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a b s t r a c t

The performance of electrocoagulation (EC) technique for decolorization and chemical oxygen demand
(COD) reduction of anaerobically pretreated poultry manure wastewater was investigated in a labora-
tory batch study. Two identical 15.7-L up-flow anaerobic sludge blanket (UASB) reactors were first run
under various organic and hydraulic loading conditions for 216 days. Effects of operating parameters such
as type of sacrificial electrode material, time of electrolysis, current density, initial pH, and electrolyte
concentration were further studied to optimize conditions for the post-treatment of UASB pretreated
poultry manure wastewater. Preliminary tests conducted with two types of sacrificial electrodes (Al and
Fe) resulted that Al electrodes were found to be more effective for both COD and color removals than Fe
electrodes. The subsequent EC tests performed with Al electrodes showed that optimal operating con-
ditions were determined to be an initial pH of 5.0, a current density of 15 mA/cm2, and an electrolysis
time of 20 min. The results indicated that under the optimal conditions, about 90% of COD and 92% of
residual color could be effectively removed from the UASB effluent with the further contribution of the
EC technology used as a post-treatment unit. In this study, the possible acute toxicity of the EC effluent

was also evaluated by a static bioassay test procedure using guppy fish (Lebistes reticulatus). Findings of
this study clearly indicated that incorporation of a toxicological test into conventional physicochemical
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. Introduction

The tremendous amount of animal wastes produced by inten-
ive poultry and livestock operations has become one of the most
ritical environmental problems facing both developed and devel-
ping countries in recent years. Kalyuzhnyi et al. [1] have reported
hat the yearly production of poultry and livestock waste on
entralised farms (large pig farms up to 216,000 pigs per year,
eef-breeding complexes up to 15,000 per year and industrial poul-
ry farms up to 4 million chickens per year) in Russia exceeded
00 million m3 in 1996 and has been currently one of the most
rgent environmental problems existing in Russia. Similarly, the
olid waste annually produced by poultry farm birds has been esti-
ated at millions of tons in Nigeria in 2002 [2].
In recent years, anaerobic digestion technology has been
hosen as an attractive option considering the dual benefits of
nvironmental pollution control and meeting national energy
eeds [3]. This process has become a technology of growing

mportance, especially for highly polluted wastewater. Therefore,
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uation of final discharge characteristics.
© 2008 Elsevier B.V. All rights reserved.

naerobic digestion has been regarded as one of the beneficial and
dvantageous processes in animal manure wastewater treatment
4]. In a comprehensive literature review, Sakar et al. [5] have
eported that a number of studies have been conducted on the
naerobic treatment of animal manure wastewaters using different
naerobic process configurations.

Environmental preservation efforts and developments in the
echnology have resulted in stringent discharge standards. With
nvironmental regulations becoming more stringent, regulatory
ompliance has also become a matter of increasing concern to the
oultry industries. Therefore, there is a need to install effective
ost-treatment technologies, after undergoing anaerobic processes
reating heavily contaminated waste streams, such as poultry

anure wastewater. To meet strict laws on environmental protec-
ion, pollutant loads discharged from the poultry industries should
e first reduced to a significant extent, and a proper post-treatment
polishing) step should be further applied to improve the quality of
he final discharge in terms of residual pollutant contents [4,6].
Although much attention has been given to both bio-chemistry
nd physical characteristics of the anaerobic digestion process in
reatment of animal wastes, however, only a few information is
vailable in the literature regarding the applicability of different
dvanced methods for the post-treatment of anaerobically pre-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yetilmez@yildiz.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.05.015
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reated animal manure (mostly pig) wastewaters. Some of recent
nvestigations specifically focused on the post-treatment of bio-
ogically pretreated animal manure wastewaters can be found
n some studies, such as removal of remaining chemical oxygen
emand (COD) and color from UASB pretreated poultry manure
astewater using Fenton’s oxidation [4], anaerobic digestion and
ost-treatment of swine wastewater using IC-SBR (internal cir-
ulation anaerobic reactor and sequencing batch reactor) process
7], combination of biological and physicochemical methods for
ost-treatment of biologically pretreated livestock wastewater [8],
ombined biological and physicochemical treatment of filtered pig
anure wastewater [9], removal of nutrients from UASB pretreated

ig manure wastewaters using aerobic/anoxic biofilter [10], and
mmonia removal from anaerobically pretreated piggery wastes by
on exchange [11].

Today, there is an urgent need to develop more efficient and cost-
ffective techniques for treatment of wastewaters. It is reported
hat the electrocoagulation (EC) technology provides a simple, reli-
ble, cost-effective and promising techique for the treatment of
arious wastewaters without any need for additional chemicals
12]. In recent years, this technology has been conducted as an
ffective method to treat various types of wastewaters such as
andfill leachate [13], rose processing wastewater [14], chemical

echanical polishing wastewater [15], oily bilgewater [16], tex-
ile wastewater [17,18], heavy metal contaminated groundwater
19], restaurant wastewater [20], dyeing wastewater [12,22,23], and
live oil mill wastewater [23,24].

The EC process involves the generation of coagulants in situ
y electrolytic oxidation of the sacrificial electrode materials. The
aterials employed in EC are usually Al or Fe. The electrodes can be
ade of Al or Fe plates or from scraps such as Fe or Al millings, cut-

ings, etc. Because there are a definite amount of metal ions required
o remove a given amount of pollutants, it is usually to use Fe for
astewater treatment and Al for water treatment. The Al plates are

lso finding applications in wastewater treatment either alone or in
ombination with Fe plates due to the high coagulation efficiency of
l3+ [25]. Mollah et al. [26] have reported that the electrolytic dis-
olution of the Al anode produces the cationic monomeric species
uch as Al3+ and Al(OH)2

+ at acidic conditions. At appropriate pH
alues, they are transformed initially into Al(OH)3 and finally poly-
erized to Aln(OH)3n according to the following reactions [26]:

l → Al(aq)
3+ + 3e− (1)

l(aq)
3+ + 3H2O → Al(OH)3 + 3H(aq)

+ (2)

Al(OH)3 → Aln(OH)3n (3)

However, depending on the pH of the aqueous medium other
onic species, such as Al(OH)2+, Al2(OH)2

4+ and Al(OH)4
− may also

e present in the system. In addition, various forms of charged
ultimeric hydroxo Al3+ species may be formed under appropriate

onditions. These gelatinous charged hydroxo cationic complexes
an effectively remove pollutants by adsorption. The authors have
lso reported that Fe upon oxidation in an electrolytic system pro-
uces iron hydroxide, Fe(OH)n, where n = 2 or 3. Two mechanisms
ave been proposed for the production of Fe(OH)n [26]. The first
echanism for the production of Fe(OH)3 consists of Eqs. (4) and

5) for anode, Eq. (6) for cathode, and Eq. (7) for the overall reaction
s follows:

Fe(s) → 4Fe(aq)
2+ + 8e− (4)
Fe(aq)
2+ → 10H2O(l) + O2(g) → 4Fe(OH)3(s) + 8H(aq)

+ (5)

H(aq)
+ + 8e− → 4H2(g) (6)

Fe(s) + 10H2O(l) + O2(g) → 4Fe(OH)3(s) + 4H2(g) (7)

a
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The second mechanism for the production of Fe(OH)2 consists
f Eqs. (8) and (9) for anode, Eq. (10) for cathode, and Eq. (11) for
he overall reaction as follows:

e(s) → Fe(aq)
2+ + 2e− (8)

e(aq)
2+ + 2OH(aq)

− → Fe(OH)2(s) (9)

H2O(l) + 2e− → H2(g) + 2OH(aq)
− (10)

e(S) + 2H2O(l) → Fe(OH)2(s) + H2(g) (11)

The Fe(OH)n(s) formed remains in the aqueous stream as a
elatinous suspension, which can remove the pollutants from
astewater either by complexation or by electrostatic attraction,

ollowed by coagulation. In addition, the H2 produced as a result
f the redox reaction may remove dissolved organics or any sus-
ended materials by flotation [26]. The advantages of EC also

nclude high particulate removal efficiency, compact treatment
acility, relatively low cost and possibility of complete automation
25].

It is reported that the poultry manure wastewater can be suc-
esfully pretreated by means of high-rate anaerobic processes,
owever, compliance with the effluent discharge standards will
ot be met [27]. Therefore, a possible solution for sustainable
reatment of such manure streams is the integration of biologi-
al and advanced treatment processes to achieve satisfactory final
ffluents. Because the EC process has wide-scale applicability in
reatment of various types of wastewaters as mentioned above, this
echnique can be proposed as an effective post-treatment method
or further removal of biorecalcitrant residues in the anaerobically
retreated poultry manure wastewater.

Although the integration of biological and advanced treatment
rocesses usually yields satisfactory effluents, however, in some
ases the final wastewater may cause harmful effects on the aquatic
nvironment. Sponza [28] has reported that the chemical proce-
ure alone cannot provide sufficient information on the potential
oxic effects of various unknown and often undetermined sub-
tances in complex mixture. Therefore, toxicity tests should be
ncorporated into the existing receiving water discharge standards
o assess the potential risks to organisms in the environment [29].
lthough various countries such as the Netherlands, the United
tates and the United Kingdom are now using toxicity tests as part
f their water quality monitoring program, in Turkey, chemical-
pecific monitoring is used, but toxicity testing has not been
ncluded in the regulations [28]. Only the fish toxicity test carried
ut with guppies (Lebistes sp.), based on the toxicity dilution fac-
or (TDF) which indicates the degree of toxicity, has been included
n the Turkish Water Pollution Control Regulation [30]. Although
nitial aquatic toxicity tests have been performed by using bacte-
ia, invertebrates, such as Cladocera sp. and Rotifera sp., and other
roups, they can in no way replace the actual test performed on
sh, the last chain in the food web [31]. Therefore, in recent years,
sh toxicity tests have been succesfully conducted as promising
echniques to evaluate the potential acute toxicity and hazardous
mpacts of various types of wastewaters such as textile, leather, and
etrochemical industries wastewaters [32], dye production indus-
ry wastewater [29], stock temephos solution [33], asphalt and
oncrete production wastewaters [34], pharmaceutical wastewater
35] and pulp-paper industry wastewater [28].

The main objectives of this study were: (1) to investigate the
erformance of UASB reactors treating poultry manure wastew-

ter under various organic and hydraulic loading conditions; (2)
o investigate and to optimize the effects of operating parameters
uch as type of sacrificial electrode material, time of electrolysis,
urrent density, initial pH, and electrolyte concentration on the
C of UASB pretreated poultry manure wastewater; (3) to demon-
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trate the combination of a two-stage system on the treatability
f poultry manure wastewater using an UASB process followed
y EC technology; and (4) to evaluate the possible toxicity of
he EC effluent according to the Turkish Water Pollution Control
egulation [30].

. Materials and methods

.1. Poultry manure source and feed preparation

Fresh poultry manure was collected from a moderate size com-
ercial poultry farm (Hakan’s Poultry Farm) located at Buyukkilicli
illage (41◦9′25N, 28◦10′14E) in Silivri, Istanbul. The collected
anure was stowed in plastic boxes, and each box was wrapped
ith polyethylene bags. Then, they were stored in an industrial type

efrigerator at 4 ◦C to minimize substrate decomposition and also
dor from stacked manure before the experiment. The water con-
ent and density of the fresh poultry manure were determined to be
7.5 (±0.6)% and 1102 (±115) kg/m3, respectively. Prior to feeding,
olatile solids (VS) was about 64.5 (±1.1)% of total solids (TS).

The feed for UASB reactors was prepared by diluting fresh poul-
ry manure with the desired quantity of tap water. Four feed ratios
kg of fresh poultry manure to litre of tap water, respectively) of
:8, 1:6, 1:4 and 1:2 were conducted to investigate the effects of
ifferent feed strengths on the digestion performance of the reac-
ors, respectively. The diluted manure was mixed with a vertical
tirrer (Makita HP1500) for 5–10 min to obtain a uniform environ-
ent in feeding material. The homogenized slurry was then filtered

hrough a sieve having a mesh size of 1.18 mm (Endecotts Ltd.) to
educe potential clogging of the reactor tubing and also operational
roblems may be caused by broken egg shells, hair or feathers and

nert bedding materials such as sand, sawdust and wood shavings
hich were present in the fresh manure. During the filtration of pre-
ared slurry, a jet of tap water was applied occasionally to remove
ll scattered particles and impurities through the reverse side of
he sieve. Prior to feeding, stored feed was warmed to the reac-
or operating temperature using Chiltern Hotplate Magnetic Stirrer,
S31.

Gungor-Demirci and Demirer [6] have reported that nutrients
resent in the manure can be sufficient for anaerobic microbial
rowth if sufficient amount of water is present to dissolve them.
herefore, addition of extra nutrient may not be necessary at low
nitial COD and TS concentrations. However, they observed an
ncrease in the total methane production by nutrient and trace

etal supplementation at relatively high substrate concentrations.
his showed the positive effect of nutrient supplementation on
igestion of manure at high initial COD and TS concentrations. In
his study, a nutrient solution/basal media containing all necessary

icro and macro nutrients for an optimum anaerobic microbial
rowth was prepared and added 1 mL/L of the daily fed subtrate at
elatively high initial COD and TS concentrations, as proposed by
iler [36].

.2. Seed sludge

Seeding is strongly recommended in order to increase the effi-
iency of the digestion process [6]. Amin [37] has reported that
eeding with mature granules requires less time for start-up com-
ared to reactors started with flocculent seed (biomass from a
onventional anaerobic digester). Because granular biomass has

igher settling velocity and higher specific activity than floccu-

ent biomass, reactors were seeded with 4.5 L of actively digesting
ranular sludge (28.6% of the working volume) from an ongoing
esophilic UASB reactor of Pasabahce (Tekel) Distillery Inc. (Istan-

ul, Turkey).

w
s
f
t
t
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The reactors were filled to their respective volumes of 15.7 L
79.1% of the total tank capacity) with poultry manure wastewater
aving a feed ratio of 1:10 (kg of fresh poultry manure to litre of tap
ater, respectively) to acclimate the anaerobic biomass to the feed.

rior to seeding, TS content of the granular sludge was determined
bout 90.8 g/L. The VS content of the sludge was found to be 82.3%
f TS. Therefore, 15.7-L reactors contained about 336.3 g of VS. The
ontents of the reactors were maintained at respective tempera-
ures (32 ± 2 ◦C) for a week to allow temperature equilibration and
lso utilization of the substrate by the anaerobic microorganisms.

The initial average diameter of the granules was found to be
bout 1.18 mm. The density of the granular sludge was measured
o be 1075 kg/m3. The mean settling velocity and Reynolds number
t terminal settling velocity of the granules having a diameter of
.18 mm were determined to be 74.2 m/h and 24.3 for the viscosity
f water at room temperature (10−3 kg m/s or Pa s), respectively. The
ean settling velocity was determined using the well-known force

alance equation. In determination of terminal settling velocity, the
rag coefficient being a function of Reynolds number at terminal
ettling velocity was obtained using Perry’s and Green’s equation.
esults were found to be in accordance with the range of the gran-
le diameters in a simulation analysis of a settling velocity model
roposed by Liu et al. [38]. Detailed hydrodynamic calculations of
erminal settling velocity and Reynolds number for sample gran-
les can be found in the previous work of Yetilmezsoy and Sakar
4].

In this study, scanning electron microscope (SEM) analysis of
ample granule biomass was also done in a Jeol JSM-5910LV oper-
ted at an accelaration voltage of 20 kV, with Au sputtering-coated
amples fixed in an Al stub. Prior to SEM analysis, the sample was
laced in a Petri box for conservation, and then dried at room tem-
erature for 2 days. SEM was used to obtain knowledge of both
orphology and elemental composition of the original sample.

EM micrographs of original sample granule are shown in Fig. 1.
t is clearly observed in Fig. 1(a and b) that the surface morphol-
gy of the sample granule shows a rough structure with an oval
hape. Visual examination of granular biomass also revealed some
light irregular projections on the surface of the granule. According
o Ahn’s proposed model [39] for the anaerobic sludge granulation,
EM micrographs appear to represent the growth of a small gran-
le in the diameter range of 1–2 mm. Detailed information on the
naerobic sludge granulation in UASB reactors can be found in the
omprehensive review of Hulshoff Pol et al. [40]. A similar work
n the morphological study of the granules in UASB and hybrid
eactors has recently been elaborated by Gupta and Gupta [41].

The elemental composition of the granular biomass was ana-
yzed by means of the SEM system equipped with an Oxford INCA
DS (Energy Dispersion Spectroscopy) software. On the basis of the
rocedure, amounts of Au and Al were not taken into account in
etermination of the elemental composition. As seen in Fig. 1(c),
he elemental analysis of the sample indicated the following order
f percentages: C > O > P > Mg > K > S > Ca. High percentage of car-
on and oxygen found in the granular biomass indicates the high
rganic content of the sample. The elemental analysis also revealed
hat some trace elements such as calcium, magnesium, potassium
nd sulfur were present in the sample. In some studies, distillery
astewaters have been characterized for metal ions such as Ca2+,
+ [42,43], and sulphates [44]. Therefore, the obtained results
ay be attributed to the presence of these minerals in the dis-

illery wastewater fed to the previous mesophilic UASB reactor from

hich the granular biomass has been supplied. In an experimental

tudy, Gupta and Gupta [41] have also reported similar observations
or a determined mineral content of the granular sludge based on
he characteristics of distillery spentwash used as a substrate in
heir study.
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Fig. 1. SEM micrographs (a and b) and SEM/EDS spectru

.3. UASB set-up and operation

Two identical 15.7-L UASB reactors (R1 and R2) were run to
nvestigate the performance of reactors for treatment of poultry

anure wastewater under different organic and hydraulic loading
onditions. The external diameter, total height, total tank capac-
ty of the reactors were 12 cm, 160 cm and 19.85 L, respectively. All
arts of the reactors were made of transparent plexiglas material
ith a wall thickness of 5 mm. The reactors had a conical bottom

f 20 cm length and a feed inlet pipe of 1.5 cm diameter to avoid
hocking during operation. An outlet weir was provided at the top
1.51 m), which was connected to an outlet gutter and outlet pipe
o the effluent collection tank.

The reactors had ports for sampling, feeding, effluent and gas
ollecting. Gas was collected from the headspace on the top of the
eactor and gas production was measured by the liquid displace-
ent method. The gas collecting and measuring systems consisted

f gas–solid–liquid (GSL) separators (made from inverted plastic
unnels of 11 cm diameter), gas collecting pipes, glass water traps,
raduated gas measuring tubes (3 L) and two waters tank for keep-
ng of gas measuring tubes. Both reactors were equipped with six
ampling ports, localized at 0.35, 0.50, 0.65, 0.80, 0.90 and 1.10 m

rom the bottom of the reactors. The diameter of each sampling port
as about 1.5 cm.

The reactors were started using poultry manure wastewater
aving a feed ratio of 1:10 (kg of fresh poultry manure to litre of tap
ater, respectively) as substrate for acclimatization of seed culture

s
u
p
c
i

of an original sample granule, prior to start-up period.

nd later the dilution was gradually decreased to increase organic
oading rate and to study the effects of different feed strengths on
he digestion performance of the reactors.

Both R1 and R2 were operated simultaneously in a daily-
ontinuous mode feeding by pumping of the fresh feed into the
eactors and collecting effluent samples daily. In feeding, different
arget HRTs were achieved using a peristaltic pump (FPU5-MT-220,
megaFlex®). No recirculation of effluents or mixing were carried
ut in either reactor. During the feeding of the reactors, the feed-
ng tank was continuously agitated with a glass rod to prevent the
edimentation of suspended solids (SS).

Sludge loading rates (F/M mass ratio) were conducted in
he range of 0.01–0.11 kg COD/(kg VS day). The pH of the feed
astewater was adjusted between 6.6 and 7.8 by the gradual

ddition of H2SO4 or NaOH reagents (Merck Chemical Corp.).
oth reactors were operated at mesophilic conditions (32 ± 2 ◦C)

n a temperature-controlled environment maintained by two
djustable radiators with thermostat (Demirdokum DEYR 7B CM).

The up-flow velocity is regarded as one of the main factors
ffecting the efficiency of up-flow reactors [45,46]. Wiegant [47]
eported that the up-flow velocity could be a restrictive factor with
espect to the required reactor volume when treating very low

trength wastewater and wastewaters with high SS. The increasing
p-flow velocity increases the rate of collisions between suspended
articles and the sludge and thus might enhance the removal effi-
iency. In the mean time, increasing the up-flow velocity could also
ncrease the hydraulic shear force, which counteracts the removal
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echanism through exceeding the settling velocity of more par-
icles and detachment of the captured solids and consequently
eteriorates the removal efficiency [46]. Therefore, the up-flow
elocity should be sufficiently high to provide a good contact
etween substrate and biomass, and to disturb the gas pockets
athered in the sludge bed [48]. According to preliminary pump-
ng tests and fluidity of the prepared slurry, an up-flow velocity of
bout 0.70 m/h was found to be appropriate for the present UASB
eactors. Thus, feed wastewater samples were pumped to the reac-
ors from the feeding tank with a stable up-flow velocity of 0.70 m/h
y operating the peristaltic pump in a feeding mode of 50 rpm for
he corresponding flow rate of 133 mL/min.

.4. Electrocoagulation process

EC experiments were conducted in a lab-scale EC cell having a
otal volume of 800 mL. The EC cell was made from 5-mm trans-
arent plexiglas with the dimensions of 72 mm × 72 mm × 175 mm
width, length, height, respectively). A digital DC power supply
Good Will Instek, GPC-3060D, 0.0–30.0 V, 0.0–6.0 A) was used to
ive regulated electricity current to the EC cell.

Al and Fe are the most widely used materials as sacrificial anode
or EC [24]. This is due to fact that they are cheap and their pro-
uction is very simple [23]. For comparative purpose, preliminary
C tests were carried out with both materials used as sacrificial
node under the same conditions. In preliminary tests, two com-
on use types of sacrificial electrodes (Al and Fe) were studied to

elect the most appropriate material for the present application.
oth Al or Fe cathodes and anodes were made from rectangular-
haped plates with the dimensions of 50 mm × 180 mm × 5 mm
width, height, wall thickness, respectively). The total effective elec-
rode area was 60 cm2 and the distance between electrodes was
2 mm.

The pH has a considerable effect on the performance of the EC
rocess [14,18,24]. In an experimental study conducted by Adhoum
nd Monser [24], the highest COD and color removal efficiencies
ave been obtained in acidic medium, at pH values in the limits
f 4.0–6.0. However, very poor removals are found either at low
<2.0) or high (>10). This behaviour is attributed to the fact that
he amphoteric character of Al(OH)3 that does not precipitate at
H less than 2.0. In addition, it is reported that too high pH will

ncrease Al(OH)3 solubility and lead to the formation of soluble
lO2

− which is useless for water treatment. Similarly, Can et al. [22]
ave reported that especially at high pH values above 9.0, the quan-
ity of Al(OH)3 flocs diminishes and the decolorization efficiency
nd capacity fall. The authors have also suggested that an acidic or
eutral initial medium is beneficial for low electrical energy con-
umption. Therefore, to examine the effects of pH on both COD and
olor removals, initial pH values were conducted in the range of
.0–8.82 (original pH) for the present EC application. The pH of
amples was adjusted by the gradual addition of 1 N H2SO4 or 1 N
aOH solutions. To explore the effects of other parameters (types
f sacrificial electrodes, current density and electrolysis time) on
oth COD and color removal efficiencies, the initial pH of wastew-
ter samples was kept at original (8.82). Based on preliminary test
esults, subsequent experiments were then carried out at the best
nitial pH condition (as found in the previous step) to investigate the
ffect of selected electrolyte concentration on the EC of UASB pre-
reated poultry manure wastewater. All the runs were performed
t a stable temperature of about 25 ◦C.
In the EC process, current density determines the coagulant pro-
uction rate, adjusts the rate and size of the bubble production, and
ffects the growth of flocs within the reactor [12]. However, Chen
25] has reported when too large current is used, there is a high
hance of wasting electrical energy in heating up the water. More

t
a
a
t
c
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mportantly, a too large current density would result in a significant
ecrease in current efficiency. In order to operate the electroco-
gulation system for a long period of time without maintenance,
he current density is suggested to be 20–25 A/m2 unless there
re measures taken for a periodical cleaning of the surface of elec-
rodes. Therefore, to investigate the effect of current density on the
oth COD and color removals, the present EC process was carried
ut using various current densities ranging from 5 to 25 mA/cm2.
n each EC run, 400 mL of UASB pretreated poultry wastewater
ample was poured into the EC cell and various current densities
ere then applied. In the batch experiments, measured voltages

nd applied currents varied in the limits of 4.5–18 V and 0.3–1.5 A,
espectively. With these experimental conditions, required energy
onsumptions were calculated in the range of 0.28–33.75 Wh/(L
astewater).

Kobya et al. [18] have reported that the ionic strength gener-
lly causes an increase in current density at the same cell voltage,
r the cell voltage decreases with increasing the electrolyte con-
entration at constant current density. Chen [25] has reported that
able salt is usually employed as the electrolyte to increase the
onductivity of the water or wastewater to be treated. Besides its
onic contribution in carrying the electric charge, it was found that
hloride ions could significantly reduce the adverse effect of other
nions such as HCO3

−, SO4
2−. The existence of the carbonate or

ulfate ions was found to lead to the precipitation of Ca2+ or Mg2+

ons that forms an insulating layer on the surface of the electrodes.
his insulating layer would sharply increase the potential between
lectrodes and result in a significant decrease in the current effi-
iency. Therefore, the author has recommended that among the
nions present, there should be 20% Cl− to ensure a normal oper-
tion of EC in water treatment. The addition of NaCl would also
ead to the decrease in power consumption because of the increase
n conductivity. In adddition, Wong et al. [49] concluded that the
lectrochemically generated chlorine was found to be effective in
ater disinfections. Similarly, Irdemez et al. [50] conducted exper-

mental studies on the phosphate removal from wastewater by EC
ith four different types of chemicals (NaCl, NaNO3, Na2SO4 and
aCl2) used as supporting electrolytes. They concluded that the
ptimum phosphate removal was obtained with 5 mM of NaCl. Tak-
ng into account its above-mentioned benefits, NaCl was selected as
he supporting electrolyte in the present EC application. To inves-
igate the influence of selected electrolyte concentration on the EC
f UASB pretreated poultry manure wastewater, proper amounts
f NaCl (Merck Chemical Corp., analytic quality) ranging from 0.2
o 1.2 g were added to the 400 mL of UASB effluent samples, giving
lectrolyte concentrations in the range of 0.5–3.0 g NaCl/L. Prior to
pplying the current, wastewater samples were gently mixed with
glass rod to dissolve the salt and to make the solution homoge-
eous.

In some of studies [18,22], mixing has been performed by an
agnetic strirrer in a constant speed of 200 rpm. However, Ilhan

t al. [13] have reported that mixing may cause the break up flocs
nd negatively affect electrolytic reactions in terms of COD removal
fficiency. Therefore, the authors have suggested that a stable solu-
ion medium will be much more efficient for mobilization of ions
y means of electricity applied. Taking into these considerations,
o mixing was not included in the present EC treatment process to
btain higher removal efficiencies.

Samples from the EC cell were taken at predetermined electrol-
sis times (5, 10, 15, 20, 25, and 30 min). All samples were allowed

o settle for about 25 min in a graduated glass vessel before any
nalysis. 50 mL of supernatant sample was then collected for COD
nd color analysis after the settling process. No centrifuging or fil-
ration of samples were carried out in either EC run. The COD or
olor values of samples are in mg/L or Hazen color unit, respectively.



K. Yetilmezsoy et al. / Journal of Hazardous Materials 162 (2009) 120–132 125

tic of

A
F

2

i
t
i
d
w
d
i
i
a

w
i
g
o
C
p
r

u
w
b
s

i
c
w
2
g

v
t
t
b
o
p
1
a
c
t
t
o
2
t
a

c

Fig. 2. A detailed schema

detailed schematic of the experimental set-up is depicted in
ig. 2.

.5. Fish toxicity test

The fish toxicity test was carried out based on the TDF which
ndicates the degree of toxicity [30]. Sponza [28] has reported that
oxicity dilution volume indicates the volume of wastewater that
s diluted with dilution water. In other words, toxic effects can be
etermined proportionally with the dilution volume in which the
astewater is diluted with a dilution liquid. According to the proce-
ure, the minimum dilution volume in which all fishes remain alive

s considered as the TDF value [29]. For example, TDF = 3 means that
n wastewater which is diluted by the factor 1:2 and all fish survive
48-h exposure [28].

Prior to the experimental period, a 10-L glass aquarium, which
as also used as the control chamber, was filled only with ster-

lized dilution water. The sterilized dilution water served as the
rowth medium had a chemical composition as follows (amounts
f constituents are given in parentheses as g for 5 L distilled water):
aCl2·6H2O (2.41), MgSO4·7H2O (0.616), and NaHCO3 (0.042). The
repared dilution water was continuously aerated for 24 h to
emove chlorine before putting the fish in.
The acute toxicity potential of the EC effluent was determined
sing guppy fish (Lebistes reticulatus) as the test organism. Guppies
ere purchased from a local aquarium in Besiktas (Istanbul) and
rought to the laboratory within about 15 min in a plastic bag with
ufficient air. The plastic bag was first placed into the control aquar-

j
e
o
A
m

the experimental set-up.

um for about 45 min for acclimatization. Then, the plastic bag was
ut open and the guppies were allowed to swim into the aquarium
ater for 48 h of adaptation to the new environment. During the last
4 h of adaptation, and throughout the duration of the experiment,
uppies were not fed.

Meanwhile, six identical clean glass jars (each having an active
olume of 1 L) were set up and filled with different prede-
ermined volumes of aerated dilution water ranging from 750
o 910 mL. Six different predetermined volumes of EC effluents
etween 90 and 250 mL were then added to respective jars to
btain different dilution ratios (mL of EC effluent to mL of pre-
ared dilution water, respectively) of 1:10, 1:8, 1:6, 1:5, 1:4 and
:3, respectively. Although the dilution water was sufficiently aer-
ted, dissolved oxygen levels in each test jar were periodically
ontrolled, and always maintained above 4 mg/L by using an elec-
ronically adjustable air pump (Sera Air 275R) during the acute
oxicity test. Depending on the dilution ratios, characteristics of
btained solutions were in the following ranges: Temperature
5.2 ± 0.2 ◦C, pH 7.1–7.35, dissolved oxygen 6.5–8.12 mg/L, conduc-
ivity 1.52–2.50 mS/cm, total dissolved solids (TDS) 545–999 mg/L,
nd salinity 0.06–0.12%.

After 48 h of adaptation, six guppies were gently netted from the
ontrol aquarium at random and immediately transferred into test

ars containing different volumes of dilution water and the EC efflu-
nt. Behavioural changes of guppies exposed to different amounts
f the EC effluent were closely observed for a test period of 48 h.
t the end of 48 h, the dilution at which all fish remained alive (no
ortality) was accepted as the appropriate dilution [30].
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.6. Analytical methods

Influent and effluent pH values were measured by a pH meter
Jenway 3040 Ion Analyser) and a pH probe (HI1230, Hanna Instru-

ents). Soluble chemical oxygen demand (SCOD) was determined
y filtering the sample through 0.45 �m Whatmann GF/C filter.
otal COD, TS, total suspended solids (TSS), VS, 5-day biological oxy-
en demand (BOD5), alkalinity, ammonia nitrogen (NH3–N), total
jeldahl nitrogen (TKN) and total phosphorus (TP) were conducted
y the procedures described in the Standard Methods [51]. Sam-
les were ignited at 550 ◦C by using an ashing furnace (Lenton) for
S and volatile suspended solids (VSS) analyses. Absorbance values
ere recorded at 690 nm by using a spectrophotometer (Pharma-

ia Biotech LKB Novaspec II) for TP analysis. Biogas composition was
etermined by using a portable multi-channel landfill gas analyser
Gas Data LMSxi G3 Landfill Gas Analyser). Color of wastewater
amples was measured with a Merck photometer (SQ 118) and
etermined as Hazen color unit according to method number of

38 [52].

In the fish toxicity test, dissolved oxygen, TDS, salinity, con-
uctivity, pH and temperature analyses were conducted by using
multiparameter instrument (WTW® Oxi 330i). Stability of the

reatment process and components of wastewater samples were

i
w
c
e
o

able 1
erformance data of UASB reactors treating of poultry manure wastewater under various

onstituent Reactor Feed ratio

otal chemical oxygen demand, TCOD (mg/L) R1 1:8
R1 1:6
R2 1:4

iological oxygen demand, BOD5 (mg/L) R1 1:8
R1 1:6
R2 1:4

oluble chemical oxygen demand, SCOD (mg/L) R1 1:8
R1 1:6
R2 1:4

otal solids, TS (mg/L) R1 1:8
R1 1:6
R2 1:4

olatile solids, VS (mg/L) R1 1:8
R1 1:6
R2 1:4

otal suspended solids, TSS (mg/L) R1 1:8
R1 1:6
R2 1:4

olatile suspended solids, VSS (mg/L R1 1:8
R1 1:6
R2 1:4

otal Kjeldahl nitrogen, TKN (mg/L) R1 1:8
R1 1:6
R2 1:4

mmonia nitrogen, NH3–N (mg/L) R1 1:8
R1 1:6
R2 1:4

otal phosphorus, TP (mg/L) R1 1:8
R1 1:6
R2 1:4

H R1 1:8
R1 1:6
R2 1:4

lkalinity (mg CaCO3/L) R1 1:8
R1 1:6
R2 1:4

a The negative value of ammonia corresponds to an increase in the reactor.
us Materials 162 (2009) 120–132

onitored in Environmental Engineering Laboratory at Yildiz Tech-
ical University in Istanbul, Turkey.

.7. Statistical analysis

All standard deviations reported in this study were calcu-
ated using the statistical functions in spreadsheets of Microsoft
xcel and DataFit® scientific software (version 8.1.69, Copyright©

995–2005 Oakdale Engineering) as ODBC (Open Database Con-
ectivity) data sources.

. Results and discussion

.1. UASB process

Previous results of Yetilmezsoy and Sakar [27] regarding the
naerobic treatability of poultry manure wastewater under var-
ous organic and hydraulic loading conditions are summarized

n Table 1. As seen in Table 1, the poultry manure wastewater
as satisfactorily pretreated by means of high-rate anaerobic pro-

esses, specifically with the use of UASB reactors. The previous
xperiments were divided into three operational phases. The two
f these (1:8 and 1:6) were consecutively performed in R1 and

organic and hydraulic loading conditions [27]

UASB influent
(mean ± S.D.)

UASB effluent
(mean ± S.D.)

Efficiency (%)
(mean ± S.D.)

12100 ± 910 1750 ± 200 85 ± 2.0
19550 ± 730 1930 ± 170 90 ± 1.0
29970 ± 1560 3030 ± 600 90 ± 2.0

5900 ± 390 420 ± 50 93 ± 1.5
9100 ± 250 380 ± 40 96 ± 0.5

14800 ± 440 950 ± 150 94 ± 1.0

2090 ± 170 1110 ± 90 47 ± 6.5
3420 ± 140 1220 ± 100 65 ± 3.0
5220 ± 360 2490 ± 490 53 ± 9.0

8280 ± 700 1980 ± 200 76 ± 3.5
12580 ± 500 1770 ± 150 87 ± 1.0
21110 ± 970 5550 ± 950 74 ± 5.0

5370 ± 450 1380 ± 126 74 ± 3.5
8680 ± 260 1129 ± 100 87 ± 1.0

13210 ± 530 3940 ± 840 70 ± 6.5

5020 ± 370 1130 ± 70 78 ± 2.5
8020 ± 300 1060 ± 100 87 ± 1.5

12300 ± 560 3150 ± 660 75 ± 5.5

4020 ± 340 970 ± 120 76 ± 4.0
6760 ± 220 890 ± 70 87 ± 1.0

10060 ± 590 2730 ± 320 73 ± 4.0

1830 ± 130 1390 ± 120 23 ± 10.0
2980 ± 100 2310 ± 170 23 ± 6.0
4430 ± 210 3562 ± 320 20 ± 7.0

990 ± 70 1180 ± 70 −21 ± 12a

1760 ± 70 1970 ± 90 −12 ± 6.0a

2200 ± 90 2610 ± 170 −18 ± 7.0a

450 ± 30 380 ± 30 14 ± 9.0
730 ± 30 460 ± 40 38 ± 5.0

1120 ± 60 890 ± 150 21 ± 13.5

7.30 ± 0.20 8.30 ± 0.20 –
7.20 ± 0.10 8.10 ± 0.20 –
7.10 ± 0.20 8.00 ± 0.10 –

3210 ± 200 2690 ± 190 16 ± 9.0
5250 ± 200 3280 ± 270 38 ± 5.5
7550 ± 330 5920 ± 700 22 ± 9.0
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he other (1:4) in R2. On the basis of the cross-sectional area
f the reactors (95 cm2) and applied feed flow rates from 1 to
L/day, hydraulic loading rates were controlled between 0.105 and
.21 m3/(m2 day). The UASB reactors were conducted with three
ifferent HRTs of 15.7, 12.0 and 8.0 days, and with OLR between
.65 and 1.78 kg COD/(m3 day). The pH of feed to the reactors ranged
rom 6.96 to 7.82, with an average value of 7.3 (±0.2). Both R1 and
2 showed a remarkable performance on total COD reductions with
verage treatment efficiencies between 85 and 90% under varying
rganic and hydraulic loading conditions.

During operational phases, TP and TKN removals ranged from
4 to 38%, and from 20 to 23% on average, respectively. These rela-
ively low treatment efficiencies may be expected for TKN and TP,
ince anaerobic reactors are known to reduce negligible amounts
f nutrients. Demirer and Chen [53] have observed similar results
or the anaerobic digestion of dairy manure in a hybrid reactor with
iogas recirculation. The removals in TP and TKN can be ascribed
o both new biomass production, as well as settling in the reactor,
s reported by Lyerly [54].

The NH3–N concentrations on average were increased between
2 and 21% during operational phases. This can be attributed
o the anaerobic bioconversion of proteins contained in manure
nto amino acids and then to ammonia nitrogen, as reported by
emirer and Chen [53]. This also resulted in an increase of efflu-
nt pH, as seen in Table 1. The negative value of ammonia nitrogen
emoval in Table 1 corresponds to an increase in the reactors. These
esults agreed with the findings also reported by other researchers
53,55,56]. The reductions in the alkalinity can be ascribed to the
uffering of the volatile fatty acids during the digestion process.
he observed increases in COD, BOD5, SCOD and solids removals
n R1, conducted with the feed ratio of 1:6, can be explained by
cclimation of the granular biomass to operating conditions.

Depending on various organic and hydraulic loading conditions,
aily biogas production rates ranged between 4.2 and 29.4 L/day,
nd over 73% of influent organic matters imposed to the systems
ere transformed to biogas on average, with a methane content

ver 70%. The volumetric COD removals were achieved between
.55 and 3.78 kg CODremoved/(m3 day).

At the end of the third phase (1:4), a feed ratio of 1:2 was also
mployed as the highest substrate loading condition in R2. The
aily-continuous operation was continued in R2 at relatively high
OD concentrations ranging from 52,840 to 62,050 mg/L, with an
verage concentration of 57,820 (±3440) mg/L. The pH of the feed
aried between 6.98 and 7.32, with an average value of 7.16 (±0.10).
he last phase (1:2) was studied with same HRTs of 15.7, 12 and
days for a total operating time of 72 days. Although relatively

igh incoming COD concentrations were imposed to the system,
2 demonstrated a stable performance on the anaerobic treata-
ility of poultry manure wastewater, and no process failure was
ecorded. This should be due to acclimatization of both acitogens
nd methanogens to the gradual flow regime and OLR after a longer
daptation stage. Results showed that rounded COD removal per-
entages in the last phase (1:2) ranged from 75 to 81%, with an
verage value of 78.5 (±2.5)%.

During operational phases, UASB effluents were periodically col-
ected in a 15-L plastic container for further analyses. Remaining
olumes of effluent wastewaters were used for other experimen-
al analyses. Because the mixed wastewater contained different
olumes of effluents from all operating phases, COD and color
nalyses were performed on the mixed wastewater to determine

nal organic pollutant contents after undergoing biological treat-
ent. Experimental results showed that the mixed UASB effluent

ad a high COD concentration of 4120 mg/L and was dark in color
3390 Hazen units). Initial pH and conductivity of the mixed efflu-
nt were about 8.22 and 4.48 mS/cm at 25 ◦C, respectively. High

i
7
C
o
c

ig. 3. Effects of electrode materials on COD and color removal efficiencies (current
ensity: 15 mA/cm2, initial pH: 8.22, electrolyte concentration: 1 g NaCl/L, electrol-
sis time: 5–30 min).

OD concentration and dark brown color of the mixed wastew-
ter can be attributed to the contribution of the effluent of the
ast phase (1:2) conducted as the highest substrate loading condi-
ion in R2. Although high removals were obtained even at relatively
igher organic loading conditions such as (1:4) and (1:2), the efflu-
nt quality particularly in terms of the residual COD indicated that
ompliance with the effluent discharge standards would not be
et.

.2. Electrocoagulation process

.2.1. Selection of the electrode material
COD and color removals as a function of electrode material are

epicted in Fig. 3(a and b). Results showed that both materials
re almost equally effective in terms of COD removals. In prelim-

nary tests, COD removal efficiencies ranged from 76 to 89% and
3 to 86% for Al and Fe electrodes, respectively. Although high
OD removals were achieved with both materials, the performance
f Al electrodes were superior than Fe electrodes in terms of the
olor removal. Preliminary test results indicated that color removal
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fficiencies ranged from 64 to 86% and 34 to 46% for Al and Fe
lectrodes, respectively. This phenomenon may be ascribed to the
xcess of Fe2+ and/or Fe3+ species generated during the electrol-
sis and characterized by their yellow-brown color. Adhoum and
onser [24] have reported similar results for decolorization and

emoval of phenolic compounds from olive mill wastewater by EC
rocess.

To conclude, Al electrodes were found to be more effective for
oth COD and color removals than Fe electrodes in this study. Due
o the fact that the costs of both types of electrodes are almost
ame, it will be a good choice for higher treatment efficiencies
o select Al electrodes. Therefore, subsequent batch experiments
ere conducted with Al electrodes to investigate the effects of

ther operational parameters on the removal efficiencies of COD
nd color, respectively.

The previous studies [12–14,18,21–24] conducted with Al, Fe and
tainless steel (SS) electrode materials reveal that total effective
rea of electrodes and the distance between electrodes have been
tudied in the limits of 35–80 cm2 and 3–65 mm, respectively. On
he basis of maximum COD and color removals obtained for dif-
erent types of electrode materials, the present data seems to be
omparable with those reported by others. However, it is noted
hat differences are due to the characteristics of studied wastewa-
ers and main operating conditions such as applied current, initial
H, electrolysis time, and also different types of electrode materi-
ls (Al, Fe and SS). Low COD [21,23] and color [21] removals may
e attributed to the presence of several recalcitrant inorganic com-
ounds, complex components, and other undesirable impurities in
he wastewaters.

.2.2. Effect of current density
Fig. 4(a and b) represent the effects of the electrolysis time on

OD and color removal efficiencies for various current densities
sing Al electrode materials. As the current density increased, the
lectrolysis time needed to achieve similar efficiencies decreased.

As seen in Fig. 4(a and b), about 80.8% of COD removal was
btained at the current density of 5 mA/cm2 in 30 min. However,
1 and 82% of COD removals were reached at current densities
f 10 and 15 mA/cm2 in 20 and 10 min, respectively. At the cur-
ent density of 25 mA/cm2, 80% of COD removal was achieved in
relatively short electrolysis time of 5 min. Likewise, almost 69%

f color removal was attained at the current density of 5 mA/cm2

n 30 min. Similar color removal efficiencies of about 70% and 69%
ere obtained at current densities of 10 and 25 mA/cm2 in 15 and
min, respectively. This expected behaviour can be explained by

he fact that the treatment efficiency was mainly affected by charge
oading, as reported by others [20,24]. This phenomenon may also
e ascribed to increasing bubble density at high current, resulting

n a greater flux and faster removal of pollutants. In an experimen-
al study, Khosla et al. [57] have reported similar observations on
he pulsed electrogeneration of bubbles for electroflotation.

In general, the graphs of COD and color removals versus elec-
rolysis time demonstrated an increasing trend with the increase
f current density. However, on the basis of present discharge stan-
ards for livestock and poultry industries stated in the Turkish
ater Pollution Control Regulation [30], acceptable final discharge

evels in terms of COD concentration were achieved at current den-
ities of 15, 20 and 25 mA/cm2 for the corresponding electrolysis
imes of 20, 15 and about 14 min, respectively. Although high COD
emovals up to about 83% were achieved at current densities below

5 mA/cm2, however, desired effluent quality was not found to be
ufficient to meet current discharge requirements even in a rela-
ively long electrolysis time of 30 min.

The electrical energy comsumptions in electrolysis times of 20,
5 and about 14 min were determined to be about 2.6, 3.17 and

r
a
g
i
a

ig. 4. Effects of electrolysis time on COD and color removal efficiencies (current
ensity: 5–25 mA/cm2, initial pH: 8.22, electrolyte concentration: 1 g NaCl/L).

.35 Wh/g CODremoved for the corresponding current densities of 15,
0 and 25 mA/cm2, respectively. From the economical point of view,
he optimal operating condition to guarantee acceptable discharge
tandards was determined to be a current density of 15 mA/cm2

ith an electrolysis time of 20 min. Results also showed that after
n electrolysis time of 20 min, both COD and color removal effi-
iencies were generally not found to be changed significantly. To
ummarize, longer electrolysis times (>20 min) unnecessarily pro-
onged the process to obtain similar result. Therefore, taking into
ccount both cost of energy consumed and imposed discharge stan-
ards, an electrolysis time of 20 min was considered to be optimal
or further batch experiments.

Findings of batch experiments showed that both COD and color
emoval efficiencies increased with the increase of current den-
ity. However, it also increases the electrical energy consumption.
rom the economical point of view, removal efficiencies and the cor-
esponding energy consumptions should be evaluated to achieve

n optimized current density. Therefore, Fig. 5 was developed as a
raph with removal efficiencies and energy consumptions accord-
ng to required electrical energy quantities to remove per g COD
nd color units.
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ig. 5. Effects of current density on COD and color removal efficiencies (initial pH:
.22, electrolyte concentration: 1 g NaCl/L, electrolysis time: 20 min).

With these experimental conditions, high percentages of COD
nd color removals (>80%) were obtained from the point of
5 mA/cm2, as seen in Fig. 5. A further increase in current den-
ity from 15 to 25 mA/cm2 resulted a small increase from 88 to 91%
n the efficiency of COD removal. For the same increase in current
ensity, color removal efficiency increased from 82 to 89%. How-
ver, as shown in Fig. 5, electrical energy consumptions in term
f Wh/Colorremoved and Wh/g CODremoved were determined to be
bout 2.2 and 2.3 times higher in this case, respectively. Daneshvar
t al. [12] reported similar results for the decolorization of basic dye
olutions by the EC process. Taking into account the cost of electri-
al energy consumed in the EC process, the optimal current density
as determined to be 15 mA/cm2 for high COD and color removals
ith reasonable energy consumptions.
.2.3. Effect of initial pH
COD and color removals as a function of initial pH are depicted

n Fig. 6. As shown in Fig. 6, high removals of COD (88.6–89.4%)
nd color (90.6–92%) were achieved in acidic medium, at initial pH

ig. 6. Effects of initial pH on COD and color removal efficiencies (current density:
5 mA/cm2, electrolyte concentration: 1 g NaCl/L, electrolysis time: 20 min).
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alues in the range of 4.0–6.0. When the initial pH was kept orig-
nal at 8.82, removal efficiencies of COD and color were obtained
o be 88% and 82%, respectively. Although high removals of COD
nd color were attained by the EC without further pH adjustment,
xperimental results at pH 5.0 indicated that performance of the
C process in terms of COD and color removal efficiencies can be
mproved up to about 90 and 92%, respectively.

Batch experiments clearly demonstrated that the highest
emoval efficiencies were obtained in acidic medium with pH < 7.0.
esults also indicated that decolorization performance decreased
lowly from 4 to 6 but rapidly from 6 to 8.22. This can be attributed
o the fact that acidic or alkaline medium affects the mechanism of
oagulation and leads to the formation of different chemical species
n the bulk wastewater. Similar results have been reported in other
tudies using Al electrodes [21,22].

It can be concluded that an acidic initial medium was found to
e beneficial to achieve the highest COD and color removals. Final
ffluents under these conditions were observed to be transparent
nd very pale yellow in color. However, it is noted that acceptable
nal discharge levels in terms of COD concentration can also be
chieved at original pH. Thus, a further pH adjustment may not be
ecessary. On the other hand, when the initial pH was kept origi-
al, lower color removal efficiency was obtained compared to color
emovals achieved in acidic medium. From an aesthetic point of
iew, results indicated that acidic medium was more suitable to
chive highest efficiencies in terms of both COD and color removals.
onsidering the highest removal efficiencies, particularly for COD,
H 5.0 was selected as the best initial pH condition for the present
pplication. However, it can also be noted that neutral or original
H conditions can be conducted for the post-treatment of UASB
retreated poultry manure wastewater, depending on the desired
ffluent quality at the time of discharge.

.2.4. Effect of electrolyte concentration
Fig. 7 depicts the effect of electrolyte concentration on the

erformance of the present EC process. Voltages between elec-
rodes were also measured and plotted against the electrolyte
oncentration of related wastewater samples (Fig. 7). Increasing the
lectrolyte concentration resulted in the reduction of cell voltages
hat caused a decrease in electrical energy consumption. Results
howed that high COD and color removals can be achieved with low

ell voltages. With the addition of NaCl to the medium, following
eactions take place in the wastewater [25,58]:

Cl− → Cl2 + 2e− (12)

ig. 7. Effects of electrolyte concentration on COD and color removal efficiencies
current density: 15 mA/cm2, initial pH: 5.0, electrolysis time: 20 min).
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l2 + H2O → HOCl + Cl− + H+ (13)

OCl → OCl− + H+ (14)

As shown in above reactions, the electrochemically generated
l2 served as a strong oxidant that could oxidize some organic com-
ounds remaining in the bulk wastewater. However, it was found
hat with the addition of more NaCl to the wastewater samples,
OD and color removal efficiencies remained almost unchanged in
he investigated electrolyte concentration range of 0.5–3.0 g NaCl/L.
ased on the experimental results, it can be concluded that elec-
rolyte concentration did not show a considerable effect on both
OD and color removal from the UASB effluent as much as other
arameters.

In the previous studies, conductivity or electrolyte concen-
ration have been adjusted by adding an appropriate amount of
aCl, and similar results have been expressed as either mS/cm

12–14,18,22,23] or g NaCl/L [21]. Based on these units, previous
ndings show that conductivity or electrolyte concentration have
een conducted in the range of 0.25–21.1 mS/cm or up to 2 g NaCl/L,
espectively.

.3. Fish toxicity test

The maximum permissible TDF value (for composite samples
aken in both 2 and 24 h) for the present type of discharge was
et at 10 according to the Turkish Water Pollution Control Regu-
ation [30]. Therefore, to evaluate the toxicity of the EC eflluent,
uppies were exposed to different media having TDF values both
elow and above this limit. The survival of guppies (L. reticulatus)
as monitored after 48 h of incubation period at ambient tempera-

ure. It was observed that all guppies were alive and showed normal
ehaviour at the end of 48-h exposure. Toxicity test results indi-
ated that guppies survived even in more concentrated solutions
aving TDF values lower than the national permissible TDF limit
f 10. After 48 h of test period, guppies were not netted from test
ars and behavioural changes of individuals were monitored for an
dditional 120 h of incubation. Results indicated that all guppies
ere still alive and showed normal behaviour even at the end of

he additional 120 h of exposure.
The present toxicity test clearly proved that the EC effluent

id not cause any acute toxicity symptoms or mortality in gup-
ies. This can be attributed to the fact that residual biorecalcitrant
ompounds, which may have adverse effects on the aquatic envi-
onment, have been effectively eliminated from the UASB effluent
y the EC process. On the basis of the toxicity test results, it can
e concluded that the use of EC process as a post-treatment tech-
ology has succesfully detoxified the UASB effluent and removed

ts undesirable compounds. This result has opened promising and
ncouraging perspectives on the post-treatment of anaerobically
retreated animal manure wastewaters by the EC, which can be
roposed as a reliable, safe and cost-effective method.

.4. Final disposal of the EC sludge

The handling and disposal of the sludge resulting from chemical
recipitation (CP) is one of the greatest difficulties associated with
hemical treatment. Sludge is produced in large volumes from most
P operations, and the total sludge generated by CP contains almost
0% of added coagulant. In addition, CP usually generates sludge in

he caustic pH range above 10. The metals precipitate as hydrox-
des, a hazardous form because the metals will become soluble
gain at the natural pH range around 7. Therefore, when CP is used,
naerobic digestion for sludge stabilization and also land applica-
ion may not be possible because of the toxicity of the precipitated

r
o
t
d
c

us Materials 162 (2009) 120–132

eavy metals. On the other hand, EC can produce an environmen-
ally friendly sludge at a pH range from 6 to 7. The metals in the
C sludge at this pH range are stabilized in a non-hazardous form
s oxides [59]. However, taking into account the increasing public
ealth problems, Al content of the sludge becomes an important

ssue. Since this metal has been pointed out to be a potential haz-
rd in a leaching event and also a primary cause of the Alzheimer
isease, the disposal of alum sludge needs to be given a particular
ocus for investigation.

Chen et al. [20] have reported that electrochemical reactions in
he bulk wastewater, in most cases, make the wastewater acidic
t anode surfaces and alkali at cathode surface. As a result, the
ctual electrode consumption can be expected to be greater than
he theoretical value. According to several authors [20,22,58,60],
he dissolution of Al occurs at the anode and cathode vicinities
hrough the following reactions, respectively [20,60]:

Al + 6H+ → 2Al3+ + 3H2 (15)

Al + 6H2O + 2OH− → 2[Al(OH)4]− + 3H2 (16)

With the optimum conditions determined in this study, Al con-
ents in the supernatant and in the EC sludge were found to be
bout 2.3 and 405.2 mg/L, respectively. Results showed that almost
9.5% of the amount of the released Al precipitated in the form of
lum sludge. The amount of Al generated during the EC exceeded
he theoretical value (250 mg/L) calculated from Faraday’s law. The
urrent efficiency of aluminum dissolution was in our case about
63%. This was similar to the value reported by Mouedhen et al.
60]. These results also indicated that the Al content in the super-
atant was found to be less than 3 mg/L, which was considered the
nly acceptable Al level for composite samples taken in 2 h [30].

Alum sludge from commercial or industrial wastewater treat-
ent plants is regulated waste and its disposal, incineration,

ecycling or reprocessing, transportation, storage and treatment
ust be carried out under a licence or development approval issued

n accordance with the provisions of the Environmental Protection
ct in force [61]. However, land disposal of alum sludge requires at

east 10–20% solids content. Currently, the most effective means of
ufficiently dewatering alum sludge for disposal is mechanical fil-
er pressing. Although this method yields dewatered alum sludge
ossessing at least 30–50% solids, the initial equipment cost and
ubsequent operational costs are high [62]. In any case, the dis-
osal of alum sludge in a landfill results in the loss of a valuable
sset and at the same time depletes the capacity of the landfill [63].
n addition, alum sludge is generally considered unsuitable for use
s a soil conditioner due to its potential to reduce fertility by soil
hosphates binding with Al [61].

The cost of alum sludge disposal is related to its solids con-
ent and dewatering characteristics. It is well known that recovery
f alum in the form of the alum sludge improves the dewater-
ng characteristics of the remaining solids and reduces the overall
uantity of solids which require disposal. Therefore, recovery of
lum in the form of the alum sludge reduces the overall disposal
ost [62,63]. This process is a viable method of reducing sludge-
andling requirements. Furthermore, the recovered alum can be
sed at the water and at the wastewater treatment plants [63]. In
ecent years, recycled alum sludge has been used in various types
f treatment processes such as lead metal removal [64] and dye

emoval from textile wastewater [65]. Consequently, acceptance
f recovered alum as a sustainable, low-cost, and environmen-
ally friendly by-product will contribute to its universal appeal for
isposal of alum sludge, particularly for the needs of developing
ountries.



zardo

4

p
u
p
a
C
l
m
C
s
i
l
t
w
T
o
u
w

p
m
e
t
p
m
c
T
i
a
c
a
U
u
e
a
i
a

a
t
u
n
t
t
a
v
o
h

A

o
a
t
b
I
t

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

K. Yetilmezsoy et al. / Journal of Ha

. Conclusions

The UASB process showed a remarkable performance for the
retreatment of highly concentrated poultry manure wastewaters
nder various organic and hydraulic loading conditions. During all
hases, total COD removal efficiencies ranged between 75 and 94%,
nd volumetric COD removal rates ranging from 0.55 to 6.10 kg
ODremoved/(m3 day) were achieved. Under the highest substrate

oading phase (1:2) conducted with a HRT of 8 days, the maxi-
um OLR and the maximum total COD reduction were about 7.9 kg

OD/(m3 day) and 81%, respectively. Although relatively high sub-
trate loadings were imposed to the system, noticeable difficulties
n the reactor performance such as excessive foaming or sludge flo-
ation were not observed. However, pretreated effluents obtained in
his step still contained relatively high COD and color levels, which
ere not suitable to meet receiving water discharge standards.

herefore, an important objective was to explore the applicability
f the EC as an advanced treatment technique for removal of resid-
al COD and color from anaerobically pretreated poultry manure
astewater.

Effect of various operational parameters on the EC of UASB
retreated poultry manure wastewater were investigated and opti-
ized. Preliminary tests conducted with two types of sacrificial

lectrodes indicated that Al electrodes were found to be more effec-
ive for both COD and color removals than Fe electrodes for the
resent application. Batch experimental results showed that opti-
al operating conditions were found to be an initial pH of 5.0, a

urrent density of 15 mA/cm2, and an electrolysis time of 20 min.
he electrolyte concentration was not found to have a considerable
nfluence on both COD and color removal from the UASB effluent
s much as other parameters. Findings of this experimental study
learly showed that under the optimal conditions, about 90% of COD
nd 92% of residual color could be successfully removed from the
ASB effluent with the further contribution of the EC technology
sed as a post-treatment unit. Consequently, the EC can be consid-
red as an appropriate alternative to existing techniques or applied
s a post-treatment step after an undergoing biological process to
mprove the quality of the final discharge in terms of residual COD
nd color removal.

In order to evaluate the possible toxicity of the EC effluent
ccording to the Turkish Water Pollution Control Regulation, a
oxicological test was also performed using guppy fish (L. retic-
latus) as the test organism. All guppies survived and exhibited
ormal visual responses at the end of 48-h exposure. The present
oxicity test proved that the EC effluent did not cause any acute
oxicity symptoms or mortality in guppies. Findings of this study
lso showed that incorporation of a toxicological test into con-
entional physicochemical analyses provided a better evaluation
f discharge characteristics of a specific effluent for its possible
azardous impacts on the aquatic ecosystem.
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