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bstract

The bioaccumulation ability of five species of seaweeds to 15 metals was studied in the seawater polluted by the effluent of soda ash industry. The
ioaccumulation of Al, Mn and Fe in these seaweeds increased continuously as distance increased from outfall. However, Padina tetrastromatica
howed reverse trend. Quite a number of metals like Au, Co, Hg, Ni, Pb, Pt and Sn were not recorded from any species of seaweeds from all
ampling stations. Cr was recorded in Gracillaria acerosa from control site only. Accumulation of Cu in Gracilaria corticata was maximum near
ffluent discharge point and least at control, whereas its accumulation in P. tetrastromatica was more at station with lower pollution (station-3)
han higher polluted station (station-2). Seaweeds had different pattern of bioaccumulation to Cu and Ag under the influence of the effluent. The
ioaccumulation of Cd in quite a number of species was in non-detectable range, however in case of red seaweed it was more under polluted
ondition and non-detectable in control. The biosequestering capacity of different seaweed to different metals and their suitability for bioremediation
nder the influence of effluent is discussed. Bioconcentration factor for different seaweed species from different distances from outfall has been
omputed and discussed.
The undiluted soda ash industry effluent is characterized by very high pH, density, settleable solids, total dissolved solids, ammonia and nitrate.
he specific gravity, density, total suspended solids and total dissolved solids decreased continuously from undiluted effluent to seawater affected
p to 1 km.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Metals occur naturally, and several of them are essential
omponents of global ecosystems [1]. They are present in the
nvironment with a wide range of oxidation states and coordina-
ion numbers, and these differences are related to their toxicity.

etals such as Cu and Zn are essential to life, whereas others
uch as Pb and Hg are not known to perform a useful biochem-
cal function [2]. Environmental pollution by metals became

xtensive as mining and industrial activities increased in the late
9 and early 20 century. These pollutants, ultimately derived
rom a growing number of diverse anthropogenic sources
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industrial effluents and wastes, urban runoff, sewage treatment
lants, boating activities, agricultural fungicide runoff, domes-
ic garbage dumps and mining operations), have progressively
ffected more and more different ecosystems [1,3]. Heavy met-
ls are usually present at low concentrations in oceanic surface
aters and arrive there by atmospheric transport and upwelling.
igher levels occur in coastal waters because of river runoff.
lose to urban centers, pollution is associated with sewage out-

ets, but levels are also elevated near extensive areas of industry
4–8]. Metal bioaccumulation by marine organisms has been the
ubject of considerable interest in recent years because of serious
oncern that high levels of metals may have detrimental effects
n the marine organisms and may create problems in relation to
heir suitability as food for humans [9].
The soda ash industry near the study site manufactures soda
sh by Solvay process [10]. It produces 40,300 tonnes of dense
oda ash and 16,350 tonnes of sodium bicarbonate per annum;
imultaneously it also generates 170,000 m3 effluent per day.

mailto:rajendra_jadeja@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2006.12.060
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he original effluent is diluted with seawater (to meet the pollu-
ion control standards) before discharging into the coastal waters
11]. The diluted effluent is discharged 500 m away from the
oastline through a sub marine pipeline. The different species
f seaweeds grow luxuriantly in this effluent affected region.

Considerable reports from the different parts of the world are
vailable on the bioaccumulation of quite a number of heavy
etals by different seaweeds under diversely stressed natural

onditions [12–23]. However, the literature search did not reveal
ny published literature on the impact of soda ash industry
ffluent on the heavy metal biosorption by seaweeds. How-
ver, impact of chlor-alkali industry effluent, an effluent closely
elated to soda ash industry effluent, on the heavy metal con-
ent of seaweeds has been studied [24]. Very scanty information
ven at international level is available on the bioaccumulation
apacity of the seaweeds for the noble metals like Ag and Au
14,25]. However, the authors are not aware of any reports on the
iosorption of Pt by seaweeds. Therefore, it was thought desir-
ble to study the effect of soda ash industry effluent on the heavy
etal sorption capacity/pattern by seaweed flora in in situ con-

itions. The Gujarat coast of India, where the present study has
een carried out, has quite a number of large chlor-alkali indus-
ries including soda ash industry. The objective of the present
tudy is to understand weather the soda ash industry effluent has
hanged the sequestering capacity and accumulation pattern of
he different heavy metals by different seaweeds in comparison
ith unpolluted condition.

. Materials and methods

.1. Description of experimental site
The soda ash industry effluent outfall is situated at latitude
0◦49′N and longitude 70◦28′E. There is no source of pollutant
ther than soda ash industry near present study area. The first
ampling station for seaweed was in the intertidal belt (region

w
t
g
c

Fig. 2. Map showing effluent aff
Fig. 1. Map showing study area.

hich is exposed during low water tide) just in front of effluent
utfall. The second, third and fourth stations were also situated
n the intertidal belt of the coast at 1, 5 and 15 km away, respec-
ively, in the down stream side of the effluent discharge point
Figs. 1 and 2). Station-4 situated at latitude 20◦43′N and longi-
ude 70◦47′E and unpolluted by the effluent was considered as
ontrol. The effect of the said effluent decreases as we go down
tream because of dilution due to sea current (as evidenced by
eawater analysis, discussed later). Therefore, the control station
as chosen almost 15 km away from the point, where the actual

ffluent is discharged through submarine outfall by the factory.
here is no fresh water inflow at these stations and the tide pat-

ern is semidiurnal. In fact, southwest region off Arabian Sea,
here the experiment has been conducted, experiences biannual

eversion of water movements due to prevailing monsoons. All
he stations have hydrography of completely open reef. The sea-

eeds grow luxuriantly at almost all the stations. Even though

he trace metal distribution in the coastal environment is to a
reat extent influenced by fresh water inflow, the areas of the
urrent investigation do not show this effect. The seawater sam-

ected and control stations.
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les were collected from the sub tidal region in front of each
tation, while the diluted and undiluted effluents were collected
rom the factory premises. All the studies were performed during
ow water spring tides during last week of December 2003.

.2. Sampling procedures, pretreatments and analysis of
eference material

The samples of Padina tetrastromatica Hauck., Sargassum
enerrimum J. Ag., Gelidiella acerosa (Forsk.) Feldman et
amel, Gracilaria corticata J. Ag. and Soleria robusta (Grev.)
ylin. were manually collected from each station. The whole
lants were cut above holdfast before collection. Only those
pecies were collected which were found in appreciable quan-
ity at all stations and at control. The seaweeds (fresh weight
kg) of same age and good health were collected randomly

rom the intertidal belt of each station. Each sample of sea-
eed was washed thoroughly three times with filtered seawater

o remove dirt and other attached material and then they were
apidly rinsed in deionized water to remove adhere seawater.
he samples were brought to the shore laboratory and spread
n clean polythene sheet under shade and left for drying. The
lants and animal epiphytes and other material attached to the
lants were physically hand picked before drying. The dried
aterial was packed in polythene bags and they were dried in

ir forced oven at 60 ◦C till constant weight. These samples were
ulverized and sieved through 60 �M mesh sieve out of which
00 g pulverized samples were again dried at 60 ◦C and stored
n desiccators for metal analysis. About 1 g (dry weight) of the
ulverized sample of each species of seaweeds and standard ref-
rence material (SRM 2702 supplied by the National Institute
f Standard and Technology, USA) were digested in microwave
ven after 12 h of premineralization with 8 mL of ultra pure con-
entrated HNO3 Merck Suprapur (Darmstadt, Germany). The
olutions were filtered through Whatmann type 589/2 filters and
iluted accurately to 25 mL volume with ultra pure deionized
ater. Such solutions were then analyzed for metal content by

nductively Coupled Plasma Spectrophotometer, model Perkin-
lmer Optima 2000 DV. The quality assurance of the result was
ontrolled by the use of above said standard reference material.
recision of the analytical procedure was tested by treating 10
ubsamples from one station. The following coefficients of vari-
tion were observed, Al 1.5%, Cr 1.1%, Mn 0.4%, Fe 1.6%, Cu
.1%, Zn 1.3%, Ag 1.2% and Cd 1.3%.

Surface seawater samples were collected from the sub tidal
ater in front of each sampling station during the course of

he study. Samples were filtered through acid-cleaned 0.45 �m
embrane filters, stored in 1000 mL polypropylene bottles and

rozen after the addition of nitric acid to adjust the pH between 4
nd 5. The metals were determined by means of ICP-AES, using
he standard addition procedure. The precision of the method-
logy expressed as standard deviation percentage was less than
2% for all metals except for Cr (26%).
All chemicals used in sample treatments were of ultrapure
rade. Ultrapure water (Milli-Q System, Millipore) was used for
ll solutions. All glassware was cleaned prior to use by soaking in
0% HNO3 for 24 h and rinsed with Milli-Q water. The standard
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olutions of metals were prepared from stock standard solution
f ultrapure grade supplied by Merck.

The physico-chemical constituents of effluent and seawa-
er were estimated as per methods given below. Sodium and
otassium were estimated by Flame Photometer (Model Evans
lectro Selenium, EEL), where as calcium, magnesium, chloride
nd sulfate were estimated by the methods given by Mendham et
l. [26]. The carbonate, bicarbonate and hydroxide were deter-
ined by the method described by Scott [27]. The total dissolved

olids were estimated by the standard method [28]. The spe-
ific gravity was determined by specific gravity bottle method.
ll other remaining parameters were determined as per method
escribed earlier [10,29].

.3. Statistical analysis

The statistical analysis was performed in triplicate samples
f effluent and effluent affected seawater. The physiochemical
arameters were analyzed in the five replicates of the same sam-
le for each parameter. The one-way ANOVA was analyzed by
icrosoft Excel Software (Version 9.0.2720).

. Results and discussion

.1. Bioaccumulation of metals by seaweeds

The effect of soda ash industry effluent on bioaccumulation of
etals in seaweeds is presented in Table 1. The bioaccumulation

f Al, Mn and Fe in G. corticata, S. tenerrimum, G. acerosa and
. robusta (Mn not detected) increased continuously as distance
ncreased from outfall. Therefore, concentration was maximum
t control site (p < 0.01). However, P. tetrastromatica showed
everse trend for these three metals. Au, Co, Hg, Ni, Pb, Pt and
n were not recorded from any species of seaweeds from all
ampling points including control. However, Cr was recorded in
. acerosa from control site only. The bioaccumulation of Cu

nd Ag showed different trends. Accumulation of Cu in G. corti-
ata was maximum near effluent discharge point and minimum
t control site where as its accumulation in P. tetrastromatica
as more at station-3 as compared to station-2. While in case of
. tenerrimum the lowest concentration was observed in control
nd highest at station-3 as compared to station-1 (p < 0.01). The
oncentration of Cu in S. robusta was less in control as com-
ared to station-3. However, silver showed reverse trend in G.
orticata, P. tetrastromatica and S. robusta. The concentration
f Ag in S. tenerrimum was maximum at station-2 whereas it was
elow detection limit at station-3. The bioaccumulation of Zn
ontinuously increased in all the species of seaweeds as concen-
ration of effluent decreased as well as in control site (p < 0.01).
ioaccumulation of Cd was seen in case of G. corticata, G.
cerosa and S. robusta only under polluted conditions.

The bioconcentration of Al ranged from 0.83 mg g−1 in G.
cerosa to 7.6 mg g−1 in G. acerosa, chromium from below

etectable limits in all but one to 0.4 mg g−1 in G. acerosa.
hile Mn varied from non-detectable quantity in S. tenerri-
um and S. robusta to 0.250 mg g−1 in G. corticata. Similarly

oncentration of iron ranged from 1.40 mg g−1 in S. robusta



R.N. Jadeja, A. Tewari / Journal of Hazard

Ta
bl

e
1

E
ff

ec
to

f
so

da
as

h
in

du
st

ry
ef

flu
en

to
n

th
e

bi
oa

cc
um

ul
at

io
n

of
m

et
al

s*,
@

by
se

aw
ee

ds
in

in
si

tu
co

nd
iti

on
s

(m
g

g−
1

dr
y

w
ei

gh
t)

St
at

io
n

N
am

e
of

se
aw

ee
d

sp
ec

ie
s

A
l

C
r

M
n

Fe
C

u
Z

n
A

g
C

d

St
at

io
n-

1#
G

ra
ci

la
ri

a
co

rt
ic

at
a

2.
17

0
±

0.
00

8
<

0.
02

0.
14

0
±

0.
00

1
3.

20
±

0.
01

0.
11

5
±

0.
00

2
<

0.
05

0.
06

0
±

0.
01

0.
10

4
±

0.
00

2

St
at

io
n-

2
Pa

di
na

te
tr

as
tr

om
at

ic
a

2.
24

0
±

0.
00

2
<

0.
02

0.
09

0
±

0.
00

2
4.

35
±

0.
06

0.
11

1
±

0.
00

1
0.

05
2

±
0.

00
1

0.
19

0
±

0.
01

<
0.

01
Sa

rg
as

su
m

te
ne

rr
im

um
1.

37
0

±
0.

00
6

<
0.

02
<

0.
01

1.
95

±
0.

02
0.

11
0

±
0.

00
2

<
0.

05
0.

16
0

±
0.

00
6

<
0.

01

St
at

io
n-

3
Pa

di
na

te
tr

as
tr

om
at

ic
a

1.
54

0
±

0.
00

1
<

0.
02

0.
07

7
±

0.
00

1
3.

87
±

0.
02

0.
12

7
±

0.
00

1
0.

05
5

±
0.

00
6

0.
19

0
±

0.
00

3
<

0.
01

Sa
rg

as
su

m
te

ne
rr

im
um

1.
50

±
0.

01
<

0.
02

0.
01

7
±

0.
00

1
2.

54
±

0.
01

0.
12

8
±

0.
00

1
<

0.
05

<
0.

06
<

0.
01

G
el

id
ie

ll
a

ac
er

os
a

0.
83

±
0.

01
<

0.
02

0.
03

7
±

0.
00

3
5.

70
±

0.
1

<
0.

04
0

0.
07

7
±

0.
00

5
0.

13
5

±
0.

00
1

0.
15

1
±

0.
00

1
So

le
ri

a
ro

bu
st

a
0.

94
6

±
0.

00
7

<
0.

02
<

0.
01

1.
40

±
0.

00
7

0.
09

8
±

0.
00

1
<

0.
05

<
0.

06
0.

11
7

±
0.

00
2

St
at

io
n-

4
(c

on
tr

ol
)

Sa
rg

as
su

m
te

ne
rr

im
um

1.
9

±
0.

1
<

0.
02

0.
04

7
±

0.
00

5
3.

03
±

0.
02

0.
05

8
±

0.
00

1
1.

10
0

±
0.

00
2

<
0.

06
<

0.
01

G
ra

ci
la

ri
a

co
rt

ic
at

a
3.

6
±

0.
1

<
0.

02
0.

25
0

±
0.

01
7.

20
±

0.
2

0.
10

7
±

0.
00

3
1.

14
0

±
0.

00
1

0.
15

4
±

0.
00

4
<

0.
01

G
el

id
ie

ll
a

ac
er

os
a

7.
6

±
0.

3
0.

4
±

0.
00

1
0.

21
0

±
0.

00
1

13
.2

0
±

0.
2

0.
15

0
±

0.
00

9
0.

92
0

±
0.

00
8

0.
16

4
±

0.
00

3
<

0.
01

So
le

ri
a

ro
bu

st
a

1.
43

0
±

0.
00

3
<

0.
02

<
0.

01
2.

50
±

0.
09

0.
09

0
±

0.
00

1
0.

63
0

±
0.

00
1

0.
18

2
±

0.
00

1
<

0.
01

*
A

u
(<

0.
1)

,C
o

(<
0.

02
),

H
g

(<
0.

1)
,N

i
(<

0.
05

),
Pb

(<
0.

1)
,P

t
(<

0.
1)

an
d

Sn
(<

0.
2)

in
al

l
th

e
sa

m
pl

es
co

lle
ct

ed
.@

‘<
’

si
gn

pr
oc

ee
de

d
by

th
e

fig
ur

e
in

di
ca

te
s

th
at

th
e

co
nc

en
tr

at
io

n
of

th
at

pa
rt

ic
ul

ar
m

et
al

is
be

lo
w

de
te

ct
io

n
lim

it.
#

N
ea

r
ef

flu
en

td
is

ch
ar

ge
po

in
t.

t
t
b
S
o
S
t
i
i
w
(
e
i
r

3

a
s
f

C

w
C
f

f
i
e
t
f
t
t
P
r
G
w
c
d
1
t
t
w
f
A
a
t
f
s
o
f

s
w
F

ous Materials 147 (2007) 148–154 151

o 13.20 mg g−1 in G. acerosa, Cu from non-detectable quan-
ity in G. acerosa to 0.150 mg g−1 in G. acerosa and Zn from
elow non-detectable limit in G. corticata, S. tenerrimum and
. robusta to 1.140 mg g−1 in G. corticata. The bioconcentraion
f Ag varied from non-detectable quantity in S. tenerrimum and
. robusta to 0.190 mg g−1 in P. tetrastromatica, Cd concentra-
ion was below detectable limits in most of the species except
n G. acerosa where it was found to be 1.51 mg g−1. The results
ndicate that the highest percentage of different heavy metals
ere detected in G. acerosa, G. corticata and P. tetrastromatica

66.66, 22.22 and 11.11%, respectively). The soda ash industry
ffluent has significantly affected the metal sequestering capac-
ty of most of the seaweeds. However, some species showed
everse trends.

.2. Concentration factors of metals in seaweeds

Concentration factors (CF) were calculated for each metal
nd seaweed as the ratio of the mean metal concentration in the
eaweed and its mean concentration in the seawater collected
rom the same station. Mathematically,

F = Cs

Csw

here Cs is the mean metal concentration in the seaweed and
sw is the mean metal concentration in the seawater collected

rom the same station.
The influence of soda ash industry effluent on concentration

actor of different species of seaweeds for different metal ions
s depicted in Table 2. The reduction in CF of Al, at differ-
nt distance from outfall over control, ranged from 22.97 in S.
enerrimum to 90.74% in G. acerosa, while that of Mn ranged
rom 40.85% in G. corticata to 82.71% in G. acerosa. Similarly
he reduction in CF for Fe ranged from 16.17 in S. tenerrimum
o 57.05% in G. acerosa, while for Zn it ranged from 5.45 in
. tetrastromatica to 91.6% in G. acerosa. However, for Ag
eduction in CF varied from 17.68 in G. acerosa to 59.09% in
. corticata. The CF for Cu showed reverse trend, as the CF
as more for seaweed growing in effluent affected region than

ontrol. The increase in CF (except P. tetrastromatica where it
ecreased) in these seaweed ranged from 6.52 in S. robusta to
20.69 in S. tenerrimum. The increase or decrease of CF for P.
etrastromatica at 1 km distance was calculated with reference
o plants at 3 km distance, instead of control, as this seaweed
as not recorded at control. An increase in concentration factor

or Al, Mn, Fe and Ag ranged from 2.65 in silver to 81.48% in
l. However, Zn and Cu, showed reverse trend in this seaweed,

s reduction in CF was observed at 1 km distance with reference
o 3 km distance. It was not possible to calculate CFs in seaweed
or other metals as these metals were below detection limit in
eawater. The results indicate that maximum reduction in CF
ver control was observed in G. acerosa (75% metals) p < 0.01,
ollowed by G. corticata (25%) p < 0.05.
The values for CF in different seaweeds for different metals
howed different trends of variation. The trend in G. corticata
as Fe > Al > Mn > Cu > Ag while in P. tetrastromatica it was
e > Al > Mn > Ag > Cu > Zn. Similarly the trend for S. tenerri-
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um was Fe > Al > Cu > Ag, while that for G. acerosa it was
e > Cd > Al > Mn > Ag > Zn. The similar trend for S. robusta
as Fe > Cd > Al > Cu.

.3. Physico-chemical characteristics of soda ash industry
ffluent

The physico-chemical characteristics of soda ash industry
ffluent and seawater affected by such effluent at different
istances from outfall are given in Tables 3 and 4. The undi-
uted original effluent is characterized by very high pH (11.25),
ensity (1.1007 kg L−1), settable solids (0.201 kg L−1), total
issolved solids (0.163 kg L−1) and nutrients like ammonia
562.22 �mol L−1) and nitrate (187.50 �mol L−1). The concen-
ration of these parameters in diluted effluent was reduced by
.59 for density to 66.14% for total dissolved solids. The pH
f diluted effluent and seawater at near effluent discharge point
ere less than seawater pH while at other distances from out-

all it was normal (8.08–8.34). The specific gravity, density,
otal suspended solids and total dissolved solids decreased con-
inuously from undiluted effluent to seawater affected up to
km (p < 0.01). However, all these parameters had increasing

rends (except total suspended solids) for staion-2 onwards (up
o station-4) (p < 0.05; Table 3).

The concentration of all studied parameters of soluble frac-
ion of effluent was more (8.13–50.2%) in undiluted effluent than
iluted effluent except magnesium, sulfate, bicarbonate, nitrate
nd nitrite where reverse trend was observed (283.78–1889.4%
eduction). Clear trend of variation of different parameters of
eawater was not observed from effluent discharge point up to
ontrol site as different parameters showed different trends at
ifferent distances (Table 4).

.4. Relationships between different constituents of
eaweeds

The results indicate that the bioaccumulation of Al, Mn
nd Fe metals increases in G. corticata, S. tenerrimum, G.
cerosa and S. robusta as we proceed from station-1 to station-4
p < 0.01). Similar trend has been observed in Zn with all the
eaweed studied. An inverse correlation of heavy metal uptake
ike Cd with reference to Ca ion of the ambient water has been
eported [30]. According to them the uptake of Cd is higher
hen Ca ion is less and vice versa. This correlates with above

aid data as the concentration of metals in these four species
ncreased (Tables 1 and 4). The above said correlation has also
een observed with reference to total dissolved solids of the
eawater (Tables 1, 3 and 4). The authors feel that it is more
ogical to attribute this relationship, in highly complex effluent
ike soda ash industry effluent, to total dissolved solids rather
han Ca alone. However, the present study does not support this
onclusion for Cd as sequestering of Cd was more in G. corti-
ata, S. tenerrimum and S. robusta at high degree of pollution

s compared to control or less pollutant condition. It seems that
echanism of biosequestering of Cd by G. corticata, S. tenerri-
um (Ag also) and S. robusta is different with respect to the

bove said three metals as higher accumulation was observed
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Table 3
Physico-chemical quality of the soda ash industry effluent and effluent affected seawaters

Parameters/sample number 1a 2a 3a 4a 5a 6a

pH 11.25 ± 0.01 7.94 ± 0.01 7.53 ± 0.01 8.34 ± 0.01 8.08 ± 0.02 8.17 ± 0.01
Specific gravity 1.0713 ± 0.0005 1.0198 ± 0.0003 1.0174 ± 0.0001 1.0169 ± 0.0002 1.0176 ± 0.0003 1.0181 ± 0.0001
Density (g L−1) 1100.7 ± 0.1 1028.20 ± 0.09 1025.7 ± 0.2 1022.4 ± 0.1 1024.8 ± 0.1 1024.2 ± 0.1
Settleable solid (mL L−1) 210 ± 11 150.0 ± 12.1 – – – –
Settleable solid (g L−1) 201 ± 3 160 ± 3 – – – –
Total suspended solid (g L−1) 0.51 ± 0.01 0.31 ± 0.02 – 0.016 ± 0.002 0.014 ± 0.001 0.013 ± 0.001
Total dissolved solid (g L−1) 163 ± 7 55 ± 2 45.1 ± 0.6 44.7 ± 0.6 45.0 ± 0.7 46.0 ± 0.7

a Sample-1, original undiluted effluent sample collected from factory premises; 2, original effluent diluted with sea water collected from the open channel coming
f awate
o marin
s am) f
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f
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rom factory and before entering to submarine outfall pipeline; 3, sample of se
utfall; 4, sample of seawater collected from 1 km away (down stream) from sub
ubmarine outfall; 6, sample of seawater collected from 15 km away (down stre

ith species having higher Ca content and vice versa. In this
ase also a positive correlation was observed with total dissolved
olids of the seawater at different stations. Different mechanisms
or biosequestering of metals is described [1], which describes
he differences of this activity to various metals in different
eaweed. There are differences in between different species in
erms of bioaccumulation of different metals which is to be con-
ributed to the physiology of the seaweeds as well rather than
ffluent alone. However, the effect due to effluent is quite large
omparing with the effect due to physiology of the seaweed.

The present study indicates that as highest concentration of
ifferent heavy metals were detected in agar yielding seaweeds
ike G. acerosa and G. corticata (Tables 2 and 3), therefore,
hese species may be cultivated in large scale in soda ash indus-
ry effluent area to remove heavy metals and plants nutrients
specially nitrogen species (as soda ash industry effluent is rich
n nitrogen species; Table 4). Based on his extensive research
xperience on cultivation biology of economically important

eaweeds, Fei [31] believes that all cultivated seaweeds have
ctually played and are continuing to function as scavengers.
he results also indicate that in addition to G. acerosa and G.
orticata, P. tetrastromatica can be used as scavengers for Al,

b
c
s

able 4
norganic constituents of the soluble fraction of the soda ash industry effluent and effl

arameters/sample number 1a 2a 3a

otal dissolved solids (gl−1) 163 ± 2 55.2 ± 0.8 45.
odium (g L−1) 41 ± 2 23.5 ± 0.4 20.
otassium (g L−1) 4.6 ± 0.2 0.48 ± 0.03 0.2
alcium (g L−1) 32.0 ± 2.1 2.6 ± 0.3 0.7
agnesium (g L−1) ND 1.030 ± 0.005 2.0
hloride (g L−1) 82.4 ± 6.7 24 ± 1 19
ulfate (g L−1) 0.740 ± 0.001 2.8 ± 0.8 1.6
arbonate (g L−1) 240 ± 12 ND ND
ydroxide (g L−1) 467 ± 15 ND ND
icarbonate (g L−1) ND 20 ± 2 1.0
mmonical-N (�mol L−1) 562 ± 10 192 ± 5 0.3
itrite-N (�mol L−1) 1.88 ± 0.01 37.4 ± 1.1 0.5
itrate-N (�mol L−1) 188 ± 1 32.90 ± 0.11 29.
hosphate-P (�mol L−1) 6.15 ± 0.01 3.08 ± 0.03 0.7

a Sample-1, original undiluted effluent sample collected from factory premises; 2, o
rom factory and before entering to submarine outfall pipeline; 3, sample of seawate
utfall; 4, sample of seawater collected from 1 km away (down stream) from submarin
ubmarine outfall; 6, sample of seawater collected from 15 km away (down stream) f
r collected from near effluent discharge point (down stream) from submarine
e outfall; 5, sample of seawater collected from 5 km away (down stream) from

rom submarine outfall (control). Treated as control site for seaweed studies.

n, Fe and Ag from soda ash industry effluent affected seawa-
er under natural condition. Similarly S. tenerrimum can also be
sed for scavenging Cu under such conditions as it is increased
n CF ranged from 96.55 to 120.69%.

Sawidis et al. [20] states that the concentration of metals in
he various seaweed species may reflect their morphology, those
eaweeds having a larger surface area were found to have greater
eavy metal content. However, in present study seaweeds with
ifferent morphology and surface area ranging from Gelidiella
nd Gracilaria (with cylindrical thin and flat branched fronds) to
adina and Sargassum (having thin lettuce like fronds and tree

ike fronds having stem, leaf like structure) has shown very high
cavenging activity, although they are morphologically quite dif-
erent. It seems that the high scavenging activity of particular
eaweed is dependent on the nature of its cell membrane which
reatly facilitates the movement of some metal ions to cells
s compared to other metals. Different mechanism on entry of
eavy metal to cell is described [1].
Species of Padina and Sargassum were reported to be the
est species for biomonitoring and phytoremediation of Zn from
oastal tropical environment [32]. However, the present study
howed reverse trend as bioaccumulation of Zn in these genera

uent affected seawaters

4a 5a 6a

1 ± 0.6 44.7 ± 0.3 45.0 ± 0.1 46.0 ± 0.2
3 ± 0.1 19.6 ± 0.2 19.7 ± 0.2 19.7 ± 0.1
9 ± 0.01 0.29 ± 0.01 0.37 ± 0.03 0.29 ± 0.01
2 ± 0.01 0.80 ± 0.01 0.580 ± 0.008 0.600 ± 0.007
8 ± 0.05 1.14 ± 0.05 1.33 ± 0.02 1.34 ± 0.02
± 1 18 ± 1 19 ± 1 19 ± 1
± 0.1 3 ± 1 3.0 ± 0.5 3.3 ± 0.6

ND ND ND
ND ND ND

00 ± 0.001 1.050 ± 0.006 0.990 ± 0.001 0.850 ± 0.007
80 ± 0.001 0.380 ± 0.001 3.60 ± 0.01 0.700 ± 0.003
70 ± 0.001 7.8 ± 0.1 1.170 ± 0.001 0.722 ± 0.001
77 ± 0.01 29.03 ± 0.01 54.60 ± 0.01 8.0 ± 0.2
00 ± 0.005 2.2 ± 0.1 17 ± 1 0.600 ± 0.001

riginal effluent diluted with sea water collected from the open channel coming
r collected from near effluent discharge point (down stream) from submarine
e outfall; 5, sample of seawater collected from 5 km away (down stream) from

rom submarine outfall (control) treated as control site for seaweed studies.



1 azard

w
g
[

A
r
l
n
b
w

A

C
t
S
t

R

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

54 R.N. Jadeja, A. Tewari / Journal of H

ere low. Probably in such cases species differences of the same
enera may have different ability to concentrate same metal ion
19].

It is interesting to note that the bioconcentraion of Ag and
u is very poor by seaweeds (Tables 1 and 2). The published
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