Proc. Indian Acad. Sci. (Anim. Sci.), Vol. 99, No. 2, March 1990, pp. 163-173.
© Printed in India.

Biofilm characteristics in coastal waters of Bombay
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Abstract. Field and laboratory studies were carried out to analyse the development of
biofilms generated on various metallic and non-metallic coupons immersed in coastal
waters of Bombay. It is observed that the nature of the biofilm formed not only varies
from substratum to substratum but is also influenced by the quality of water, flow
conditions and the biotic status of the seawater. The biofilms depending upon the degree of
entrapment of the inorganic detritus have varying weights. The biofilms formed on metallic
surfaces when compared with perspex surface, are both qualitatively and quantitatively
richer. Cupro-nickel, despite its toxicity, supports denser film than the one developed on
inert perspex surface. The metallic coupons, both inert and toxic, support thicker films in
polluted waters than in clean waters.
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1. Introduction

Materials exposed to natural seawater are readily covered by both organic and
inorganic detritus, bacteria, diatoms and their extracellular breakdown products. In
the recent past several cases of marine engineering failures attributed to the
deposition of biofilms have been reported (Purkiss 1972; Hanger 1975; Connan
1984; Hamilton 1985; Maxwell et al 1987; Morgon and Steele 1987). Biocorrosion
induced by sulfate reducing bacteria (SRB) residing under biofilm has particularly
been recognised as a serious maintenance problem.
Depending upon environmental conditions and the available nutrients, biofilm
may contain a wide range of aerobic, facultative and anaerobic microorganisms that
together hydrolyse and ferment carbohydrates, proteins and other primary nutrients
(Hamilton and Maxwell 1986). The information on biofilm development in tropical
waters is lacking and the behaviour of metals like titanium, stainless steel,
aluminium-brass and copper-nickel alloys, all of marine engineering interest, is
unknown. This paper analyses the nature of biofilms developed on marine
materials immersed in coastal waters of Bombay (lat. 18°55' N, 72° 50' E).
2. Materials and methods
Two sites in Bombay harbour were selected for studying the nature of the biofilm
generated on metallic test coupons and pipes. The first site was an open water
having good tidal flushing, low (10-15 ppm) biochemical oxygen demand (BOD)
and high (4'5 ppm) dissolved oxygen. The second site was a semienclosed water
close to the shore receiving untreated organic sewage and therefore having a
noticeable growth of SRB (Srivastava and Karande 1986).
The metallic coupons of titanium, stainless steel, cupro-nickels (70: 30 and 90: 10)
and aluminium-brass as well as of perspex of the size 15 x 10 cm were immersed one
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metre below the water surface. The metallic coupons for the exposure were
prepared by adopting the method reported by Gerchakov et al (1976). The coupons
were polished by finer grades (220, 320, 400 and 6(0) of emery paper, washed in
detergent, rinsed with distilled water, dehydrated in methanol, weighed and stored in
a dessicator until immersed at the sites.
For studying the biofilm generated on metallic coupons and tubular specimens
under 'once through' flow conditions, a seawater exposure assembly was employed
(Karande 1987). The assembly was fitted on a pontoon moored in harbour waters
for carrying out field experiments.
The films were examined for their physical, chemical and biological characteristics.
Wet film thickness of the biofilm was measured by using light section microscope
(Little 1980). For film developed in tubular specimens, the thickness was measured
by calculating the volume of water displaced by the film (Characklis et alI982). The
biofilm from an area of 25 em! was removed from each metallic surfaces with the
help of a non-metallic (teflon) spatula. For the estimations of the total dry weight of
the film as well as for estimations of organic and inorganic contents, the methods
adopted by Mollica et al (1984) were followed. A method recommended by Dubois
et at (1956) was employed to calculate the total carbohydrates in the film. The lipid
phosphate content of the biofilm was estimated by following the method of White
et al (1979). The films were however, macerated to extract these biochemicals for
colorimetric estimations. Modified Zobell marine agar, Difco 2216 (Gerchakov et al
1976) was used for counting and isolating bacteria employing pour plate method.
The total and acid producing bacterial colonies growing on this medium were
counted after one day, 4 days and again 14 days of incubation at 37°C. Diatoms
present in the film were enumerated by adopting the procedure of Patrick and
Reimer (1967). The extent of metal loss due to corrosion in the presence of biofilm
was assessed by estimating the weight loss. The tubes and coupons before weighing
were treated with cleaning solution for the removal of corrosion products. Titanium
was cleaned with 1: 1 warm sulphuric acid whereas cupro-nickel tubes and coupons
were treated with a mixture of sulphuric acid and hydrochloric acid (1 : 5) as per the
American Standard Test Methods (ASTM). Specimens were rinsed following
cleaning and rubbed lightly with a bristle brush under running water. Thereafter
tubes and coupons were dried and weighed.
3. Results
3.1

Biofilm on perspex

Figure 1 illustrates the biofilm build up in terms of wet film thickness at varying
time intervals on exposed perspex coupons. It is seen that within the first 24 h,
thicknesses of the films formed are variable and equilibrium is attained thereafter.
At the end of 10 days period, a film thickness in the range of 60-1oo}lm is observed.
Table 1 summarises the biofilm characteristics on perspex coupons exposed in
clean and polluted waters. Table 2 gives characteristics of these sites. It is noted that
the films in terms of their thicknesses do not show any notable differences in clean
and polluted waters 08 perspex material. It is also observed that growth of the films
on perspex coupons does not exceed beyond a certain thickness irrespective of the
quality of water wherein they are immersed. Contrary to expectation, weight of
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Figure 1. Biofilm build up rate (thickness in JIm) on perspex coupons at varying time
intervals.
Table 1. Biofilm characteristics on perspex coupons immersed in harbour waters for 15
days.
Study stations
Biofilm characteristics

Open clean waters (range)

Polluted waters (range)

57-III
0'13-1-16
26-32
7·2
4-69
0,57-2'50
8,8-19,4

74-122
0-45-2'40
25-40

Wet film thickness (urn)
Total dry weight (mg/cm-)
Organic content (%)
Diatoms' (average no.zcrrr')
Bacteria (no. x !03/cm2)
Total carbohydrates (Jlg/cm2 )
Lipid phosphate (nmol/crn-)

27-2
7-160
0·66-2·80
9,9-19,8

Table 2. Seawater characteristics at two harbour sites in Bombay.
Sites
Sea water quality
Temperature (0C)
pH
Salinity (%)
Dissolved oxygen (rng/l)
Biochemical oxygen demand (rng/l)
Hydrogen sulphide (rng/l)
Total number of bacteria (x 103/ml)
Total suspended particulate matter (mg/l)

Open waters

Tidal basin waters

24,8-30,3
7,2-8·03
36,2--36,8
3-37-6·08
12-25--19·4
24·9-42·6
4-12
14·0-46·33

24·6-30
7,1-7,7
33·2-37,7
0·74-2·74
37·9-56,8
52'1-102·5
18-41
5·0-37·6

the inorganic fraction of the film formed in the waters receivmg inadequately
treated sewage was found to be higher than the organic weight. The diatom
population being rich in these waters, their frustulae seem to contribute to
inorganic weight of the film. The bacterial population as expected was found to be
rich but bacteria did not seem to contribute notably to the organic weight of the
film formed.
3.2

Biofilm on metallic surfaces

Table 3 summarises the data on biofilm build up on titanium, stainless steel and
perspex exposed for varying periods. It is observed that at the end of 40 days
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Table 3.
40 days.

Build up of biofilm on materials immersed in harbour waters from 3, 10, 30 and
Biofilm characteristics
Total number
of bacteria
(x J04/cm2)

Total dry
weight

3 days
Titanium
Stainless steel
Perspex

0·03 (0'003)
0·02 (0'005)
0·08 (0'013)

0·06 (0'002)
0·05 (0'003)
(}()9 (0'01)

0·03 (0-003)
Q-03 (0-001)
Q-03 (0'002) .

10 days
Titanium
Stainless steel
Perspex

0,24(0'05)
0·13 (0'01)
0·98 (0'13)

Q- 17 (0'013)
Q-22 (0'012)
0'14(0'013)

ocr(0-015)
(}O7 (0'011)

1·56 (0'06)
1,0(0'3)
2-0 (0'15)

30 days
Titanium
Stainless steel
Perspex

68'0(2'7)
36·0 (2-3)
7-2 (1'4)

4'03 (O'll)
4·63 (0'51)
Q-86 (0'07)

Q-92 (Q-2)
Q-67 (0-Q6)
Q-27 (Q-02)

1·5 (0'07)
1·5 (Q-04)
1·25 (0'03)

40 days
Titanium
Stainless steel
Perspex

88·0 (3'5)
75-0 (2-3)
25-0 (3-4)

16·0 (l'5)
16·7 (0'5)
2'5(0'4)

1·81 «(}()9)
1-65 (0-04)
Q-55 (01l9)

1·5 (0'13)
1·5 (Q-15)
2·5 (Q-18)

Materials and
period of exposure

(rug/em")

Combustible
organic matter
(mg/cm 2)

0·1 (Q-03)

Total nitrogen
(%/100 mg)
0'66(0,03)
0·83 (0-02)
2·5 (0'2)

Numbers in parentheses show SD (n= 12).

exposure, a highest number of bacteria is noted on titanium followed by stainless
steel. The total dry weight of the film and its organic component increase with
increasing exposure periods. The biofilm developed on metallic material eventually
grows richer than that on non-metallic material like perspex.
Table 4 gives biofilm characteristics in respect of bacteria on titanium, stainless
steel, aluminium-brass, copper-nickel (70: 30) and copper-nickel (90: 10). It is
observed that irrespective of the sites, the numbers of bacteria on inert metals are
more than those on cupro-nickel coupons. Figure 2 illustrates the variations in
bacterial and diatom populations on different metallic surfaces in clean and
polluted harbour waters. Figure 3 illustrates copper-nickel (70: 30) surface being
fouled with rod shaped bacteria.
Table 5 reveals that both titanium and stainless steel in clean waters have
generally thicker wet films than on copper base alloys. In polluted waters also the
growth of biofilm is richer in terms of its thickness. It is further observed from table
5 that the inorganic content of the film on any surface and in any of the two
environments is always more as compared to organic content. However, the
inorganic content is strikingly more on cupro-nickels and this could be attributed
to their surface corrosion products.
3.3 Biofilm generation under flow conditions

Table 6 shows biofilm growth on internal surfaces of copper-nickel (70: 30) straight
and 'D' tubes exposed to running seawater in the laboratory. It is observed that
straight tubes generate more biofilms than the 'D' tubes.

Biofilm characteristics in coastal waters of Bombay

167

Table 4. Bacterial populations in biofilm on metallic coupons immersed in harbour
waters for 7 days.
No. of
Bacteria

No. of acid
producers
(x

Marine metal and alloys

No. of
bacteria

103jcm 2 )

Open clean waters

Titanium
Stainless steel
Aluminium-brass
Copper-nickel (70: 30)
Copper-nickel (90: 10)

No. of acid
producers

Polluted waters

72

36
(3)

6·7
(0'9)

(3-8)

8·2
(0'7)

32
(2)

l5
(1'2)

61
(4)

(004)

21·3
(4'9)

3-8
(1'3)

55·1
(6'2)

6·2
(1'6)

20
(3)

3·5
(004)

48
(3'7)

3·7
(0'9)

13-3
(1'8)

(004)

40·8
(2'6)

1·8
(0'5)

1·2

5·3

Numbers in parentheses show SD (n= 12).
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Figure 2. Bacterial and diatom populations on metallic coupons exposed in harbour
waters for 15 days.

Table 7 summarises the data on film formation on titanium and copper alloy
sheet coupons as well as in tubes exposed to running seawater at the two harbour
sites for a period of 130 h. Both coupons and tubes show thicker films in polluted
waters as compared to cleaner waters. It is, however, noted with interest that unlike
quiescent waters (tables 4 and 5), under flow conditions aluminium-brass and cupronickel develop thicker films than those on titanium surfaces. Under flow conditions
the films formed on sheet coupons of any metals are richer than those formed on
tubular surfaces. This is evident by higher bacterial counts as well as by higher
values of both total carbohydrates and lipid phosphate noted in films harvested on
sheet coupons. In quiescent waters, the films formed on inert surfaces are thicker
and stable, whereas under flow conditions they are reduced because of their
sloughing-off from the substrates. On copper surfaces, on the other hand, the films
formed are not easily dislodged.
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Figure 3. SEM photograph of copper-nickel 70: 30 coupon exposed for a period of 4
days. Note bacteria.

Table 5. Biofilm characteristics on metallic coupons immersed in harbour waters for 15
days.
Marine metals and alloys
Stainless
steel

Aluminiumbrass

Copper-nickel
(70:30)

Copper-nickel
(90: 10)

150(1%1)
200 (22'07)

120 (13'31)
145 (21)

100 (20'67)
160 (22-84)

140 (25'56)
165(1243)

2·52 (0'59)
2·7 (0'52)

1·7\ (0'17)
2-9 (0'95)

1-4(0,671
2-41(0'14)

0·53
0·34

0·42
0·33

0·31
0·17

Titanium
Thickness ~jim)
Open clean waters
160 (18'88)
240 (14'81)
Polluted waters
Dry weight (rng/cm-)
2·7 (0'64)
Open clean waters
2-8 (0'35)
Polluted waters
Ratio of organic/inorganic
contents in biofilms
0·92
Open clean waters
Polluted waters
0-42

2·2 (0,56)
3·02 (0'81)

0·33
0·13

Numbers in parentheses show SD (n = 12).

Table 6. Biofilm growth

In

tubular copper-nickel (70: 30) under 'once through'

laboratory conditions".
Metal configuration
Biofilm characteristics
Wet film thickness (jim)
Dry weight (mgcrrr'}
Total carbohydrates (jig/em!)
Lipid phosphate (nrnolcm-)

Straight tube

Bent (U) tube

40·7±0·28
H2±0'25
2·03±0·47
5·3±0-4

16·8±0-4
2·34±0·19
0·77±0·37
2·6±0·3

*Water velocity 3 ft/s. continuous flow for 48 h.

The biofilms generated on copper base alloys unlike those on titanium and
stainless steel were hard, tenacious and difficult to remove, particularly so in
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Table 7. Characteristics of biofilms formed on metallic coupons and tubes exposed to
'once through' flowing seawater for 130 h (velocity 5 ft/s),
Material

Titanium

Wet film thickness (11m)
Open clean waters
Polluted waters
No. of bacteria (x 103 /cm 2)
Open clean waters
Polluted watersTotal carbo/hydrates (llg/cm2)
Open clean waters
Polluted waters
Lipid phosphate (nmol/cm 2)
Open clean waters
Polluted waters

Copper-nickel
(70: 30)

Aluminium-brass

Coupons

Tubes

Coupons

Tubes

Coupons

Tubes

27·55
(4-41)
41·29
(1'09)

22
(0'7)
35·5
(2'7)

39·06
(2'56)
68'11
(I AI)

33-2
(H)
62-3
(1'3)

50'22
(2'82)
101·52
16'68)

42·2
11,7)
78-2
(5'3)

22·2
(4A5)
4JI
(H)

3·71
(1'24)
18·2

2-45
(0'01)
7-95
(3'17)

18·33
(2,83)
32'3

2·55
(0,24)
8·85

(2'9)

17·11
(2-81)
86·8
(7'3)

(3-6)

(2-621

15·94
(2'74)
17-97
(2'77)

3·75
(0'57)
5·31
(1'57)

7·97
(0'25)
14·17
(1'97)

HI
(0,6)
3·2
(0'28)

13-37
(0'95)
IN4
(0-76)

0·89
(0'11)
J53
(0,63)

152·71
(16'5)
263
(9)

77·42
(9'78)
136
(18)

112·25
(3'95)
211
(13'7)

35·39
(6'82)
109
(11)

142-86
(14'56)
248
(4)

40·93
(5'4)

121
(12,2)

Numbers in parentheses show SD (n = 12).

polluted waters. Aluminium-brass surfaces in polluted waters became tanned black
and lacked patina colour observed in cleaner waters. Cupro-nickel surfaces also
developed black coatings in polluted waters unlike brown colour observed in
cleaner waters (figure 4).
Table 8 gives loss in weight of tubes due to corrosion for 3 metals exposed at two
sites in a flowing seawater. It is observed that the losses in weights of cupro-nickel
(70: 30) and aluminium-brass due to corrosion are 3-5 times more in polluted
waters than in cleaner waters.

4.

Discussion

The analysis of the biofilms generated on non-metallic surface like perspex,
primarily carried out to identify the gross composition of the film, reveals that it is
mostly comprised of inorganic detritus. This is observed irrespective of the nature of
water quality in which the microfilms are harvested. That inorganic matter is
usually more than the organic fraction has been noted in several earlier reports
(Berger and Little 1980). Even in polluted water containing organic effluents, the
inorganic component in the film is more. In polluted waters such as the present one,
increased proportion of inorganic matter is due to rich presence of periphytic
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diatoms. Bacteria on the other hand, even if present in large numbers. do not
contribute to organic content of the film. This is also reported earlier by Berger and
Little (1980) in their ocean thermal energy conversion related biofilm studies.
The biofilms depending upon the degree of entrapment of the inorganic detritus
have varying weights. There exists no.correlation between the thickness and weight
of the biofilm. The growth of the film on perspex, in terms of its thickness does not
progress beyond a certain limit.
When compared with perspex surface, the biofilms formed on metallic surfaces
are both qualitatively and quantitatively richer. This is particularly noticeable with
regard to inert metals like titanium and stainless steel. The cupro-nickel surfaces
despite their toxicity, also gather more film than the inert perspex surface.
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Weight loss of fouled metallic tubes carrying flowing seawater",
Biofilrn weight
(rng/cm ')

Marine metals
and alloys
Titanium
Copper-nickel (70: 30)
Aluminium-brass

Weight loss of metals
(mg/cml/day)

Open
clean
waters

Polluted
waters

Open
clean
waters

0'55±0'35
!·29±0·16
\·26±0·21

1·1 ±0·03
8·96± 2-66
5-43± 1·2

NO
0·147±0·023
0·125 ± 0·043

Polluted
waters
NO
O'396 ± 0·134

0·656 ± 0'154

"Water velocity 5 ft/s, continuous now for 130 h.
NO, Not detectable.

Gerchakov et al (1978) observed that bacteria do attach to copper surfaces
and produce copious quantities of polymer. Little (1980) got evidence to suggest
that the cupro-nickel surfaces were not immune to bacterial attack. A lack of good
growth on perspex can be explained by the fact that 'adhesion of organisms to a
surface might be influenced by the hydrophilic or hydrophobic characteristics of the
surface, the surface charge and the chemical functional groups available for
reaction' (Kristoffersen et al 1982).
The impact of polluted water on the growth of the film quantified in terms of its
thickness is not readily apparent on perspex coupons. However, the metallic
coupons, both inert and toxic, support thicker films in polluted water than in clean
waters. In case of inert metals, this increase is not found to be due to corrosion
products and therefore can be attributed to the suspended sediments and to the
frustulae of the diatoms which occur in large numbers at the study station. Besides
the diatoms, it is possible that bacteria also indirectly contribute to the increase in
inorganic fraction of the film by providing glycocalyx matrix for the entrapment of
the suspended matter. White and Benson (1984) observe that extracellular
biopolyrners give sticky consistency due to the uronic acids. Ford et al (1987) have
also suggested .that the microbial exopolymers have ability to bind metal ions.
The bacterial populations in the films on titanium and stainless steel coupons
were richer than in cupro-nickel films. The numbers of bacteria including acid
producers observed to be more on coupons exposed in polluted waters than those
in cleaner waters. In our study, an enhanced corrosion of cupro-nickel as judged by
the weight loss was observed in polluted water. Gerchakov et al (1976) have
suggested that the acid producing bacteria contribute to corrosion of metals.
The present study shows that the development of the biofilm is also influenced by
the shape and geometry of the material. For instance in running seawater generally
the early film formation was richer on sheet coupon surface than in tubular pieces
and that the growth was better in straight tubes than that noted in the bent tubes.
It is further observed that inert surfaces harvest thicker films in quiescent waters but
in flowing seawater the films formed on cupro-nickel surfaces are thicker and stable.
Characklis (1982) who examined the progress of biofouling deposition on copper
nickel and titanium in a laboratory seawater system, observed that 'if only total
deposit mass is considered, the copper-nickel fouled to a much greater extent than
titanium'. He further noted that 'consideration of volatile deposit mass suggests that
biofouling was essentially the same in the two alloys'. In our studies also we

172

R B Srivastava, S N Gaonkar and A A Karande

observed that the biofilm deposition particularly on aluminium-brass to be more
than on titanium under flow conditions and the combustible organic matter as
depicted by total carbohydrates and lipid phosphate values was the same for the
two surfaces. An increased biofilm growth on aluminium-brass observed by us
therefore is due to surface corrosion products. Both copper-nickel and aluminiumbrass thus show increased biofilm weights as compared to titanium.
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