m-2 h-1 [4].
The second one was determining the SOD values using a remodified SOD measurement device from the EPA
Region 1 Library / SOD-01A0006379 (developed by Nolan
and Johnson [15]). The bench model SOD chamber used
in this investigation (Figure 2) was constructed of plexi-

FIGURE 2
The bench model SOD chamber used in the laboratory experiments.

glass and had uniform inside dimensions of 30.5 cm. The
basic principle of operation of the bench model respirometer was to circulate a confined volume of water at controlled rate within a chamber into which an environmental
sediment sample had been placed to a uniform depth and
area. Oxygen depletion in the water was monitored for a
specified period of time in order to estimate the sediment
oxygen demand which is the sum total of processes in the
sediment utilizing oxygen. Water circulation through the
chamber was maintained with a peristaltic pump using a
closed loop principle, operated at a rate of approx. 100 to
120 mL min-1, which allowed continuous contact with the
DO sensor. Increased mixing at the sediment/water inter-
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face never caused the resuspension of sediment. Sediment
was placed in the chamber to a depth of 2.5 cm. Dilution
water was slowly pumped into the chamber with a peristaltic pump, with care taken to minimize disturbance of
the sediment and DO in chamber water overlaying sediment was measured with a Consort C535 multi-parameter
analyzer. Tests were conducted at ambient room temperature 20 ± 2 ºC and dissolved oxygen was monitored by
probe calibrated daily for periods of time usually ranging
from 6-48 hours or until the DO fell below 2 mg L-1 depending on the rate of uptake. Oxygen demand (mg L-1d-1)
for the chamber was calculated as the slope of the least
squares best-fit line of DO versus time. This rate was converted to SOD (g m-2 d-1) by multiplying by the volume of
chamber water, and dividing by the chamber surface area.
Results of the two methods were evaluated using the analysis of variance (ANOVA) around the mean SOD.

RESULTS AND DISCUSSION
Differences in sediment oxygen demand between the
sites in Kızılırmak River were usually not large. The quality of the data from most of the sites was good, although
there was variability among the initial studies that the bench
model SOD system provided reproducible data. According
to the results of both SOD measurement methods, mean
SOD values were changing in the range of 0.25 – 0.61 g
O2 / m2 / day (Table 1); indicating that the river bed had a
high sand and water content (average 25.46% of wet weight)
whereas a low organic matter content ( average 3.85 % of
dry weight ). High correlations (r2>0.90) were obtained in
each of the statistical regressions of dissolved oxygen level
over time. Correlations between SOD and percentage of organic material, and SOD and BOD5 (for surface water column oxygen demand above a sediment sample) were as-

TABLE 1 - The results of the both SOD measurement methods; bench and batch techniques (2004-2005).
Sampling
Station

Mean SOD Values of
(g O2/m2/day) Sediments at the bench model respirometer
April 2005
July 2005

Mean SOD Values (g O2/m2/day) of Sediments
Incubated in BOD Bottles
October 2004 February 2005 April 2005 July 2005

S1

0.6910

0.3770

0.0576

0.1800

0.3600

0.3912

S2

0.3486

0.3702

0.0480

0.1344

0.1920

0.2952

S3

0.7501

0.7897

0.0552

0.1536

0.3624

0.5256

S4

*

0.5484

0.0720

0.1320

0.2592

0.3912

S5

0.3702

0.4080

*

0.0960

0.3336

0.2304

S6

0.6412

0.4870

0.0576

0.1440

0.4560

0.3840

S7

1.0455

*

0.0696

0.1512

0.5856

0.6264

S9

0.7071

1.0237

0.0624

0.1512

0.3456

0.5616

(*) Not Analyzed

FIGURE 3 - Variation of mean SOD values according to
% organic matter measured in sediment samples at selected sites.
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FIGURE 4 - Variation of mean SOD values according to BOD5 and COD measured in surface water at selected sites.

sessed. Results showed that there was no significant correlation between SOD values and percent organic material
measured in bottom sediments (Figure 3). However, a good
correlation was found between sedimentary oxygen demand
and biological oxygen demand measured in surface water
at most of the selected sites while there was a slight linear
correlation between COD measured in surface water and
SOD value at S4, S6 and S9, but not at the other sites
(Figure 4). The results verify that SOD increases linearly
with the BOD5 of the water column above the sediments
when the percentage of organic material is low.

FIGURE 5 - Particle Size Distribution of sediment samples.

Sediment particle size decreased steadily from Bafra
City to the Black Sea. Additionally, bottom sediments had
similar physical characteristics among the locations selected for SOD measurements. Sediments at stations S2
and S5 were mainly sandy while those at stations S6 to S9
were fine silty-clay, which are more vulnerable to absorption and accumulation of pollutants. It was also noted that
the measured SOD values at stations S1, S7 and S9 were
quite high, which may be related to the fish-farm activities in the vicinity of Bafra City, and inside the river dam.
The mean particle size varied from 250µm to 125µm which
indicates that a high proportion of the bed was sand at all
sites (Figure 5). All sediments incubated in bottle/ chamber were gray-brown in color and odourless. Referring to
water quality data from each of the nine locations, it was
expected that water pollution at station S9, which is located
at the treatment plant discharge point where the water renewal effect is extremely poor, would be more serious than
at the other stations. Furthermore, the measured SOD values at this station were particularly higher than their counterparts at the other stations. Significant amounts of phosphorus can be contained in sediment, and its release can
significantly influence the quality of the body of water. It
can easily be seen from Table 2 that distribution of total
phosphorus levels with location in surface water is virtually consistent except for S9 sampling point. On the otherhand, it was concluded that the Kızılırmak River has a
2. class water quality according to the classification of inland water quality at Water Pollution Control Regulations
of Environment current Law of Turkey [16]. Analyses of
eight stations (only sediment sampling points) produced
results that showed statistically significant differences between the two methods when tested during the same time
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period, under the same conditions (F (2.18)=16.610 P<
0.01). The use of two different methods, allowed us an opportunity in respect to developing reliable, accurate la-

boratory respirometry methods to determine the SOD including an experimental approach toward standardizing
the SOD methodology.

TABLE 2 - Water quality characteristics of the Kızılırmak River measured during this study (2004-2005).
BOD5
(mg/L)

COD
(mg/L)

pH/
Temp. (ºC)

DO
(mg/L)

Salinity
(g/L) /
Conduct.
(mS)

Cl(mg/L)

SO4-2
(mg/L)

S1
S2
S3
S4
S5
S6
S7
S8
S9

1.0
0.6
1.0
0.8
0.6
0.8
0.8
0.8
0.2

24.8
20.7
28.1
36.2
44.3
36.9
20.9
16.8
36.1

7.89 /18.0
7.86 /18.0
7.78 /17.0
7.81 /16.5
7.84 /17.2
7.80 /19.3
8.04 /18.1
7.95 /17.4
7.99 /17.4

7.94
7.32
7.27
8.61
8.90
7.56
7.00
6.90
7.13

0.6 / 1.33
0.6 / 1.34
0.6 / 1.34
0.6 / 1.34
0.6 / 1.32
0.6 / 1.32
0.6 / 1.30
0.6 / 1.30
0.6 / 1.32

180.1
183.6
187.9
184.3
181.5
187.2
188.6
177.9
182.2

104.7
106.2
105.2
105.5
105.1
106.3
106.6
104.3
107.2

518 / 1015
54 / 970
46 / 885
78 / 920
50 / 975
18 / 1015
34 / 985
10 / 1025
52 / 965

0.09
0.01
0.17
0.02
0.01
0.10
0.06
0.05
0.15

S1
S2
S3
S4
S5
S6
S7
S8
S9

5.0
4.0
5.0
3.5
2.5
6.0
4.0
3.5
6.5

40.3
50.4
53.8
50.4
47.1
33.6
43.7
53.8
23.5

8.19 / 8.9
7.87 / 7.4
7.86 / 7.2
7.96 / 6.6
7.85 / 7.6
7.81 / 9.2
7.99 / 10.1
8.04 / 8.9
7.77 / 8.6

9.80
9.75
10.10
10.30
10.20
10.10
9.10
9.70
9.60

0.5 / 1.06
1.1 / 1.57
0.7 / 1.21
0.7 / 1.19
0.7 / 1.19
0.7 / 1.29
0.6 / 1.19
0.7 / 1.19
0.7 / 1.32

193.7
198.2
193.2
189.7
188.2
186.1
184.7
189.7
201.7

92.3
89.7
89.1
87.7
90.2
90.1
81.8
87.1
87.4

166 / 1502
36 / 1438
78 / 1846
92 / 1080
70 / 618
36 / 1076
38 / 1252
46 / 1152
66 / 1192

0.11
0.04
0.06
0.08
0.04
0.12
0.08
0.09
0.37

S1
S2
S3
S4
S5
S6
S7
S8
S9

9.2
6.8
8.0
2.8
4.8
8.8
8.8
6.0
9.6

19.2
70.4
89.6
73.6
48.0
108.8
67.2
28.8
25.6

9.20
8.00
8.95
9.40
9.95
8.50
9.00
7.90
8.00

0.5 / 0.94
0.7 / 1.21
0.7 / 1.20
0.8 / 1.20
0.7 / 1.19
0.7 / 1.11
0.7 / 1.20
0.5 / 0.95
0.7 / 1.13

159.5
180.8
214.5
187.9
173.7
198.5
166.6
186.1
168.4

90.5
118.8
100.6
70.7
137.5
119.9
105.6
75.9
80.7

406 / 572
438 / 734
294 / 628
250 / 568
242 / 670
450 / 624
390 / 660
252 / 508
216 / 680

0.07
0.06
0.04
0.07
0.06
0.08
0.05
0.05
0.07

S1
S2
S3
S4
S5
S6
S7
S8
S9

3.6
1.6
2.4
3.2
6.0
3.6
5.6
5.6
4.8

39.9
53.2
30.6
66.6
16.6
36.6
53.2
53.2
23.3

7.50
7.50
7.50
7.40
7.40
7.00
7.50
7.77
7.77

0.8 / 1.66
0.9 / 1.72
0.9 / 1.71
0.9 / 1.72
0.9 / 1.72
0.9 / 1.72
0.9 / 1.71
0.9 / 1.73
0.9 / 1.73

219.1
215.5
213.7
222.6
204.9
231.5
213.7
196.1
206.6

139.3
139.5
139.3
130.1
118.3
114.8
119.3
136.3
105.7

376 / 1128
288 / 1038
266 / 1036
376 / 980
476 / 926
302 / 1044
216 / 1014
338 / 972
286 / 1008

0.06
0.02
0.01
0.06
0.03
0.07
0.09
0.08
0.35

Date

TSS/TDS
(mg/L)

Total P
(mg/L)

Oct.
2004

Jan.
2005

April
2005
8.03 / 18.7
8.05 / 15.0
7.96 / 15.6
8.00 / 15.9
8.00 / 14.9
7.81 / 15.6
8.14 / 15.9
8.77 / 19.4
7.78 / 14.0

July
2005
8.01 / 25.9
7.74 / 19.5
7.84 / 21.5
7.81 / 18.5
7.83 / 21.9
7.78 / 19.6
7.94 / 18.9
7.98 / 19.5
7.77 / 20.8

CONCLUSION
SOD rates were dependent on the method; therefore,
care should be taken in comparing SOD data obtained by
different methods. There is a need for a carefully researched
standardized method for SOD determinations [17]. SOD
generally was greatest by the in situ methods, which are
considered more accurate, and least by the laboratory
method. SOD is related to the composition of the sediment

itself; more organically rich sediments generally have higher
SOD. High SOD values, especially, indicate that the sediment will cause an enormous reduction in the oxygen
concentration at any river (marine) environment, and even
it may create anaerobic conditions. High SOD values of
the bottom sediment make the alternatives considering
disposal in the Black Sea inapplicable [4, 18]. SOD studies
are use-ful in the development of predictive mathematical
models that will determine waste load allocations. They
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are also useful in measuring the depletion of oxygen in
stratified waters when there are concerns about nutrient
regeneration and the loss of aquatic life [19]. SOD rate is
often assumed or estimated in water quality modelling
studies that are used to set discharge limits. Errors in these
assumptions can have a significant environmental and
financial cost [6].
In the present study, SOD was measured using a exsitu benthic respirometer at sediments collected along the
river basin and laboratory measurements of sediments
showed that the average SOD was 6.0 g/m2.d in the Kızılırmak River. The measured rates are indicative of sediments with moderate amounts of organic matter (rates from
1.0 to 3.0 g/m2.d at 20 ºC which is described by Rounds and
Doyle 1997 [7]). The measured field and laboratory data
will be useful in understanding the sediment/water quality
of the water body and also provide parameters that may be
used when developing numerical water quality models
for Kızılırmak River.

[2]

[3]

[10] Truax, D.D., Shindala, A. and Sartain, H. (1995) Comparison
of two sediment oxygen demand measurement techniques:
Journal of Environmental Engineering 121(9): 619–624
[11] USEPA. (2001) Methods for Collection, Storage and Manipulation of Sediments for Chemical and Toxicological Analyses: Technical Manual: EPA 823-B-01-002; U.S. EPA, Office
of Water, Washington, D.C.
[12] Chau, K.W. (2002) Field measurements of SOD and sediment
nutrient fluxes in a land-locked embayment in Hong Kong.
Advances in Environmental Research 6:135-142
[13] APHA, AWWA, WPCF. (1995) Standard Methods for the Examination of Water and Wastewater, 18th Ed., Washington
[14] Hanes, N.B. and White, T.M. (1968) Effects of Seawater
Concentration on Oxygen Uptake of a Benthal System, J.
Water Pollution Control Fed. 40: R272-280.
[15] Nolan, P.M. and Johnson, A.F. (1979) A method for measuring sediment oxygen demand using a Bench Model Benthic
Respirometer. USEPA, New England Regional Laboratory,
Lexington, Massachusetts 5p
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FROM AQUEOUS SOLUTION BY PEAT
Hale Sutcu*
Zonguldak Karaelmas University, Chemistry Department, 67000 Zonguldak, Turkey

SUMMARY

Peat is relatively inexpensive and has a high adsorption
capacity. It has been suggested as an adsorbent for metals

The purpose of this study is to investigate the tendency of peat to adsorb Pb(II) and Ni(II) ions from an aqueous
solution. The experiments conducted aimed at studying the
effect of initial metal ion concentration, adsorbent dosage,
aqueous solution pH and aqueous solution temperature in
the single-component aqueous solutions. In addition, a
binary-component aqueous solution was used to investigate
the effects of contact time and desorption. According to the
results of the experiments carried out under these conditions, it has been established that the optimum peat dosage
is 2 g peat/L, the optimum pH 6, the optimum initial metal
ion concentration 5 mg/L Pb(II) and 5 mg/L Ni(II), the
aqueous solution temperature 20 °C, and contact time
60 min. According to the results of all experimental conditions, the adsorption capacity was found to be Pb(II)>Ni(II).
It has been established that the adsorption isotherm is wellsuited to the Langmuir isotherm.

KEYWORDS:
adsorption, lead, nickel, peat, Langmuir.

in polluted waters [2, 4-12]. Peat is a heterogeneous mixture of more or less decomposed plant material that has accumulated in a water-saturated environment in the absence
of oxygen. Because of its polar characteristics, peat can be
used for the adsorption of metals and polar organic molecules [4-6, 13].
So far, many studies on single and multiple systems
have been performed to investigate the usability of peat in
the adsorption of heavy metals. Southickhack et al. [7] studied adsorption of Cu, Ni, Cd, Zn and Pb by using common
reed (Phragmites australis). They established the order of
Langmuir adsorption capacity to be Cu(II)>Ni(II)>Cd(II)>
Zn(II)>Pb(II). Ma et al. [14] established that adsorption
capacity varied in the order of Cr(II)>Cu(II)>Cd(II). Gosset
et al. [8] observed that the capacity varied in the order
Ni(II)>Cu(II)>Cd(II)=Zn(II), and Qin [5] calculated that it
changed in the order Pb(II)>Cu(II)>Cd(II).
In addition to these multiple adsorption studies, there
exist some other studies in which the adsorption of just a
single heavy metal has been observed, too [9, 10]. Moreover, McKay [2] with his study on the kinetics of adsorption of Cu(II), Cd(II), and Zn(II) observed that it is the most
appropriate Langmuir isotherm.

INTRODUCTION
Increase in industrial wastes as well as overpopulation
bring about water pollution, which has an unfavorable effect
on human life. Reduction or elimination of water pollution
involves high costs as well.
There are several methods for removing heavy metals
from aqueous solutions, which include flotation, biosorption, chemical precipitation, ion exchange, membrane processes, reverse osmosis, adsorption, evaporation, etc. [13]. But, cheaper alternative processes may reduce the high
costs for cleaning the water. Effective and environmentally
sound low-cost materials for the treatment of polluted water
from heavy metals are natural adsorbents, such as peat,
coal, wood, or biomass.

In this study, Yeniçağa peat (Bolu, Turkey) was taken
as an adsorbent. Adsorption properties of Pb(II) and Ni(II)
ions from single- and binary-component aqueous solution
were investigated together with several parameters, such as
contact time, aqueous solution pH and aqueous solution
temperature, adsorbent dosage, and initial metal ion concentration.
MATERIALS AND METHODS
Material
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The peat sample (containing Phragmites communis,
Typha angustifolia - Carex sp., Spergenium erectum,
Nympheo alba, Butomus umbellatus, Sagitteria sagittifolia, Aponogeton distachyos, Potomageton natans) used as
ad-sorbents was obtained from the Yeniçağa region of
Bolu, Turkey. In this region, peat is used to improve garden
soil. The sample was dried at 105 °C for 24 h, and reduced to the size range of 0.25-0.84 mm. Their ultimate
and proximate analyses were carried out in accordance
with ASTM standards, and the results obtained are given
in Table 1.
TABLE 1 - Proximate and ultimate analyses of the sample.
Asha (%)
Volatile mattera (%)
Fixed carbona (%)
MJ/kgb
Cb (%)
Hb (%)
Nb (%)
Sb (%)
Ob,c (%)
a
dry free; b dry ash-free; c O = 100-(C+H+N+S)

19.83
60.91
19.26
20.41
49.77
5.77
0.88
2.48
41.10

sorbent at equilibrium (mg/g); Qmax is the amount of adsorbate at complete monolayer coverage (mg/g); and b is
the binding energy constant.
The graph of the calculated C/q values versus C should
present a linear curve. The intersection point of the linear
curve and C/q axis equals 1/Qmax.b, and also its inclination equals 1/Qmax.
RESULTS AND DISCUSSION
Effect of contact time in single-component aqueous solution

When the contact time increases, so does the percentage of the adsorbed metal (Fig. 1). After 75 min of adsorption time, all Pb(II) ions are adsorbed from the aqueous
solution, whereas only 52% of the nickel ions are adsorbed.
Even if the time was increased, the number of Ni(II) ions
adsorbed remained unchanged. A similar adsorption behaviour was reported in a previous study [15]. Pb(II) ions have
a high adsorptive capacity, whereas Ni(II) ions have a low
one. The optimum contact time was established to be 60 min.
100

Pb(II)

90
80

For the adsorption tests, stock solutions were prepared
which contained 1 g/L Pb(II) or Ni(II). The tests were performed on a batch system with a shaker operated at a speed
of 150 rpm. In the experiments conducted on a singlecomponent aqueous solution, contact time, aqueous solution pH, adsorbent dosage, initial metal ion concentration
and aqueous solution temperature were taken as variables.
In the adsorption experiments carried out with the binarycomponent aqueous solution containing two constituents,
variations in contact time and desorption were investigated.
The solution pHs were adjusted with hydrochloric acid and
sodium hydroxide. Following the tests, the aqueous solution
was filtered and amount of heavy metal in the filtrate was
determined with a Perkin Elmer 1100B AAS. The experiments were repeated three times, and an average of the results was taken. In addition, the adsorptive capacities of the
adsorbent and thermodynamic parameters were calculated
using the Langmuir adsorption isotherm.

70

Adsorption (%)

Adsorption tests

60

Ni(II)

50
40
30
20
10
0
0
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80

100 120 140 160 180

Contact time (min.)

FIGURE 1 - Effect of contact time on adsorption of Pb(II) and Ni(II)
ions from single-component aqueous solution by peat (peat dosage:
2 g/L, pH: 6, 5 mg/L Pb(II), 5 mg/L Ni(II), temperature 20 OC).

100
90

Pb(II)

80

The Langmuir adsorption isotherm was applied to the
results of adsorption experiments at aqueous solution temperatures of 20 °C, 40 °C and 50 °C.
The main point of this statement depends upon the assumption that adsorption is performed at a single-layer basis
and shows that adsorption is realized only when there are
active adsorbent parts. Langmuir isotherm for the solution
can be written as:

Adsorption (%)

Langmuir isotherm

70
60
50
40

Ni(II)

30
20
10
0
0

C/q = 1/Qmax.b + C/Qmax
where, C is the metal concentration at equilibrium (mg/
L); q is the amount of metal adsorbed per mass unit of
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FIGURE 2 - Effect of pH on adsorption of Pb(II) and Ni(II) ions from
single-component aqueous solution by peat (peat dosage: 2 g/L, contact time: 60 min, 5 mg/L Pb(II), 5 mg/L Ni(II), temperature: 20 OC).
The effect of aqueous solution pH in
single-component aqueous solution

The aqueous solution’s pH has a considerable effect on
the adsorption of metal ions [16]. The present study was
based on a pH range of 1.0-8.0. Fig. 2 shows the effect of
pH on adsorption. As aqueous solution pH increased, so did
the ions adsorbed [5, 7]. When the pH was 7, a 100% adsorption of Pb(II) ions was achieved. When pH was 6, adsorption of Ni(II) ions reached the maximum value of 50%.
Above this pH value, there was a decrease in adsorption
percentage. In various studies in the past, the aqueous solution pH was ranged between 3.0-8.0 [14], and in the present
study, it was found to be 6.

initial metal ion concentration. With increasing initial metal
concentration and aqueous solution temperature, the adsorption of Pb(II) and Ni(II) ions was observed to decrease. The
adsorption recoveries regarding Pb(II) and Ni(II) ions were
achieved in the order of 20°C>40°C>50°C. However, more
Pb(II) ions were adsorbed by peat. In particular, as the aqueous solution temperature increased, the percentage of Ni(II)
ions adsorbed fell to as low as 4%. The optimum aqueous
solution temperature was established to be 20 °C.
100
80

The effect of adsorbent dosage in
single-component aqueous solution

40°

70
60
50°

50
40
30
20
10

When the peat amount increased from 0.01g/l to 4.00g/l,
there was a sharp increase in the percentage of Pb(II) ions
adsorbed (Fig. 3). While the adsorption value of the metal
ions from aqueous solution decreased per unit weight of
adsorbent, the percentage of the adsorption decreased. Provided that the peat dosage is 0.01 g/L, the highest adsorption intensity for lead and nickel ions is obtained.
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FIGURE 4 - Effect of aqueous solution temperature on the
initial Pb(II) ion concentration from single-component aqueous
solution by peat (peat dosage: 2 g/L, contact time: 60 min, pH: 6).
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FIGURE 3- Effect of peat dosage on adsorption of Pb(II) and
Ni(II) ions from single-component aqueous solution (contact time:
60 min, pH: 6, 5 mg/L Pb(II), 5 mg/L Ni(II), temperature: 20 OC).

FIGURE 5 - Effect of aqueous solution temperature on the
initial Ni(II) ion concentration from single-component aqueous
solution by peat (peat dosage: 2 g/L, contact time: 60 min, pH 6).

This value was found to be 145 mg/g for Pb(II) and
40 mg/g for Ni(II) at that dosage. However, in a previous
study, lead adsorption capacity was established to be 90230 mg/g [11], and the adsorption capacity of nickel was
found to be 132 mg/g [12]. The optimum adsorbent dosage was found to be 2 g/L.
The effect of single-component aqueous solution
temperature on the initial metal ion concentration

Figures 4 and 5 show the effects of the various aqueous solution temperatures (20 °C, 40 °C and 50 °C) on the

Adsorption isotherms

The solutions containing initially Pb(II) and Ni(II) ions
varying between 5-40 mg/g were subjected to adsorption
with 2 g/L of peat at 20 °C, 40 °C and 50 °C for 60 min.
Thus, the data obtained were applied to Langmuir models.
Langmuir parameters are given in Table 2.
As a result of the increase in temperature, the decrease
in percentage of the Pb(II) and Ni(II) ions can clearly be
derived from the value of Qmax, which is the Langmuir constant. The order of Qmax is Pb(II) >Ni(II).
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100

TABLE 2 - Langmuir parameters of Pb(II) and Ni(II) ions.
Temperature (°C)
20
40
23.80
15.50
0.79
0.33
0.96
0.96
10.90
9.90
0.09
0.08
0.97
0.98

Pb(II)

Ni(II)

80

50
6.50
0.26
0.98
2.10
0.04
0.99

Desorption (%)

Qmax(mg/g)
b (1/mg)
R2
Qmax (mg/g)
b (1/mg)
R2

90

The Gibss values for adsorption processes of metal ions
decreased when aqueous solution temperature was increased.
They were -28.80 kJ/mol, -25.80 kJ/mol and -20.5 kJ/mol
for Pb(II) ions at 20 °C, 40 °C and 50 °C, respectively. The
Gibss values of adsorption of Ni(II) ions were established
to be -27.80 kJ/mol, -23.80 kJ/mol and -19.5 kJ/mol at
20 °C, 40 °C and 50 °C, respectively.
The enthalpy changing of the adsorption process for
the adsorption of Pb(II) and Ni(II) ions was found to be
-22.9 kJ/mol and -13,5 kJ/mol, respectively. This exothermic process showed that if aqueous solution temperature
increased, the adsorbed quantity decreased.
Effect of contact time in binary-component aqueous solution

Fig. 6 shows the adsorption behavior of Pb(II) and Ni(II)
ions, existing together in the aqueous solution, against the
time. The more the contact time increased, the more the
amount of removed Pb(II) and Ni(II) ions increased. When
compared to Fig. 1, it can be seen that the adsorption of
Pb(II) and Ni(II) ions decreased on a fifty-fifty basis.
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FIGURE 7 - Effect of contact time on desorption
of Pb(II) and Ni(II) ions from binary-component
aqueous solution (peat dosage: 2 g/L, 20 OC).
Desorption

Some adsorption tests were performed in order to investigate suitability of the peat previously used as adsorbent. The adsorption tests were conducted on peat,
which was used in adsorbing metal ions from binarycomponent aqueous solution. To this end, a 1M H2SO4
solution was employed. As is evident from Fig. 7, adsorption depends on time. In 30 min, 22% of Pb(II) ions and
16% of Ni(II) ions were desorbed. At the end of a period
of 180 min, these values increased two-fold.
CONCLUSIONS

100

While peat is efficient in the adsorption of Pb(II) and
Ni(II) ions from single-component aqueous solution, it is
less efficient in the case of binary-component aqueous solutions. It has been established that adsorption changes depending upon contact time, aqueous solution pH and temperature, adsorbent concentration and initial metal concentration. The adsorption test results show that peat is not
reusable. Furthermore, it has been determined that adsorption isotherm fits the Langmuir isotherm. According to the
tests performed at 20 °C, it has been calculated that the
Langmuir constant, Qmax, for Pb(II) is 23.80 mg/g, and that
for Ni(II) 10.90 mg/g.
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FIGURE 6 - Effect of contact time on adsorption of Pb(II) and Ni(II)
ions from binary-component aqueous solution by peat (peat dosage:
2 g/L, pH: 6, 5 mg/L Pb(II), 5 mg/L Ni(II), temperature: 20 OC).
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SUMMARY

or stream, the general and simple procedure is defined by
4 steps [3]:

Wise and sustainable uses of water resources are essential for effective river-basin management planning. An
intensive water quality study of the lower Mert stream,
located in Samsun, in the mid-Black Sea coast of Turkey,
was performed examining dissolved oxygen, biochemical
oxygen demand, total phosphate – phosphorus, nitrogen
derivatives, stream hydrology, and major inputs. In this
study, the Enhanced Stream Water Quality Model
“QUAL2E ” was applied to evaluate the present and future
water pollution loads in the Mert stream. The QUAL2E
was calibrated and validated using data collected between
seasonally averaged values in 2002. The success of the
model can also be judged by the ability of the model to
represent the system under different conditions. Following the calibration, the model was run by applying the existing condition and different scenarios. For the existing conditions, pollution load transported from the Mert river to
the Black Sea was calculated. In addition, simulations were
made for different scenarios, including the best and worst
case management conditions. Thus, this study also analyzed
the impact of remediation and improvement in the water
quality of the Mert Stream.

KEYWORDS:
Black Sea, Mert stream, QUAL2E, calibration, simulation.

INTRODUCTION
During the past few decades, methods of system analyses have been widely applied to solving problems in
managing the water environment. Historically, the first
attempts to apply mathematical equations to river water
quality problems were made by Streeter and Phelps in
1925 [1]. Since then, there have been great developments
in water quality modeling in understanding the processes
[2].
Water quality models are used for design or operational
purposes. When a water quality model is applied to a river

Presentation of the main characteristic of the study area.
Identification of the major pollution sources.
2. Collection and processing of field data (physical, flow,
and water quality).
3. Choice of a proper mathematical model. Determination
of the main water quality variables of interest.
4. Calibration of the model to determine its main coefficients using field data. Verification of the model using
the new set of field data.
1.

For this paper, in the first part, the general characteristics of the area of study, which is the Mert stream, and its
major pollution sources were presented. The effluent of the
Yılanlı stream, in which solid wastes of Samsun were deposited and through which leakage from the solid waste
landfill area was transported to the Mert stream, was identified to be a pollution point source. There are also nonpoint
loads related to agricultural runoff, since the basin area is
also an agricultural land. The second part dealt with field
data collection for the Mert stream. Collecting data included
were physical, flow, and water quality characteristics. After
that, the QUAL2E model was selected to be the water quality model. Finally, the model was calibrated and simulated
different conditions for the Mert stream.
A number of typical applications of QUAL2E models
have been developed for and applied to various river systems in many countries, such as Spain, Slovenia, India, and
Korea. Calibration and validation of the QUAL2E in various conditions enhance its application potential. Because
there are a wide variety of river systems each having its own
hydrological characteristics and its own particular pollution problems, the QUAL2E is designed with the flexibility to match a variety of applications. Some of these applications are described in Park and Lee [4], Chaudhury et
al. [5], Ghosh and Mcbean [6], Drolc and Koncan [2], Van
Orden and Uchrin [7], Mcavoy et al. [8] and Onur et al. [9].
Study Site

The Mert stream is one of the most important streams
transferring a high quantity of contaminant loads to the
Mid-Black Sea Coast of Turkey (Figure 1). The stream
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drains an area of 816.4 km2, and the length of the main

stream is 78 km. Mert Stream starts at Mountain Karadag

FIGURE 1 - Map of the Mert Stream.

which has an elevation of 1150 m and discharges into the
Black Sea after flowing in a channel of 7-8 km. The stream
maximum flow rate is 750 m3 / sec, and its average width is
50 m. Though the water depth is less than 50 cm in the summer period, it can reach 4-5 m in the winter period. Mert
stream is connected with the Karataş, Gebi, Gaman, and
Yılanlı upstreams and is discharged into the Black Sea.
The Yılanlı upstream plays an important role for the Mert
Stream. Since the solid wastes of Samsun are deposited in
the Yılanlı basin, leakage from the solid waste landfill area
is transported through the Yılanlı upstream to Mert stream.
When the Yılanlı upstream flows into Mert stream, the pollution load increases. This uncontrolled pollution load affects the water and sediment quality of the Mert Stream
[10].
QUAL2E model theory

The QUAL2E is a comprehensive and versatile stream
water quality model. The model is applicable to dendritic
streams that are well mixed. It assumes that advection and
dispersion are significant only along the direction of flow.
Because of stream conditions and the need for measuring
water quality values for Mert stream, the QUAL2E model
was used.
The QUAL2E model is capable of simulating up to
15 water quality parameters in a well-mixed dendritic
stream. It assumes that advection and dispersion are significant only along the direction of flow. The model also

allows for multiple discharges (point sources), withdrawals, tributary flows, and incremental flows (non-point
sources). Either steady state or quasi-dynamic simulations
can be performed. The model uses a finite difference solution for the advective – dispersion mass transport equations
and also has the capability of performing an uncertainty
analysis. [8]
The general mass transport formulation of the model is:
∂C ⎞
⎛
∂⎜ Ax DL
⎟
∂( Ax u C )
∂M
dC
∂x ⎠
= ⎝
dx −
dx + ( Ax dx )
+s
∂t
∂x
∂x
dt

(1) ,

where M is mass(M), x is distance(L), t is time(T), C
concentration(M L-3 ), AX is the cross sectional area (L2 ),
DL is the dispersion coefficient(L2T-1), u is mean velocity ( L T-1 ), and S is sink and sources(M T-1 ). The main
variable for this model is dissolved oxygen (DO), and it can
be affected by BOD decay, nitrification, sediment oxygen demand (SOD), and reaeration. The reaction rates for
these processes are needed as inputs in the model [11].
MATERIALS AND METHODS
Model Inputs

The QUAL2E simulation for the Mert Stream was
initially set up by dividing the river into reaches and com-
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putational elements. Once this was accomplished, the hydraulic information (river flow, velocity, and dispersion
coefficient) was input so that the mass could be properly
transported down the river. The headwater, incremental inflows, and wastewater discharge concentrations were then
also introduced to simulate mass loads of the various constituents. Lastly, the rate coefficients for the various processes (e.g., BOD decay coefficient, N conversion) were
added.
Stream Segmentation

In order to apply the QUAL2E water quality model to
any stream, the first step is to subdivide the stream system
into reaches, which are stretches of the stream that have
uniform hydraulic characteristics. Each reach is then divided
into computational elements of equal lengths. The computational elements in the model are the headwater element, standard element, element just upstream from a junction, junction element, last element in a system, input

element, and withdrawal element. In order to apply the
QUAL2E model to Mert Stream, the 2.5 km length of the
stream was divided into 6 reaches (Fig. 2). It was started at
the dike upstream and ended at the bridge of SamsunÇarşamba highway at the sea side. The number of computational elements was 28. There were two headwater
elements and three point loads in Mert Stream. Yılanlı
stream was the only stream discharging to Mert Stream in
the region modeled. Therefore, only one junction element
was utilized. The solid wastes of Samsun City are dumped
into the Yılanlı stream basin, and the leachate from the
dumping site is mixed with Mert stream. Yılanlı Stream
was defined as both the headwater element and the point
load element. Other point loads defined for Mert Stream
were the municipal wastewater and the industrial
wastewater, which were discharged from the small industrial activities. There were also nonpoint loads related to
agricultural run-off, since the basin area is also an agricultural land.

Yılanlı upstream
0.3 km
Reach 2
1 (H)

4 (H)

5 (S)

Leakage from
solid waste dumping site

6 (P)

2 (S)
3(S)
7(S)
8 (J)
9(S)
10(S)
11 (S)
12 (P)
13 (S)
14 (S)
15 (S)
16 (S)
17 (S)
18 (S)
19 (S)
20 (P)
21 (S)
22( S)
23 (S)
24 (S)
25 (S)
26 (S)
27 (S)
28 (E)
0 km

2.5 km
Reach 1

Mert Headwater

2km
Reach 3

New Bridge
Domestic wastewater

1.5 km
Reach4

Bulvar Bridge

Industrial wastewater

1km
Reach5
Mert Bridge
0.5 km
Reach 6
Black Sea

FIGURE 2 - The Mert stream prototype description.

Water sampling and analysis

In order to measure the water quality parameters and
calibrate the QUAL2E model for the Mert stream conditions, the water samples were collected from different points
on Mert stream for each season. On-site measurements of
temperature and pH were conducted using an ion selective
electrode. The conventional water quality samples were im-

mediately preserved on site and then transported to the
laboratory for the analysis of BOD (5 day), nitrogen (NH3,
NO3, NO2), and phosphorus (total–ortho-phosphate) using
standard sampling and laboratory procedures [12].
Hydraulic data
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The measured flow information (depth, velocity, and
flow) was used to develop the discharge coefficients for following equations, which were used in the QUAL2E simulation. All of the parameters were measured in situ. The
results of hydraulic characteristics are shown in Table 1.
u= a Q b
d = αQ

(2)
(3),

β

3

where Q = river flow (L / T ) , d= river depth (L) , u=
river velocity (L/T ), and a, b, α, and β are empirical constants [5]

The QUAL2E offers 8 options for estimating or reading in the reaeration coefficient. These options include expressions derived by different studies. For example, the
Churchill, O’Connor, Owens, and Langbien formulations
are all in terms of depth and velocity. As shown in Table 2,
of these alternative equations, the Owens and Churchill
formulations were derived for conditions most similar to the
prevailing conditions in the Mert Stream according to depth
and velocity [13].

TABLE 1 - Mert Stream reaches and hydraulic data.
Reach Reach
Name
1
Mert
Headwater
2
Yılanlı
upstream
3
New built
4
Bulvar
built
5
Mert built
6
Black Sea

Reach
Length
2.5-2

Depth

Velocity

a
0.313

b
0.450

c
0.335

d
0.225

0.3-0

0.516

0.450

0.374

0.250

2-1.5
1.5-1

0.312
0.126

0.125
0.218

0.287
0.462

0.250
0.150

1-0.5
0.5-0

0.160
0.578

0.250
0.116

0.437
0.430

0.275
0.210

BODu

0,61

Churchill

Owens-Gibbs

Depth (ft)
Velocity(ft/s)

2.00-11.0
1.8-5.00

0.40-2.40
0.10-1.80

0,01
2

4

6

8

10 12 14
Time (day)

16

18

20

FIGURE 3 - Biochemical oxygen demand
decay rate for the Mert Stream in 2002.

Mert Stream
Reach
Reach
1-3-6
2-4-5
1.64-3.28 0.82- 2.30
1.96-3.01 0.32-1.47

Model Calibration and Simulation

The QUAL2E model was run with four sets of observed data and subsequently validated with a second set of
field data. While calibrating, attention was given to adjust
the assumed values that were considered from the available
literature. The response of pollution loads are mainly governed by the reaction coefficients of the respective constituents, which are also influenced by the river hydraulic
conditions. Therefore, adjustments were focused on the reaction coefficients.
The constants and coefficients selected during the
model calibration are shown in Table 3. The coefficients α5
and α6 represent the oxygen uptake per unit of oxidized
ammonia and nitrite. The values used are recommended by
the USEPA and are based on the stoichiometry of the reactions. The Manning’s roughness factor used in the model
was based on the lowest value recommended in the
QUAL2E Manual for natural river channels that are
winding with pools and shoals. [14].
TABLE 3 - Summary of coefficients
for modelling in the Mert Stream.

Log (BODu) = = 0.0416t + 0.1291
R2 = 0.9272

0

(5)

Parameter

0,41
0,21

Owens et al Formulations
k2,20 = 9.4 u0.67 /d1.852.31

TABLE 2 - Depth and velocities for the computed rearation rate constant of Mert Stream.

The biokinetic rates for BOD decay were determined
in the laboratory at a temperature similar to field conditions. To do this, one composite sample was collected from
8 different points of the stream and the 20- day biochemical
oxygen demand was measured. The slopes of semilog plots
between BODu at river temperature (log scale) and travel
time (linear scale) give the requisite in stream rate coefficient. The same values of the carbonaceous deoxygenetion
rate or biodegradation constant rate (k1) were for each reach.
This was because the settling rate coefficient was taken to
be a constant value and the sediment oxygen demand rate
was not computed. The biochemical oxygen demand rate
was determined to be 0.0416 day-1.

0,81

( 4)

u = Average river velocity ft/s
d = Average river depths ft

Biokinetic rates

1,01

Churchill et al Formulations
k2,20 = 5.026 u0.969 d-1.6732.31

22

Parameter
BOD decay rate(k1)
BOD settling rate (k3)
Organic N settling rate (σ4)
Organic P settling rate (σ5)
O2 uptake per unit ofNO2
oxidation (α6 )
O2 uptake per unit ofNH3
oxidation(α5)
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Unit
day-1
day-1
day-1
day-1
mg O2/ mg
NO2-N
mg O2/ mg
NH3-N

Range
0.02-3.4
-0.36-0.36
0.001-0.1
0.001-0.1
1.0-1.14

Value
0.041
0.06
0.1
0.1
1.14

3.4

3.43

Fresenius Environmental Bulletin

Rate constant for the hydrolysis day-1
of organic N to ammonia( β3)
Organic nitrogen settling rate day-1
(σ4)
Organic phosphorus settling
day -1
rate (σ5)

0.02-0.4

0.25

0.001-0.1

0.1

0.001-0.1

0.1

tion Land-Based Water Quality, the biochemical oxygen
demand concentration corresponds to Class 2 for Mert
Stream.

The application of the QUAL2E model must be in conjunction with a field sampling and laboratory measurement
program, which is essential to identify the magnitude of
model parameters and then to make an initial prediction for
ensuring the forecasting accuracy.
Figures 4 and 5 show the computed model concentration profiles and observed values of BOD5 and DO. The
relative similarity of the observed values for the two different sampling periods is apparent from the proximity of
the data points. In Figures 4 and 5, a good match is observed
between the computed and measured values of BOD5 and
D.O.

Along the river, ammonia nitrogen and nitrate were
measured. Generally, measured nitrogen values were low
in the river. It was determined to be about 0.40-1 mg / l
through measurement calibration. The relative error was calculated to be 1% -16% between the measurement and calibration results. According to the Environment Law Water
Pollution Control Legislation Land- Based Water Quality,
the nitrogen concentrations for ammonia and nitrate correspond to Class 2 for Mert Stream. The comparison between the average measured values and average model
calibration results is shown in Table 5.
9

dissolved oxygen concentration (mg /l )
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The data collected from seasonally averaged values in
2002 indicated that the DO water quality standards, which
are according to the Turkish Law Water Pollution Control
Legislation, were unchangeable and the average DO value
was between 8.0 and 8.3 mg / l through measurement and
calibration. Calculated relative errors of the results were
determined to be between 0.12% - 0.98%. As shown in
Table 4, According to the Environment Law Water Pollution Control Legislation Land-Based Water Quality in Turkey, the DO values correspond to Class 1 for Mert Stream.

model

8

measured

7
0

5

10

15

20

25

30

ditance (hm )

TABLE 4 - Environment Law Water Pollution Control
Legislation Land- Based Water Quality Classification, Turkey.
Classification of Water Quality
I
II
III
IV

28

25
6.5-8.5
8
200
0.2

25
6.5-8.5
6
200
1

30
6-9
3
400
2

>30
>6-9
<3
>400
>2

0.002

0.01

0.05

>0,05

5

10

20

>20

0.02

0.16

0.65

>0.65

Biochemical oxygen demand
oncentration(mg/l)

Water Quality Parameters
A General physical and
inorganic parameters
1. Temperature
2. pH
3. Dissolved oxygen( mg / l )
6. Sulphate Ion ( mg /l )
7. Ammonia Nitrogen
(mg NH+4 —N / l )
8. Nitrite Nitrogen
(mg NO-2-N/ l )
9. Nitrate Nitrogen
(mg NO-3-N/ l )
10. Total Phosphorus
(mg PO-34-P/ l )
B Organic Parameters
1. COD ( mg / l )
2. BOD 5 ( mg / l )

FIGURE 4 - Dissolved Oxygen calibration of the QUAL2E
model for the Mert Stream seasonally averaged values in 2002

21

model

14

measured

7

0
0

5

10

15

20

25

30

distance (hm )

25
4

50
8

70
20

FIGURE 5 - Biochemical Oxygen Demand Calibration of QUAL2E
model for the Mert Stream seasonally averaged values in 2002.

>70
>20

Along the river, the BOD5 was determined to be
about 8-16 mg / l through measurement calibration. It was
interesting to note that, in Figure 4, the concentrations of
BOD5 increase sharply when the point source, the leakage
from the solid waste dumping site, is discharged to Mert
Stream. Following the dilution of this point load, the BOD5
concentration decreases to its background concentration.
The relative error was calculated to be 0.06% - 8% between the measurement and calibration results. According
to the Environment Law Water Pollution Control Legisla-

TABLE 5 - Comparison between average measured values
and average model calibration results seasonally in 2002.
Water Quality
parameters
DO (mg /l)
BOD ( mg/l)
NO3 –N (mg /l )
NH3 – N (mg/l )
Total PO4-P ( mg/l)
Dissolved PO4-P ( mg/l)

1561

Seasonally
Averaged Measured values in 2002
8.14
10.85
0.66
0.44
0.19
0.78

Seasonally
Averaged Models
Results in 2002
8.15
11.00
0.69
0.46
0.20
0.76

© by PSP Volume 16 – No 12a. 2007

Fresenius Environmental Bulletin

RESULTS
Model construction for water quality analysis requires
not only mathematical insight and accurate implementation, but also the acquisition and use of experimental data,
initially for calibration of the model and finally for verification of the model before reliable simulation can be undertaken for management planning [15].

tion of Mert Stream. Figure 6 shows the nitrate concentration simulation for the existing condition and best – worst
case scenarios. In the worst case condition simulation, the
nitrate concentration would be 4.86 mg / l when the leakage water was discharged to the stream. Also, the nitrate
concentration would be5.76 mg / l when the industrial pollution load was discharged to the river. However, the best
case condition simulation nitrate concentration was 30%
lower than the existing condition.
8,00

Nitrate nitrogen concentration ( mg / l )

After the model calibration, the model was run for two
different scenarios: first, the best case management of the
stream basin, including its quality for wild – life enhancement, aesthetics, and recreation, and second, the worst case
condition occurring in the stream basin. Then, pollution
loads which were transported from Mert Stream to the
Black Sea were calculated for the scenarios and for the
existing condition.
TABLE 6 - Comparison of pollution loads
for the existing condition and scenarios.
Parameter
Biochemical oxygen
demand
Nitrate nitrogen
Ammonianitrogen
Dissolved phosphorus
Total phosphorus

2501.27
591.18
363.85
1318.89

existing
condition

4,00

worst scenario
best scenario

2,00

0,00
0

5

10

15

20

25

30

distance (hm )

Pollution load ( tone / year )
Existing
Best case
Worst case
condition
scenario
scenario
42156.27
19466.30
113341.20
4229.74
1864.68
1136.97
6085.29

6,00

FIGURE 6 - QUAL2E Simulation of nitrate
nitrogen concentrations for Mert stream: existing
condition, best case scenario, and worst case scenario.

17101.24
5594.05
7595.26
10545.52

Table 6 shows the pollution load determined for all of
the simulations (existing condition, best case scenario, and
worst case scenario) in Mert stream. The pollution load
computed depended on the pollution concentration and
flow rate in Mert stream (average flow rate 145 m3/sn). In
the worst case condition, there was no treatment for any
wastewater, and Environmental Law Water Pollution Control Legislation Land – Based Water Quality Class 4 parameter values were used for the QUAL2E model run.
Also, the worst stream conditions for water quality in the
future were determined. However, in the best case condition, preliminary precautions and conventional treatment
(90%) were applied to the domestic and industrial
wastewaters, and also Environmental Law Water Pollution
Control Legislation Land – Based Water Quality Class 1
parameter values were used for the QUAL2E model run.
According to all of the scenarios, it was suggested that
the possible pollution loads carried to the Black Sea Basin were computed.
For the existing condition, the nitrate concentration
changed between 0.40 – 1 mg /l. However, according to
the Environmental Law Water Pollution Control Legislation Land – Based Water Quality, the nitrate concentration
value must not exceed 5 mg / l for class 1. When these concentration values were compared to both existing conditions for Mert Stream and the Land – Based water quality,
the nitrate concentration was too low for the existing condi-

In the first headwater (Reach 1), the ammonia concentration did not change much, but in the second headwater
(Reach 2), after discharging to the municipal wastewater
load in the stream, the ammonia concentration increased.
After that, the industrial pollution load was discharged to
the stream, and the ammonia concentration decreased. So,
for the worst case simulation, at the point at which the municipal wastewater load was discharged to the river, ammonia concentration would be increased 2.9 mg / land the
point at which industrial pollution load was discharged to
the river, the ammonia concentration would be decreased
2.33 mg /l .
A dissolved phosphorus simulation was performed for
the existing condition and best-worst case management
scenario. For the Mert stream, it was calculated that the
lowest pollution load was dissolved phosphorus. According to the worst case management scenario, the dissolved
phosphorus concentration increased 1.93 mg / l after the
leakage water was discharged to the Mert stream. For the
best case condition, the model was run, and the dissolved
phosphorus concentration would be lower 40% than the
existing condition.
DISCUSSION AND CONCLUSION
The steady state water quality model QUAL2E has
been applied to the problem of modeling of the Mert river
water quality. Data limitations are the primary difficulty
associated with use of the model for applications to rivers
such as the Mert stream. In addition to providing the man-
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agement ability to the water quality, the QUAL2E can be
used as a good tool for determining the reaction kinetics
of a river facing problems of water quality that leads to
the ability to assess the assimilative capacity of a stream.
Experimental procedures to determine the input parameters in the stream’s QUAL2E model were applied. The
model was calibrated by field and laboratory measurements
and validated for conditions in the Mert stream. Rate
constants are dependent on the type of the stream and in the
case of the Mert were different from quoted literature values. The experimental approach was found to be appropriate, but reliance on literature values would cause substantial errors in model predictions.
Overall, this analysis summarized the changing situations of stream and water quality management in Samsun,
Turkey from the aspects of economic goals, industrial programs, agricultural production, and regional population
growth. With the aid of simulation analysis, the planners
would be able to answer significant decision – making
issues, such as what will be done for reducing the pollution load in the future, and connected with this question,
what sort of precautions will be taken for Mert stream.
Thus, this study may lead to further works of remediation
and improvement of Mert stream .
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SUMMARY
The effects of biodegradable liquid of lignocelluloses
on dye degraded by white rot fungus were investigated.
Different dye media were used in screening fungal strains
for their decolorizing ability. The strain P.ostreatus BP1
showed better decolorization compared to other fungus.
When P.ostreatus BP1 was inoculated in some media containing biodegradable liquid from lignocelluloses, an obvious increase in the biomass of P.ostreatus BP1 and laccase
activity was observed. Additionally, biodegradable liquid of
lignocelluloses also accelerated dye biodegraded by white
rot fungi in a medium containing malachite green and biodegradable liquid, the removal efficiency of malachite green
could reach up to 94% rapidly in 6d and the ligninases activity increased more than 10 folds in contrast to the controls. The results also suggested that the mechanisms of
accelerating dye biodegradation by biodegradable liquid of
lignocelluloses might attribute to co-metabolism or enzymemediator system.

KEYWORDS: white rot fungi, biodegradable liquid, dye degradation, co-metabolism.

INTRODUCTION
Dyes and dyestuff have been extensively used in many
industries, especially in the textile industry. During these
processes, part of these dyes penetrates into wastewater.
Most of these compounds are toxic, carcinogenic and highly
resistant to degradation [1]. The release of dye wastewater
has caused concern because of its effect on the environment
and health [2].
Earlier studies have shown that many dyes are very difficult to be degraded by general microbes because of their
complicated and stable structures. They are not susceptible
to be degraded by conventional activated sludge processes

and sometimes their toxicities increase after being treated.
In addition, some bacteria can only degrade special individual dye effluents with limited applications [3-5]. White rot
fungi are known to be microbes which can completely degrade synthetic dyes to carbon dioxide and water by producing ligninases, nonspecific free radical chain reaction, or
other mechanisms. Therefore they receive attention from
researchers [6-9].
Although white rot fungi could treat many dyes efficiently, some recalcitrant dyes could not be mineralized
completely by white rot fungi [10]. To improve the biodegradation capacity of white rot fungus, some papers reported
that the degradation of aromatic compounds by white rot
fungi could be enhanced by addition of some inducers such
as Tween 80, ρ-coumaric acid, vanillic acid, veratryl alcohol, catechol, ABTS, due to their structural similarity to the
aromatic compounds [11]. The main mechanism was that
these inducers acted as both inducer and metabolic substrates which promoted the degradation of these compounds
[12]. As a very cheap resource, lignocelluloses and their
degradation products may play an important role in the degradation of aromatic compounds as inducible or metabolic
substrates [13]. In this study, the effects of degradable liquid
of lignocelluloses on the growth of white rot fungi, ligninases activities and dye biodegraded by white rot
fungi were investigated.
MATERIALS AND METHODS
Materials

Black liquor was obtained from the Chen-Min Paper
Making Company (Wuhan, P.R. China); Corn stalk was
purchased from Wuhan suburb (Wuhan, P.R. China); Malachite Green, Congo Red and Bamphenol Blue were supplied
by the Tianjing Damao Chemical Reagent Factory (Tianjing, P.R.China). All chemicals and reagents were of analytical grade.
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Microorganisms and Incubation

The fungal strains were Pleurotus ostreatus BP1, Pleurotus ostreatus YBP and Coriolus versicolor CD. All strains
were provided from the culture collection of College of
Science and Technology, Huazhong Agricultural University, Wuhan, People’s Republic of China. All strains were
transferred from culture flasks (maintained at 4˚C) to potato
sucrose agar plates comprising (PSA) (g L-1 of distilled
water) 200g potato, 20g sucrose and 20g agar. They were
incubated at 28˚C for 5-7 days and then stored at 4˚C and
sub-cultured every 6 months.
Shake flask cultures was grown at 28˚C with continuous agitation at 150rpm in 250ml Erlenmeyer flask containing 100ml potato liquid medium. The potato sucrose
liquid medium contained (PSL) (g L-1 of distilled water):
200 g potato and 20g sucrose. Each flask was innoculated
with five numbers of agar plugs cut from potato sucrose
agar plates. After 7 days, each culture flask was homogenized in a sterilized blender for 1min, providing an inoculum for the following experiments.
Media
a. Five different growth media for white rot fungi

1) Defined medium (DM): glucose 10g, NH 4 SO 4 1g,
KH2PO4 1g, MgSO4·7H2O 0.5g, NaCl 0.3g,
CaCl2·2H2O
0.2g,
MnSO 4 ·H 2 O
0.017g,
FeSO 4 ·7H 2 O
0.03g,
ZnSO4·7H2O
0.03g,
CuSO4·5H2O 0.05g, VB1 0.05 g, H2O 1000mL
2) Corn stalk liquid medium (CL): corn stalk powder 3g,
sucrose 1g, bran 0.8g, cottonseed hull 0.12g, CaSO3
0.02g, MnSO4 0.08g, H2O 100mL
3) Filter paper liquid medium (FL): filter paper powder 3g,
sucrose 1g, bran 0.8g, cottonseed hull 0.12g, CaSO 3
0.02g, MnSO4 0.08g, H2O 100mL
4) Corn stalk solid medium (CS): corn stalk 17g, bran 2g,
cottonseed hull 0.6g, CaSO3 0.3g, H2O 50 mL
5) Black-potato liquid medium (BL): Added 10% black
liquor to PSL
b. Four media with biodegradable liquid of lignocelluloses

celluloses were named CLDL, FLDL, BLDL and CSDL
respectively.
c. Six media with the biodegradable liquid
of lignocelluloses and malachite green

1) PSL-Dye medium (A0): malachite green was added to
PSL medium and the final concentration of dye was
200mg/L
2) PSL-Dye-CSDL medium (A1): CSDL substituted distilled water of A0
3) Dye medium (B0): malachite green was added to 1000
mL distilled water and the final concentration of dye
was 200mg/L
4) Dye-CSDL medium (B1): CSDL substituted distilled
water of B0
5) DM-Dye medium (C0): malachite green was added to
DM medium and the final concentration of dye was
200mg/L
6) DM-Dye-CSDL medium (C1): CSDL substituted distilled water of C0
Evaluation of dye decolorization potential
of different fungal strains

Three white-rot fungi Pleurotus ostreatus BP1, Pleurotus ostreatus YBP and Coriolus versicolor CD were
screened for their capability to degrade malachite green,
bamphenol blue and congo red. The experiment was performed in 250ml Erlenmeyer flasks with 100ml of potato
liquid media supplemented with 200mg/L of malachite
green, bamphenol blue and congo red. The media were
auto-claved and each flask was inoculated with prepared
inoculum (10%, v/v). Controls consisting of uninoculated
flasks were also prepared for comparison, and cultures were
incubated at 150 rpm and 28 ˚C. Then samples were taken
after 7 days incubation, centrifuged at 6000g for 10min at
15˚C and the clear supernatant obtained was used for determination of decolorization rate spectrophotometrically
by reading the absorbance at maximum absorbance spectra (λmax) of these dyes.
Evalutaions of the effects of biodegradable
liquid on biological characteristics

1) CLDL-P: potato 200 g, sucrose 20 g, CLDL 1000 mL
2) CSDL-P: potato 200 g, sucrose 20 g, CSDL 1000 mL
3) FLDL-P: potato 200 g, sucrose 20 g, FLDL 1000 mL
4) BLDL-P: potato 200 g, sucrose 20 g, BLDL 1000 mL.
Four different biodegradable liquid (CLDL, FLDL,
BLDL and CSDL) were prepared accordingly: Strain P.
ostreatus BP1 was cultivated on PSL for 5 days (150 r/min,
28 ˚C), then inoculated (10%) (v/v) to CL, FL, BL and CS
media (100 ml/250 ml Erlenmeyer flasks) respectively and
incubated at 28 ˚C for 7d. Then they were filtrated directly
with gauze (because CS medium is a solid medium, so it
needs to be submerged in water for 4 h before filtering),
and these liquid with some degradation products of ligno-

To evaluate the effects of different biodegradable liquid of lignocelluloses on biomass of the white rot fungus
and laccase activity. The strain P. ostreatus BP1 was inoculated in CLDL-P, CSDL-P, FLDL-P, PSL and BLDL-P
medium (10%, v/v) and incubated for 14 days at 28 ˚C,
150 r/min. The biomass and laccase activity were mensurated per 48h.
Decolorization experiments

The screened strain P. ostreatus BP1 and lignocelluloses degradable liquid (CSDL) was used to investigate the
effects of lignocelluloses biodegradable liquid on biomass,
enzyme activity and dye biodegradation. The strain P.
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ostreatus BP1 was inoculated on A0, A1, B0, B1, C0 and
C1 (10%, v/v) media supplemented with malachite green
(200 mg/L) and incubated for 14 days at 28˚C, 150 r/min.
Samples were taken from the culture at 48h intervals to
monitor the biomass, ligninases activities and decolorization rate. Fungal growth was estimated gravimetrically as
dry biomass obtained by drying washed fungal mycelium
at 105 ˚C overnight. Crude enzyme liquor preparation:
liquid-cultured medium was filtered directly and the filtrate was used as crude enzyme liquor used to be detected.
Solid-cultured medium was soaked in acetum buffer (pH=
5) for 4 h and the filtrate was used as crude enzyme liquor.
Analysis methods

The decolorization of different dyes was determined by
a UV-vis spectrophotometer L-754 at a settled wavelength
[16]. The cultures were centrifuged at 6000g for 10min at
15˚C. The cell free supernatant color was read at different
maximum absorbance spectra of the dyes used, i.e. 617nm
for malachite green, 506nm for congo red and 600nm for
bamphenol blue, using a UV-vis spectrophotometer L-754
(Shanghai, China). The uninoculated dye free medium was
used as blank. The decolorization efficiency was expressed
as η%= (A0—A)/A0×100. (η is decolorization rate, A0 is
initial absorbance, and A is absorbance after some days
culture).
Extracellular enzyme activity of white rot fungus was
mensurated using different methods. Laccase (Lac) activity
was measured with 2, 2’-azinobis (3-ethylbenzthiazoline-5sulfonate) [14] in a sodium tartrate buffer (50mmol/L, pH 5)
at 420nm. Manganese-dependent peroxidase (MnP) activity was measured according to the method proposed by
Zhou and Zhang [15]. One unit (U) of laccase or MnP activity was defined as 1.0 µmol of product formed per minute
under the assay conditions.
RESULTS
Screening of white rot fungi

As shown in Table 1, P. ostreatus BP1 was shown to
be the most efficient strain in regard to decolorization of
three different dyes. Malachite green and bamphenol blue
could be degraded efficiently by P. ostreatus BP1 and YBP

respectively, and the decolorization rate of both reached
more than 90% in CSDL medium. However, the maximum
removal efficiency of malachite green and bamphenol blue
biodegraded by C. versicolor (CD) could only reach
57% and 55% respectively in CSDL medium. Table 1
also showed that decolorization rate had a notable increase
in CSDL medium compared to the other two medium. For
instance, the removal rate of malachite green by strain P.
ostreatus BP1 increased by 35% in CSDL compared to
PSL, and the corresponding degradation rate of bamphenol blue by strain P. ostreatus YBP increased by 46%.
Additionally, P. ostreatus BP1 showed better decolorization capability of dyes in CSDL medium, so the paper is
focused on P. ostreatus BP1.
Influence of biodegradable liquid of
lignocelluloses on laccase activity and biomass

The major enzymes of white rot fungi include lignin
peroxidase, manganese peroxidase and laccase. Some white
rot fungi produce all these enzymes while others produce
only one or two of them [17]. The strain P. ostreatus BP1,
which was selected to degrade dye, produces Lac and MnP
mainly, so laccase and MnP activity was mensurated in the
biodegradation process of dye.
In our previous experiments, the laccase activity of P.
ostreatus BP1 was several times higher than MnP activity.
We suppose that laccase is more important, although it is
highly probable that both these enzymes took a certain role
in decolorization of dyes by P. ostreatus BP1. So the laccase activity was used as standard to evaluate the degradation capacity of P. ostreatus BP1 in different medium containing biodegradable liquid of lignocelluloses.
Fig.1 and Fig.2 showed that addition of different biodegradable liquid of lignocelluloses influenced on laccase
activity and biomass of strain P. ostreatus BP1. As shown in
Fig. 1, compared to the control (PSL medium), the three
media with biodegradable liquid could promote laccase
activity obviously, except for BLDL-P. In CSDL-P medium, the promotion effect of laccase activity was the most
remarkable after 4 d incubation. Two maximum Lac activities, their value were 3748 U/mL and 3468 U/mL, appeared
on day 6 and 10, and the laccase activity might increase
more than 10 folds in contrast to control (Fig. 1).

TABLE 1 - Decolorization rate of different dyes degraded by three white rot fungi in different media.
Dye (200mg/L)
Malachite green
Malachite green
Malachite green
Congo red
Congo red
Congo red
Bamphenol blue
Bamphenol blue
Bamphenol blue
“-” indicated no degradation

Media
PSL
CL
CSDL
PSL
CL
CSDL
PSL
CL
CSDL

P. ostreatus BP1
56.5
81
92
85
13
89
50
67
93
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Decolorization rate (%)
P. ostreatus YBP
54
76
90
60
10
70
45
65
91

C. versicolor CD
52
15
57
41
15
48
36
55
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FIGURE 1 - Effects of different biodegradable
liquid on laccase activity of Pleurotus ostreatus BP1.
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FIGURE 2 - Effects of different biodegradable
liquid on the biomass of Pleurotus ostreatus BP1.

The growth of P. ostreatus BP1 was also effected by
addition of biodegradable liquid of lignocelluloses. Fungal growth, mensurated as dry mass, was presented in
Fig.2. The trend of increasing firstly and decreasing afterwards appeared on the biomass profiles of P. ostreatus BP1
in media with biodegradation liquid, except for BLDL-P.
An obvious increasing of biomass taken place in CSDL-P
compared to the control (PSL medium), the maximum biomass of P. ostreatus BP1 could reach 10.46g/L in CSDL-P
during 4d incubation. Naturally, the corn stalk degradation
liquor (CSDL) was used as additive in next experiments.
Effects of CSDL adding on biomass,
dye degradation, Laccase and MnP activity

The biodegradable liquid (CSDL) had showed a potential to promote the biomass and laccase activity, however, the presence of dye might affect the performance of
the biodegradable liquid. So different media, containing
malachite green and biodegradation liquor (CSDL), were
used to evaluate effects of CSDL adding on biomass, dye
degradation, laccase and MnP activity.
Fig.3 and Fig.4 showed the Lac and MnP activities
varied over incubation period in different media. In the three
media with CSDL added, the laccase and MnP activity
could be enhanced remarkably in contrast to the corresponding control media. In addition, the Lac activity had correlation with the MnP activity, for instance, when the maximum
Lac activity, which was 455.4 U/mL, was obtained from

medium B1 on day 6, the MnP activity could also reach a
maximum on the same day and the value was 115.4U/mL.
There are similar results appeared in the graphics of Lac and
MnP activities in A1 and C1 media.
At the same time, the biomass in media with CSDL was
higher than that in the corresponding control media, which
showed that biodegradable liquid could promote growth of
P. ostreatus BP1 with different extents in different media,
these results were presented in Fig.5. It had been showed
that the profile of biomass in medium C1 had a maximum,
which was 7.42g/L, on day 10, and the biomass increased
consistently with prolonging incubation period in B1 medium. In A1 medium, the maximum biomass was 3.1g/L
on day 12. However, the biomass in control medium always
kept about from 0.5g/L to 0.8g/L.
The decolorizaiton of malachite green by P. ostreatus
BP1 was demonstrated in Fig.6. In those media with CSDL,
the higher removal efficiency of dye biodegraded by P.
ostreatus BP1 were obtained, about above 90% after 6d incubation, in contrast to control medium. There were similar decolorization efficiency in A1 and C1 media, and the
deolorization rate of malachite green could reach 90% and
97.01% after 8d incubation. When the P. ostreatus BP1
was cultured with B1 medium, the decolorization efficiency
was 94.62% on day 6. Additionally, the value always kept
zero in B0 media and there are irregular decolorization rates
in A0 and C0 media.
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FIGURE 4 - MnP activity of Pleurotus ostreatus BP1
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FIGURE 6 - Decolorization of malachite green by
Pleurotus ostreatus BP1 in different media.

DISCUSSION
Generally, biosorption and biodegradation are the two
major mechanisms in the decolorization of dyes by living
fungi [18], biodegradation plays important roles in decolorization because living cells produce the ligninases to mineralize synthetic dyes [19, 20], and biosorption involved
physico-chemical interactions. During the first 2 days incubatiion, although the Lac and Mnp activities were very low

(Fig.3 and Fig.4), the decolorization rate also reached up
to 40.42% and 44.44% in C1 and A0 media (Fig.6), many
studies have demonstrated that fungi were able to remove
dyes by biosorption whether living or dead cells [21, 22],
which suggested that the decolorization attributed to the biosorption of fungal pellets in these medium over the prophase incubation. At the same time, it is obvious that the
corresponding decolorization rate enhanced with increasing
in biomass of P.ostreatus BP1 when the strain P. os-
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treatus BP1 was inoculated in A1, B1 and C1 (Fig.5 and
Fig.6), which suggested that the biosorption of fungal
pellets al-ways accompanied with the whole process of
decolorization in A1,B1 and C1 media. However, the
decolorization rate seemed to have no correlations with
the biomass of P. ostreatus BP1 in A0 and C0 media. In
addition, the decolorization rate always was zero when P.
ostreatus BP1 was cultured in B0 medium although the
biomass kept stable, which might be due to dye was used
as only substrate in B0 medium.
White-rot fungi produced various isoforms of extracellular oxidase including laccase, manganese peroxidase and
lignin peroxidase to degrade various xenobiotic compounds
and dyes [23]. In our study, the Lac and MnP was the major enzymes secrected by P. ostreatus BP1. When the Lac
and MnP activities of P. ostreatus BP1, cultured with A1,
B1 and C1 media, reached a maximum (Fig.3 and Fig.4),
and the maximal decolorization rates were observed in same
media from Fig.6. For instance, the maximum Lac and Mnp
activities appeared on day 8 in C1 medium, the corresponding decolorization rate could up to 97.01% during 8d incubation. Similar results could also be obtained in A1 and
B1 media. These results demonstrated that Lac and Mnp
played important roles during the process of decolorization in some media with biodegradable liquid. However, it
should be noticed that high decolorization rate of dye could
be achieved (Fig.6) although low level of ligninases activity secreted by P. ostreatus BP1 was observed in the medium A1 and C1 before 6 d (Fig.3 and Fig.4), the explanation might be the dye was absorbed by pellets of strain P.
ostreatus BP1 in A1 and C1, but it was strange that the
biomass of strain P. ostreatus BP1 was very low before 6d
incubation, so we could imagine that the other decolorization mechanisms of dyes might existed. Some reports that
there was a good capability of biodegradation by laccasemediator compared with laccase lonely [24-26], and some
native or synthetic mediators with low-molecular weight
could be involved in the enzyme-catalyzed generation of
reactive radical moieties from a variety of lignin-like substrates, but also in the formation of reactive oxygen species which either directly or indirectly could attack lignin
or xenobiotic molecules [23]. Therefore, it is possible that
dye-decolorization was executed by enzyme-mediator partially besides the biosorption of fungal pellets during the
prophase incubation. Additionally, the decolorization rates
have irregular in control media, such as A0 and C0 medium.
From above descriptions, the decolorization could be
explained with the biosorption and biodegradation in some
media with biodegraded liquor. However, how to interpret
the biomass, enzyme activity and decolorization rate could
be promoted when P. ostreatus BP1 was cultured in some
media with degradable liquid compared to control medium?
Our research showed that the Lac and MnP activities, biomass and dye decolorizate rate were higher in B1 medium
than those in medium B0, and the only discrimination B1

from B0 was the addtion of CSDL, which indicated that
the addition of lignocelluloses degradation liquor could not
only provide additional nutrition for the growth of P. ostreatus BP1 but also acted inducers for the secretion of lignolytic enzyme. It was reported that addition of some compounds, such as veratryl alcohol and ABTS, enhanced dye
degradation by white rot fungi [27]. The reasons could be
that some compounds with low-molecular weights could be
obtained from degradation products of corn stalk biodegraded by P. ostreatus BP1, and then degradable liquid
with degradation products with low-molecular weights can
act as mediator to improve the decolorization efficiency or
as carbon or nitrogen resource for the growth of P. ostreatus BP1.
In the coexistence system of lignocelluloses degradation liquor and dye, the degradation mechanisms might be
that white rot fungi first utilized the degradable liquid as
nutrition source for their growth and adsorbed dye by fungal
pellets, then the white rot fungus secreted extracellar enzymes and utilized degradation products with low-molecular weights as mediator to degrade dye, furthermore, the
white rot fungus also utilized degradable liquid as nutrition
to degraded dye by co-metabolism during the prophase
period [28]. Some materials in degradable liquid would increase the secrection of enzymes probably via inducement,
different degradation mechanisms might coexist during the
anaphase period of decolorization. These mechanisms ensured the decolorization process of dye.
Based on the results of above, the new system, containing white rot fungi, biodegradable liquid of lignocelluloses and aromatic compounds, can be used for the decontamination of aromatic compounds from polluted system.
This particular system was not suit for other microorganisms, but for white rot fungi. Because the suitable conditions including abundant nutrition and cometablism substrate were formed and refractory pollutants of aromatic
compounds could be degraded, so an effective bioremediation system to polluted environment could be established.
CONCLUSIONS
1) The strain P. ostreatus BP1 could degrade different
dyes more effectively than the other two white rot fungi in
different media.
2) The biodegradable liquid of lignocelluloses (CSDL)
can promote secretion of laccase and MnP, enhance the
growth of P. ostreatus BP1 and accelerate dye biodegraded
by P. ostreatus BP1.
3) The mechanisms of decolorization process of dye
were very complicated. The biosorption by fungal pellets
might be accompanied with the whole cultivation period.
The enzyme and enzyme-mediator system played important roles in the process of decolorization.
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aromatic hyderocarbons (PAHs). Biotechnology and Bioprocess Engineering, 5:164-168
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Department of Biology, Faculty of Science, Ankara University, 06100 Beşevler, Ankara, Turkey

SUMMARY
In this study, Micrococcus sp. was isolated from chromium-contaminated tannery wastewater, and the capacity
of the microorganism to bioaccumulate Cr(VI) at different
initial pH values (7, 8 and 9), as well as NaCl (0, 2, 4, 6 and
8% w/v) and Cr(VI) (72.0-185.5 mg L-1) concentrations on
molasses media was investigated. At approximately 50 mg
L-1 initial Cr(VI) concentration, the optimum pH was determined to be 9 for the media without NaCI, and 8 for 2,
4, 6 and 8% (w/v) NaCI. The capacity of the microorganism to bioaccumulate Cr(VI) was affected by NaCI levels
in the medium at high Cr(VI) concentrations. The highest
uptake yields were observed as 71.2% for 163.6 mg L-1 and
47.3% for 180.2 mg L-1 Cr(VI), at 8% (w/v) NaCl. In contrast, at low Cr(VI) concentrations (72.0-111.4 mg L-1), the
maximum uptake yields were 99.4% and 99.3% at 2% (w/v)
NaCl, respectively. In the media containing 6% (w/v) NaCl,
the microorganism was able to bioaccumulate more than
93.0% of the Cr(VI) applied at 78.1-109.3 mg L-1 initial
levels, and the highest specific Cr uptake was obtained as
116.34 mg g-1 at 150.2 mg L-1 Cr(VI). These results indicated that Micrococcus sp. has a potential usage to remove
Cr(VI) from saline wastewater and, therefore, biological
treatment process efficiency can be increased by this way.

KEYWORDS: Bioaccumulation, chromium(VI), Micrococcus sp;
tannery wastewater.

Many microorganisms able to remove hexavalent Cr
from wastewaters have been previously reported. In these
studies, microorganisms can tolerate the heavy metal by
bioaccumulating, reducing or binding it into the cell [2-15].
However, there are significant limitations, e.g. salt ions and
alkaline pH values, during removal of Cr ions from
wastewaters by microorganisms, and their Cr(VI) removal
capacity is affected from these external factors [16, 17]. In
waste-water treatment processes based on living microorganisms, such limitations can prevent the efficiency of
microbial ac-tivity. High concentrations of Cr(VI) also
affect removal from wastewaters by reducing the microbial activity [2–18]. For effective biological treatment, it is
most important to isolate the microbial cultures tolerating
both high Cr(VI) and salt levels.
High concentrations of Cr(VI) and NaCl-tolerating
mixed and pure cultures were prestudied in similar media,
as used in this study [14, 19]. The objectives were to isolate
Cr(VI)-resistant bacteria, and to show their possible use for
removing Cr(VI) at high NaCl levels. The final aim was
to isolate that bacterium having the highest Cr(VI) bioaccumulation capacity in saline media. In this study, Micrococcus sp., isolated from tannery wastewaters and having
the highest bioaccumulation capacity, was characterized to
show its resistance to high levels of Cr(VI) and NaCl, when
grown on molasses, chosen as medium due to its high sucrose and other nutrient contents, low costs, availability, and
ease of storage.

INTRODUCTION

MATERIALS AND METHODS

Chromium, a highly toxic transition heavy metal, can
be used by many industries, such as steel production, wood
preservation, electroplating, textile and fertilizer industries,
paint and pigment manufacturing, or leather-tanning. This
widespread usage of Cr has resulted in discharging of Crcontaining wastes into the aquatic environment. Chromium
has two stable forms which are Cr(III) and Cr(VI). Trivalent chromium can be bound to organic matter in aquatic
environment and is much less toxic, but hexavalent Cr is the
most toxic form [1, 2]. Therefore, Cr(VI) must be removed
from industrial wastewaters before biologic treatment.

Isolation and identification

To isolate Cr(VI)-bioaccumulating bacteria, enrichment
was performed by subculturing of samples taken from tannery wastewater in molasses media containing 50 mg L-1
Cr(VI) and 4% (w/v) NaCl at 30 oC. The composition per L
molasses media is beet molasses solution (nearly equivalent to 10 g L-1 sucrose), 1.0 g NH4SO4, and 0.5 g KH2PO4
[20]. A stock solution of Cr was prepared by dilution of
K2Cr2O7 to 10 g L-1. Appropriate volumes of stock solution were added to the media. The initial pH was adjusted
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to 8 with 0.1 M NaOH and 0.1 M HCl. An aliquot (0.1 ml)
of the enriched culture broth was spread on molasses agar
(1.5% w/v) plate with 100 mg L-1 Cr(VI) and 4% NaCl at
pH 8, and incubated at 30 oC (Memmert BE600). After incubation period (2 days), a single colony on the plate was
purified and transferred to agar slants. The pure culture was
kept at 4 oC, and transferred every three months.
Whole cells from an exponentially growing culture of
the isolate were used for 16S rRNA gene amplification [21].
Sequencing and phylogenetic analysis was carried out as
described elsewhere [22].
Culture conditions

The culture was transfered into 100 ml of molasses medium with Cr(VI) and NaCl in 250-ml Erlenmeyer flasks.
All experiments were performed at 30 oC on a rotary shaker
(New Brunswick Scientific Innova 4230) at 100 rpm for
15 days.
Bioaccumulation experiments

In these experiments, first of all the optimum pH values were investigated to determine bioaccumulation capacity of the microorganisms at 0, 2, 4, 6 and 8% (w/v) NaCl
levels. The pHs of the media containing about 50 mg L-1
Cr(VI) were adjusted to 7, 8 and 9, and 1 ml of cultivated
culture was inoculated in 100 ml molasses media at the
same pH and NaCl concentration.
In a second series of experiments, the effect of different Cr(VI) levels on bioaccumulation rate was investigated.
Cultures were grown in molasses containing 72.0-185.5 mg
L-1 Cr(VI) at the predetermined optimum pH values for 0,
2, 4, 6 and 8% NaCl levels, and 1 ml of this culture, adapted
to high Cr(VI) and NaCl levels, was added to 100 ml of
molasses media with different Cr(VI) and NaCl levels. To
determine any reaction of media components with Cr(VI)
and NaCl, control flasks without growing microorganisms,
but Cr(VI) and NaCl, were also prepared. Each experiment
was carried out in triplicate, and all determinations were
made daily during incubation period.
Analytical Methods

During incubation period, 3-ml samples were taken
daily from each flask, and centrifuged to precipitate suspended biomass, at 3,421 g (Hettich EBA12 model) for
5 min. The concentration of chromium in the supernatant
was determined spectrophotometrically (Shimadzu UV 2001
model spectrometer) at 540 nm using diphenyl carbazide
reagent in acid solution as complexing agent for Cr(VI)
[23]. For the measurement of microbial growth, the biomass
concentration was determined by the turbidity of the diluted
sample at 540 nm using a standard curve of absorbance
against dry cell mass.
Statistical analysis

The experiments were set up in a completely randomized design with three replicates. Analysis of variance was

performed by using Minitab 14 on the data, and significant
differences among treatment means were compared by descriptive statistics (±SE).

RESULTS
The colony was seen on agar plates incubated with
Cr(VI), bioaccumulating enriched activated sludge culture.
The colony was purified and examined under the microscope after Gram-staining by standard methods. The isolate
was Gram-positive and coccoid-shaped, and was identified
by amplification and sequencing of its 16S rRNA gene.
Phylogenetic analysis of the nearly complete sequence data
was done by BLAST search. Alignment and further analysis in ARB database revealed that the bacteria had a similarity to Micrococcus sp.
Chromium(VI) bioaccumulation properties of Micrococcus sp. were investigated as function of both initial pH
and Cr(VI). The results are given as bioaccumulated Cr concentration (Cacc: mg L-1), and that at the end of growth
(Cacc,m: mg L-1); and maximum specific Cr uptake as maximum amount of Cr per g dry weigth of microbial cells (qm:
mg g-1). The uptake yield (uptake %) is defined as the ratio
of bioaccumulated Cr at the end of microbial growth to
initial Cr level (C0: mg L-1).
Effect of initial pH on the
bioaccumulation capacity of Micrococcus sp.

To find the optimum media pH for effective bioaccumulation of Cr(VI), experiments at different pHs (7, 8 and
9) and NaCl (0, 2, 4, 6 and 8%) concentrations in the media
containing 50 mg L-1 initial Cr(VI) were carried out. As
shown in Table 1, the uptake yield of Micrococcus sp. was
affected by the various pHs after 7-days incubation at different NaCl levels. At identical NaCl concentrations, uptake yield of Cr(VI) differed significantly depending on pH
values.
The maximum uptake in molasses without NaCl was
observed at pH 9. At pHs 7 and 8, there was no significant
difference in uptake yield. In the media with NaCl, the
maximum uptake yield was observed at pH 8, and uptake
yields were significantly different at pHs 7 and 9. Maximum
uptake yields at pHs 7 and 8 were similar in all tested media. In the experiments with pH 8, the highest uptake was
observed at 2% NaCl, and then decreased at 4, 6 and 8%
NaCl, but being higher than in samples without NaCl. In
molasses media at pH 7, there was no significant difference in uptake yield with increasing NaCl levels. However,
uptake yield of Micrococcus sp. was decreased in media including 8% NaCl.
At the end of this series, the optimum pH values for
Cr(VI) bioaccumulation were determined to be 9 for molasses media without NaCl, and 8 for those including 2, 4,
6 and 8% NaCl.
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Effect of initial chromium concentration on
bioaccumulation capacity of Micrococcus sp.

Cr(VI) concentrations could not be tested because of precipitation of media components and Cr(VI) ions.

Figures 1-5 show the results of Cr(VI) bioaccumulation in molasses media with different NaCl levels, after 715 days. In media without NaCl, but with 74.4-132.8 mg
L-1 initial Cr(VI), the uptake yield of Micrococcus sp. is
shown in Fig. 1. The microorganism bioaccumulated 88.2%
of the applied Cr(VI) at 74.4 mg L-1 levels within 15 days.
At the end of incubation period, at 129.5 and 132.8 mg L-1
Cr(VI), the highest uptake yields were obtained as 85.5%
and 83.0%, respectively. In these media at pH 9, higher

In samples containing 2% NaCl, uptake yield increased with increasing NaCl level (Fig. 2), and Cr(VI)
ions were bioaccumulated at high rates (99.4 and 99.3%)
for 72.0 and 111.4 mg L-1 initial Cr(VI), after 8 days. At
these Cr(VI) concentrations, the uptake yields remained
constant after 5-7 days. At higher Cr(VI) levels, bioaccumulation was slower and maximum uptake was 92.7%
for 147.6 mg L-1, and 89.0% for 185.5 mg L-1 Cr(VI) after
12 days.
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FIGURE 1 - The effect of Cr concentration (Co) on the uptake yield (Y%) of Micrococcus sp. during incubation
in molasses media without NaCl (pH 9, 30 ºC; stirring rate 100 rpm; F value for Cr(VI) and day = 11.56, p< 0.01).
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FIGURE 2 - The effect of Cr concentration (Co) on the uptake yield (Y%) of Micrococcus sp. during incubation
in molasses media containing 2% NaCl (pH 8; 30 ºC; stirring rate: 100 rpm; F value for Cr(VI) and day = 14.54, p< 0.01).
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FIGURE 3 - The effect of Cr concentration (Co) on the uptake yield (Y%) of Micrococcus sp. during incubation
in molasses media with 4% NaCl (pH 8; 30 ºC; stirring rate: 100 rpm; F value for Cr(VI) and day = 10.59, p< 0.01).
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FIGURE 4 - The effect of Cr concentration (Co) on uptake yield (Y%) of Micrococcus sp. during incubation in
molasses media with 6% NaCl (pH 8; 30 ºC; stirring rate 100 rpm; F value for Cr(VI) concentration and day = 10.89, p< 0.01).

At 4% NaCl, bioaccumulation was complete within
13 days at 76.1 and 112.1 mg L-1 initial Cr(VI) (Fig. 3). In
samples containing 112.1 mg L-1 Cr(VI), bioaccumulation
began earlier than in that with 76.1 mg L-1 Cr(VI), and
uptake yields were 90.0% and 94.0%, respectively, at the
end of incubation period. Uptake yields decreased with increasing Cr(VI), and reached 83.3% for 146.4 mg L-1 and
77.4% for 161.2 mg L-1 initial Cr(VI) after 15 days.
Similar results were also observed at 6% NaCl concentration (Fig. 4). At 78.1 and 109.3 mg L-1 Cr(VI) concentrations, more than 93.0% of applied Cr were taken up in

13 days, but then uptake yield remained constant. At 131.9
and 150.2 mg L-1 Cr(VI), uptake yields were obtained as
84.5% and 80.6%, at the end of incubation period, respectively.
As shown in Fig. 5, Cr uptake yield was highly affected
by 8% NaCl at high initial Cr(VI) levels, whereas at low
Cr(VI) level (80 mg L-1) uptake yield was similar to that
of all other tested NaCl concentrations. Micrococcus sp.
accumulated 96.9% of the applied Cr(VI) at 80.1 mg L-1
Cr(VI) level within 12 days. Uptake yields decreased with
increasing Cr(VI). At the end of incubation
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FIGURE 5 - The effect of Cr concentration (Co) on uptake yield (Y%) of Micrococcus sp. during incubation in
molasses media with 8% NaCl (pH 8; 30 ºC; stirring rate 100 rpm; F value for Cr(VI) concentration and day = 44.45, p< 0.01).

period, maximum Cr(VI) uptake yields were 77.7% for
133.3 mg L-1, 71.2% for 163.6 mg L-1 and 47.3% for
180.2 mg L-1 CrVI) levels.
Cr(VI) bioaccumulation of Micrococcus sp. was not
af-fected from NaCl concentrations in molasses media at
low initial Cr(VI), however, highly affected from NaCl at
high Cr(VI). The highest uptake yields were observed in
molasses with 2% NaCl at all tested initial Cr(VI) levels.
The effect of increased initial Cr(VI) on the maximum
specific Cr uptake values after incubation period in media
with 0, 2, 4, 6 and 8% NaCl are shown in Table 2.
Maximum specific Cr uptake values increased with an
increase of both NaCl and Cr(VI), being highest (116.34 mg
g-1) at 150.2 mg L-1 Cr(VI) in samples with 6% NaCl. The
lowest specific Cr uptake was observed in media without
NaCl at all tested Cr(VI) initial levels. Media containing 8%
NaCl were affected from increasing Cr(VI), and maximum
specific Cr uptake decreased to 72.2 mg g-1 at 180.2 mg L-1
Cr(VI) level.

DISCUSSION
The results showed that for most-effective Cr(VI) bioaccumulation of Micrococcus sp., the optimum pH was 9
in media without NaCl and 8 for those with NaCl (Table 1).
During all the experiments, Micrococcus sp. cells growing
at 2% NaCl bioaccumulate more than 89.0% Cr(VI) ions
from the molasses media at all tested initial Cr(VI) levels
(Fig. 3). The maxmimum specific Cr uptake values increased with an increase in NaCl. Micrococcus sp. also
tolerated 8% NaCl, and was able to bioaccumulate 96.9%
of the applied Cr(VI) at 80 mg L-1 initial level (Fig. 5).
Pure cultures, capable of removing Cr(VI), were previously studied [4, 6, 8, 10, 12, 13, 16]. In these studies, Cr
uptake capacity of the microorganisms was determined in
media without salt and different Cr levels, but only strain 8
bioaccumulated Cr(VI) with a high uptake rate in molasses media with salt [19]. In the experiment with 98.8 mg
L-1 initial Cr(VI) and 4% NaCl, maximum specific Cr
uptake value of this strain was 33.14 mg g-1 at pH 8. It is
readily apparent from Table 2, that maximum specific Cr
uptake values of Micrococcus sp. varied from 21.58 mg g-1
at 74.4 mg L-1 initial Cr(VI) upto 116.34 mg g-1 at 150.2
mg L-1, depending on NaCl levels.

TABLE 1 - The effect of initial pH on the maximum of bioaccumulated Cr(VI) concentrations (Cacc,m) and uptake yield (Y%) of
Micrococcus sp. at about 50 mg L-1 initial Cr(VI) (Co) and 0-8% NaCl concentrations after 7 days (30 ºC; stirring rate 100 rpm;
F value for NaCl concentration and pH (Cacc,m) = 68.9, p< 0.01; F value for NaCI concentration and pH (Y%) = 96.11, p< 0.01).
pH
7
8
9

0 % NaCI
Co
Cacc,m
54.9
34.1
57.8
30.8
53.3
45.6

Y%
62.1
53.3
85.5

2 % NaCI
Co
Cacc,m
54.2
40.4
53.5
53.4
61.9
25.0

Y%
74.5
99.8
40.4

4 % NaCI
Co
Cacc,m
54.3
39.3
55.2
44.8
54.8
23.0
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Y%
72.4
81.2
42.0

6 % NaCl
Co
Cacc,m
57.6
42.4
64.8
50.5
63.3
37.7

Y%
73.6
77.9
59.6

8 % NaCl
Co
Cacc,m
58.9
35.0
58.5
36.4
58.0
22.1

Y%
59.4
62.2
38.1
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TABLE 2 - The effect of initial Cr level (Co) on the maximum of bioaccumulated Cr(VI) concentrations (Cacc,m) and maximum
specific Cr uptake (qm) of Micrococcus sp. at about 75-150 mg L-1 initial Cr(VI) and 0-8% NaCl after 15 days (pH 9 for media
without NaCl; pH 8 for 2, 4, 6 and 8% NaCl media; 30 ºC; stirring rate: 100 rpm; ; F value for Cr(VI) and NaCl concentration
(Cacc,m) = 380.87, p< 0.01; F value for Cr(VI) and NaCl concentration (qm) = 224.8, p< 0.01).
0 % NaCl
Co
Cacc,m
74.4
65.6
129.5
110.7
132.8
110.2
-

qm
21.58
41.00
44.79
-

2 % NaCl
Co
Cacc,m
72.0
71.4
111.4
110.2
147.6
136.8
185.5
165.1

qm
22.31
36.49
48.86
63.50

4 % NaCl
Co
Cacc,m
76.1
71.5
112.1
100.9
146.4
122.0
161.2
124.8

In the previous studies performed with Micrococcus
species, the effect of heavy metals, such as uranium and
thorium, were also reported [24], showing that Micrococcus sp. can be used as a potential candidate for Cr(VI)
removal from tannery wastewater containing NaCl and
certain levels of Cr(VI).
CONCLUSIONS
In this study, the optimum pH level was determined to
be 9 in media without NaCl, and 8 in those with increasing NaCl.
At low Cr(VI) levels, uptake yields of Micrococcus sp.
were more than 96%, and the highest was obtained in media with 2% NaCl.
The highest maximum Cr uptake increased with increasing NaCl and Cr(VI), and uptake maximum was found
at 6% NaCl for the highest level of initial Cr(VI).
Micrococcus sp. grew at high NaCl and Cr(VI) concentrations at pH 8, and bioaccumulated these pollutants under
these conditions. Thus, this microorganism would not be
affected by wastewaters containing high NaCl or Cr(VI)
levels at alkaline pHs.
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SUMMARY

INTRODUCTION

Micronutrients play a very important role in biological
processes for wastewater treatment. Many industrial wastewaters lack in nutrients (macronutrients and micronutrients)
required for microbial growth, and this is one of the main
problems at many activated sludge plants treating industrial wastewater. The microbial community structure is one
of the important factors controlling the pollutant-degrading
capacity of biological wastewater treatment system. In this
study, the concentrations of micronutrients of the textile
wastewater discharged from a textile plant were determined,
and the effects of micronutrients on treatment efficiency
and microorganism community structure of the biological
treatment system were studied. The results showed that the
optimal concentrations of magnesium, molybdenum, zinc,
thiamine and niacin in the textile wastewater were 5.0, 2.0,
1.0, 1.0 and 1.0mg/L, respectively. The COD removal rates
when magnesium, molybdenum, zinc, thiamine and niacin
were added individually to the wastewater in their optimal
concentrations were 1.8, 1.4, 1.3, 1.6 and 2.2 times of that
of the control, respectively. The improving effects of combinations of zinc and thiamine, zinc and niacin, thiamine
and niacin were better than single micronutrient. The diversity of quinones (DQ) changed significantly after the micronutrient was added into the wastewater treatment system. This indicated that there was probably a feasibility of
optimizing the biological treatment performances and microorganism community structure of textile wastewater
treatment system through micronutrient supplement.

Micronutrients play a very important role in biological
processes for wastewater treatment. A lot of micronutrients
including zinc, copper, manganese and vitamins are required by activated sludge [1-4]. Adequate trace nutrient
concentrations, including vitamins and metal ions, are needed to support all the genera present in the activated sludge
treatment system in order for a diverse community to survive. The lack of specific nutrients can result in an unbalanced mixed culture, leading to poor-quality effluent, reduced treatment efficiency and sludge-handling problems
[5, 6].
Many industrial wastewaters lack in nutrients (macronutrients and micronutrients) that are required for microbial
growth. The macronutrients required are carbon, hydrogen,
oxygen, nitrogen, phosphorus and sulphur. In treatment
plants dealing with industrial wastewater, nitrogen and
phosphorus may need to be added to the influent [7-9]. As
for micronutrients, very few researches have been focused
on them [10, 11]. The role of micronutrients in biological
wastewater treatment process is not as clear as the roles of
carbon, nitrogen, and phosphorus [12]. It is difficult to
measure trace quantities and, in addition, complex chemical and biochemical interactions mean that the theoretical
requirements for micronutrients have not been established.
Textile wastewater is well known as one of the most
difficult wastewaters to be treated. The aim of this study
was to investigate the feasibility of optimizing the biological treatment of textile wastewater through micronutrient supplementation.

KEYWORDS: textile wastewater, micronutrients, COD removal
rates, microbial community structure

MATERIALS AND METHODS
The wastewater and the activated sludge were taken
from a typical wastewater treatment plant treating effluent
from the textile industry. The wastewater had a low COD
concentration of 100-300mg/L, the ratio of COD to BOD
was 10:3, and the pH of the wastewater was 7-8.
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Figure 1-3 showed the effects of trace metal ions (magnesium, molybdenum and zinc) on the COD removal rate
of textile wastewater.

The effects of micronutrients on textile wastewater
treatment were conducted by batch test cultivation under
aerobic condition, the volume and incubation time of batch
test was 250mL and 6 hours, respectively. The culture temperature was 28±1℃. The control was almost the same as
those of experimental systems, except that certain concentration of micronutrients was added in the experimental
systems while equal volume of distilled water was added
in the control. Three parallels were carried during all the
experiments. COD and mixed liquor suspended solids
(MLSS) of the textile wastewater were determined using
standard methods [13].
The effect of micronutrients on the microorganism
community structure was conducted, and the community
structure of activated sludge microorganisms were monitored by quinone profiles; and microbial quinones in activated sludge were analyzed according to an improved method, and microbial diversity using quinone as an index (DQ)
were calculated [14,15].
RESULTS
Micronutrients in the textile wastewater

The inductively coupled plasma (ICP) atomic emission
spectrophotometer analysis showed that the textile
wastewater were deficient in a number of micronutrients
(Table 1).

Ca[16]
K[16]
Na[17]
Mg[16]
Fe[16]
Mn[16]
Cu[16]
Al[16]
Zn[16]
Mo[16]
Co[18]

Reported requirements
(mg/L)
0.4-1.4
0.8->3.0
0.5-2.0
0.4-5.0
0.1-0.4
0.01-0.5
0.01-0.05
0.01-0.05
0.1-1.0
0.2-0.7
0.4-5.0

0.030
0.025
0.020
0.015
0.010
0.005
0.000
0

0.5

1

2

Concentration(mg/L) after magnesium addition
FIGURE 1 - Effects of magnesium on wastewater treatment efficiency (Initial COD: 170mg/L, MLSS: 1400mg/L).

0.018
0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0
0
0.5
1
1.5
2
Concentration(mg/L) after molybdenum
addition

TABLE 1 - Microbial nutrient requirement and
the concentrations present in textile wastewater.
Micronutrients

COD removal rates(KgCOD/kgMLSS.d)

Atomic emission spectrophotometry using an inductively coupled plasma atomic emission spectrophotometer
(ELAN 6000) was used to identify the missing or deficient
trace elements in textile wastewater. The water samples
were filtered by 0.45µm filter, and then the concentrations
of trace elements in the textile wastewater were determined.

COD removal rates (kgCOD/kgMLSS·d)

© by PSP Volume 16 – No 12a. 2007

Concentration detected
(mg/L)
4.34-17.20
2.39-3.68
120.59-227.8
2.07-4.48
0.054-0.16
0.008-0.011
0.002-0.015
0.027-0.075
0.0042-0.016
0.003-0.017
<0.001-0.012

Based on the previous research [19] and the actual concentration of micronutrients, the textile wastewater probably lacked some kinds of micronutrients, such as magnesium, molybdenum, zinc, thiamine and niacin.
Effects of trace metal ions on biological treatment efficiency
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0.2

0.025

0.16

0.02

）
COD removal rates(KgCOD/kgMLSS.d

COD removal rates (kgCOD/kgMLSS·d)
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0.12

0.08

0.04

0.015

0.01

0.005

0

0

0
0.5
1
2
Concentration(mg/L) after thiamine
addition

0
0.5
1
2
Concentration(mg/L) after zinc addition

FIGURE 4 - Effects of thiamine on wastewater treatment
efficiency (Initial COD: 170mg/L, MLSS: 1400mg/L).

FIGURE 3 - Effects of zinc on wastewater treatment
efficiency (Initial COD: 160mg/L, MLSS: 800mg/L)

The experimental results showed that the COD removal
rates were 1.41, 1.82 and 1.63 times higher than that of the
control with the addition of 0.5, 1.0 and 2.0 mg/L of magnesium into the textile wastewater, respectively (Figure 1).

Removal rates of
COD（kgCOD/kgMLSS.d）

0,1

Molybdenum can commonly be a limiting nutrient [8],
and this appears to be the case in the textile wastewater. The
experimental results showed that the COD removal rates
were 1.01, 1.21, 1.23 and 1.40 times higher than that of the
control with the addition of 0.5, 1.0, 1.5 and 2.0 mg/L of
molybdenum into the wastewater, respectively (Figure 2).
The experimental results showed that the COD removal
rates were 1.13, 1.32 and 1.01 times higher than that of the
control with the addition of 0.5, 1.0 and 2.0 mg/L of zinc
into the wastewater, respectively (Figure 3).

0,08

0,06
0,04

0,02
0
0

0,5

1

2

Concentration(mg/L) after niacin addition

Effects of vitamins on biological treatment efficiency

Figures 4 and 5 showed the effects of vitamins (thiamine and niacin) on the COD removal rate of textile
wastewater.
The experimental results showed that the COD removal
rates were 1.44, 1.56 and 1.25 times higher than that of
the control with the addition of 0.5, 1.0 and 2.0 mg/L of
thiamine into the wastewater, respectively (Figure 4).
As shown in Figure 5, the COD removal rates were
1.64, 2.18 and 1.74 times higher than that of the control
with the addition of 0.5, 1.0 and 2.0 mg/L of niacin into the
wastewater, respectively.
Effects of the combinations of metal ion
and vitamin on biological treatment efficiency

Based on the above researches, the effect of combinations of trace metal ions and vitamins, such as zinc and
thiamine, zinc and niacin, thiamine and niacin, on biological treatment efficiency of textile wastewater were studied. The concentrations of zinc, thiamine and niacin were
all 1.0mg/L. The initial COD was 150mg/L, and the MLSS
was 1000mg/L.

FIGURE 5 - Effects of niacin on wastewater treatment
efficiency (Initial COD: 105mg/L, MLSS: 1300mg/L)

After 6 hrs, the COD removal rates of the textile wastewater were determined; the exact results were shown in
Figure 6.
As it was found in the above researches, the single
addition of zinc, thiamine and niacin improved the COD
removal rates of textile wastewater, and their removal
rates achieved 1.35, 1.18, 1.35 times higher than that of
the control. Meanwhile, better performances of COD removal were found in the combinations of micronutrients,
and their COD removal rates of textile wastewater
reached 1.75 (zinc and thiamine), 1.67 (zinc and niacin)
and 1.97 (thiamine and niacin) times higher than that of
the control, respectively.
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132%, 156% and 218% of the control, respectively.
Meanwhile, effects of the combinations of micronutrients were better than that of single micronutrient. The data
led to the conclusion that micronutrients supplements have
the potential to optimize the process performance of activated sludge plants treating textile wastewater.

ni
th
ac
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in
m
in
e+
ni
ac
in

in
e

Effects of different kinds and concentrations of micronutrients were different. In the experiments, the effect of niacin was the most significant, and the optimal
concentrations of magnesium, molybdenum, zinc, thiamine,
and niacin in textile wastewater were 5.0, 2.0, 1.0, 1.0 and
1.0mg/L, respectively.
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Microbial community structure is one of the important
factors controlling the pollutant-degrading capacity for a
mixed culture of microorganisms such as activated sludge,
soils, and natural aquatic ecosystems. In the experiments,
the microbial diversity of wastewater treatment system
changed greatly during micronutrient supplementation, it
could prove that significant changes took place in the community structure of the activated sludge. The exact information needs further researches.

Kinds of micronutrient
FIGURE 6
Effects of micronutrients and their combinations on the COD
removal of wastewater (Initial COD: 150mg/L, MLSS: 1000mg/L)
Effects of micronutrient on
microorganism community structure

During the experiment, the effects of zinc on microorganism community structure were also studied, the quinone
profiles of the microorganism in the textile wastewater
treatment system were monitored every week, and the
diversity of quinones (DQ) was calculated. The DQ of the
activated sludge changed from 15.43 to 9.91, which showed
that the quinone profiles of the textile wastewater treatment
system changed significantly, meanwhile, the DQ of the activated sludge in control system kept nearly stable during
the experiment period.
DISCUSSIONS AND CONCLUSIONS
Burgess et al. (1999) [10] reported that in a
wastewater treatment plant treating effluent from the fine
chemicals industry, the addition of niacin to the wastewater
increased COD removal from 1.94kg COD kg MLSS-1d-1 to
2.24 COD kg MLSS-1d-1. Jefferson et al. (2001) [11] reported that in the nitrogen/ phosphorus-limited greywater,
addition of mi-cronutrients to synthetic greywater resulted
in stimulation of biomass by copper, molybdenum, zinc
and aluminium; and the COD removals achieved 124%,
117%, 132% and 115% of that of control, respectively. Real
grey water dosed with zinc and aluminium also showed
chemical effects, as normalized COD removal increased to
154% and 225%, respectively. Meanwhile, dosing cobalt,
copper, molybdenum, iron and zinc into nitrogen/ phosphorus-balanced real greywater, COD removal increased to
130%, 240%, 150%, 185% and 290% of the control, respectively.

In summary, the experimental results demonstrated that
textile wastewater lacked some kinds of micronutrients.
There was probably the feasibility of optimizing the biological treatment performances and microorganism community structure of textile wastewater treatment system
through micronutrient supplement.
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BATCH STUDY OF DYE REMOVAL FROM AQUEOUS SOLUTIONS BY ADSORPTION ON NaOH-TREATED FIRRY SAWDUST
Xiaoyan Shi, Bo Xiao*, Xiaoyan Yang, Xinping Zhou and Jianfen Li
School of Environmental Science and Engineering, Huazhong University of Science and Technology, 430074 Wuhan, P.R.China

SUMMARY
This paper presents a study on the batch adsorption of
a basic dye, methylene blue, from aqueous solution onto
NaOH-treated firry sawdust in order to explore its potential use as low-cost adsorbent for wastewater dye removal.
The effects of initial pH, initial dye concentration and adsorbent dose on dye removal are studied. The isotherm
study indicates that the sorption data can be modelled by
Temkin isotherms, and initial pH >7 is favourable. The
results indicate that the treated firry sawdust can be an attractive option for dye removal from diluted industrial effluents.

KEYWORDS:
Methylene blue, sawdust, adsorption, isotherm

INTRODUCTION
Dyes are used in large quantities in many industries including textile, leather, cosmetics, paper, printing, pharmaceutical, food, etc., to color their products. Discharge of such
effluents imparts color to receiving streams and affects their
aesthetic value. Color interferes with penetration of sunlight
into waters, retards photosynthesis, inhibits the growth of
aquatic biota, and interferes with gas solubility in waterbodies. Dyes may also be problematic if they are broken
down anaerobically in the sediment, as toxic aromatic
amines are often produced due to incomplete degradation by
bacteria. Direct discharge of dye-laden wastewater into municipal wastewater plants or the environment may cause the
formation of toxic carcinogenic breakdown products [1-3].
Most of the used dyes are stable to photodegradation,
biodegradation and oxidizing agents [3]. Currently, several
biological, physical and chemical processes are used to treat
dye-laden wastewaters [1, 2, 4, 5]. Among these processes,
adsorption has been found to be superior to other techniques
for wastewater treatment, in terms of initial cost, simplicity of design, ease of operation and insensitivity to toxic substances. Currently, activated carbon (powdered or granular)

is the most widely used adsorbent because it has excellent
adsorption efficiency for organic compounds, but its use is
usually limited due to its high cost and regeneration [3-5].
This has led to search for cheaper adsorbents. Research is
currently focused on the use of commercially low-cost and
easily available organic materials as viable substitutes for
activated carbon [2, 4, 5]. In fact, sawdust, a relatively abundant and inexpensive waste by-product of the timber industry, is being extensively investigated as a biomass adsorbent for removing contaminants from water under different operating conditions [5].
In our laboratory, the work is in progress to evaluate
the possible use of low-cost waste biomass as adsorbent for
industrial wastewater treatment. Methylene blue belongs to
quinine and anthracene fluorescent materials, which are difficult to be degraded. It is a representative organic dye used
in many fields, such as medicine, clinics, chemistry and industry [6]. In this work, we investigated the adsorption of
methylene blue from a simulated wastewater by firry sawdust pretreated with NaOH. The influences of dye concentration, adsorbent dose, pH and contact time were investigated. Adsorption isotherms were established and fitted to
Langmuir, Freundlich and Temkin models.
MATERIALS AND METHODS
Adsorbent and adsorbate
NaOH-treated sawdust

The adsorbent costs depend on the experimental situation and local resources. Generally, a kind of adsorbent can
be considered to be a "low-cost" one, if it is a natural rich
resource, and a by-product or waste of other factories, and
does not need too much treatment. However, suitable pretreatment can improve the adsorption capacity and removal
efficiency, covering the cost of additional treatment. Therefore, in order to increase the absorption efficiency and adsorption capacity of sawdust, pretreatment is necessary.
Comparing with other commonly used pretreatment methods, such as formaldehyde [1], NaOH is environmentalfriendly and cheap. In order to achieve efficient dye adsorp-
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Preparation of aqueous dye solution

Methylene blue, a cationic dye, was used as received
without further purification. An accurately weighed quantity of methylene blue (0.5000 g) was dissolved in double-distilled water to prepare the stock solution (500 mg/L).
Experimental solutions of the desired concentration were
obtained by successive dilutions.
Adsorption procedure
(Experimental methods and measurements)

Adsorption experiments were carried out in batch conditions. In each adsorption experiment, accurately weighted
amounts of adsorbent were continuously stirred at 200 rpm
with 50 ml aqueous solution of methylene blue at known
concentration and pH in glass flasks placed in a temperature-controlled TGL-16 oscillator (Zhejiang Province
Jintan City Fuhua Instruments Co., Ltd), at a constant
temperature of 25±1 °C. The samples were withdrawn from
the flasks at predetermined time intervals, and adsorbent
was separated from the solution with a SHA-E A centrifuge (Jintan City Zhongda Instruments Co., Ltd) at 2000
rpm for 20 min, and absorbance of the supernatant solution
was measured with an UV–VIS spectrophotometer
(Shanghai Spectrum Instruments Co., Ltd) using 1-cm
silica cells to determine the residual concentration (absorbance values be-fore and after treatment at 665 nm). The
experiments were carried out at initial pH values ranging
from 2-10, controlled by addition of diluted HCl or NaOH
solutions. Kinetics of adsorption were determined by analyzing adsorptive uptake of the dye from aqueous solution
at different time intervals. The solution pH, initial dye
concentration in the test solution and adsorbent dosage
were varied to investigate their effect on the adsorption
kinetics. Blank solutions were used as control for each
series of experiments.
The amount of methylene blue adsorbed,

qe (mg g -1),

was obtained as follows:

qe =

(C0 − Ce )V
W

(1)

Percent dye removal efficiency was considered as:

ε=

Ce − C0
×100
Ce

(2)

where

C0

and

Ce

are the initial and equilibrium liq-

uid-phase concentrations of methylene blue (mg/L), respectively, V is the volume of solution (L), and W is the
amount of adsorbent (g).
RESULTS AND DISCUSSION
Effect of pH

Dye uptake was minimum (53%) at pH 2.0, and increased to >99% above pH 7 (Fig. 1). The negative effect
of low initial pH can be explained by the decreasing
number of negatively charged adsorbent sites and the
increase of positively charged sites, which did not favor the
adsorption of positively charged dye cations due to electrostatic re-pulsion [1, 8]. Lower adsorption of methylene blue
at acidic pH may also be due to the presence of excess H+
ions competing with dye cations for the adsorption sites on
sawdust. As pH of the system decreased, the number of
negatively charged adsorbent sites decreased and the number of positively charged surface sites increased, which did
not favor the adsorption of positively charged dye cations
[9].
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tion, raw sawdust was treated with 0.1M NaOH at a ratio of
1g/100 ml (sawdust/NaOH, w/v) in a water-bath at 100 °C
for 30 min. The sawdust was filtered out with a Buchner
funnel, and washed with distilled water to remove free
NaOH until the final pH reached 7 [7]. The treated sawdust
was dried at 60 °C in a hot air-oven for 48 h. The resulting
material was sieved in the range of 0.15-0.3 mm with
ASTM. The material was placed in an airtight container for
further use.

dye removal (%)
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15

FIGURE 1 - Effect of pH on methylene blue adsorption (initial dye
concentration =100 mg/L, adsorbent dose =300 mg/0.05 L, temperature = 25±1 ℃, contact time = 240 min = time required for equilibrium to be reached between dye adsorbed and dye in solution).
Effect of initial dye concentration and contact time

Percent adsorption efficiency of treated sawdust decreased with increase in initial dye concentration in the
solution (Fig. 2). Though the percent adsorption decreased
with the increase of initial dye concentration, the actual
amount of dye adsorbed per unit mass of adsorbent increased with increase in dye concentration in the test solution. The unit adsorption for treated sawdust increased from
12 mg/g to 48 mg/g with methylene blue concentration in
the test solution from 25 mg/L to 100 mg/L. The equilibrium time was independent of initial dye concentration. But
in the first 60 min, the initial rate of adsorption was greater
for higher initial dye concentration, because the diffusion
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of dye molecules through the solution to the surface of adsorbents is affected by the dye concentration, when agitation speed is constant. An increase of the dye concentration
accelerates the diffusion of dyes from the dye solution onto
adsorbents due to the increase in the driving force of the
concentration gradient [10].
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Adsorption isotherms

The successful representation of the dynamic adsorptive separation of the solute from solution onto an adsorbent depends on a good description of the equilibrium
conditions between the two phases. By plotting solid phase
concentration against liquid phase concentration graphically, it is possible to depict the equilibrium adsorption
isotherm. In order to optimize the design of a sorption system to remove dyes from effluents, it is important to establish the most appropriate correlation for the equilibrium curve. There are many theories relating to adsorption
equilibrium. Three isotherm equations have been tested in
the present research, namely, Langmuir, Freundlich and
Temkin. These isotherms [12] are represented by Eqs. (3)
– (5):

0
0

100

time(min)

200

300

qe =

FIGURE 2 - Effect of methylene blue concentration
on dye adsorption (adsorbent dose = 100 mg/0.05 L,
pH = 7, temperature = 25±1 °C, contact time = 240 min).

K L Ce
1 + a L Ce

q e = K F C ebF

(3)

(4)

Effect of adsorbent dose

Fig. 3 shows the adsorption of methylene blue as a
function of sawdust dosage. It was apparent that increasing sawdust doses increased the amount of adsorbed dye,
but decreased adsorption density (the amount adsorbed per
unit mass). The adsorption increased from 86-99%, as the
treated sawdust dose was increased from 0.05 g to 0.4 g/
50 ml at equilibrium time (240 min), but adsorption capacity decreased from 87 mg/g to12 mg/g. Therefore, an increase in the adsorption with adsorbent dose can be attributed to increased adsorbent surface area and availability
of more adsorption sites. The decrease in adsorption density with increasing adsorbent dose may be attributed to
unsaturation of sites throughout the adsorption process [5,
9, 10]. Another reason may be particle interaction, such
as overlapping or aggregation, resulting from high adsorbent doses. Such aggregation would lead to decrease in
total surface area of the adsorbent available to methylene
blue, and an increase in diffusional path length [5, 11].
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FIGURE 3 - Effect of adsorbent dose on methylene
blue removal (initial dye concentration = 100 mg/L,
pH = 7, temperature = 25±1 °C, contact time = 240 min).

qe =

RT
ln( ACe )
b

(5)

The linear form of the Langmuir and Freundlich isotherms can be expressed by Eqs. (6)–(8), respectively:

Ce
a
1
=
+ L Ce
qe K L K L

(6)

log qe = log K F + bF log Ce

(7)

qe = B ln A + B ln Ce

(8)

where qe (mg/g) is the amount of adsorbed dye per
unit weight of adsorbent and Ce (mg/L) is the unadsorbed
dye concentration in solution at equilibrium; KL and aL are
the Langmuir isotherm constants and their quotient (KL/aL)
gives the theoretical monolayer saturation capacity Q0. KF
is the Freundlich constant and bF the Freundlich exponent,
and A and B are the Temkin constants. The Langmuir,
Freundlich and Temkin isotherm parameters were obtained
by plotting Ce/qe versus Ce, log qe versus log Ce and qe
versus ln Ce (Figs. 4-6), respectively. The isotherm data
were calculated by the least squares methods. Table 1 shows
the values of the parameters of the three isotherms, as well
as the related correlation coefficients. As seen from Table 1,
the correlation factor is close to unity for all three models,
and order of correlation factors is rL>rT>rF. But the Temkin isotherm shows a better fit to the experimental data
(Fig. 7), thus representing this adsorption process best. The
magnitude of the exponent n gives an indication of the
favorability of adsorption [2]. It is generally stated that
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Ce/qe

values of n in the range 2–10 represent good, 1–2 moderately difficult, and <1 poor adsorption characteristics [2].
The studied materials are good adsorbents for methylene
blue (n >2).
qe
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FIGURE 6 - Temkin plot of
methylene blue adsorption by firry sawdust.
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FIGURE 4 - Langmuir plot of
methylene blue adsorption by firry sawdust.
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FIGURE 7 - Adosorption isotherms
of methylene blue by firry sawdust.
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FIGURE 5 - Freundlich plot of
methylene blue adsorption by firry sawdust.

TABLE 1 - Langmuir, Freundlich and Temkin isotherm constants
Langmuir

Freundlich

KL

aL

Q0

r2

KF

48.1

0.5

98.0

0.9892

27.2

CONCLUSION

n
2.1

Temkin

r2

B

A

r2

0.9578

58.9

6.6

0.9839

pensive solid waste and may be useful for cheap dye
treatment.

The removal of methylene blue from simulated
wastewater using NaOH-treated sawdust has been investigated under different experimental conditions in batch
mode. The adsorption of methylene blue was dependent on
pH, adsor-bent dose and methylene blue concentration in
the waste-water. The experimental data obtained were
adequately modelled with the Temkin equation, and the
constant n shows that the studied materials are good adsorbents for methylene blue. Sawdust is a common, inex-
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SUMMARY
This study deals with the physico-chemical characterization of wastewaters from the fish industry in Agadir city,
Morocco. Seven samples were collected at every two hours
from 8 a.m until 8 p.m. Three samplings were carried in
this study accordingly: the first, on November 23rd, 2005;
the second, on February 23rd, 2006 and the last one, on
June 23rd, 2006. The results indicated that the effluents show
great variations in terms of conductivity (3.36-96.3 mS/
cm) and temperature (17-35 °C). The wastewaters were
generally characterized by high amounts of chlorides, with
average values of 9951.8 mg.L-1, and had BOD5 values between 1500-20500 mg.L-1, as well as COD values between
3500-26000 mg.L-1. Additionally, high amounts of total
phosphor (total P), ammonium nitrogen (N-NH4), and total
suspended solids (TSS) were observed. From the overall
results, it can be said that the wastewaters from fish industry constitute a major environmental problem and must be
taken into careful consideration.

KEYWORDS: Wastewaters, characteristics, fish industry, physico-chemical characterization.

INTRODUCTION
Due to the proximity of the fishing zones and the
wealth of halieutics resources, Agadir is actively involved
in food industry. Since 1947, several units of fish preservation have been established and are still developed in this
area. They play an important socio-economic role. Today,
there are 96 units located in Anza area, Agadir area and
Ait Melloul [1]. Moroccan fish industry is oriented towards
the export of high-quality fish worldwide, with an average
production of about 417,000 tons per annum, from which
51% is mainly exported to European markets [1].
The Morroccan industrial sector is thus faced with competitive requirements, while there is a need to respect ac-

ceptable environmental standards. As a result, local companies must adjust to meet these trade-related demands,
notably those operating in export sectors [2-3].
The agro-food sectors requiring the highest amounts of
salt are the fish-processing industries. Salt is known to reduce the water activity and, therefore, constitutes a microbiological agent of stability [4]. In the food industry, saline
effluents are mainly generated by the use of brine solutions and dry salt (NaCl) to obtain the finished products. In
fish-processing industry, the sources of pollution are initially related to the unloading of fish accompanied by seawater.
In the pickled vegetables industry, the main source of
saline pollution is related to the use of brines for canning
and pickling. Consequently, the wash-water is polluted by
brine losses and rejections. Olive oil mills, in particular,
reject great quantities of solid waste (skins and stones), as
well as saline wastewater [5]. In addition, olive oil effluents
are characterised by their black-brownish colour, due to the
presence of sugars, organic acids, tannins, polyphenols,
polyalcohols, pectins and lipids [6–7], inducing an organic
load from 0.1 to 0.3 kg COD m–3 [8]. In the fishing industry, the sources of pollution are initially related to the unloading of fish accompanied by seawater. This effluent
generates 13-39 kg COD per ton of unloaded fish [9]. The
fisheries then generate wastewater rich in proteinic nitrogen, organic matter and salts [10-13]. Such wastewater also
contains considerable quantities of grease (0.25 kg m-3, on
average) [14], as well as sulphates that can limit its anaerobic biodegradability [15].
The stages of fish processing, as well as the products
and wastewaters, are presented in the following diagram
(Fig. 1).
The main stages during the production process of a
fish preserve are as follows:
- Reception: The fish are stored in cold rooms at 4 °C.
From this stage, no wastewater is produced.
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Cooking

Filling oil

Cutting of heads and evisceration*

Washing*

Seaming

Brining washing*

Packing

Washing of boxes*

Storage

Cooling and drying

Sterilization

* Wastewaters
FIGURE 1 – Wastewater during processing of canned fish.

- Cutting of heads and brining washing: The cutting of the heads also causes a partial evisceration of fish.
Just after, the fish is immersed in a brine bath to 24 °
Baumé (g sugar/L of liquid) during 10-20 min at 14 °C, in
order to avoid microbial contamination. The wastewaters
at this stage come from the washings of machinery and production room.
Packing and washing: The fish are put out of boxes
and passed under a continuous water jet. The produced
wastewater comes from the washing of boxes.
- Cooking, filling oil and seaming: Cans containing
pre-cooked fish pass to a liquid-filling station where different substances, such as brine, water, edible oil, sauce or
marinade, are added manually or automatically. For those
products which have not been brined, salt is added in solid
form prior to the addition of the liquid medium, or it can
also be blended with the liquid. The cans are then transferred to can-sealing machines for double seaming with precoded can ends. From these stages, no wastewater is produced.
- Washing of boxes: The produced wastewaters come
from the washing of the boxes, the pre-washing of the
storage oiltanks, and the washing of the production room.
- Sterilization, cooling and storage: Sterilization is
usually carried out in batch retorts, in which the heating
medium is either pure saturated steam, hot water or recirculated hot water, which is pumped over the cans (Typical
Mediterranean method). Because of the large surface area
and, therefore, flexibility of the traditional club, dingley and
hansa style sardine cans, the ends are prone to distort as a
result of the internal pressure generated during processing.
This can be compensated by processing the cans under an
over-pressure; but, more importantly, the cans should be
pressure-cooled, at least until the internal can temperatures
have fallen. After cooling, the cans are dried in air, packed
in individual cartons, and then into master cartons. Before
the release, the finished product is held to ripen in order to
develop the characteristic flavour and textural properties.
From these stages, no wastewater is produced.

mand (BOD5), pH, chemical oxygen demand (COD), ammonium nitrogen (N-NH4), conductivity, total phosphor (P),
total suspended solids (TSS), chlorides (Cl-), produced in
fish industry of Agadir city. The results can be useful guides
for the selection of proper treatment strategies dealing with
serious environmental problems.

This study is an extensive research for the characterization of the wastewaters (5-days biochemical oxygen de-

Figures 2 and 3 show the physico-chemical parameters
of the wastewaters in course of time.

MATERIALS AND METHODS
Wastewaters samples were collected from a factory,
located in the city of Agadir, which produces canned sardines. The cannery is close to the main fishing supply locations, and Agadir is one of the most dynamic cities in the
Kingdom equipped with an infrastructure necessary for the
modern production and exportation of products. The wastewater volume produced by this processing was 251.26 m3/
day.
Seven samples of wastewaters were collected every two
hours from 8 a.m until 8 p.m. Three samplings were carried
out (November 23rd, 2005; February 23rd, 2006; June 23rd,
2006), to observe the physico-chemical characterization of
wastewaters from fish industry during the year.
The samples from the final process of the canned fish
were transported to the laboratory in a portable refrigerator
to maintain temperature constant at 4 °C.
The chemicals used were “Merck” commercial products. For the determination of BOD5 (OxiTop), pH (Hanna
Instruments), COD (WTW), N-NH4 (ProNitro I), conductivity (CDM 210 Meter Lab), total P, TSS (Sartorius) and
Cl-, standard methods of analysis were used [16-17].
All measurements were repeated in triplicate and all results were observed to be repeatable within a 5% margin of
experimental error.
RESULTS AND DISCUSSION
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FIGURE 2 - Physico-chemical parameters (A: T (°C); B: Conductivity; C: pH; D: Chlorides) .of wastewaters in course of time.

It is clear from Fig. 2 that pH varies from slightly acidic to strongly alkaline, while direct discharges are most-ly
limited between pH 6.5-9.5. This is due to the washing of
the equipment by basic detergents. In this pH range, the
majority of bacteria can grow [18-19]. The effluent shows
great variations in terms of conductivity (3.36-96.3 mS/cm)
and temperature (17-35 °C). Variation of temperature also
depends on actual temperature of the drinking water pipelines according to the season (November 23 to June 23).
The high temperature will make water more favorable to
the development of microbial life [20]. For the other polluting parameters, as can be seen from Fig. 2, the
wastewaters are generally characterised by high amounts of
chlorides (average: 9951.8 mg.L-1). The chloride values
re-corded at the beginning of the production are due to the
salt used for pre-conservation of fish. In addition, high
concentrations were observed just after evacuation of the
cover, which increased chlorides by 25 %. The curves of
conductivity and chlorides have the same trend showing
that the only factor influencing conductivity is addition of
NaCl. Moreover, after 18 h, the peak of chlorides corresponds to the wastewater produced at the stage of wash-

ing machines and the room of production, and after 20 h, a
minimal value which indicates washing with acids.
The characteristics of the wastewater produced from
Agadir fish industry are illustrated in Fig. 3.
The COD (3.5-26.0 g.L-1) and BOD5 (1.5-20.5 g.L-1)
values of the fish industry wastewaters (Fig. 3), their high
BOD5/COD ratio (around 1.53) and organic load
strengthen the conclusion that they are highly polluted.
Similar results have been obtained by the wastewater
industry it-self [21]. This is mainly due to the blood and
residues of fish, as well as the time of contact between
fish and water.
Additionally, the wastewaters are generally characterized by high amounts of total phosphor (total P), ammonium nitrogen (N-NH4), and total suspended solids (TSS)
(Fig. 3). These results largely exceed the values fixed 2005
by the Moroccan authorities [22].
In Table 1, the maximum, minimum and mean values
for all the measured parameters of the wastewaters are presented.
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FIGURE 3 - Results of wastewater characterization (A: COD; B: BOD5; C: N-NH4; D: TSS; E: total P) in course of time.

TABLE 1 - Minimum, maximum and mean values of various pollution parameters (mg.L-1).
pH
Temperature (°C)
Conductivity (mS/cm)
COD
BOD5
N-NH 4Total suspended solids (TSS)
ClTotal phosphor (P)

Minimum
6.5
17.3
3.36
3500
1500
50.4
955
2270
21.98

Maximum
9.53
35
96.3
26000
20500
2412
4730
42369.84
342.26

1593

Mean
7.70 ± 1
26.80 ± 2
23.69 ± 1
13433.71 ± 3
7786.00 ± 1
511.60 ± 3
2484.61 ± 2
9903.76 ± 2
112.84 ± 1
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CONCLUSIONS
On the basis of the above results, the following conclusions are made:
• The effluents show great variations in terms of conductivity (3.36-96.3 mS/cm) and temperature (17-35 °C).
• The wastewaters are generally characterised by high
amounts of chlorides (average value of 9951.8 mg.L-1)
• The wastewaters have BOD 5 values between 150020500 mg.L-1, COD values between 3500-26000 mg.L-1,
and are generally characterised by high amounts of total
phosphor (342.26 mg.L-1), ammonium nitrogen (2412
mg.L-1), and total suspended solids (4730 mg.L-1).
• It is necessary to solve the pollution problems related to
canning of fish.
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SUMMARY
The aim of this work was to study the treatment of
textile wastewater using an up-flow anaerobic sludge blanket (UASB). Textile wastewater was selected for the research due to its total volume (53.5% of all types of industry in Turkey). In this study, treatability of textile (cotton)
wastewater diluted with a municipal one was examined in
an UASB system. Three reactors were operated at mesophilic conditions (36-37.5 °C) in a temperature-controlled
water-bath with two hydraulic retention times (HRTs) of
4.5 and 9.0 days, and with organic loading rates (OLR) between 0.087(±0.016) – 0.517(±0.090) kg COD/m3/day.
Three different dilution ratios (15%, 30% and 40%) of
municipal with textile waste-water were employed, and
removal efficiencies of COD were 53 %, 46 % and 40 %
for HRT of 4.5 days, as well as 53 %, 50 % and 46 % for
HRT of 9 days, respectively. Additionally, the effects of
glucose selected as a co-sub-strate, with constant HRT
values of 4.5 days and 9 days, on the systems with different
dilution ratios (60%, 40%, 45%, 30%, and 15%) were examined. The COD removal efficiencies at 75%, with added
co-substrate (0.313(±0.051) kg COD/m3/day as OLR) and
almost 50%, for wastewater without co-substrate (0.089
(±0.007) kg COD/m3/day as OLR), for the dilution ratio of
30% with municipal wastewater for HRT of 9 days were
measured.

KEYWORDS: UASB, cotton wastewater, municipal wastewater,
HRT, OLR, co-substrate.

INTRODUCTION
The fast increase of the energy costs and the decrease
in the used economic fossil fuel reserves causes an increase
in the interest to the energy production from wastes using
anaerobic biotechnology [1]. The anaerobic treatment is
defined as the biological separation of organic wastes in
anaerobic conditions and also the production of their last
products, such as CH4, CO2, NH3, and H2S [2]. This bioconversion process is employed by anaerobic bacteria. The

anaerobic treatment is formed in two main steps which are
conducted by two groups of bacteria, acid and methane
bacteria [3]. Anaerobic process has been widely used in
treatment of municipal wastewaters and varying types of industrial wastewaters using a high rate process, such as upflow anaerobic sludge blanket (UASB).
Textile industry is a very significant field in Turkey,
particularly in terms of employment (about 2.5 million
people) [4]. Textile industry claims a large number of facilities in Turkey, third only to the oil and metal industry
[5]. Annual reports from January and March, 2006
demonstrate that the textile industry is the largest one, and
an important marketing sector in Turkey due to foreign
exports (45.5% EU countries) [6].
The variety of raw materials, chemicals, processes and
also technological variations applied to the processes cause
complex and dynamic structure of environmental impact
from the textile industry [7]. Textile wastewaters are known
to have high volumes of extremely variable composition
(biodegradable and non-biodegradable dyes, organic matter, salts and toxic substances) [8]. Specifically, cotton textile industries use large quantities of water during the pretreatment (desizing – scouring – bleaching) and dyeing
processes [9]. These industries have shown a significant increase in the use of synthetic complex organic dyes as colouring material. The discharge of cotton textile is viewed to
negatively affect the environment in this area, and damaging the quality of water sources may be toxic to treatment
processes, to food chain organisms and to aquatic life [10].
Therefore, it is of paramount importance to know its exact
nature, in order to implement an appropriate treatment process [11]. Additionally, wastewater of this industry has
generally been a combination of textile and municipal
wastewater. If the municipal wastewater mixes with the
other kind of wastewater, it has lost its domestic property,
and is considered to be process wastewater. Biological
treatment may be a good alternative as the operational costs
are relatively low when compared to most of the physical/
chemical technologies. Although recent studies of anaerobic
treat-ment of textile wastewater using several high-rate
up-flow anaerobic sludge blanket reactors were conducted,
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no study reported on using both textile and municipal
wastewater treatment.
In this study, treatability of textile (cotton) wastewater
diluted with municipal wastewater and the operative treatment parameters were examined in three UASB reactors.
The effects of organic loading rate (OLR), hydraulic retention time (HRT) and glucose as co-substrate, as well as important anaerobic operating parameters were investigated
to achieve COD removal efficiency in the reactors.
MATERIALS AND METHODS
In this study, original wastewater of the cotton process
was used. This last process of cotton is changed depending
on the type and amount of cloths in the batch process. Used
cloth types are knitten, viscon rayon, cotton, polyester, polyamide knit fabrics together with cotton/polyester, polyester/
viscose rayon and viscose rayon/ knit blends. The mostly
used type is cotton knit cloths (60%). In addition, municipal wastewater used for dilution was supplied from a municipal wastewater plant in Istanbul.
Three UASB reactors, made of serum bottles similar to
studies cited in literature [12-18] were used, each having a
volume of 1.2 L and operated for 80 days at mesophilic
conditions (36-37.5 °C) in a temperature-controlled waterbath (Ben-Marie device) with two hydraulic retention times
(HRTs) of 4.5 and 9.0 days. The upper side of the reactors
(14% of reactor volume) had a slope similar to a gas collection funnel. The biogas collected here was measured by the
method of volume displacement. Prior to experiments, granular sludge was seeded (25% inoculum) in the 3 UASB
reactors, and N2 gas passed through them.

10

The temperature, pH, biogas volume (ml) and COD
efficiency (%) were measured daily. Alkalinity (mg/L as
CaCO3), SS (suspended solids) (mg/L), and VFA (volatile
fatty acids) were measured three times a week according
to Standard Methods of APHA-AWWA (1998) (Table 1).
During the study, the operational temperatures of the reactors were monitored with a digital thermometer, and pH
was measured by a Jenway 3040 Ion Analyzer. The other
parameters were determined by the procedures described in
Method Numbers 5220-B (Open Reflux Method for COD),
2320-B (Titration Method for Alkalinity), 2540-D (Total
Suspended Solids Dried at 103-105 °C) and 5560-C (Distillation Method for VFA), respectively. Concentration of
heavy metals (Table 1) were analyzed by the procedure described in Method Number 3111-B (Direct Air Acetylene
Flame Method) with an ATI Unicam 929AA-Spectrometer.
Six anaerobic reactors having a total volume of 200 ml
were also operated to determine COD fractions of
wastewater samples. These reactors were conducted for
about 75 days at mesophilic conditions (36-37.5 °C),
maintained by an adjustable aquarium heater with thermostat (Otto Aquarium Company, Taiwan). Each of
them was seeded with 30 mg/L as Mixed Liquor Volatile
Suspended Solids (MLVSS) of acclimated granular sludge
and homogenized with 100 ml of textile and municipal
wastewater. Filtrates of samples obtained from vacuum
filtration by means of glass microfibre filters having a pore
size of 0.45 µm (What-man glass microfibre filter) were
defined as “soluble frac-

7

8

9

The treatment process was monitored and components
of wastewater samples were analyzed in the Environmental
Engineering Laboratory at Yildiz Technical University
(YTU), Istanbul, Turkey. A detailed schematic diagram of
the experimental set-up is shown in Fig. 1.
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(1) Feeding tank
(2) Time controlled peristaltic pump
(3) Temperature controlled water bath
(4) Adjustable heater with thermostat
(5) Suction pipe
(6) Influent pipe
(7) Effluent pipe
(8) Gas collecting pipe
(9) Gas bag
(10) Gas sampling valve
(11) Gas collecting tube
(12) Measuring tube
(13) Power cord
(R1) Reactor-1
(R2) Reactor-2
(R3) Reactor-3
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FIGURE 1 - Detailed schematic diagram of the experimental set-up.
TABLE 1 - Characterization of the studied cotton process wastewater and knit fabric wastewater (used only for acclimation period).
Characterization of parameters
pH
COD
TKN
Total P
Alkalinity
Sulfate
Detergent
Oil-gres
Color
SS (Suspended Solids)
Mg
Fe
Mn
Zn
Pb
Cr
Ni
Co
Pb
Cu

Cotton process wastewater
9.4
1757 mg / l
16
mg / l
34
mg / l
1750 mg / l as CaCO3
760 mg / l
10
mg / l
50
mg / l
520 (Pt-Co)
95
mg / l
2.2
mg / l
1.8
mg / l
0.3
mg / l
10
mg / l
0.3
mg / l
3
mg / l
0.4
mg / l
<0.03 mg / l
0.3
mg / l
0.3
mg / l

Knit fabric wastewater
6.5
640 mg / l
43 mg / l
5
mg / l
1200 mg / l as CaCO3
300 mg / l
2 mg / l
175 (Pt-Co)
47 mg / l
<0.03 mg / l
0.45 mg / l
<0.03 mg / l
0.11 mg / l
0.03 mg / l
1.68 mg / l
<0.01 mg / l
<0.01 mg / l
0.03 mg / l
0.03 mg / l

TABLE 2 - COD fractions of real cotton textile wastewater and municipal wastewater.
Cotton textile wastewater
Municipal wastewater
Total (mg/L)
Fraction (%)
Total (mg/L)
Fraction (%)
CT
1757
100
925
100
ST1
1440
82
325
35
SI1+SP
180
10
231
25
SS1+SH1
1260
72
94
10
XT1
317
18
600
65
XH+XP
265
15
403
44
XH1+XS1
52
3
197
21
CT: total COD in the influent, ST1: total dissolved COD, SI1: inert COD in the influent, SP: dissolved inert microbial products, SS1: easily degradable
COD, SH1: rapidly hydrolysable COD, XT1: total particulate COD, XH: particulate inert COD in the influent, XH1: active heterotrophic biomass, XP:
particulate inert microbial products, XS1: particular degradable COD.
COD fractions

tions”. Filter wastewaters and raw wastewaters were fed in
the different COD fraction reactors. Results obtained from
the inert COD study are given in Table 2 [19].
Table 2 reveals that real cotton textile wastewater had
82% of total dissolved COD, and 10% of the total COD
consisted of inert microbial products and inert COD in the
influent. A 72% part of acclimated granular anaerobic sludge
was easily biodegradable and rapidly hydrolysable. The
total active biomass and the total particular biodegradable
COD were found to be equal after the measurements. The
particular inert fraction of influent COD for cotton textile
wastewater and particulate inert microbial products were
measured to be 15%. Because the inert part was not biodegradable, this COD fraction was measured as the same
value in effluent water. The fraction of total COD in municipal wastewater was obtained to be 35%. Total particulate COD for the nused municipal wastewater was found
to be 65 %.

Cokgor et al. [20] reported that the total ratio of total
biodegradable COD and COD of active biomass were found
to be 94 % for municipal wastewater having a COD concentration of 670 mg/L, and 93% for municipal
wastewater having a COD concentration of 315 mg/L. On
the other hand, the fraction of total biodegradable and
active biomass was found to be 31% for the used municipal wastewater. This difference may be caused by several
chemicals, such as cleaning materials, having high COD
values and also anaerobic granular sludge.
RESULTS AND DISCUSSION
The objectives of this study can be summarized as follows: 1) start-up period for UASB systems, 2) treatability
of real cotton wastewater diluted with 40%, 30% and 15%
of municipal wastewater for HRT of 4.5 days, 3) treatability of real cotton wastewater diluted with 40%, 30% and
15% of municipal wastewater for HRT of 9 days, 4) treat-
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ability of real cotton wastewater and co-substrate diluted
with 60%, 45% and 30% of municipal wastewater for HRT
of 4.5 days, 5) treatability of real cotton wastewater and cosubstrate diluted with 40%, 30% and 15% of municipal
wastewater for HRT of 9 days.
1) Start-up Period

The system was fed by the knit fabric textile
wastewater for the adaptation of bacteria. In this study, the
start-up period was conducted by the original wastewater
(Table 1) which did not have much pollution. Knit fabric
is used in textile industry work for all kinds of printing

1.reactor

and sizing. For example, fiber, wool, yarn and cloth print
are produced. The sector is an integrated foundation that
can produce everything needed with woven workbenches.
In the start-up period, three reactors were fed the same
characterized wastewater for HRT for 9 days. Each reactor
was fed with 0.071 kg COD/m3/day of organic loading rate
(OLR) without co-substrate. In the next step, glucose used
as co-substrate was increased up to 0.245 kg COD/m3/day
of OLR, step by step. Variations of process parameters (pH,
COD, biogas, SS) observed in the start-up period are given
in Fig. 2 (HRT=9 days).
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FIGURE 2 - Variation of process parameters (pH, COD%, biogas, SS) observed in the start-up period (HRT=9 days).

During the start-up period, COD efficiency increased
step by step, and also the value of pH was determined to
be stable. Operating temperature in the systems was carefully maintained between 38±2 °C. In this period, some
fluctuations were recorded for the values of biogas and SS.
In R2 (reactor 2) and R3 (reactor 3), fluctuations showed
a similar behavior.
2) Treatment of Cotton Last Process Wastewater with Municipal Wastewater–First System (HRT 4.5 days)

There were 3 different dilution rates of municipal wastewater (40, 30 and 15%) and textile wastewater used. These
mixed wastewater samples were studied for removal efficiency of COD according to HRT of 4.5 days in UASB
systems.
Three reactors were fed with the different ratios (40, 30,
and 15%) of mixed wastewaters (cotton process
wastewater with municipal wastewater), operated for 26
days, and fed under batch mode for a period of 12 h (4.5
days HRT). In the first 6 days, COD removal was not stable. Moreover, COD removal increased, as well as biogas
production, but was not stable. This was caused by gas
bubbles which could not overcome partial pressure. Kalogo
et al. [21] found that COD removal was not in agreement
with biogas production. The 3 reactors containing 40, 30,
and 15% of municipal wastewater showed similar COD
removal efficiencies of 53, 46 and 40%, respectively
(Table 3). As a result, it was observed that the municipal
wastewater rate did not have a substantial change in COD
removal efficiency. On the other hand, when the ratio of
municipal wastewater was increased, COD removal efficiency slightly increased (COD of effluent wastewater
630-635 mg/L). Additionally, all reactors exhibited
similar behavior (VFA and alkalinity, 500-600 mg/L and
1350-1600 mg/L as CaCO3 on average), respectively (Ta-

ble 3). Kalogo et al. [21] reported that VFA values must be
below 100-1500 mg/L, and alkalinity between 1000-4000
mg/L. Moreover, pH values must be kept between 6.5-8.2.
Hence, these 3 reactors had optimum en-vironmental conditions for anaerobic granular microorganisms. However,
pH value on the 17th day, for dilution ratio of 40% municipal wastewater, was measured to be 8.4. In-creasing the
pH value at this time resulted in a small decrease of COD
efficiency. During this period, buffer material was not
used because there was no decrease in alkalinity nor increase in VFA.
3) Treatment of Real Cotton Last Process Wastewater with
Municipal Wastewater–Second System (9 days HRT)

The 3 reactors were fed with different ratios (40, 30,
and 15%) of mixed wastewater (cotton process and municipal wastewater), but under 9-days batch mode (HRT).
R1 and R2 (40 and 30% municipal wastewater) showed
a parallel COD removal efficiency. The ratio of COD removal efficiency in the 3 reactors was calculated between
46 and 54%. During 2nd and 4th day of R3, feeding of 15%
municipal wastewater resulted in a decrease in both COD
efficiency and biogas production due to decreasing OLR
value (from 0.080 to 0.065 kg COD/m3/day). This change
in organic load caused a temporary shock in the anaerobic
system. However, this shock was well tolerated by the
UASB system. Ozturk et al. [22] reported that the shock
loads have positive effects on the reactor activity. Additionally, in this period, the value of VFA showed a small
increase from 530 to 610 mg/L (Table 3). It may be caused
by the small volume of the system. Generally, the increase
in VFA level had a big effect on the system efficiency,
although it was very much below the rate causing a harmful effect [2]. It was reported that the organic load must be
decreased if VFA is over 1000-1500 mg/L [21], but VFA
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in all reactors was below these values. Hence, value of organic load was not decreased. Moreover, the pH value was

measured between 7.5-7.9, which is a suitable range for
anaerobic treatment.

TABLE 3 - Operating conditions and specific outcome for parameters studied in four systems.

Fourth

Third

Second

First

System No

Reactor
symbol

Operating Conditions
OLR
HRT
(kg COD/
(days)
m3/day)
4.5
0.175±0.024

Specific Outcome for Parameters
Alkalinity
CoCOD removal
VFA
SS
pH
(mg /L as
substrate efficiency (%)
(mg/L) (mg/L)
CaCO3)
not added
53
7.35±0.8 565±85 152±8
1475±125

Biogas
Yield
(ml)
67±33

R1

Rate of municipal ww.
(%)
40

R2
R3

30
15

4.5
4.5

0.175±0.025
0.224±0.056

not added
not added

46
40

7.35±0.8 565±65
7.35±0.8 575±50

R1

40

9

0.088±0.003

not added

53

7.7±-0.2

565±25

R2

30

9

0.089±0.007

not added

50

7.7±0.1

R3

15

9

0.087±0.016

not added

46

7.7±0.2

R1

60

4.5

0.468±0.082

added

36

R2
R3

45
30

4.5
4.5

0.494±0.077
0.517±0.090

added
added

R1

40

9

0.313±0.052

R2

30

9

0.313±0.051

R3

15

9

0.311±0.620

added

189±6
223±7,5

1475±125
1475±125

77±22
70±20

170±1

1510±90

67±33

585±15

185±1

1475±125

72±22

570±40

195±15

1525±75

68±22

7.2±0.2

525±75

99± 31

1625±225

53±14

28
32

7.2±0.3
7.3±0.3

475±25
510±10

101±19
81±12

1600±200
1650±130

75±30
75±30

added

76

6.7±0.4

605±5

131±54

1375±25

69±50

added

75

7.0±0.1 610±110 188±86

1425±25

67±43

69

7.0±0.2

1475 ±25

80±35

For the second system (R1 and R2), the pH was measured almost to be 7.5, alkalinity between 1350-1500 mg
CaCO3 /L, and VFA values between 530-600 mg/L. These
values had a COD treatment efficiency (approx. 50%) similar to the first system (R1), which had 0.175 (±0.024) kg
COD/m3/day of OLR and 4.5-days HRT. Both loading
rates and different HRTs did not affect this system.
4) Treatibility of Cotton Knit Textile Wastewater and Municipal
Wastewater with Co-Substrate - Third System (4.5 days HRT)

In this part, the effects of glucoses as co-substrate were
researched in the reactors. Mixed wastewater charges including 60, 45 and 30% of municipal wastewater with real
cotton textile wastewater were studied for the treatability in
UASB systems. Before the acclimation of granular sludge,
the 3 reactors were fed with an OLR of 0.468(±0.082),
0.494(±0.077), 0.517(±0.09) kg COD/m3/day for HRT of
4.5 days, respectively. Results are given in Table 3.
Even with the feeding of co-substrate, easily decomposable monosaccharides, such as glucose, COD efficiency
showed a fluctuation. Additionally, the VFA increased from
450 to 600 mg/L, and pH values decreased from 7.6 to 6.9.
The alkalinity also increased from 1400 mg/L to 1750 mg/L,
expressed as CaCO3. This change in parameters may be
caused by instability, even though the values were under
the limits for anaerobic systems.
In all reactors, it was observed that values of pH, alkalinity and VFA were almost parallel for the whole study
period. On the other hand, COD efficiency and biogas production had some fluctuations.
5) Treatment of Cotton Knit Textile Wastewater and Municipal
Wastewater With Co-Substrate- Fourth System (9 days HRT)

635±15 202±115

The mixed wastewaters (40, 30 and 15% municipal
wastewater with cotton wastewater and co-substrate) were
fed with different OLRs of 0.313(±0.052), 0.313(±0.051),
and 0.311(±0.620) kg COD/m3/day for HRT of 9 days,
respectively. Results of COD efficiency, VFA, alkalinity
and pH are given in Table 3. When HRT was increased,
COD removal efficiency also showed an increase (from 50
to 70% for each of the 3 reactors). When pH showed fluctuation on the 18th day, the ratio of COD removal efficiency
was affected negatively. But one day later, COD ratio of
removal efficiency improved. It was observed that the addition of co-substrate produced a different effect, compared
to the conditions without addition of co-substrate.
When co-substrate was added, COD removal efficiency
was increased. In addition, HRT was important in the treatment systems. When it was increased, the ratio of COD
removal efficiency increased (Table 3).
CONCLUSIONS
Anaerobic treatability of a real cotton textile
wastewater diluted with municipal wastewater under various operating conditions was investigated in 3 UASB reactors. Firstly, when the municipal wastewater rate was
increased, the COD removal rate also increased. However, the efficiency rates in all systems were found to be
very similar. Hence, it was found that the municipal
wastewater rates did not have much effect on the anaerobic treatment of textile wastewater. Secondly, it was
observed that even though HRT was increased by 2 times
(from 4.5 to 9 days of HRT), COD removal efficiency did
not show a parallel increase. Both changes in HRT resulted in similar COD removal, and HRT did not cause a
noticeable increase in removal efficiency. Thirdly, it was
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determined that addition of co-substrate (glucose) in
wastewaters had a positive effect on the performance of
UASB systems. Moreover, COD removal efficiency was
also affected by HRT. For example, COD removal efficiency for 30% municipal wastewater and cotton
wastewater including glucose was found to be approx. 52
% for 9 days of HRT, but only about 30 % for 4.5 days of
HRT in UASB reactors.
It can be concluded that the addition of municipal
wastewater and HRT changes did not markedly affect anaerobic treatability. Moreover, the ratio of co-substrate (glucose) added to mixed wastewater was not so important on
the rate of municipal wastewater. However, if the amount
of added co-substrate is increased in wastewater volume,
COD removal efficiency was also increased. In this case,
longer HRTs additionally increased COD removal efficiency.
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SUMMARY
The study reports on the removal of Cd, when present
singly or in binary (Cd+Pb, Cd+Ni) and ternary systems
(Cd+Pb+Ni), by black gram husk (bgh) in a stirred tank bioreactor. The biosorbent removed Cd and other heavy metal
ions effectively from aqueous solutions with selectivity
order of Cd>Pb>Ni. The biosorption of Cd by bgh increased
with initial metal and biosorbent concentrations. The biosorption capacity of bgh was affected by the change in stirring speed of the tank bioreactor. The sorption was noted to
be rapid within the first 20 min, and a residual Cd concentration of 2% could be achieved after 30 min at 1000 rpm,
45 min at 750 rpm, or 60 min at 500 rpm. The biosorption
of Cd was found to be pH-dependent, and maximum adsorption occurred at solution pHs of 4-6. The maximum
amount of Cd (qmax) adsorbed at equilibrium was 46.52 mg/
g dry biomass, which was well described by Langmuir and
Freundlich adsorption isotherms. Efficiency of biosorbent
to remove Cd from binary and ternary solutions with Pb
and Ni was not significantly interfered. The results suggest
that bgh can be used as a biosorbent in stirred tank reactors on large scale for an efficient removal of Cd from
wastewaters containing heavy metals in multimetal situations.

KEYWORDS: black gram husk, Cicer arietinum, wastewater
treatment, sorption isotherms, cadmium biosorption.

INTRODUCTION
The fast pace of industrialization during the past several decades, while improving significantly the quality of
human life, has also brought with it the scourge of environmental degradation caused by noxious gases, inorganic

and organic molecules, or heavy metals. Whereas most of
the poisonous pollutants are either degraded with time or
modified to lesser harmful chemicals through natural processes, the heavy metal contaminants tend to accumulate
in the food chain to become a permanent burden on the
ecosystem [1]. Since some of these metals are highly toxic,
the relevant national and international environment protection agencies have promulgated guidelines and standards
requiring industrial discharges to be duly treated to minimum acceptable limits of various toxic metals. For example,
the minimum limit of discharge in the effluents of the family of most toxic metals is: Cd (>0.1-0.2 mg/L), Pb (>0.51.0 mg/L), and Cr (>1.0-2.8 mg/L) in Pakistan, USA and
UK, respectively [2-4]. The conventional chemical and
physical metal treatment methods generate toxic sludge
[5], and are often inefficient and/or cost-prohibitive, particularly when used for removal of metals at the low concentration range of 10-100 mg/L [6-8].
Towards the development of efficient and environmentfriendly alternative technologies, several biological materials have been investigated for their ability to sequester
heavy metals through the process generally known as biosorption [9, 10]. Included in the range of biological materials used for this purpose are marine macroalgae (seweeds)
and freshwater microalgae [11-13], fungi [14, 15], bacteria
and cyanobacteria [16, 17], and lichens [18]. These biological materials must be grown under controlled culture conditions, or gathered from their natural marine and terrestrial
habitats, or collected as wastes from bioindustrial sites,
which may also involve transportation and holding at low
temperature to avoid putrefaction of the biomass, thus adding to the techno-economic feasibility of their use as biosorbents for large-scale applications. Such cost-inductive
steps can be avoided by using cheap or freely available
agricultural residues and wastes of woody plants, which
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have been reported to be efficient biosorbents. The capacity of a diverse variety of biowastes to adsorb different metals has been reported [1, 19-21]. It is significant
to note, however, that a vast number of metal-scavenging
biowastes remain uninvestigated.
In the continuing search to add to the list of efficient
metal sorbent biowastes, among the several crop residues
and wood sawdust evaluated, the husk of black gram, a
variant of chickpea (Cicer arietinum), was observed to
have high sorption capacity for Cd, Pb, Cu, Zn and Ni [22].
Further studies in shake flasks indicated that at 99.99% sorption efficiency from 10 mg/L Cd solutions, the biomass of
bgh required at saturation was 0.8 g/mg Cd [23]. Subsequent studies have shown that this biosorbent removed
heavy metal ions with the selectivity order of Pb>Cd>Zn>
Cu>Ni from single metal solutions [24], and the efficiency
of the biosorbent to remove Pb from binary and ternary
solutions with Cd, Cu, Ni and Zn was of the same level
when being present singly [25]. The maximum amount of
heavy metals adsorbed (qmax) at equilibrium was 50, 40, 34,
26 and 20 mg/g biosorbent biomass for Pb, Cd, Zn, Cu and
Ni, respectively, while the presence of Pb in the binary and
ternary solutions also did not significantly affect the sorption of the other metals [25]. However, all the studies reported so far on the metal biosorption ability of bgh were
carried out on small-scale in shake flasks containing 100 ml
metal solutions, or in fixed column bioreactors. Bgh is generated as a crop milling byproduct of no commercial value,
rather a waste awaiting cost-input disposal. The high biosorption ability of bgh and its availability at no cost indicate its potential for use in large-scale applications for the
remediation of metal-contaminated industrial wastewaters.
The present study reports on the efficiency of bgh to remove
Cd when present singly or in binary and ternary combinations with Pb and Ni in scaled-up metal solution volumes
of 10 L, and optimization of conditions for the maximum
metal removing ability of this biosorbent. This is the first
report of appraisal on the efficiency of the same biosorbent
in a x100 scaled-up operation for the removal of toxic metals when present alone or in combination with others.
MATERIALS AND METHODS
Biosorbent material

The bgh used in these studies was obtained from a
seeds/pulses-splitting mill, where it is generated as a primary waste of no utility. The black gram bean is a variant
of chickpeas (Cicer arietinum; family Leguminosae =
Fabaceae, sub-family Faboideae; also called gram, Egyptian pea, garbanzo in Spanish, ceci in Italian, and chana or
black chana or Bengali chhola in various parts of Bangladesh, India and Pakistan). The black gram variety is distinguishable from the more common off-white chickpeas by
its smaller size and coffee black husk. The husk is the seed
coat comprising testa and tegument, having the percentage
proximate composition of moisture 15.5, protein 3.32, fat

0.7, crude fibre 51.9 (cellulose 69, hemicellulose 11.98,
lignin 19.14), ash 4.93, and nitrogen-free extract (by difference) 39.15 [23]. The husk was used as such, as received from the mill unfractionated, since an earlier study
on particles fractionated through British standard sieves of
mesh size < 4, 4, 5, 7, 8 and 12 (particle size > 4, 4, 3.35,
2.8, 2.0 and 1.4 mm, and the respective fraction weight of
8.27, 14.43, 27.46, 33.74, 11.6 and 4.4%) indicated no significant difference in the biosorption of Cd by the composite mixture of all fractions, in comparison with individual
fractions of different particle sizes [22]. The husk was extensively washed in running tap water for 2-3 h to remove
dirt and other particulate extraneous matter, followed by
washing and boiling in double-distilled water, changed repeatedly, till clear of any colouration. The washed husk was
oven-dried at 80 oC for 24 h, and stored in desiccator till
use.
Metal solutions

The heavy metals used for biosorption studies were Cd,
Pb and Ni. Solutions of the desired concentration (range:
10-400 mg/L) were prepared by diluting 1000 ± 2 mg/L of
the respective atomic absorption spectroscopy grade metal
solution [Cd(NO3)2, Pb(NO3)2, Ni(NO3)2, Merck] in ionfree double-distilled water. The metal sorption was investigated from single metal (Cd, Pb, Ni) solutions, binary
metal (Cd+Pb, Cd+Ni, Pb+Ni) solutions, and a ternary metal
(Cd+Pb+Ni) solution. The metal solution pH was adjusted
to 5, or as otherwise stated in the range of 2-6, with 0.1 M
HCl or 0.1 M NaOH. Fresh dilutions were made for each
separate segment of the biosorption study.
Stirred tank bioreactor biosorption procedure

A stirred tank bioreactor (Bioreactor Stirred Tank, LHFermentation Ltd., London, UK, Model-2000 Series; tank
dimensions: 50 cm height, 23 cm dia; two-blade propeller)
was used to study biosorption of Cd, Pb and Ni from 10 L
metal solutions. Various factors studied for optimization of
biosorption conditions were the effect of biomass concentration (1-10 g/L), pH (2-6), metal ion concentration
(10-400 mg/L), incubation time for metal-biosorbent contact (5-120 min), and bioreactor stirrer speed (125-1000
rpm). After optimization of conditions for the biosorption
of Cd, investigations were done for the biosorption of Pb
and Ni as single metal solutions, and their respective binary
and ternary solutions with Cd (Pb+Cd, Pb+Ni, Cd+Ni,
Cd+Pb+Ni). Wherever considered appropriate, comparative
appraisal was made of the salient observations obtained in
the x100 scaled-up 10-L stirred tank bioreactor and the
metal biosorption achieved in small-scale 100-ml shake
flasks (using procedures reported in details elsewhere [23,
25].
Data reproducibility and statistical analysis

The data reported here are the mean values of three
separate experiments. Statistical analysis of the data was
carried out using the Duncan’s multiple range test [26]. The
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concentration of metal ions adsorbed per unit bgh mass (mg
metal-sorbate/g biosorbent) was calculated using the following equation:
q = V(Ci – C)/M

(1)

where q is the metal uptake (mg Cd/g of bgh), V is the
volume of metal solution (L), Ci the initial concentration of
Cd in the solution (mg/L), C is the residual concentration of
Cd in the solution (mg/L) at any time, and M is the weight
of bgh (g).
The biosorption data were evaluated using the Langmuir and Freundlich equilibrium models [27, 28]. The
Langmuir model assumes monolayer adsorption which
is expressed as:
qeq = qmaxbCeq / (1 + bCeq)

(2)

biosorbed to the quantity of biomass (Table 1) further indicate that sorption sites were limiting at 1 and 2.5 g husk/L
(the ratios being greater than one), but not limiting at 5
and 10 g husk/L (the ratios being lesser than one). Increase
of biomass concentration was found to be efficient up to
the value of 5 g/L. The biomass concentration above this
value, though still having positive biosorption capacity,
yet was considered as inefficient use of the biomass at a
very low sorption-to-sorbent ratio (0.247) from 10 L of
25 mg/L Cd solution. Since the ratio with 5 g sorbent/L
metal solution was very close to one (0.98), but not in the
site-limiting domain, the subsequent stirred tank bioreactor
metal sorption studies were carried out at this husk concentration. A comparison of Cd sorption from the 10-L
stirred tank bioreactor with a 100-ml shake flask system
indicated a similar, though insignificantly better, capacity
to remove the metal when scaled-up to x100 (Figure 1;
Table 1).

where qeq and qmax are the equilibrium and maximum
uptake capacities (mg/g biosorbent), Ceq is the equilibrium
concentration (mg/L solution), and b is the equilibrium
constant. The Langmuir equation can be experimentally
tested by plotting Ceq/qeq against Ceq; a straight line confirms that the adsorption isotherm validly fits the Langmuir
model [9].
The Freundlich model is presented as follows:
qeq = KFCeq1/n

(3)

where KF and n are Freundlich constants of the system. The Freundlich equation can be tested by plotting log
qeq against log Ceq; a straight line confirms that the adsorption isotherm validly fits the Freundlich model [9].

FIGURE 1
Cadmium biosorption as related to the quantity of bgh from
10 L of 25 mg/L cadmium solution, pH 5, stirrer speed 500 rpm
for sorbent-sorbate contact of 60 min in a stirred tank bioreactor.

RESULTS AND DISCUSSION

TABLE 1 - Cadmium biosorption indicators as related
to the quantity of bgh from 10 L of 25 mg/L cadmium
solution, pH 5, stirrer speed 500 rpm from biosorbentsorbate contact of 60 min in a stirred tank bioreactor.

The effect of quantity of biosorbent biomass

The concentration of husk biomass was varied between 1-10 g/L to determine the relationship of metal uptake with the quantity of biosorbent. It was observed that
the removal of Cd/g biosorbent from 10 L of 25 mg/L metal
solution was better at lower husk concentrations than at
higher ones (Figure 1). This is in agreement with the observations that biosorption of Cd/g increased as the mass of a
dried green alga (Schizomeris leibleinii) and papaya wood
as the biosorbents was decreased, respectively [6, 19]. However, on converting the obtained data to percentage removal
of Cd from 25 mg/L solution by 1, 2.5, 5 and 10 g husk/L,
the respective biosorption was 73.58, 92.72, 98.04 and
98.62% (Table 1), indicating that the quantitative removal
of Cd was better at higher biosorbent concentrations. It
may be concluded from these observations that at lower
husk concentration, the metal ions were competing for sorption at limiting sorption sites. As the quantity of biomass
was increased, the availability of sorption sites eased resulting in greater percentage of Cd removal. The ratios of Cd

Cd biosorption indicators
removal
removal*
ratio** (mg
from 1-L
from 10-L
Cd sorbed/ g
solution
solution
husk sorbent)
(mg Cd)
(%)
1.0
18.39
18.40
73.58
18.395
2.5
9.27
23.18
92.72
3.709
5.0
4.90
24.51
98.04
0.980
10.0
2.46
24.66
98.62
0.247
* Cadmium removal from 100 ml of 25 mg/L solution by 1, 5, 10 g
husk, respectively, was 72.89, 92.98 and 95.78% in small-scale shake flask
study
** indicating cadmium removal per unit of husk at the specific biosorbent concentration present in the sorbate-sorbent mixture
Biosorbent
(g husk/L)

removal per
g husk
(mg Cd)

The effect of pH

The biosorption of Cd at the acidic pH 2 was low
(0.95 mg/g husk). However, as the pH was increased to 4,
the Cd sorption was noted to increase significantly as shown
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in Figure 2. Further increase in pH resulted in no sorption
increase, as it remained statically at 4.87 mg/g husk at the
higher pH values of 4-6. The low sorption in acidic medium
due to competition of Cd2+ ions with H+ and H3O+ ions for
sorption sites, and the problem of decreased solubility of
Cd2+ ions at pH <7 have been discussed [23, 25]. Since
maximum uptake of Cd, Cr, Cu, Fe, Ni, Pb and Zn by seaweeds has been reported to occur at the optimum pH range
of 5-6 [29], and all earlier publications on the biosorption
of different metals by bgh from 100 ml solution in shake
flasks were carried out at pH 5 [22, 23, 25], the subsequent
scaled-up studies in stirred tank bioreactor were carried out
at this pH value.

240/240, 60, 45 and 30 min. The sorption equilibrium at
higher speeds was thus achieved during shorter periods of
contact.
Cd adsorbed (mg metal/g husk)
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FIGURE 3 - The effect of stirring speed and the timecontact relationship on the removal of cadmium by 5 g/L
black gram husk (bgh), from 10 L of 25 mg/L cadmium solution,
pH 5, for the sorbent-sorbate contact in a stirred tank bioreactor.
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FIGURE 2 - The effect of pH on the biosorption of
cadmium by 5 g/L bgh from 10 L of 25 mg/L cadmium
solution, for the biosorbent-sorbate contact of 60 min
at stirrer speed of 500 rpm in a stirred tank bioreactor.
The effect of stirring speed and sorbent-sorbate contact time

The sorbent-sorbate mixture of 5 g/L husk and 10 L
of 25 mg/L Cd solution were continuously agitated with
the two-blade propeller of the stirred tank bioreactor, for
enhancing the metal-sorption-site contact, by varying the
stirring speed from 125 rpm to 1000 rpm. It was noted that
every successive increase in stirring speed resulted in Cd
sorption increase (Figure 3). The level of increase, however,
progressively decreased between two successive stages as
the stirring speed was increased. On stirring at 125, 250,
500, 750 and 1000 rpm, the Cd sorption after 60 min, respectively, amounted to 94.2, 96.6, 98.0, 98.5 and 98.7%,
representing an increase of 2.4, 1.4, 0.4 and 0.2% at the
speed stage increment of 125→250, 250→500, 500→750
and 750→1000 rpm. The 500 rpm stirring was thus regarded to be the optimal stage of this transitional shift,
since the increment in sorption was only marginal at the
higher speeds of 750 and 1000 rpm. Therefore, all the studies on sorption in the stirred tank bioreactor were subsequently carried out at 500 rpm. It was further noted that
the sorption equilibrium for different stirring speeds was
achieved at different metal-sorbent contact periods, which
at 125/250, 500, 750, 1000 rpm, respectively, showed Cd
removal rates of 98.7/97.8, 98.0, 98.1 and 98.1% in

The time course studies showed that sorption was very
rapid during the first 20 min, when 93.72% Cd was removed at the stirrer speed of 500 rpm (Figure 3). This
finding is in agreement with the reported flask shake studies conducted with various sorbents [30-32]. The level of
rapidity, however, was greatly influenced by the stirring
speed as evidenced by 83.64 and 65.44% Cd removal during the same period of 20 min when the respective speeds
were 250 and 125 rpm. The sorption, nevertheless, continued at a slower pace, which may be termed as the less
efficient phase due to lesser availability of active sites and
decreased probability of their coming in contact with fewer
metal ions remaining in the solution to be sorbed. This also
is indicative of how vigorous mixing at higher stirrer speeds
enhanced the probability of this contact, and thus the
achievement of equilibrium at a faster rate.
Determination of adsorption isotherms

The effect of metal ion concentration in relation to sorption is of significance, particularly for determining validity
of the procedure as interpreted on the goodness of fit on
Langmuir and Freundlich adsorption isotherms equations.
To study the metal binding capacity of bgh for this purpose,
Cd concentration was varied between 10-400 mg/L, and
it was noted that sorption rate/g husk continued to rise up
to 400 mg/L (Figure 4). However, when these values were
converted to percentage sorption from solution, the sorption showed a declining trend when the Cd concentration
was increased from 10 to 400 mg/L (Table 2). The maximum Cd removal capacity (qmax) of bgh was found to be
46.52 mg/g dry biosorbent. This qmax value of Cd biosotion by bgh was ob-served to be higher than those of
plant and agrowaste materials, used as biosorbents for the
removal of Cd in previous studies (Table 3). Conversion
of the experimental data obtained on biosorption of Cd in
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the stirred tank bioreactor (Figure 4; Table 2) to the Langmuir and Freundlich adsorption isotherm equations showed
that Cd sorption occurred at the regression coefficient of
0.991 r2 in the former and 0.987 r2 in the latter (Figures 5,
6). The values of r2 are regarded as a measure of the goodness of fit of experimental data on the isotherms` models
[33]. It is significant to note, therefore, that r2 values for
the Langmuir and Freundlich isotherms being very close to
one, are near-perfect fit to both adsorption models. The
regression coefficient for Cd sorption from 100 ml metal
solution during shake flask studies, respectively, for Langmuir and Freundlich models were earlier reported to be
0.99 and 0.95 r2 [25]. The r2 value for the Freundlich isotherms in the scaled-up stirred tank bioreactor (Figure 6)
thus represented a much better fit than was noted during
small-scale procedure in shake flasks. This may be attributed to the two-blade propeller internal-direct stirring in
the tank bioreactor providing enhanced probability of Cdhusk contact than should be expected through externalindirect orbital shaking in the shake flasks. This behaviour
is within the Freundlich equation assumptions, namely, the
isotherm is purely empirical, the validity extends to nonuniformity of adsorption surface, the magnitude of adsorption is di-rectly proportional to Ceq when the Freundlich
constant (1/n) for the adsorbability of the solute (the sorption intensity) approaches one [34], and the isotherm can
be interpreted as sorption to sites with the affinity distribution, whereby the sites with higher affinity for the metal
become occupied firstly [35, 36].

TABLE 3 - Maximum Cd(II) biosorption
capacity (qmax) of black gram husk (bgh) and other
plant and agrowaste materials used as metal sorbents.
Biosorbent

qmax
(mg/g)
2.0
14.3
5.4
7.9
27.9
7.0
9.72
17.2
8.6
19.1
17.3
24.4
10.7
3.4

Bagasse fly ash
Cassava waste
Corncob (natural)
Corncob particles
Grape stalk waste
Olive pomace
Olive stone
Papaya wood
Rice husk
Sawdust
Spent grain
Sugar beet pulp
Sugarcane bagasse
Wheat bran

4

Reference
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[19]
[46]
[47]
[48]
[49]
[50]
[51]

y = 0.0205x + 0.1888
r2 = 0.991

3.5
3

Ceq/qeq
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FIGURE 4 - The effect of metal concentration on the
biosorption of cadmium by 5 g/L bgh biomass from 10 L of
25 mg/L cadmium solution, for the biosorbent-sorbate contact
of 60 min, stirrer speed 500 rpm in a stirred tank bioreactor.

0.5
0
-4

10

25

Cadmium concentration (mg/L)
50
100
200
300

mg/g
%

1.98
99.19

4.91
98.2

9.57
95.7

18.04
90.2

32.85
82.12

44.29
73.81

-2

0

2

4

6

LnCeq

TABLE 2 - The effect of concentration on the
biosorption of cadmium by 5 g/L bgh biomass from 10 L
of 25 mg cadmium/L for the biosorbent-sorbate contact of
60 min, stirrer speed 500 rpm in a stirred tank bioreactor.
Cadmium
biosorbed

y = 0.4309x + 1.8518
r2 = 0.987

1

FIGURE 6 - The Freundlich adsorption isotherm of
sorption of cadmium by bgh, where Ln Ceq is the natural
log equilibrium concentration of cadmium and Ln qeq is the
natural log of the quantity of cadmium adsorbed (mg/g biosorbent).
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Biosorption from single, binary, and ternary metal solutions
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For studies on metal sorption in stirred tank bioreactor
from single, binary, and ternary metal solutions, the metals
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investigated were Cd, Pb and Ni. The concentration of each
metal was so adjusted that the total metal load in the solution was 25 mg/L, so as to relate to the metal concentration
load used for aspects of the study (25 mg/L of each metal in
single, 12.5 mg/L of each metal in binary, and 8.34 mg/L
of each metal in ternary solutions). The presence of one or
two additional metals resulted in statistically insignificant
decrease, at p = 0.05, in comparison with the respective
metal sorption when present singly (Table 4). It is significant to point out that the Ceq for the metal load in single,
binary and ternary solutions was much below the minimum
Cd and Pb load acceptable at effluent discharge [2-4]. The
efficiency of bgh to remove Pb from binary and ternary
solutions with Cd, Cu, Ni and Zn from 10 mg/L metal each
in shake flasks had also shown a similar trend [25]. The
present studies thus indicate that ability of the husk remained unaffected to biosorb different metals in multimetal
solutions in the x100 scaled-up system. From these observations, it may be concluded that metals can be efficiently

sorbed from multimetal solutions by husk, without significantly losing its sorption capacity in the scaled-up stirred
tank bioreactor. This is a significant observation for practical applications, as industrial effluents are expected to contain composite metal contaminants in low concentrations.
The insignificant competition between metal ions, in the
binary and ternary systems, for sorption on bgh may be
attributed to their low concentrations (C i: 25 mg/L) and
sufficient availability of adsorption sites. Similar conclusions of no competition at low metal concentration were
drawn when Cd, Cu and Ni (Ci: 10 mg/L of each metal),
in binary and ternary systems, were biosorbed on seaweeds
and seaweed-derived materials [37], and Hg and Cd (Ci:
100 mg/L of each metal) in a binary system, were biosorbed on brown seaweeds [38]. These findings suggest that
bgh has the potential of application when simultaneous removal of more than one metal species is desired to be done
at low metal ion concentrations.

TABLE 4 - Biosorption of cadmium, lead and nickel from single, binary and ternary metal solutions by 5 g/L bgh in a stirred
tank bioreactor from 10 L of 25 mg/L metal solution, pH 5, stirrer speed 500 rpm for biosorbent-sorbate contact of 60 min.
Biosorption status
by different indicators
Sorption (%)
Total sorption
(mg/10 L)
qeq (mg metal sorbed/g
husk)
Ceq (mg remaining in
solution)

Single metal solution
Cd
98.0

Pb
96.5

Ni
94.5

24.5

24.13

23.63

1.96

1.93

1.89

0.05

0.088

0.138

Binary metal solution
Cd+Pb
96.5+95.5
=96.0
12.06+11.94
=24.0
1.93, 1.91

Cd+Ni
97.0+89.5
=93.3
12.13+11.19
=23.32
1.94, 1.79

Pb+Ni
95.0+90.5
=92.8
11.88+11.31
=23.19
1.90, 1.81

Ternary metal
solution
Cd+Pb+Ni
96.0+95.4+90.0
=93.8
8.01+7.96+7.51
=23.48
1.92, 1.91, 1.80

0.044+0.063
=0.107

0.038+0.131
=0.169

0.063+0.119
0.182

0.033+0.038+0.083
=0.154
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SUMMARY
Ship operations and passengers generate wastewater as
part of many daily activities. Because ships move the management of these wastes, it becomes more complicated than
for land-based activities. Both regulators and the public
constantly focus their interest on how ships handle their
wastes, and the effects they have on the environment i.e. on
marine pollution. Current regulations of Annex IV of the
MARPOL 73/78 Convention provide the international legal
framework for the prevention of marine pollution by sewage from ships. The increasing cost of waste disposal and
the tendency for more stringent environmental regulations
is leading scientists to develop new technologies for the
control and treatment of blackwater and graywater. This
work concerns the characterization of ship-generated sewage and the development of a marine sewage treatment
system based on Sequencing Batch Reactor (SBR) technology. Application of this method can result in substantial space savings.

KEYWORDS:
Blackwater, biological treatment, gray water, sequencing batch
reactor, ship wastewaters, vacuum sewage systems.

INTRODUCTION
The environmental effects generated from ship (black
and gray) wastewaters dumping to the sea mandate their
treatment, before they are discharged overboard. Many
maritime discharges do not meet by substantial margins
the enhanced EU or International Maritime Organization
(IMO) wastewater discharge regulations in the U.S., and
other world standards, such as those particularly set for
the Mediterranean region by the Barcelona Convention, for
reduction in Biological Oxygen Demand ("BOD") and
Chemical Oxygen Demand ("COD") inherent in effluent
discharges [1]. In most maritime nations and, in particular,
those with extensive tourism and unique marine wild life

attractions, there is an accelerating political and social demand for legislation and effective methods by which pollution can be controlled [2].
Ships generate significant quantities of blackwater (human waste) and graywater (from showers, sinks, galleys,
and other shipboard spaces). Usually, there are separate
piping systems for black and gray waters onboard ships
and, as a result, different management practices are used for
these wastewaters. In addition, most ships are currently
equipped with vacuum toilet systems, which use very small
quantities of water for flushing purposes (1.2 L/flush instead of 12 L/flush required by conventional gravity systems), which translates to a 90% reduction in sewage waste.
The volume of graywater and treated blackwater generated and discharged varies considerably from ship to ship
as well as region to region [3]. For example, large cruise
ships generate around 18 L of blackwater and 180 L of
graywater per person and day.
The blackwaters generated by vacuum toilet systems
are of course much stronger than municipal wastewaters.
Black waters are characterized by high values of COD,
BOD5, total suspended solids (TSS), ammonia and harsh
cleaning chemicals. Demboski et al. [4] have reported on
blackwaters composed of organic and inorganic particles
and dissolved organic matter (e.g., starches, proteins, carbohydrates) with typical BOD5 values of 700-2500 mg/L
and TSS levels of 300-1300 mg/L, while graywater included organics, petroleum hydrocarbons, oils and greases,
metals, suspended solids, oxygen demand, classical pollutants, nutrients, and coliform bacteria [5].
The disposal of black waters overboard, without any
pretreatment, may result in significant consumption of dissolved oxygen in the sea (at the site of discharge), having
thus adverse environmental effects on all native living organisms (plankton, fish etc).
Because the ability of ships to hold wastewater is severely limited, there is a growing interest in shipboard applications of wastewater concentration/treatment technolo-
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gies [6]. Currently, the majority sewage treatment units onboard ships employ the extended aeration biological process, although physicochemical methods (e.g. mechanical comminution or disinfection) are still used for the
treatment of black water [7].
Nowadays, many ships are equipped with a Marine
Sanitation Device (MSD) to collect and hold sewage during
transit of the 3 nautical mile no-discharge zone (in the
United States), and when near to shore in other countries
[6]. Conventional filtration processes (e.g., media beds,
strainers) are capable of removing the suspended matter to
MSD Type II levels, but require frequent backwashing or
filter media replacement. In addition, the large majority of
methods capable of removing fecal coliform bacteria rely on
biologically toxic chemicals resulting in safety concerns
for both the sailor and the aquatic organisms participating
in the degradation of the receiving water body [4]. Recently,
satisfactory purification has been accomplished through advanced physicochemical methods, such as ultrafiltration, and
through sophisticated aerated membrane treatment systems
[8, 9]. The membrane bioreactor (MBR) systems have clear
advantages over the existing commercial marine sanitation
devices in efficiency, and reduced complexity. Most are
designed to reduce solids and bacteria in the waste stream,
but do not reduce the concentration of soluble organic matter [10]. The primary disadvantage associated with MBR is
membrane fouling or clogging. As a result, the membranes'
operating life has not been firmly established yet [6]. Moreover, these methods are too expensive to find a wide application.
Wastewater treatment based on integrated aerobic biological pre-treatment, membrane-ultrafiltration and ultraviolet light disinfection has shown great promise for meeting the expected discharge limits and shipboard constraints
[6]. This system firstly aerates the raw wastewater in a bioreactor, which promotes the growth of existing bacteria that
digest the dissolved organics. The aerated wastewater is
then pumped from the bioreactor through ultrafiltration
membranes, whose semi-permeable surfaces separate the
bacteria and suspended solids from the water. The clarified
effluent from the membranes is passed through an ultraviolet light disinfection system that avoids the use of chlorine
or other chemicals.
The biological treatment of ship-generated blackwaters with an activated sludge system is addressed in this
work using a Sequencing Batch Reactor (SBR). The SBR
system operating as a pre-conditioning stage in combination with post-conditioning techniques, such as ultrafiltration membrane systems followed by ultraviolet light irradiation, appears as a promising option to handle these
wastewater types. The SBR is perfectly suited for small
wastewater flows, while it performs satisfactorily even in
larger applications [11, 12]. In an SBR configuration, the
wastewater is fed continuously (for a determined period
of time), goes through a sequence of treatment processes
in the same basin, and is drawn out periodically. In detail,
a typical SBR operation cycle includes four distinct phases,

namely, fill, react, settle and decant, for waste processing,
and all of which take place within a single tank. The SBR
provides in time what a continuous flow reactor (CFR)
provides in space. Among the several advantages that the
SBR system offers, compared to a CFR, are the flexibility
in operation, quiescent or carefully controlled mixing during settling, less space required, no need for a separate clarifier, and ability to discharge treated wastewater only after
effluent limitations have been met [13].
In this work, various samples of sewage taken from
Greek passenger ships, equipped with vacuum sewage systems, were characterized. The measured parameters included pH, ΒOD5, total and dissolved COD, total and volatile
suspended solids concentration, as well as the levels of total,
organic, ammonia-, nitrite- and nitrate-nitrogen and those
of total and ortho-phosphates. The aim of this study was to
investigate the ability of an SBR system for successful organic load removal by using different operating strategies,
and implications are drawn for decanting of treated effluents according to the regulations.
MATERIAL AND METHODS
Sewage samples from ships

Representative grab samples from various types of
Greek passenger ships, equipped with vacuum sewage
systems, were taken during this study (Table 1). The samples were homogenized, since they were collected from
the central sewage collection tank of each ship, which, in
most cases, was equipped with a centrifugal recirculation
pump capable of delivering 30-50 m3/h. Τhe tank content
was adequately homogenized before sampling by operating the recirculation pump for at least 10 min. Gray waters
were also obtained from a Greek vessel equipped with a
wastewater treatment plant. Immediately after sampling,
the samples were stored in a portable fridge and sent to the
laboratory for chemical analysis. As soon as sewage samples were delivered to the laboratory, they were stored and
maintained at 4 °C, throughout the experimentation period.
Bioreactor experiments were carried out using adequate
amounts of sewage collected and stored from ship No. 8(b).
The particular ship is a passenger ferry carrying out one
domestic route of about 16 h per day, and is equipped with
two central sewage collection tanks of 8 m3 each. A shortterm volumetric monitoring of sewage production was datalogged using piezoelectric type sensors installed in the two
sewage collection tanks.
SBR reactor

A lab-scale SBR reactor with an operating volume of
1 L was used in the present work. The reactor was seeded
with sludge from the aerobic basin of the Wastewater Treatment Plant of the University of Patras. The minimum reactor volume at the end of the decant phase was one third of
the effective SBR volume. The system was equipped with
facilities for temperature control (electrical resistance, ther-
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TABLE 1 - General characterization of ships and samples taken during this study.
No. of
sample

Type of ship/Routes

Number of passengers

Sampling point

1

Passenger ferry / international

900
(550 average/1800 max)

2

Passenger ferry / international

1100

3

High speed ferry (flying dolphin) /
domestic

650

4

High speed ferry (flying dolphin) /
domestic

400

5
6

Passenger ferry / domestic
Passenger ferry / domestic

600
600

7

Passenger ferry / domestic

400

8(a)

Passenger ferry / domestic

600

8(b)

Passenger ferry / domestic

500

9

Passenger ferry / international

1800

10

Passenger ferry / domestic

300

11(a)

Passenger ferry / domestic

850

11(b)

Passenger ferry / domestic

1000

12(a)

Passenger ferry / domestic

700
(800 average/1600 max)

12(b)

Passenger ferry / domestic

900

13(a)

Passenger ferry / domestic

600
(1300 max)

13(b)

Passenger ferry / domestic

500

central sewage collection tank
with aeration
central sewage collection tank
with aeration
central sewage collection tank
with recirculation pump
central sewage collection tank
with comminution pump and
primary settling
central sewage collection tank
central sewage collection tank
central sewage collection tank
with recirculation pump
central sewage collection tank
with recirculation pump
central sewage collection tank
with recirculation pump
central sewage collection tank
with recirculation pump
central sewage collection tank
with aeration
central sewage collection tank
with recirculation pump
central sewage collection tank
with recirculation pump
central sewage collection tank
with recirculation pump
central sewage collection tank
with recirculation pump
central sewage collection tank
with recirculation pump
central sewage collection tank
with recirculation pump

mocouple and cooling water), wastewater inflow (variable
speed pump), effluent discharge (variable speed pump),
aeration (air pump) and mixing (magnetic stirrer). Digital
timers controlled the operation of the system.
During the fill phase, 660 ml of ship wastewater were
fed to the reactor, increasing the liquid volume from 330 ml
(minimum level) to 1000 ml (maximum level). The fill
phase was taking place under conditions of no air supply,
providing only mixing of the reactor content. During the
react phase, air was supplied to the system ensuring dissolved oxygen (D.O.) concentrations above 3 mg/L, throughout the aeration period. Aeration and agitation of the reactor ceased during the settle phase, and the sludge was
allowed to settle under quiescent conditions. During the
decant phase, the clarified supernatant was withdrawn by
pumping through a solenoid valve from a fixed port at the
minimum liquid level. During one SBR cycle, samples
were collected from the reactor at the beginning of the
cycle, the end of fill, and the end of the aerobic phase, as
well as from the effluent following the decant phase.
The ability of the SBR reactor, in treating both raw
black waters and mixtures resulting from dilution with gray
waters, was tested. Two values of total cycle time and temperature were examined, i.e. 8 h at 25 ºC and 12 h at 35 ºC.
SBR experiments

The ability of a lab-scale SBR reactor with an operating volume of 1 L was tested to treat black waters with

Number
of samples

Sample
volume

Temperature
of sample
(oC)

2

2*4 L

26

2

2*4 L

31

1

1*4 L

38

1

1*4L

38

1
1

1*4L
1*4L

39
32

1

1*4L

31

2

2*4L

30

1

1*4L

34

1

1*4L

33

1

1*4L

36

2

2*4L

28

1

1*4L

38

2

2*4L

26

1

1*4L

32

2

2*4L

34

1

1*4L

38

the “working case” characteristics shown in Table 1. Two
strategies of total cycle time and temperature were examined, 8 h at 25 ºC (optimum temperature for activated
sludge processes) and 12 h at 35 ºC. The temperature of
35 oC was selected, since similar temperatures were actually measured in many cases onboard ships. During the first
strategy, the duration of the fill, aeration, settle and decant
phase was 0.5 h, 6 h, 1 h and 0.5 h, respectively. For the
second strategy with a 12-h cycle at 35 ºC, the operation
cycle included 10 min filling phase, 1 h settling phase,
5 min decanting phase, while the rest of the cycle period
was devoted to the aerobic phase.
Batch experiments

Three batch experiments were carried out using conical flasks of 1-L working volume. The experiments took
place under aerobic conditions, with constant magnetic
stirring and at a constant temperature of 35 ºC. In each
case, the feed was added into the reactor to an amount of
biomass at almost the same proportion (F/M ratio), as the
one applied to the SBR system. The reactors behavior was
monitored for 24 h.
Analytical methods

The wastewater samples were analyzed for COD and
BOD5 according to the closed reflux method [14] for the
first, and by manometric apparatus (WTW OXITOP 12) for
the latter. The pH was measured by an electrode (HI 8424

1613

© by PSP Volume 16 – No 12a. 2007

Fresenius Environmental Bulletin

Hanna), while total and volatile suspended solids were determined according to A.P.H.A [14]. The concentrations of
nitrite- and nitrate-nitrogen were measured by ion chromatography (DX 300, Dionex Corp.). Ammonia-nitrogen was
assessed using the Kjeldahl method, while total nitrogen
was measured via the persulfate method [14]. Total and
ortho-phosphate concentrations were measured using the
ascorbic acid method, with and without persulfate digestion [14]. The mixed liquor samples taken from the SBR,
during its operation, were analyzed for COD, pH, VSS and
TSS concentrations according to A.P.H.A. [14]. During the
SBR cycle, measurements of dissolved oxygen were performed using a DO-meter (RL450, Russell). When reporting the mean value of the blackwater characteristics, the
“geometric mean” value has been calculated according to
Morehouse et al. [15].
RESULTS
A summary of the results from sewage (blackwater
samples) characterization is shown in Table 2. These values
indicate a 3.5-5-fold increase of organic strength for this
type of wastewater, compared to a medium-strength untreated domestic one [16-18], whereas the respective values
of nutrient concentrations (nitrogen and phosphorus) present a 15-25-fold increase. The great differences between
the minimum and maximum values for each measured parameter (Table 2) are also indicative of the wide variations
in wastewater characteristics that can be anticipated.
The performance of the system regarding COD removal
and TSS of the mixed liquor for an 8-h cycle at 25 °C is
shown in Fig. 1. The removal of total COD was about 37%,
on the average, during the last 20 days of operation. However, TSS level in the effluent was about 740 mg/L, which
is very high compared to the limit of 50 mg/L posed by the

IMO resolution MEPC.2 (VI) [19] and the 33 CFR, Part
159, of U.S.C.G [20]. The pH value of the mixed liquor in
the reactor before starting the filling phase was 6.3, and,
at the end of filling and aeration phases, the values increased
to 7.33 and 7.82, respectively. Finally, at the end of the
settling and decanting phase, the pH value dropped to 7.35
and 6.25, respectively. These values indicate that no pH
control is required.
The variation of dissolved COD concentration during a
cycle, under these operating conditions, is shown in Fig. 2.
According to Fig. 2, the dissolved COD of the mixed liquor
increases during the aerobic reaction phase of the cycle, although a 10% decrease is observed during the filling phase.
Since the measured dissolved COD is the net result of organic solids` hydrolysis and biomass decay, on the one
hand, and dissolved COD consumption by the microorganisms, on the other hand, the obtained experimental data indicate that the generation rate of dissolved COD is higher
than its microbial utilization rate, under the specific operating conditions. Moreover, the applied 6-h aerobic reaction phase was not sufficient for the microorganisms to
degrade the dissolved organic matter.
Aiming to increase the COD removal efficiency of the
system and to determine the required duration of the operating cycle, a batch experiment was carried out at a constant temperature. We selected 35 oC, since it was around
the average temperature of the samples selected in our
study (Table 1). Raw black wastewater was fed to an
amount of biomass at almost the same proportion (F/M
ratio) as the one applied to the SBR system. The reactor
behavior was monitored for 24 h.
Although a constant decrease of dissolved COD was
observed during the first 8 h, as shown in Fig. 3, it was
followed by a less pronounced reduction during the next

TABLE 2 - Characteristics of sewage (blackwater) generated onboard ships equipped with vacuum toilet systems.

No. of sample

pH

TSS
(g/L)

VSS
(g/L)

1
2
3
4
5
6
7
8(a)
8(b)
9
10
11(a)
11(b)
12(a)
12(b)
13(a)
13(b)

7.0
6.8
8.2
8.1
7.0
8.0
7.2
8.8
7.5
6.2
9.2
8.4
9.1
7.7
8.0
7.4
8.7
6.2
9.2
7.8
0.9

1.8
0.4
8.1
2.3
1.9
4.2
15.5
2.1
2.0
7.8
2.5
1.5
1.6
0.5
0.5
2.7
2.0
0.4
15.5
2.1
3.8

1.6
0.4
5.3
0.8
0.4
3.2
12.0
1.6
1.5
7.1
1.9
1.3
1.4
0.4
0.3
1.8
1.6
0.3
12.0
1.5
3.0

Min
Max
GeoMean
S/D

Total
COD
(mg/L)
4531
1156
8880
1880
1192
7573
20800
3823
2500
21160
2832
2265
1976
593
515
4728
3660
515
21160
3097
6327

Dissolved
COD
(mg/L)
1260
399
480
1171
597
640
608
911
800
6507
678
276
352
87
67
910
618
67
6507
568
1467

BOD5
(mg/L)

NH3-N
(mg N/L)

NO2-N
(mg N/L)

NO3-N
(mg N/L)

Total Ν
(mg/L)

Ortho-P
(mg P/L)

Total P
(mg/L)

856
595
1750
391
175
3100
3350
1005
700
10750
575
95
525
61
140
644
890
61
10750
650
2568

189
88
770
300
235
2128
490
266
500
714
812
66
840
114
155
420
364
66
2128
340
493

23
0
0
0
108
0
0
94
2
0
0
68
0
10
0
342
8
0
342
0
86

0
0
1
9
36
2
1
0
2
3
1
2
0
1
0
8
0
0
36
1
9

266
151
800
378
543
2149
731
366
1000
787
1049
152
856
141
193
897
383
141
2149
480
502

85
14
21
7
14
71
29
40
70
244
8
29
53
20
15
51
21
7
244
30
56

123
16
250
27
27
113
590
81
110
338
97
55
131
24
21
90
90
16
590
80
146
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3000

solved COD decrease was 49.1%. At the end of this batch,
the mixed liquor was kept without stirring for 1 h, and then
660 ml mixed liquor were drawn from the supernatant,
simulating thus the behavior of an SBR system. The total
COD and TSS values in the effluent were 955 mg/L
(54.6% reduction) and 610 mg/L, respectively.

feed
effluent
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1500
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600
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Total COD (mg/L)
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0
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Time (days)

2 .5
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4

8

12

16

20

24

Time (h)

FIGURE 3 - Dissolved COD concentration
profile during a batch experiment at 35 oC.

1 .0

Based on these results, the SBR was operated, in the
sequel, with a 12-h cycle at 35 ºC. The results obtained
with this operating strategy are shown in Fig. 4. The removal of total COD increased to 54%, during the last 5
days of operation, which can be attributed to an increased
hydrolysis of particulate organics present in the raw
wastewater. The BOD5 values in the feed and the effluent
were 711 and 110 mg/L, respectively, which is almost
double the limit effluent value of 50 mg/L. The TSS concentration of the effluent was about 1400 mg/L, which is
rather increased compared to that measured in the batch
experiment. This could, however, be attributed to the
addition of phosphate (buffer) salts in the feed (5 g/L
K2HPO4 and 12 g/L KH2PO4), in order to keep pH
values in the range 7-8, and to form insoluble inorganic
salts, e.g. calcium and magnesium phosphates. The addition of phosphate salts would have been avoided in “real
conditions” by using on-line pH control.

0 .5

0 .0
0

10

20

30

40

50

60

Time (days)

FIGURE 1 - Daily variations of (a) total COD and (b) TSS
concentrations during the 8-h cycle operation strategy at 25 oC.
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0
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400
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500

60

120

180

240

300

360

420

480

Time (min)
FIGURE 2 - Dissolved COD concentration
profile during the 8-h operation cycle at 25 oC
(F: fill, A: aeration, S: settle, D: decant phase).

hours until the end of this batch. This behavior could also
be attributed to the fact that the production, due to organic
matter hydrolysis and the consumption rates of dissolved
COD, were almost the same between 8th and 24th hour of
this experiment. However, the overall percentage of dis-

A detailed profile of the dissolved COD concentration
during a typical cycle, under these operating conditions, is
shown in Fig. 5. As it was anticipated, the elevated temperature levels of the mixed liquor indeed resulted in an
increased hydrolysis of organic solids and higher microbial utilization rates of the produced dissolved COD. The
net result of these processes was a continuous decrease of
dissolved COD throughout the aerobic phase, contrary to
the reactor behavior observed previously (at 25 ºC), and in
agreement with the performance of the previously conducted batch experiment.
As observed in the 24-h batch experiment as well as
during the operating cycle of the SBR, the organic matter
remaining in the reactor could not further be degraded by
microorganisms when continuing aeration. Therefore, the
assumption of microbial inhibition by chemical substances,
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of an aerobic batch reactor, which treated black waters for
24 h at 35 ºC. The initial concentrations of total COD and
TSS of the diluted effluent were 569 mg/L and 520 mg/L,
respectively. The performance of the reactor in terms of
dissolved COD was monitored for about 24 h, and the results are shown in Fig. 6. As it is clearly seen, the dissolved
COD concentration was further decreased, by about 21.6%
under these conditions, validating the aforementioned assumption. Simulating the operation of an SBR, as in the
previous batch experiment, the drawn effluent from the
reactor, after 60 min of settling, exhibited total COD and
TSS values of 187.2 mg/L (67.1% reduction) and 260 mg/
L. The BOD5 value in the effluent was 26 mg/L.

3000
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FIGURE 6 - Dissolved COD concentration profile
during a batch experiment at 35 °C (Biomass fed
with the effluent, diluted with water 1:1, from an
aerobic batch reactor, which was fed with blackwaters).

FIGURE 4 - Daily variations of (a) total COD and (b) TSS
concentrations during the 12-h cycle operation strategy at 35 oC.

A

10

Time (h)

Time (days)

F

5

13

Time (h)
FIGURE 5 - Dissolved COD concentration
profile during the 12-h operation cycle at 35 °C
(F: fill, A: aeration, S: settle, D: decant phase).

that are either present in the raw wastewaters or produced
as metabolic products during the reaction phase, was examined by conducting a batch experiment. In this flask, the
biomass was fed with the diluted effluent (with water 1:1)

For environmental and technical reasons, the dilution
of black waters with ship gray waters was considered, in
the sequel, in order to improve the performance of the
SBR system achieving simultaneously biological treatment
of gray waters. A batch experiment was performed in the
same conditions as described before. In this case, the same
amount of sludge, as in the previous batch, was fed with
raw black waters diluted with gray waters in equal proportions (1:1 dilution). The basic characteristics of the gray
water used in this experiment were: pH = 7.7, TSS =
430 mg/L, VSS = 310 mg/L, total COD = 678 mg/L and
dissolved COD = 205 mg/L. The initial concentrations of
total COD and TSS of the mixed wastewater were 1392 mg/
L and 690 mg/L. The performance of the reactor in terms
of dissolved COD was monitored for 24 h and results are
shown in Fig. 7. Under these conditions, dissolved COD
was reduced by about 39.7%. The effluent drawn from the
reactor, after 1-h settling, exhibited total COD and TSS
levels of 352 mg/L (74.7% reduction) and 350 mg/L. The
BOD5 value in this effluent was 60 mg/L.
Based on these promising results, the dilution of raw
blackwater with ship graywater (1:1 dilution) was investigated in the SBR system as well. The basic characteristics
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operated with a 12-h cycle at 35 ºC, consisting of a 10min filling phase, 1-h settling phase, 5-min decanting phase,
while the rest of the cycle period was devoted to an aerobic
phase. Under these conditions, no addition of phosphate
salts was implemented in the feed stream. The results obtained during this operating strategy are shown in Fig. 8
and present no improvement of the system’s efficiency, in
terms of total COD removal, since it averaged about 50%
during the last 3 days of operation. However, the BOD5
values of the combined feed and the effluent were 650 and
70 mg/L respectively, which is very close to the limit of
50 mg/L. Although, a marked decrease of TSS in the effluent was observed, the measured values of about 400 mg/L
were still much higher than the limit of 50 mg/L. The pH
ranged from 7.8 to 8.6 during the 12-h cycle. The performance of the cycle regarding the dissolved COD removal
of the mixed liquor is shown in Fig. 9. A continuous decrease of dissolved COD throughout the cycle was observed, and its lowest concentration in the effluent was
achieved, with regard to the other applied operating strategies.
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FIGURE 7 - Dissolved COD concentration
profile during a batch experiment at 35 °C (Biomass
fed with 1:1 diluted raw blackwater/graywater mixture).
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FIGURE 9 - Dissolved COD concentration profile
during the 12-h cycle at 35 °C (1:1 dilution of blackwater
feed with graywater; F: fill, A: aeration, S: settle, D: decant phase).

1,2

TSS (mg/L)

4

Time (h)

1,6

0,8

CONCLUSIONS
The sewages generated onboard ships equipped with
vacuum toilet systems differ substantially from municipal
wastewaters. The great differences between the minimum
and maximum values for each measured parameter are also
indicative of the difficulties involved in the development of
a reliable system for the treatment of these wastewaters.
What is more, is that inhibitory compounds existing in the
raw wastewater (e.g. harsh cleaning chemicals) or byproducts formed during treatment prevent further biological oxidation of particulate and dissolved organics.
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FIGURE 8 - Daily variations of (a) total COD and
(b) TSS concentrations during the 12-h cycle operation
of SBR at 35 °C (1:1 dilution of blackwater with graywater).

of the gray water used for the SBR operation were: pH =
8.2, TSS = 190 mg/L, VSS = 160 mg/L, total COD =
700 mg/L and dissolved COD = 334 mg/L. The SBR was

According to the above results, the combined treatment
of blackwater with gray water proved to be the most promising solution of ship blackwater treatment problems. Al-

1617

© by PSP Volume 16 – No 12a. 2007

Fresenius Environmental Bulletin

though the reduction of COD (and BOD5) as well as TSS
was significant, the effluent quality international standards
were not met, especially in terms of TSS levels. Therefore, the application of an appropriate filtration device (e.g.
centrifuge or microfiltration) as a final clarification stage of
the produced effluent is recommended, in order to decrease
TSS in the effluent to acceptable concentrations.
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