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Abstract The study was designed to quantify cadmium
accumulation in different components of sewage treatment
ponds during different seasons and to assess risk for human
consumption perspective. The study estimated cadmium
concentration in water, sludge, Eichhornia, plankton and
tilapia fish from anaerobic, facultative, maturation-1 and -4
ponds during pre-monsoon, monsoon and post-monsoon
periods. It resulted that cadmium accumulated among dif-
ferent components of anaerobic, facultative, maturation-1
and -4 ponds ranging 0-18, 0-10, 0-7 and 0-15.4 ppb,
respectively. During monsoon, highest accumulation was
observed in tilapia in both facultative and maturation ponds,
but during post-monsoon, plankton community showed
highest value in all. The highest bio-magnification of cad-
mium was recorded during monsoon with varying degrees
(facultative pond: 4.39, maturation pond-1: 3.03 and matu-
ration pond-4: 7.08). Cadmium concentration in tilapia lied
within WHO’s safe level and may be recommended for
human consumption. The concentration of cadmium was
estimated by Flame Atomic Absorption Spectrophotometer.
The above findings occurred due to chelation, adsorption and
sedimentation, absorption and bio-accumulation, ionization,
leaching through sediment and rainfall. Water pH (6.7-8.8),
dissolved oxygen (0-17 mg L"), total solids (251-650
mg Lfl), iron (FeH) concentration (0.61-4.87 mg Lfl) and
sedimentation rate (278.9-2,409.6 g day” ' m™?) were
conducive for the distribution of cadmium into different
ecosystem components of treatment ponds. These ponds
reclaimed 28.57-61.11 % of sewage-cadmium and may be
promoted as a low-cost eco-tech for sewage treatment.
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Introduction

Bio-accumulation of the heavy metals, such as cadmium
(Cd) in fish and other economically important organisms
rearing in sewage-fed ponds has become a global enigma
concerning its safety for human consumption. Cd is a
highly toxic heavy metal posing a threat to human through
food chain. The metal persists in aquatic, atmospheric and
edaphic environment with a half life of 10-25 years
(Landis and Yu 1999) and can affect aquaculture produc-
tivity. The metal tends to be accumulated within tissue of
aquatic plants and animals for long even its very low
concentration in water owing to non-covalent affinity to
sulfhydryl group (—SH) of enzyme molecules. Besides,
hydroxyl (—OH), carboxyl (—COOH), phosphatidyl, cys-
teinyl and histidyl side chain of protein, purine and por-
phyrin molecules also have moderate affinity to cadmium.
In contrast, the divalent cadmium (Cd2+) is a competitive
inhibitor of metallo-enzymes, but in phytoplankton, it may
substitute zinc in certain enzymes (Lane and Morel 2000).
Creatine kinase in V-muscle is inhibited greatly at micro-
molar level of Cd. Chronic exposure to Cd induces to
increase the concentration of metallothionein protein
within tissue like liver, gills and V-muscle that binds Cd
coordinately to reduce toxicity (Hollis et al. 2001). The
induction of metallothionein synthesis is tissue specific and
is displayed by different response patterns in gills, liver and
kidney (Van Campenhpot et al. 2004). In liver, the activ-
ities of cytoplasmic glutamate—oxaloacetate transaminase
(GOT), glutamate pyruvate transaminase (GPT), glutathione
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peroxidase and glutathione reductase are inhibited strongly
by Cd due to competitive blockage of active site (Vaglio
and Landriscina 1999). Liver mitochondrial MnSOD
(Mn-super oxide dismutase) activity was observed to decline
while substituting Mn?* for Cd>* (Casalino et al. 2002). The
catalase activity in liver decelerates due to binding of Cd to
imidazole group of His-74 which is essential in the decom-
position of hydrogen peroxide (Casalino et al. 2002) and
Cu—Zn super oxide dismutase (Cu—Zn SOD) activity also
decreased greatly (Novelli et al. 1998). At a concentration
beyond 200 ppb, it is toxic to certain fishes, such as
Oreochromis mossambicus, Oncorhynchus mykiss, Brycon
cephalus, etc. (De 2000). Aquatic invertebrate and crusta-
ceans are more sensitive to Cd toxicity compared to mollusks
and polychaetes (Croteau Marie-Noele Luoma and Stewart
2005). Zooplanktons show more susceptibility to this heavy
metal than phytoplankton but copepods exhibit high heavy
metal tolerance (Kerrison et al. 1988). Hardness and salinity
may confer environmental protection to some degree against
ambient Cd toxicity (Lucas and Southgate 2003) because of
the fact that Ca**, Mg®" and Na ™" ions may have competitive
advantage for binding with the sulthydryl groups of the
enzyme molecule over the Cd** ion.

Cadmium enters in domestic sewage water from a broad
array of sources like nickel-cadmium battery, photograph
developing solution (CdBr and Cdl,), plastics, broken col-
oured glass, soap, printing ink, paper, rubber, textiles, fun-
gicides, galvanized pipes, motor oil, etc. The compounds of
the heavy metal remain dissolved in sewage water. The
acidic nature of raw sewage ionizes the cadmium com-
pounds, but the alkaline nature of sewage water in facultative
and maturation pond in sewage water treatment plant influ-
ences cadmium ions to be bound with organic molecules.
Most of the cadmium in raw sewage water is precipitated as
insoluble sulfides or hydrated oxides in anaerobic ponds due
to anaerobic condition (WHO 2006). Dissolved organic
matter in the aquatic environment acts as organic ligand that
plays an important role in counteracting the hazardous
effects of heavy metals by the formation of chelating com-
plexes (Jalali and Khanboluki 2007). This is particularly true
for waste stabilization ponds with excessively high input of
organic matters. It is well established that presence of
organic compounds like humic and fulvic acids (Greter et al.
1979; Piotrowicz et al. 1983), nitrilotriacetic acid (Stoveland
et al. 1979), and EDTA (Canterford and Canterford 1980) in
water reduces the toxicity of heavy metals due to complex
formation of the free heavy metal ions with these organic
molecules (Kaplan et al. 1987). Buffle (1984) and Baccini
(1984) reported that polysaccharides, peptides, organic
acids, etc. secreted from bacteria of wastewater treatment
ponds are potential chelators for heavy metals. A huge cel-
lulose molecules (large polymer of f-p-glucose) in sludge
and water could trap profuse Cd*" covalently by hydroxyl
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group (Igwe and Abia 2006). Many algae, fungi and bacteria
can act as important biosorbents (Fredickson et al. 2000).
Hyper saturation of O, aerates a strong oxidizing environ-
ment in surface water while anaerobic reducing environment
at the bottom of sewage treatment ponds affect the solubility
of heavy metal (Kaplan et al. 1987). Continuous flow of
sewage water in waste stabilizing pond reduces sedimenta-
tion rate of stable compound and suspends them in water. On
the other hand, microbial decomposition of the compounds
makes the metal free and soluble in water. Biswas and Santra
(2000) reported that fishes (L. rohita, C. mrigala and
O. mossumbicus) grown in municipal wastewater-fed bheris
in Kolkata Metropolitan area, accumulated Cadmium from
0.05t00.12,0.39t0 0.8 and 0.9 to 1.2 pg kg™, respectively,
on the dry weight basis. Haq and Ghosal (2000) observed
that cadmium was accumulated to the tune of 2.5-5.0 and
0-2 mg kg', respectively in sediments and duckweeds in
duckweed based wastewater treatment system in Bangla-
desh. In wetland ponds of West Bengal, India, the study of
Das and Jana (2004) showed that cadmium was accumulated
in sludge, root and leaf tissue of Eichhornia, liver and gills of
Lamellidens marginalis to the ranges of 7-77 pg g,
40-152, 9-63 , 17-502 and 15-258 g_l, respectively, on
dry weight basis. Treatment wetlands have evolved into a
reliable wastewater treatment technology for wastewater
reclamation and remediation (Vymazal 2007 and Vymazal
2010; Lazareva and Pichler 2010; Maine et al. 2007). Several
hydrophytes in treatment wetlands have been proved effec-
tive in accumulation, removal, detoxification and/or immo-
bilization of heavy metals (Singh et al. 2012; Liu et al. 2007).
Kaoud et al. (2011) experimentally proved that Lemna gibba
L-extract had the capability in chelating cadmium ion
(Cd*") from the media and thus the weed and its extract
could be an effective tool in removing cadmium from water
and in reducing cadmium accumulation in fish. The present
study was undertaken to estimate the concentration of cad-
mium in different ecosystem components of the sewage
treatment ponds, like water, sludge, Eichhornia, plankton
and fish (tilapia), and to evaluate the quality of the fish reared
in sewage water from human consumption point of view.
The study was carried out in sewage treatment ponds in
Kalyani Municipality, West Bengal, India, from May 2007
to September 2007.

Materials and methods

Experimental ponds

The sewage treatment ponds employed in the present study
fall under three different categories: two anaerobic (26 m x

52 m x 2.5 m), two facultative (64 m x 150 m x 1.5 m)
and four maturation ponds (52 m x 156 m x 1 m). All
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ponds were arranged in succession as shown in Fig. 1.
Anaerobic ponds were vertically connected to facultative
ponds. Both facultative pond-1 and Facultative Pond-2 were
connected to maturation pond- 1. Four maturation ponds were
in a series and are interconnected in a zig zag way. Maturation
Pond-4 was connected to a canal falling into the river Ganga
(Fig. 1). The domestic raw sewage influx was made into the
anaerobic pond through an inlet and was disposed out finally
to that canal via an outlet from the last maturation pond.

Collection of water

Surface water was collected from five sites with two sub sites
of one meter distance—inlet of anaerobic pond (AP;,), outlet
of anaerobic pond (AP,,,), outlet of facultative pond (FP,,),
outlet of first maturation pond (MP-1,,,) and outlet of fourth
maturation pond (MP-4,,,) (Fig. 1), three times at a time in
the months of May, July and September, 2007 maintaining
respective retention time of these ponds. A portion of each
sample was kept for analysis of water quality and the rest for
the estimation of cadmium content with the treatment of
HNOj; (69 %) at 1 ml per 100 ml sample.

Collection of sludge
Sludge samples were collected by keeping an plastic bea-

ker of 500 ml (Turson, Germany) on the bottom of the
pond at the above stated sites, sub sites and times of May,
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Fig. 1 Schematic diagram of Kalyani sewage treatment ponds series,
where AP anaerobic pond, FP facultative pond, MP maturation pond,
arrow direction of water flow through inlet and outlet and filled circle
sampling sites

July and September of the year 2007 (Fig. 1). These sludge
samples were then dried at 60—70 °C at hot air oven till a
constant weight was obtained. Dried sludge was then
pounded to fine powder by mortar and pestle.

Collection of plankton, water hyacinth and tilapia

Samples of net plankton, water hyacinth and tilapia were
collected from the test ponds at regular intervals. Planktons
were captured from water by plankton net (mesh size
75 um). From each pond, three specimens each of well
grown water hyacinth and fish (weight 50-100 g) were
procured. Fishes were dissected and their gill, liver and
muscle tissues were collected carefully for subsequent
processing. All the materials (water hyacinth, plankton and
fish tissues) were dried separately at 6070 °C till a con-
stant weight was obtained. The samples were pooled to
create a homogenous one.

Sample processing and estimation

Water, sludge, plankton, water hyacinth and fish tissue
were prepared for the estimation of Cadmium following the
protocol of APHA (1995) and its quantification was done
by the Flame Atomic Absorption Spectrophotometer
(AAS) (Company: Varian, Australia and Model: AA 240).

Water quality

The water quality parameters namely pH, total alkalinity,
dissolved oxygen (DO), orthophosphate-P, turbidity, total
solids (TS), total dissolved solids (TDS), total suspended
solids (TSS) and chemical oxygen demand (COD) of
anaerobic, facultative and maturation ponds were estimated
following methods of APHA (1995).

Rate of distribution

The rate of distribution is the partitioning of a substance in
fluid per unit time from its source into different compart-
ments of the system. The rate of distribution of cadmium
from abiotic component (water and sludge) to biotic
components (Eichhornia, plankton, tilapia and others) was

estimated by the following formula

Rate of distribution (ppb day™) (W°d+s°d)’;(wc"+s“d>f

W.q is the concentration of cadmium in water, S.q is the
concentration of cadmium in sludge, i is the initial, f is the
final, and ¢ is the retention time

Rate of sedimentation

Rate of sedimentation means settling of heavy substances
in fluid per unit time per unit volume.
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Sedimentation rate of solid matter in sewage water was
estimated by the following formula

Rate (g day”' m™) = o

W is the weight of sludge, ¢ is the incubation time and v
is the volume of water, where v = 2mr? h; ris the radius of
the container, /4 is the depth of water body.

In the present sewage treatment ponds, r = 0.04 m and
h = 2.5 m for anaerobic pond, 1.5 m for facultative pond
and 1 m for maturation pond.

Bio-concentration factor (BCF)

Bio-concentration is the build-up of pollutant in an aquatic
organism by direct uptake from the ambient water. Bio-
concentration factor of cadmium within the body of tilapia,
Eichhornia or plankton that depended on both water and
sediment media was estimated by the following formula

BCF (in times) = ﬁ

B_q4 is the concentration of cadmium within body, W4 is
the concentration of cadmium in water, S.4 is the concen-
tration of cadmium in sludge, respectively.

Tissue concentration factor (TCF)

Tissue concentration indicates concentration of a non-bio-
degradable toxicant within a tissue of an organism.
Tcd

Similarly, TCF (in times) = TWeat5)

T.q is the concentration of cadmium in the specific tis-
sue, W4 is the concentration of cadmium in water, S.q
concentration of cadmium in sludge.

Bio-magnification factor (BMF)

Bio-magnification is an increase in concentration of
recalcitrant pollutant in the bodies of living organisms at
successively higher trophic levels in the food chain. As
Tilapia consumes both root of Eichhornia and planktons, so
the quantification of bio-magnification factor (BMF) in
case of tilapia entails both the concentrations encountered
in Eichhornia and planktons and it amounts to the ratio
between the metal load in the body of tilapia and the
average concentration of the two edibles.

BMF (in times) = ﬁ

B4 is the concentration of cadmium within body, R4 is
the concentration of cadmium in root of Eichhornia, P4 is
the concentration of cadmium in plankton.

Statistical analyses
The data presented as the arithmetic mean of six samples

(n = 6). The sampling coupled with preparation error was
estimated as standard error of mean (+SE). Data tabulated
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with mean £+ SE. The variance of mean among the con-
centrations of cadmium at different sites was tested by one-
way ANOVA at5 % level of significance (Software Pakage:
SPSS 10.00) and the comparison between any two sites or
any two components were tested by multiple comparison test
Tukey’sat5 % level of significance (Software Pakage: SPSS
10.00). Statistical significance was accepted as P < 0.05.

Results and discussion

Seasonal distribution of cadmium (Cd) in anaerobic pond
(AP), facultative pond (FP), maturation pond-1 (MP-1) and
maturation pond-4 (MP-4).

Distribution

The concentration of cadmium in water, sludge, plankton,
Eichhornia and Tilapia in anaerobic, facultative, matura-
tion-1 and maturation -4 ponds during pre-monsoon,
monsoon and post monsoon periods have been tabulated in
Table 1 and their proportionate distribution in ponds and
seasons have been shown in Fig. 2. In water, the average
concentration of cadmium and its proportionate distribu-
tion were highest in all ponds during post-monsoon and
were lowest in all ponds during monsoon (Table 1; Fig. 2).
The average highest cadmium concentrations in water were
1.4-2.9x in the values of their respective ponds during pre-
monsoon (Table 1). In case of sludge component, the
highest concentrations and proportionate distributions of
cadmium were observed in pre-monsoon and the lowest in
monsoon in all ponds (Table 1 and Fig. 2). The average
cadmium concentrations in sludge in all ponds during pre-
monsoon were greater 1.2-3.4 times that of the respective
ponds in monsoon and post-monsoon. In both water and
sludge, anaerobic pond carried the highest cadmium con-
centration and proportionate distribution irrespective of
seasons (Table 1; Fig. 2). Metal concentration in faculta-
tive pond plankton that showed the highest in pre-monsoon
among all the ponds and seasons were remarkably greater
(4.7-5.7 x) than facultative, maturation-1 and -4 ponds in
monsoon (Table 1), but it was not greater significantly
(0.14-0.16x; one-way ANOVA, Tukey’s test, P > 0.05)
than the ponds in post-monsoon (Table 1). In both pre- and
post-monsoon, Eichhornia (leaf and root) of anaerobic
pond accumulated highest metal content among the ponds
(Table 1 and Fig. 2). In general, the degree of accumula-
tion in root outweighed its distribution in leaf (Table 1).
The distribution in V-muscle in tilapia was less in all ponds
and seasons, but the reverse was the case for liver
(Table 1). The distribution peak was recorded in fish liver
from maturation pond-4 followed by gill from maturation
pond-4 during monsoon (Table 1).
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Table 1 Cd concentration in different ecosystem components of sewage treatment ponds during pre-monsoon, monsoon and post-monsoon periods

Post-monsoon

Monsoon

Pre-monsoon

Sample

MP-4ou APy, APoy FPou MP; g MP-40 APy, APou FPou MP-1 gy MP-4y

MP-1 4y

APoy FPoy

APy,

10.0 + 0.58° 7.0 7.0

17.0 + 0.67%

18.0 + 0.44%

0.0 0.0 0.0

0.0

5.0+ 0.13¢ 5.0+ 0.14¢

5.0

5.0 &+ 0.149

7.0 £ 0.19°

Water (ppb)

+ 0.51°
2.0

+ 0.48°
2.0

+0.17¢
4.0

306£0.12 3.0=+£0.11"  2.0+0.108

1.2 + 0.00'

0.9 + 0.03'

1.2 £+ 0.01

1.7 + 0.018

1.8 + 0.028

4.0 £ 0.14°

4.0 £ 0.16°

6.0 + 0.19¢

7.0 + 0.23°

Sludge

+ 0.11%
6.9

+ 0.10%
6.9

+ 0.14°
8.0

(ppb)
Plankton

7.0 + 0.18°

12 +004 12+ 003

1.4 + 0.04'

3.0 + 0.13

3.0 + 0.14

+ 0.17°

+ 0.17°
24

+ 0.23¢
1.0

(ppb)

2.3 +0.018

2.8 + 0.00°

2.2 +0.018

1.2 + 0.00'

1.2 4+ 0.00'

2.0 + 0.018

3.0 £ 0.13"

Eichhornia

+ 0.01

1.0

+ 0.01%

leaf (ppb)

33 +0.11"

4.1 £0.11°

1.8 £0.00° 1.7 £0.01®

1.0 + 0.00'

6.0 £+ 0.11¢

6.0 + 0.12¢

Eichhornia

+ 0.00'
5.0

=+ 0.13°
5.0

root (ppb)

Tilapia gill

5.0

3.0 +0.11°

62+ 0.14 8.1 40.13°

7.1 £ 0.16°

3.0 + .10°

3.0 +0.11°

+ 0.16¢
7.0

+0.15¢

+ 0.14¢
4.0

(ppb)

6.0

4.0 £ 0.11°

15.4 + 0.28%

4.0 £0.11°

9.0 + 0.20°

7.0 £ 0.15¢

4.0 £ 0.11°

Tilapia liver

+ 0.14¢
39

+0.12¢
4.0

+0.10°
5.0

(ppb)
Tilapia

2.0 £ 0.01¢

3.0 £0.01" 2.0+ 0.008

3.0 £ 0.10°

43 +0.12°

37 +0.11°

+ 0.11°

+0.11°

+0.13¢

V-muscle
(ppb)

Unlike superscripts (a, b, ¢, etc.) denote significant differences between treatments and vice versa

Rate of distribution

The rate of Cd distribution into different biotic components
of treatment ponds reached the highest level in pre-mon-
soon anaerobic pond followed by post-monsoon facultative
pond whereas, the rate was significantly slackened
(3-28.9x; one-way ANOVA; Tukey’s test, P < 0.05)
during monsoon (Table 2).

Rate of sedimentation

The highest rate of sedimentation was observed in anaer-
obic ponds during all the seasons. The trend of variation
followed the order: AP > MP-4 > MP-1 > FP in all three
seasons (Table 3).

Bio-concentration

For Eichhornia, the highest degree of cadmium accumu-
lation occurred in maturation pond-1 during all seasons.
The concentration in anaerobic pond, facultative pond and
maturation pond-1 during monsoon were significantly
higher (2.7-10.4x; one-way ANOVA; Tukey’s test,
P < 0.05) than their respective ponds during pre- and post
monsoon (Table 2).

Plankton community in facultative, maturation-1 and
maturation-4 ponds, accumulated the highest concentration
of Cd during monsoon period (Table 2). The accumulation
in maturation-1 and maturation-4 ponds planktons did not
vary significantly (one-way ANOVA; P > 0.05) during
pre-monsoon, monsoon and post-monsoon period
(Table 2). In case of tilapia, during monsoon the faculta-
tive, maturation-1 and -4 ponds showed the highest metal
accumulation (one way ANOVA; Tukey test, P < 0.05;
Table 2) which were 8.8- to 21.2-fold of the respective
ponds during pre- and post-monsoon periods.

Bio-concentration

For Eichhornia, the highest degree of cadmium accumu-
lation occurred in maturation pond-1 during all seasons.
The concentration in anaerobic pond, facultative pond and
maturation pond-1 during monsoon were significantly
higher (2.7-10.4x; one-way ANOVA; Tukey’s test,
P < 0.05) than their respective ponds during pre- and post-
monsoon (Table 2).

Plankton community in facultative, maturation-1 and
maturation-4 ponds, accumulated the highest concentration
of Cd during monsoon period (Table 2). The accumulation
in maturation-1 and maturation-4 ponds planktons did not
vary significantly (one way ANOVA; P > 0.05) during
pre-monsoon, monsoon and post-monsoon period
(Table 2). In case of tilapia, during monsoon the faculta-
tive, maturation-1 and -4 ponds showed the highest metal
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Fig. 2 Distribution (%) of cadmium in different ecosystem components of treatment ponds during pre-monsoon, monsoon and post-monsoon

periods. Bar (T) represents standard error of mean

accumulation (one-way ANOVA; Tukey’s test, P < 0.05;
Table 2) which were 8.8- to 21.2-fold of the respective
ponds during pre- and post-monsoon periods.

Tissue concentration

Tissue concentration factors in Eichhornia leaf in anaero-
bic, facultative and maturation-1 ponds reached the peak
during monsoon (Table 2) while monsoon maturation
pond-1 showing the highest value (Table 2). In case of
Eichhornia root, the factor in maturation pond-1, carried
peak values during pre-monsoon, monsoon and post-mon-
soon periods (Table 2). Monsoon tissue concentration
factors were always higher (one-way ANOVA; Tukey’s
test, P < 0.05) relative to the pre-and post-monsoon factors
(Table 2). The concentration factor in tilapia gills, liver and
V-muscle were shown higher values in monsoon than pre-
and post-monsoon periods (Table 2). Maturation pond-4
recorded peak values in gills and liver during monsoon
among all seasons (Table 2). In monsoon, the factor in
liver tissue in maturation ponds -4 was 0.9 and 6.7 mag-
nitude higher than gills and V-muscle, respectively.

Bio-magnification (BM)

Bio-magnification of cadmium was studied in tilapia only
because, tilapia was the top consumer in these treatment

% @ Springer

pond ecosystems. Bio-magnification was expressed mark-
edly in facultative, maturation-1 and -4 ponds during
monsoon than pre- and post-monsoon periods (Table 2).
Maturation pond-4 was shown peak values during pre-
monsoon and monsoon (Table 2). Bio-magnification factor
in monsoon maturation pond-4 was 3.5 times higher than
pre-monsoon maturation pond-4 (Table 2).

Comparative seasonal distribution of Cd in sewage
treatment ponds

Pre-monsoon

The anaerobic pond exhibited the highest cadmium con-
centration in water (35.3 %) and sludge (38.2 %) among
all ponds (Fig. 2). Plankton community accumulated the
metal in highest quantity (35.3 %) in facultative pond.
Least accumulation was recorded in Eichhornia (4.4 %) in
facultative pond. No appreciable change in cadmium
accumulation in tilapia (18.24-20.77 %) occurred among
the ponds (Fig. 2). In maturation pond-1 and -4, the
accumulation in abiotic components (water plus sludge)
and in biotic components (plankton plus Eichhornia plus
tilapia) were almost equal (1:1) but in facultative pond the
accumulation in biotic components was 51.89 % higher
than that in abiotic components. Eichhornia root showed
the highest tissue concentration factor in maturation
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pond-1. For tilapia, the highest tissue concentration factor
in gills and V-muscle were observed in facultative pond
(Table 2), but the liver showed the highest level in matu-
ration pond-4 (Table 2). Bio-magnification of cadmium in
tilapia indicated the highest value was shown in maturation
pond-4 followed by facultative pond (Table 2).

Monsoon

Cadmium accumulation in sludge decreased gradually
from anaerobic pond to maturation pond-1 (61.4-10.65 %)
but in maturation pond-4, it was slightly increased (x4 %)
(Fig. 2). Rate of metal transfer was highest in facultative
pond followed by anaerobic pond, but in maturation pond-
4, a reverse phenomenon (i.e., depuration) was observed
(Table 2). Cadmium accumulation in tilapia showed
sequential decrease along the effluent gradient showing
following the order of variations: maturation pond-4
(77.98 %) > facultative pond (60.8 %) > maturation pond
-1 (52.07 %) (Fig. 2). Accumulation in plankton increased
gradually from facultative pond to maturation pond-1, but
it decreased in maturation pond-4. Tissue concentration
factor in Eichhornia leaf and root, increased gradually from
anaerobic pond to maturation pond-1. For gills, the factor
although augmented from facultative pond into maturation
pond-1 by 16 % notwithstanding, the factor value did not
declined significantly (one-way ANOVA; Tukey’s test,
P > 0.05; Table 2). In liver, the factor raised from facul-
tative to maturation pond-4 with a fall of 40.7 % in mat-
uration pond-1 (Table 2). In V-muscle, the factor elevated
to 33.4 % in maturation pond-1 but in turn, it declined
significantly (50 %; one-way ANOVA; Tukey’s test,
P < 0.05; Table 2) to in maturation pond-4. Tilapia was
shown the highest bio-magnification in maturation pond-4
(Table 2).

Post-monsoon

In all ponds, cadmium accumulation was highest in water
(29.17-73.10 %; Fig. 2). The accumulations in plankton
and tilapia increased gradually from facultative pond to
maturation pond-4. The ratio of cadmium accumulation in
between water and sludge gradually decreased along the
decreasing effluent gradient in the following order: 6:1
(AP) > 5:1 (FP) > 3.5: 1 (MP-1 and MP-4) (Fig 2). The
rate of transfer gradually declined from facultative pond to
maturation pond-4 (Table 2). Tissue concentration factor in
Eichhornia leaf and root raised gradually from anaerobic
pond to maturation pond-4 (Table 2). Tissue concentration
factor in gills, liver and V-muscle followed the trend
similar to monsoon (Table 2). Bio-magnification in tilapia
was highest in maturation pond-1 followed by maturation
pond-4 and facultative pond (Table 2).

Water quality

pH decreased gradually from anaerobic pond (6.9-7.2) to
maturation pond-4 (8.3-8.8) in all seasons (Table 3). These
values in FP, MP-1 and MP-4 were slightly higher during
monsoon. During post-monsoon period, the level of dis-
solved oxygen in FP, MP-1 and MP-4 were above the
saturated level (saturation level 8 mg L', at 200 °C APHA
1995). Alkalinity was higher (>300 mg L', Parker 2002)
in anaerobic pond in both pre- and post- monsoon
(Table 3). COD values also decreased gradually from AP
to MP-4 during all seasons (Table 3). COD values in AP
was always high (386—1,376 mg L™'; Table 3) and during
pre- and post-monsoon it was very high. In all seasons, the
concentration of Fe was high in AP but in FP this con-
centration was reduced to 60.71-73.46 % (Table 3).

Cd remediation

The concentrations of Cd in water and sludge were reduced by
0-61.11 % in different treatment pond series during in three
different seasons (Table 4). The highest remediation effi-
ciency attained its peak in water (61.11 %) during post-
monsoon, but in sludge (42.85 %) during pre-monsoon period
(Table 4). Cd reclamation efficiency sustained in sludge
beyond 33 % in all the seasons (Table 4), whereas monsoon
period was not found favourable for reclamation in water
(0 %) (Table 4). The facultative pond (FP) and anaerobic
pond (AP) performed better metal reclamation potential dur-
ing post-monsoon and pre-monsoon, respectively (Table 4).

The topological distribution of cadmium among different
components of waste stabilization ponds showed that the
metal concentration was reduced gradually along the sew-
age effluent gradient from anaerobic pond to final matura-
tion pond via facultative pond (Fig. 3). The differential
transport and metabolism of metal among different eco-
system components might be the combined effect of phys-
icochemical and biological processes like chelation,
sedimentation, adsorption, precipitation, microbial trans-
formation and vertical leaching the soil profile (Fig. 3). In
raw sewage, most of the cadmium remained dissolved as
ions because of its slight acidic nature (pH 6.7-6.9;
Table 3). When water entered into anaerobic pond, dis-
solved Cd*™ might begin to precipitate as CdS and or Cd
(OH), chelate or adsorbent though the pH of the water
ranged from slightly acidic to slightly alkaline (pH 6.7-7.2).
Anoxic condition in AP water (DO 0 mg L', Table 3)
favoured the formation of CdS and Cd(OH),. Very high
organic load in AP water also facilitated the chelation pro-
cess. Formation of Fe(OH); coagulum at the surface of AP
water adsorbed some Cd*" from surface AP water. Conse-
quently, cadmium was precipitated along with the sedi-
mentation of organic matter. High sedimentation rate of

)
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Table 4 Average Cd remediation efficiency of sewage treatment ponds during pre-monsoon, monsoon and post-monsoon periods

Ecosystem component Pre-monsoon Monsoon Post-monsoon
Water (%) 28.57 0 61.11
Sludge (%) 42.85 33.33 33.33
AP FP MP-1 MP-4 AP FP MP-1 MP-4 AP FP MP-1 MP-4
Water (%) 28.57 0 0 0 0 0 0 5.55 41.18 30 0
Sludge (%) 14.28 33.33 0 0 5.55 29.41 25 —33.33 0 33.33 0 0
C A N A L
L Biological and Ecological drivers
Long retention time enhances: MP-4 (based on chemistry of ambient environment):
e Sedimentation (settling of solids)
e Biotic uptake of contaminants (e.g., Cd) A e Bio-filters and bio-curtains (e.g.
e  Physicochemical transformations | macrophytes, bivalve molluscs etc.)
MP-3 e Bioaccumulators (e.g. bacteria, planktons,
aquatic plants and animals)
fg::;iig;ng FP _f— e Sediment as reservoir, transformer and
. —— AP sink or source
organic and -
i i MP-2
E:K:)(r)liif:l]ilrfants, e Water as source and transformer
like heavy - AP - FP
metals —f_
—_p

MP-1

gradually decreases
pH

\4

gradually decreases
TS

gradually decreases

v

Turbidity

gradually decreases

Fi

\4

\4

gradually decreases

Metal (Cd)

L

NATURAL ECOREMEDIATION OF HEAVY METALS BY WASTE STABILIZATION-CUM-TREATMENT PONDS

»
|

(Combined effect of physicochemical & biological processes: chelation, sedimentation, adsorption, precipitation, absorption, microbial transformation & leaching)

Fig. 3 Ecological sewage treatment pond series endowed with metal accumulation, filtration and transformation capacities offer multiple
ecosystem services of wastewater reclamation, resource recovery and heavy metal remediation

organic matter in AP (1381.5-2,409.6 g day' m™; Table 3)
implied that Cd was precipitated rapidly in AP and this was
true during pre-monsoon, monsoon and post-monsoon
periods. Presence of profuse oxygen molecules (DO
7.46-17.0 mg L''; Table 3) in facultative pond created the
conducive environment for the formation of Fe(OH); and its
subsequent removal from FP water were observed to be
highest during all three seasons. Thus, adsorption of Cd*"
by Fe coagulum and its precipitation happened to be a sig-
nificant phenomenon in FP. High organic load and Fe con-
tent in water (TS 297—531 mg L'; COD 386-902 mg L'

\ﬁ @ Springer

Fe 4.07-4.87 mg L', Table 3) and its higher sedimentation
rate in anaerobic pond (1381.5-2,347.1 g day’1 m>;
Table 3) caused higher rate of accumulation of cadmium in
sediment than in water during pre-monsoon and monsoon
seasons. But during post-monsoon period, this trend
reversed significantly for facultative, maturation pond-1 and
maturation pond -4. This might be due to lower aquatic
temperature during post-monsoon period that had inhibited
associated adsorption and chelation processes. During
monsoon, no Cd was detected in water implying its presence
below the detectable limit of the AAS. During pre-monsoon,
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comparatively lower organic load and Fe content coupled
with lower sedimentation rate of facultative, maturation-1
and -4 ponds (Table 3), resulted in augmented accumulation
of cadmium in water compared to sludge. Dilution effect
during monsoon resulted in slower rate of interfacial transfer
and distribution of Cd among different biotic components in
all the ponds compared to pre- and post-monsoon periods.
The relatively higher and lower concentration during pre-
monsoon and monsoon season, respectively, may be justi-
fied by evaporation and dilution effects related to respective
reasons. Precipitation can enhance infiltration of metals by
altering soil structure and porosity. In monsoon, the rate of
distribution of cadmium in maturation pond-4 became
negative (—0.055 ppb day ™' Table 2). This might be due to
very lower concentration of cadmium in abiotic ambience
(average 0.6 ppb, Table 1) than the concentration within
biotic components (average 6.68 ppb; Table 1). However,
certain amount of cadmium was excluded competitively by
water molecules from the body of plankton and tilapia.
Bioaccumulation is the function of difference in concen-
tration between living interior environment and ambience.
Eichhornia behaved as an excellent absorbent of heavy
metal owing to its immense inherent biofilter potential and
its absorption depended on the ionic concentration of cad-
mium in water. Marentes and Rauser (2007) reported that
metallothianein protein found in root of Eichhornia
entrapped cadmium to a great extent. So, during all three
seasons, higher ambient cadmium concentration became
greater rate of accumulation of cadmium by Eichhornia as
noticed in AP in comparison to FP and MP-1 (Fig. 2) sug-
gesting cadmium accumulation as concentration gradient
dependent process all along the sewage effluent gradient. In
case of plankton community, the accumulation was high in
facultative, maturation-1 and maturation-4 ponds in pre-
monsoon, monsoon and post monsoon (11.01-35.3 %;
Fig. 2) because of complex multitude of interaction of
cadmium within different components of pond system;
namely, absorption of water, adsorption of cadmium with
body wall, consumption of bacteria and consumption of
sludge. Depending on the higher concentration of the
ambient cadmium got accumulated within the body of tila-
pia through food chain. Tilapia consumed sludge, Eichhor-
nia root and plankton. Certain Cd*" s diffused inside
through the epithelial lining of gills. Within the prevailing
pH range of facultative, maturation-1 and maturation-4
ponds water (pH 8.4-8.8; Table 3) certain cadmium could
remain as ion that goes in conformity with the observation of
Zhang et al. (2003) that heavy metals remained ionized to
some degree at elevated pH level (8.15-12.87) in his study.
Therefore, the accumulation within the body of tilapia was
measured high (12.1-77.98 %; Fig. 2) all the seasons in FP,
MP-1 and MP-4. The accumulation reached the highest
level (52.07-77.98 %, Fig.2) among all which was

observed to be highest growth rate of tilapia during monsoon
and associated highest consumption of metal rich sludge
sludge, plankton and Eichhornia root. and such accumula-
tion was highest (77.98 %) in maturation pond-4 due to
prevailing ambient physicochemical attributes of water
which were conducive to fish growth. The physicochemical
profile (pH, DO, total alkalinity, PO,-P, turbidity, TS, TDS,
TSS and COD) in the maturation pond and Fe stress-free
condition created congenial conditions for fish culture.
Moreover, very low concentration of Fe in maturation pond-
4 water (0.72 mg L™") might have facilitated absorption of
cadmium from water as well as from stomach. Bio-magni-
fication was conditioned by the degree of bio-concentration
of the heavy metal. Bio-accumulation again was the func-
tion of frequency and extent of feeding of tilapia on sludge,
detritus, Eichhornia root and planktons as well as of
the aquatic breathing through gills. Naturally, highest bio-
concentration in tilapia during monsoon reflected the
co-dependent bio-magnification of similar magnitude.

Cadmium remediation from water and sludge of eight
sewage treatment ponds during pre-monsoon, monsoon and
post-monsoon was resulted from diverse physico-chemical
and biological processes, viz. chelation, adsorption and
sedimentation, absorption and bio-accumulation, ionization
and leaching through sediment. No reclamation was wit-
nessed in monsoon due to dilution effect of ample rainfall.
Higher concentration of total solids (390-650 mg L™';
Table 3), accompanied sedimentation rate (388.4-2,409.6
g day m™; Table 3) in association with elevated Fe con-
centration in water (0.72-4.76 mg L', Table 3) (resulting
in Fe(OH); coagulum) culminated into optimum Cd recla-
mation from water in post-monsoon period.

Conclusion

In sewage treatment ponds, cadmium was partitioned
among different biotic and abiotic ecosystem components.

Bio-accumulation within Eichhornia gradually decreased
from anaerobic pond to maturation pond-4 down the effluent
concentration gradient in all seasons in contrast to tilapia
wherein it increased gradually, reaching the peak during
monsoon. Hepatic accumulation exceeded branchial and
muscular accumulation in all seasons.

The accumulation within gills, liver and V-muscle
remained within the safe level (1 pg kg™'; WHO 2008) and
might not have any possibility of posing threat from human
health perspective. Therefore, it may be recommended for
human consumption. The sewage treatment ponds are
efficient in reclamation of cadmium from water and sludge
in all seasons and the reclamation efficiency of facultative
pond in post monsoon and anaerobic pond in pre-monsoon
are better.
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The sewage treatment ponds may be promoted as a low-
cost sustainable eco-tech for heavy metal as well as water
quality remediation. The reclaimed water can be used for
agricultural irrigation purposes.
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